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Abstract: Clinicians have long faced challenges and decisions regarding sodium management in their patients.
They must have a good understanding of the physiology of sodium, its metabolism, distribution in the body,
and the consequences of changes in sodium content and concentration seen frequently in different settings of
patient care and across different specialties. Multiple studies and several formulas are currently available to
help manage cases with dysnatremia. These tools require a detailed focus to benefit patients in the short and
long term and to avoid consequences due to poor decisions leading to severe and potentially fatal
complications, including osmotic demyelination syndrome. This review will consider different aspects of
sodium metabolism, the role sodium has in patients with edema, the evolution sodium management based on
Edelman’s studies and related formulas, and other considerations regarding sodium storage in the skin
currently relevant for a more in-depth approach to the management of patients with dysnatremias.
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1. Background

Dysnatremias can cause increased morbidity and contribute to poor outcomes, including
increased mortality rates and higher medical costs [1,2]. The pathophysiology of these clinical
disorders is complex, and clinicians often have difficulty in both the diagnosis and management of
these patients [3,4]. Focused treatment is critical, since these electrolyte disorders can cause
neurologic complications and rapid changes in plasma sodium concentrations can lead to severe
brain injury [5]. Treatment is often guided by formulas that can predict changes in sodium
concentration after a hypertonic saline infusion or after a correction of a water deficit [2]. Important
issues in understanding clinical disorders with abnormal serum sodium concentrations include the
distribution of sodium in tissues, the evaluation of patients with hyponatremia and hypernatremia,
and the initial approaches to the management of these patients.

This discussion depends on several important ideas, including sodium balance, serum sodium
concentration, and sodium storage. Sodium balance is a dynamic process involving sodium intake,
distribution, storage, and excretion. Sodium storage involves several compartments in the body in
addition to extracellular fluid which have an uncertain size and an uncertain sodium content.
Clinicians depend on clinical information to make estimates of volume status and laboratory tests to
measure electrolytes to make decisions regarding the management of dysnatremias. There is often
uncertainty in these decisions.

2. Introduction

The body regulates effective plasma osmolality by carefully controlling water intake and
excretion using an osmoregulatory system, that maintains sodium in a range of 135-145 mmol/L[5].
The percentage of body water in men and women corresponds to about 60% of their body weight or
about 42 liters. Water is the most common solvent in which electrolytes are present in varying
concentrations in the body, and total body water (TBW) includes both the intracellular compartment
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(55-65% of TBW) and the extracellular compartment (35-45% of TBW) [6-8]. The differences between
extracellular fluid, which contains a large percentage of sodium, chloride, and bicarbonate ions plus
nutrients, such as glucose, fatty acids, and amino acids, and intracellular fluid, which contains a large
percentage of potassium, magnesium, and phosphate ions, were determined decades ago [6,7].

Changes in sodium concentrations can have direct effects on its distribution and storage. For
example, a 5% increase of serum sodium concentration can increase endothelial cells rigidity by 25%
and cause cellular dysfunction [9]. Deterioration of the endothelial glycocalyx that is mostly
composed by heparan sulfate also occurs with high concentrations of sodium [10]. A model for
sodium transferring out of the vascular space across the endothelium involves two barriers; the first
is the endothelial glycocalyx, which selectively buffers sodium ions with its negatively charged
proteoglycans, and the second is the endothelial plasma membrane, which contains sodium channels
[9]. These two barriers regulate the distribution of sodium into interstitial fluid and other
compartments.

3. Sodium and Skin Storage

In addition to the traditionally described compartments, sodium can also be stored without
water retention in the skin and on endothelial surfaces (Figure 1), and these two sites form a dynamic
third compartment [5,11]. Recent studies have demonstrated that the skin can function as a “kidney-
like” countercurrent system [12]. In conditions with low sodium concentrations, sodium ions diffuses
paracellularly through the glycocalyx of blood vessels into the skin; in contrast, in conditions with
high sodium concentrations, sodium can damage the glycocalyx and activate vascular epithelial
sodium channels (ENac), which allow transfer of sodium from the vasculature into the skin [13].
Warner and colleagues found large gradients of sodium, potassium, and chloride in the stratum
corneum of the skin using electron probe analysis and analytical electron microscopy [14]. The
relevance of sodium measurements in basic physiology and its significance has led to the
development of tools, such as the sodium-MRI (also known as Na magnetic resonance imaging or
ZNa-MRI), which produces images using signals from endogenous sodium nuclei as a substitute for
proton measurements for the accurate assessment of sodium in various tissues [15]. Kopp found
that the use of 2Na magnetic resonance imaging can determine the sodium content or concentration
in the skin; these values vary with age and sex, and patients with refractory hypertension often have
increased tissue sodium storage [16].
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Figure 1 Schematic representation of sodium distribution in the body including a dynamic third
compartment where glycosaminoglycans also play a role in sodium storage.

The negatively charged glycosaminoglycans in the skin are likely involved in sodium storage;
Titze and his coinvestigators found concentrations of sodium in skin up to 180-190 mmol/L in
experimental studies in rats and found that increasing skin sodium occurred with increasing
glycosaminoglycans content in the skin [17]. Sodium may affect the immunological responses in the
body [18,19]. Sodium content has been analyzed in infected tissues, and it was found that cutaneous
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sodium stores increased immune-mediated host defense by increasing nitric oxide secretion and
controlling the disease in protozoan infections [18]. Studies by Selvarajah suggest that the skin can
buffer dietary sodium loads and reduce the hemodynamic changes in blood pressure, stroke volume,
and peripheral resistance during increased salt intake, especially in men [20].

Increased sodium content in the skin may contribute to other disorders. Patients with type 2
diabetes mellitus (DM) have higher skin sodium content than patients with primary hypertension,
and increased tissue sodium content is independently associated with hypertrophic vascular
remodeling in patients with type 2 DM [21,22]. Sodium accumulation in patients with chronic kidney
disease (CKD) is associated with higher blood pressures and left ventricular hypertrophy [23].
Sodium content in the skin have also been studied in dermatological and immunological disorders,
but studies have not defined a standard reference range for skin sodium concentrations or content
[24-29].

4. Sodium Homeostasis and Cardiovascular Function

Sodium ingestion and absorption occur periodically with food during the day. These boluses
undergo distribution to maintain extracellular volume, basic cellular functions, and cardiovascular
stability. In addition, sodium stores in the skin, muscle, and bone maintain reserves to offset
temporary imbalances, including inadequate intake and excessive intake.

The transport of sodium through membranes is key since Na*/K* ATPase maintains a sodium
gradient that participates in several sodium dependent transport mechanisms used in the regulation
of glucose uptake, excitatory neurotransmitters, calcium signaling, acid-base balance, renal salt
reabsorption, and plasma osmolality [30]. These essential functions are present in a steady state, but
they can also increase in response to sudden stimuli.

Circulatory stability depends on regulatory mechanisms with an afferent limb, based on volume
and stretch detectors distributed in the vascular bed and an efferent effector limb (Table 1).
Adjustments in the effector mechanisms occur in response to afferent stimuli and modify vascular
tone and cardiac output [8].

Table 1. Homeostatic mechanisms for extracellular fluid volume.

Afferent (sensing) Efferent (effector)
Cardiopulmonary receptors (atrial, ventricular, | Renin angiotensin aldosterone system (RAAS)
pulmonary)
High-pressure baroreceptors (carotid, aortic, renal) Prostaglandins
Arginine vasopressin (AVP)
Central nervous system receptors Natriuretic peptides (ANP, BNP, CNP)
Hepatic receptors Other hormones (NO, Endothelin, Kallikrein-kinin

system)

Modified from: Comprehensive Clinical Nephrology. ANP: Atrial natriuretic peptide, BNP: Brain natriuretic
peptide, CNP: C-type natriuretic peptide.

Plasma sodium concentrations reflect an average dietary intake of 90 to 250 mEq per day.
Sodium excretion usually matches sodium intake, and on an average diet, urine sodium excretion
will range between 80 and 180 mEq per day (Figure 2) [31]. Long term sodium balance has been
studied, and a sodium reservoir exists which can store significant amounts of sodium in an
osmotically inactive form. This conclusion is based on prospective studies for 135 days in healthy
subjects who had increased total body sodium content but no weight gain [32]. Another study
reported by Rakova included men in a controlled long-term simulated space-flight program for 105
and 205 days and found rhythmic sodium excretory and retention patterns that were independent of
blood pressure, body water, and salt intake [33].
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Figure 2 Potential connections of sodium stores to maintain balance in the body. Sodium intake
will have repercussions in its distribution within the osmotically active and ihactive stores, thus,
possible transfers among these stores are still unknown. The presence of sodium in bone, mixed
connective tissues, and cartilage was originally described by Edelman and Leibman.

Total body sodium content is regulated by the interaction of several effector systems, each of
which prevents large variations in response to large variations in sodium intake [34,35]. Arginine
vasopressin (AVP) is one of the two major physiological mechanisms in place to maintain effective
plasma osmolality within normal ranges of + 5% tolerance (280-295 mOsm/kg) and thirst is the second
one. Changes in plasma osmolality of as little as 1-2% stimulate AVP secretion which in turn increases
urine osmolality and decreases urine volume. ECF volume homeostasis involves regulation of both
thirst and AVP resulting in control of natriuresis and sodium ingestion [36]. Borst described the
relationship between the fluid balance of the body and circulation [37]. He explained that either fluid
excess or depletion can change the volume of circulating blood; hence, a positive fluid balance will
increase renal fluid output, and a negative balance reduces fluid excretion. Therefore, sodium
homeostasis and blood pressure regulation are tightly intertwined and depend in part on minute-to-
minute fluctuations in renal function [38].

5. Edema and Sodium

Disorders in sodium regulation can result in edema. For this to happen, two factors require
consideration: an increase of extracellular fluid and an imbalance of intravascular fluid exchange [39].
Sodium disturbances and water imbalance can occur in different contexts such as the following.

Heart Failure: This disorder is a pathological state of increased extracellular volume with sodium
overload. The two main components of hyponatremia are the result of impaired water excretion
(dilutional) and depletion hyponatremia from diuretics and potassium loss. Sodium retention
develops in congestive heart failure secondary to reductions in renal blood flow produced by a and
[3-catecholamines, ADH hormone, endothelins, and angiotensin I, activation of the tubuloglomerular
feedback system, which enhances proximal sodium absorption, activation of apical sodium channels
(ENaC) by aldosterone and vasopressin, and resistance to atrial natriuretic peptide in the inner
medullary collecting duct [40].
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Chronic Kidney Disease: Since sodium is the principal osmotically active ion in extracellular fluid,
its concentration varies with fluid volume. Rapid changes in sodium concentration can cause
hyponatremia if there is an excess of water intake or other conditions in which the kidneys cannot
dilute urine and excrete free water [41]. The ability to dilute or concentrate urine is decreased in
patients with eGFRs between 15 and 60 ml/min [42].

Nephrotic syndrome: The contraction of blood volume has a primary role in causing sodium
retention through the activation of compensatory hormonal mechanisms [43]. These patients have a
primary disturbance in renal sodium excretion. Depending on the stage in the development of
nephrotic syndrome, the rate of progression in the development of hypoproteinemia, and the
absolute levels of plasma oncotic pressures, functional hypovolemia can develop, resulting in
secondary sodium retention.

Variations in plasma oncotic pressure and glomerular basement membrane permeability also
influence sodium excretion [44]. Experimental studies by Udwan showed that oxidative stress
causes angiotensin-stimulated secretion of aldosterone and is required for development of edema
[45]. An increased urinary plasminogen-plasmin to creatinine ratio is an independent factor in edema
formation in adults and also supports the idea that plasmin-dependent ENaC is involved in sodium
retention and edema formation [46].

Hepatic disorders: In liver disorders, there is a state of water and sodium retention. There is a
maladaptive response triggered by intra-hepatic vascular resistance leading to increased nitric oxide
(NO,) release, splanchnic arterial vasodilation, increased vascular endothelial growth factor (VEGEF),
and portosystemic shunting, resulting in a low effective arterial blood volume (EABV) with a low
systemic vascular resistance (SVR) and high cardiac output (CO) [47]. The low EABV activates
systemic signals that lead to water reabsorption.

The pathophysiological state is driven by intra-hepatic and portal vein hemodynamic pressures
that activate angiotensin II leading to proximal tubular sodium reabsorption by sodium hydrogen
exchanger (NHE) and NaPi (sodium phosphate cotransporters), which leads to concomitant water
reabsorption through the apical side. In addition to sodium reabsorption in the distal convoluted
tubule by sodium chloride cotransporter (NCC), there is also evidence of catecholamine amplification
in cirrhotic states that activate NHE reabsorption and aldosterone-mediated sodium retention via
ENAC [48,49]. The excess of water is mediated by AVP and aquaporin channel (AQP2) insertion.
Either due to intrahepatic physical forces or changes in the composition of intrahepatic blood (oxygen
tension, hormones, concentration of substances absorbed in the gut, etc.), abnormal sodium retention
is initiated and edema develops [50]. In patients with hepatorenal syndrome, there is a decrease in
systemic vascular resistance, hypovolemia, and hypotension that causes high-pressure baroreceptors
in the carotid body and aortic arch to activate the renin-angiotensin-aldosterone system, the
sympathetic nervous system, and the release of vasopressin to maintain effective arterial blood
volume and increase cardiac output and heart rate. These mechanisms have negative effects on renal
function by increasing sodium and water retention and by constricting renal vessels that reduce renal
blood flow [51,52].

These medical disorders have chronic effects on sodium and water regulation. They also
periodically undergo acute decompensation which can increase fluid and electrolyte management
problems. Finally, patients may have more than one disorder which complicates clinical assessment.
Clinicians manage these disorders frequently in hospitalized patients, and a "simple" rule to manage
sodium disorders could provide an effective initial approach to correcting fluid and electrolytes in
these patients.

6. The Beginning of Sodium Management

In 1958, Edelman et al. evaluated the relationships between serum sodium concentration, serum
osmolarity and total exchangeable sodium (TBNa+), total exchangeable potassium (TBK+), and total
body water (TBW) [53]. Ninety- eight chronically ill patients were studied, and the authors performed
simultaneous measurements of serum sodium concentration, serum osmolarity, total exchangeable
sodium, total exchangeable potassium, and total body water. The TBW was measured by dilution of
deuterium oxide, rapid exchangeable TBNa* and TBK* were measured with radioisotopes, and serum
Na* was measured with flame photometry. The relationship between TBNa*, TBK*, and TBW was
expressed in the following formula:
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(Na*) in plasma water = 1.11 x ((Nac* + Ke*) / TBW) - 25.6

Based on their data, the authors established the effect of the three major components of body
composition on serum sodium concentrations. Edelman recognized the intercept resulting from the
linear regression of the data could have physiological significance. The zero intercept of the
regression equation for plasma sodium concentration in plasma water versus (Nac* + Ke*)/ TBW is a
negative constant (-25.6 mEq/L), and this measures the amount of osmotically inactive exchangeable
sodium and potassium per unit of body water.

Based on these findings, the formulas for calculating sodium deficits were reexamined. In 1986,
Rose simplified Edelman’s formula and emphasized the relevance of urinary losses of water, sodium,
and potassium to determine the direction and magnitude of change in sodium concentration due to
these losses. He expressed it as serum sodium concentration rather than plasma water concentration
[54].

[Na*] serum = (TBNa* + TBK*)/TBW

Renal and extrarenal fluid and electrolyte losses affect the responses in patients during the
treatment of both hyponatremia and hypernatremia. This was considered by Barsoum and Levine,
and due to the lack of available formulas to account for these aspects, a new formula was proposed
to provide better estimates of changes in serum sodium concentration with infused fluid, while also
considering renal losses[55].

Nguyen and Kurtz noted that clinicians cannot usually measure Nae* and Ke*and thought that
the lack of these measurements required a different approach. They also considered additional
factors, such as changes in plasma sodium in hyperglycemic states, transcellular shifts of sodium and
potassium in hypokalemia-induced hyponatremia, and a component of the total Nac* and Ke* that
was osmotically inactive and could not affect the concentration of sodium in plasma water (Napw*)
[56]. They created new formulas to calculate the volume of the infusion needed to produce a desired
change in serum sodium concentration, which accounted for gains and losses of water, sodium, and
potassium during treatment, electrolyte free urinary water clearance, the effect of fluid imbalance on
Nas* in hyperglycemia states, and volume of water required to be infused in patients with
hypervolemic hypernatremia who were on loop diuretics [57].

Due to the challenges during the management of hyponatremia, Adrogué and Madias proposed
a practical approach to manage this disorder with a focus on a diagnostic evaluation directed at the
pathogenesis and known causes of hyponatremia to help clinicians create individualized plans for
management and on the use of formulas for fluid administration [58].

The formula for the effect of gaining 1L of any infusion (inf) on the patient’s sodium:

A (Na*)s = (Na*+ K*) inf — (Na*)s / TBW +1
The formula for the effect of losing 1L of any fluid (fI) on the patient’s sodium:
A (Na")s=(Na")s-(Na"+K") fl/ TBW -1

These new formulas have helped clinicians manage patients with dysnatremias. However,
questions about the original Edelman data were still present. Oppelaar and colleagues in Amsterdam
reanalyzed the original data from the Edelman study to determine if the association between plasma
water sodium concentration and exchangeable cation concentration per TBW is affected by body
weight, edema, profound hyponatremia, and normal or high sodium concentrations [3]. To estimate
the effect of body composition, the authors determined body water percentage by dividing TBW
(measured by isotopes) by body weight. They found that the Edelman equation was significantly
affected by total body weight and the presence of edema. In addition, with plasma sodium levels
below and above 133 mmol/L, the slope of the Edelman equation changes. The limitations in this
study included the fact that only one subject had severe hypernatremia (sodium >150 mmol/L), and
most of the subjects had hyponatremia.

The exact formulas are available in Table 2.
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Table 2. Formulas for sodium management.
Ye.ar o.f Authors Formula
publication
1958 Edelman et al (Na*) pw =111 x [(Nae* + Ke*) / TBW] - 25.6
1986 Rose [Na]Serum = (Nae + Ke)/TBW
1997 Adrogué-Madias | A (Na*)s=(Na*int—Na's) / TBW 1
2002 Barsoum-Levine i f/e)rum [Na‘]={(Vix [Na']1) - (Vux [Na"]u) - (AV) [Na'] s)} / (TBW +
2003 Nguyen-Kurtz A Na* plasma = [[[(Na1 + 23.8) x TBW1] — [[Naz] + 23.8) x (TBW1 + Vnen) +
equation 1.03 x ([E]i x Vi) = ([E]o x Vo)]] / [ [Na*]2 + 23.8 — 1.03 [E]r]
Modified
Electrolyte Free _ o .
2005 Water Clearance MEFWC =V (1-[1.03 [Na* + K*] urine / [Na*] p + 23.8)])
equation
Nguyen-Kurtz
equation MEFWC =V (1 - [1.03 [Na* + K*] urine / [Na*] p + 23.8) + (1.6/100 x
2005 .
hyperglycemia | ([glucose]p —120)])
correction

(Na*) pw, sodium in plasma water; (Na*)s, serum sodium; ANa, net change in sodium; AV, net change in volume
(Vi — Vu); MEFWC, Modified Electrolyte Free Water Clearance; Nai, original sodium; Naz, predicted sodium;
[Na] urine, urinary sodium concentration; [Na]i, concentration of sodium input fluid; [Na]o, concentration of
sodium in output fluid; [K];, concentration of potassium in input fluid; [K]., concentration of potassium in output
fluid; [K] urine, urinary potassium; TBW, total body water; Vi, volume of input fluids; Vo, volume of output
fluids; V u, volume of urine; [E], [Na + K]; Vner, mass balance of water excluding the volume of IV fluid (Vivg,
which is being determined); glucose p, glucose in plasma. All volume units, unless otherwise noted, are as
follows: volume as liters, concentration units as millimoles/liter or equivalently as milliequivalents/liter, body
weight and total body water weights in kilograms.

7. Clinical Scenarios

Previous investigations have improved the basic understanding of factors that affect serum
sodium levels and clinicians have used them in patients with common sodium disorders.

7.1. Hyponatremia

Hyponatremia is a common electrolyte disorder in both inpatients and outpatients. It is defined
as a serum sodium concentration <135 mEq/L, and it represents an imbalance in which total body
water is greater than the body solutes. The first step to understanding hyponatremia is to measure
serum sodium and serum osmolality to determine if the serum is hypotonic, hypertonic, or isotonic
[59]. The ability to differentiate between these conditions is key for appropriate treatment; additional
variables should be taken into consideration, and these include potassium levels, glucose levels, and
losses of electrolytes in urine. The pathogenesis of hypokalemia-induced hyponatremia using a three-
compartment model, and the Edelman equation was studied by Nguyen. who found changes in
potassium can trigger an alteration in the plasma water sodium concentrations [60].

The applicability of the formulas initially described has been studied by several investigators.
Edelman’s concept was used in experimental models by Overgaard-Steensen, and these authors
concluded that it is a valid tool in managing and preventing acute hyponatremia in most cases [61].
Mohmand evaluated the response of hypertonic saline in 62 patients with hyponatremia [61]. They
wanted to evaluate the accuracy of the Adrogué-Madias formula and found that it underestimates
the increase of sodium concentration after giving hypertonic saline and concluded that additional
variables, such as unaccounted hypovolemia and other transitory causes of water retention can cause
overcorrection. Nagase et al. conducted a retrospective study including 221 patients in Japan
hospitalized between 2014 and 2020 [63]. The authors wanted to investigate the potential factors
including the predictive correction of patients with severe hyponatremia using the Edelman
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equation. Appropriate correction was considered when serum sodium concentration increased 4-10
mEq/L during the first 24 h and 18 mEq/L in the first 48 h after the beginning of treatment and
occurred in approximately 60% of patients (132 out of 221).

These formulas are a valuable tool for management, but dynamic assessment remains important.
Clinicians should remember that excessive correction can harm patients [5].

7.2. Hypernatremia

Clinical conditions leading to hypernatremia usually reflect a relative deficit in total body water
in relation to total body sodium content [64]. Traditional recommendations advise restoring 50% of
the calculated water deficit in the first 24 hours and the remaining deficit in the next 48-72 hours but
do not consider ongoing water losses. Newer evidence in a large retrospective study by Chauhan et
al. comparing two rates of correction at either less than 12 mmol/L/day or more than 12 mmol/L/day
in patients with acute and chronic hypernatremia and found no differences in mortality between the
two correction protocols [65]. This result suggests that a more rapid correction rate is less of an issue
in patients with hypernatremia than in patients with hyponatremia.

The initial management should identify the underlying cause of hypernatremia and determine
the patient’s volume status and body weight to allow calculation of the water deficit. Placing
patients into hypovolemic, euvolemic, or hypervolemic categories provides a starting point for
deciding on the type and rate of fluid to be administered. Frequent clinical assessment and serial
laboratory tests are essential to ensure gradual correction of hypernatremia by 0.5 mEq/L per hour
and no more than 10 mEq/L in 24 hours in adult patients with chronic hypernatremia, and the goal
to normalize plasma sodium in 24 hours in acute hypernatremia [54]. Based in the Edelman equation,
hypernatremia can develop through either a loss of free water or a gain of serum sodium. Studies
evaluating the Adrogué-Madias formula have been done; for example, Liamis and his coinvestigators
followed 204 patients with hyponatremia and 117 with hypernatremia [66]. The formula did not
accurately predict the serum sodium concentration changes in a subgroup of patients with
hypernatremia who had severe extracellular volume depletion and reduced renal function. A cohort
of patients with hyper- and normonatremia in the ICU was assessed by Lidner to compare different
formulas (Adrogué-Madias, Barsoum-Levine, Kurtz-Nguyen and an electrolyte-free water clearance
formula proposed by the authors) [67]. All formulas correlated well with the measured change in
serum sodium, but both over- and underestimations occurred. These findings are consistent in
another study that showed the same four equations could not reliably predict sodium changes and
inputs during a 12-30 h period [68].

8. Discussion

The long-established concept of two-compartment model of sodium distribution has changed
with new evidence of a third dynamic compartment [5,11]. The relevance of sodium content in the
skin and other tissue sites has led to studies on its role under normal conditions and in different
clinical disorders, such as hypertension, T2DM, CKD, SLE, multiple sclerosis, and others, using tools
such as the 2Na-MRI. An increase or decrease in sodium concentration can affect the glycocalyx in
the endothelium that works as a buffer in the body [9]. Total body sodium is regulated by the
interaction of several effector systems that prevent large variations in response to any large variations
in sodium intake [34,35].

There are several mechanisms to preserve homeostasis of water and sodium in the normal range,
and an imbalance in either water or sodium can cause both signs and symptoms, such as edema [7,8].
The role of sodium is important in several disorders, such as heart failure, chronic kidney disease,
nephrotic syndrome, cirrhosis, and hepatorenal syndrome. Hyponatremia is a frequent clinical
finding and a common electrolyte disorder worldwide [69].

The concepts created by Edelman have guided the approach to dysnatremias for over half a
century [1]. Edelman’s work continues to be the major foundation that guides the expected changes
in plasma sodium with changes in sodium, potassium, and water balance [70]. However, his study
has limitations, and sodium concentration was not corrected for the degree of glycemia, it doesn’t
provide information about the time to equilibrium during dynamic fluctuations in fluid or sodium
balance, and it does not include factors other than TBNa*, TBK*, or TBW measured in the steady state
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that could influence rapidly changing sodium concentrations during the development or treatment
of sodium disorders. His equation has become a starting point for developing other predictive
formulas, and some of these have included and some have omitted the regression’s intercept [71].
The Adrogué -Madias formula, for example, evaluates the increase of sodium after infusion of 1 L of
hypertonic saline, which has been valuable for hyponatremia management; however, it does not
consider additional factors, such as loss of sodium, potassium, and water, exchanges of sodium
between osmotically active and osmotically inactive sites during correction of hyponatremia, and
changes in water binding to hydrophilic biopolymers during correction of hyponatremia [72]. The
Nguyen-Kurtz equation is the most developed variation and includes the primary slope of the
Edelman formula (1.03) and the original x-intercept of —23.8, which are conceptually important
[56,60,73].

The use of formulas can help establish the initial infusion rates for the correction of both hypo-
and hypernatremia, but they can underestimate the change in serum sodium achieved by infusion
[74]. Studies have compared the accuracy of all formulas, and while they have correlated well with
the measured change in serum sodium, no formula is clearly superior [67,68]. Although several
formulas have been available and some have more complexity than others, no formula seems superior
[1]. It is important to remember that predictive formulas that disregard urinary electrolyte and water
losses are most likely to fail [75].

Effective management of dysnatremias demands rigorous monitoring and regular treatment
reassessment [70]. It is critical to clarify the etiology of the disorder before treatment is started. A
slow and controlled correction must be closely monitored to avoid neurological complications [76].
Clinicians and students should continuously reinforce their knowledge to have a stronger foundation
of concepts that will be needed in practice. Rondon-Berrios recently introduced the use of Edelman’s
equation and incorporated it to bar diagrams named “Gamblegram”, and called it “Edelman
Gamblegram”, which provides a teaching method for dysnatremias [77]. This method could be used
as a learning tool.

9. Conclusions

To understand sodium and all its clinical implications is a skill clinicians should develop and
use during patient care; this will improve the management and outcomes of patients with
dysnatremias. The initial formula created by Edelman more than 50 years ago has helped clinicians
over time and encouraged others to create variations that can be used in a more practical way to
predict serum sodium concentrations. However, recent studies have reported both overestimation
and underestimation of changes in sodium that can lead to significant uncertainty about the
management of patients. These formulas can still be considered as tools in early stages of
management, but clinicians should depend on frequent measurements to provide reliable treatment.
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