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Abstract

Hyponatremia, serum sodium < 135 mEq/L, is the most common electrolyte abnormality and is in a state of flux. Hyponatremic patients are symptomatic and should be treated but our inability to consistently determine the causes of hyponatremia has hampered the delivery of appropriate therapy. This is especially applicable to differentiating syndrome of inappropriate antidiuresis (SIAD) from cerebral salt wasting (CSW) or more appropriately, renal salt wasting (RSW), because of divergent therapeutic goals, to water-restrict in SIAD and administer salt and water in RSW. Differentiating SIAD from RSW is extremely difficult because of identical clinical parameters that define both syndromes and the mindset that CSW occurs rarely. It is thus insufficient to make the diagnosis of SIAD simply because it meets the defined characteristics. We review the pathophysiology of SIAD and RSW, the evolution of an algorithm that is based on determinations of fractional excretion of urate and distinctive responses to saline infusions to differentiate SIAD from RSW. This algorithm also simplifies the diagnosis of hyponatremic patients due to Addison’s disease, reset osmostat and prerenal states. It is a common perception that we cannot accurately assess the volume status of a patient by clinical criteria. Our algorithm eliminates the need to determine the volume status with the realization that too many factors affect plasma renin, aldosterone, atrial/brain natriuretic peptide or urine sodium concentration to be useful. Reports and increasing recognition of RSW occurring in patients without evidence of cerebral disease should thus elicit the need to consider RSW in a broader group of patients and to question any diagnosis of SIAD. Based on the accumulation of supporting data, we make the clinically important proposal to change CSW to RSW, to eliminate reset osmostat as type C SIAD and stress the need for a new definition of SIAD.
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Core tip: When dealing with normo-volemic, non-edematous hyponatremic patients the initial treatment should be i.v. normal saline, combined with measuring the fractional excretion of urate. As serum sodium is corrected, the patients with syndrome of inappropriate antidiuresis (SIAD) will normalize the fractional excretion of urate, while patients with cerebral-renal salt wasting will have a persistently elevated fractional excretion of urate. It appears that patients with SIAD will have a slow or no increase in serum sodium with saline, while patients with renal salt wasting will have a more rapid increase in serum sodium. 
Maesaka JK, Imbriano LJ, Miyawaki N. Application of established pathophysiologic processes brings greater clarity to diagnosis and treatment of hyponatremia. World J Nephrol 2016; in press
INTRODUCTION

Hyponatremia, defined as a serum sodium < 135 mEq/L, is the most common electrolyte abnormality that is undergoing changes in methodology with the potential of bringing greater clarity to diagnosis and improved therapeutic outcomes. The present approach initiates the work up of a hyponatremic patient by assessing the status of their extracellular volume despite a unanimous agreement that we cannot accurately estimate the volume status of patients by usual clinical criteria[1-3]. Nevertheless, we continue to attempt to determine whether the patient is euvolemic, hypovolemic or hypervolemic while considering other nuances such as urine sodium concentration (UNa), urine osmolality (Uosm), serum osmolality and hormones such as renin, aldosterone and atrial/brain natriuretic peptide. We decided to abandon the very tenuous volume approach to hyponatremia and constructed a new algorithm that will hopefully bring greater clarity to the diagnosis and treatment of hyponatremia in addition to encouraging others to explore other parameters that might resolve many of the controversies that exist today. 

In this review, we will discuss the evolution of a new approach that will hopefully create changes that are based on credible and reproducible data. We will stress the complexity and importance of differentiating syndrome of inappropriate antidiuresis (SIAD) from cerebral salt wasting (CSW) or more appropriately renal salt wasting (RSW). The importance of this differentiation can be appreciated by our realization that virtually all patients with hyponatremia are symptomatic and should, therefore, be treated[4-9]. Hyponatremia has created a perfect storm for complications by increasing osteoporosis, especially in an elderly population that is already undergoing bone demineralization, and inducing a fourfold increase in falls and fractures[6,7,10]. Textbooks and review articles in medicine consider CSW to be a rare clinical entity as compared to neurosurgeons and critical care physicians who consider CSW/RSW to be common. There is thus an urgency to differentiate CSW/RSW from SIAD because of differences in therapeutic goals, to water-restrict in SIAD and administer salt and water in CSW/RSW. Differentiating CSW/RSW from SIAD has been further complicated by having identical key parameters that identify both syndromes (table 1). Both syndromes present with hyponatremia, hypouricemia, increased fractional excretion of urate (FEurate), concentrated urine, urine sodium usually > 20 mEq/L with normal renal, adrenal and thyroid function (table 1). The diagnosis of SIAD cannot, therefore, be made merely because it fulfills the criteria used to define SIAD[11]. A major difference between both syndromes is the volume status (euvolemic/hypervolemic in SIAD and hypovolemic in CSW/RSW), the assessment of which is universally agreed to be inaccurate and not very useful; yet we continue to initiate the evaluation of hyponatremic patients by first addressing their volume status. This diagnostic and therapeutic dilemma has been further complicated by our reports of unequivocal cases of RSW occurring without clinical evidence of cerebral disease, which led to our proposal to change CSW to RSW[12-14]. This important change in nomenclature has important clinical implications because RSW would not be considered in the absence of cerebral disease. The true prevalence of RSW is, therefore, not known and cannot be considered a rare entity until a study of a broader population of patients has been conducted. 

Evolution of a new algorithm

The report of hypouricemia, serum urate < 4 mg/dL, with increased FEurate of > 10%, coexisting with hyponatremia in SIAD by Beck in 1979 concluded that the coexistence of hypouricemia and hyponatremia differentiated SIAD from most other causes of hyponatremia[15]. Interestingly, the increased FEurate in SIAD returned to normal when the hyponatremia was corrected by water restriction[15]. Others not only demonstrated this unique relationship between hypouricemia and hyponatremia in SIAD but also noted normalization of a previously increased FEurate with correction of hyponatremia by water restriction[15-20]. We encountered a patient with bronchogenic carcinoma and hypouricemia and increased FEurate, concentrated urine, UNa of 42 mEq/L and normal renal, adrenal and thyroid function, who presented with postural hypotension and reflex tachycardia that was consistent with volume depletion. He responded well to saline infusions with a rapid rise in serum sodium but in view of the coexistence of hyponatremia, hypouricemia and increased FEurate a diagnosis of SIAD was made. Despite the absence of cerebral disease and negative CT scan of brain a diagnosis of salt wasting was made because of postural hypotension with reflex tachycardia and a rapid increase in serum sodium. We corrected the hyponatremia by water restriction to determine whether FEurate would normalize or remain increased as postulated. Correcting the hyponatremia by water restriction and salt supplementation resulted in symptoms of hypovolemia, including return of postural hypotension with reflex tachycardia, postural dizziness, slurred speech, somnolence and staggered gait. The serum sodium finally increased to 138 mEq/L while FEurate remained increased at 14.7%. The clinical course of the patient was highly consistent with volume depletion due to RSW as the persistently increased FEurate after correction of hyponatremia was pathophysiologically different from SIAD. We instead postulated it might be a common feature of RSW[21]. We proceeded to report FEurate to be persistently increased after correction of hyponatremia by water restriction in a patient with metastatic pancreatic carcinoma with ascites, edema and serum albumin of 1.1 mg/dL, bronchogenic carcinoma metastatic to brain, disseminated cryptococcosus with meningitis and uncomplicated Hodgkin’s disease[21]. Absence of cerebral disease in 3 of the 5 patients suggested at this time that RSW can occur without clinical evidence of cerebral disease but we waited until we had stronger evidence for RSW to make such a proposal. We reported hypouricemia, hyponatremia, increased FEurate (many with normonatremia and some after correction of hyponatremia) and cerebral atrophy in patients with various intracranial diseases and in AIDS, 10 of whom had postural hypotension and CVP of 0 cmH2O that were consistent with RSW[22-24]. As a result of these studies, we felt we had enough data to propose differentiating SIAD from RSW by correcting the hyponatremia and observing whether there was normalization of a previously increased FEurate as in SIAD or was persistently increased as in RSW (figures 1, 2)[14,25-28]. This unique relationship between FEurate and serum sodium appears to have identified two pathophysiologically different groups of patients. 

Reset osmostat
While attempting to sort out the relationship between FEurate and serum sodium, we encountered hyponatremic patients who met the criteria for SIAD and RSW but had normal FEurates[29]. Of 14 consecutive hyponatremic patients with normal FEurate, 6 had spontaneously excreted dilute urines which was diagnostic of a reset osmostat (RO). The remaining 8 patients had a normal water-loading test to prove the diagnosis of RO, 6 of whom had undetectable plasma antidiuretic hormone (ADH) levels at a time when the urine was dilute to prove further the diagnosis of RO (figure 3)[29]. As noted in figure 3, type C SIAD represents patients with RO, which was found to make up about 30% of the patients studied[29,30]. Our experience is that many hyponatremic patients admitted to the hospital have intercurrent illnesses that reset their osmostat and normalizes after resolution of their intercurrent illness. This was exemplified by a patient with a renal transplant who presented with mild hyponatremia of 133 mEq/L on a routine outpatient visit. He later developed a fever for 10 days and was admitted to the hospital with a pneumocystis pneumoniae infection after falling and being confused with a serum sodium of 119 mEq/L. A diagnosis of RO was made by noting spontaneously excreted dilute urine of only 92 mosm/kg and normal FEurate of 7 and 8%. His serum sodium returned to normal one month after successful treatment of his pneumonia. This case illustrates how a slowly evolving pneumonia had gradually lowered his osmostat and serum sodium[31]. RO, however, can also exist chronically for over 10 years and the persistently normal FEurate is not consistent with the proposal that chronic hyponatremia is responsible for the high FEurate in SIAD[29,32]. While a normal FEurate has effectively identified patients with RO, patients with psychogenic polydipsia also have a normal FEurate, but differentiating RO from psychogenic polydipsia can be readily made by the large volumes of water ingested and polyuria with dilute urines in psychogenic polydipsia (figure 1)[33]. Not only did this study simplify the diagnosis of RO but it provided additional data to support our proposal that FEurate was superior to hypouricemia when evaluating patients with hyponatremia. We have noted normal or increased FEurate with hypouricemia and increased FEurate with normonatremia[22,24,29]. It also provided important pathophysiologic data to propose eliminating RO as a subtype of SIAD by virtue of a normal FEurate and predictable inhibition of ADH secretion by water loading[30]. 
Additional Contributions of Determining FEurate

Determinations of FEurate have also been extremely useful in identifying the cause of hyponatremia in other clinical conditions. In a recent publication, we report a hyponatremic patient with a bronchogenic carcinoma who met the criteria for SIAD and RSW (table 1). His unresponsiveness to liberal amounts of saline was most consistent with SIAD so to prove the diagnosis of SIAD we administered 1.5% hypertonic saline to increase serum sodium to 138 mEq/L while observing a gradual decrease in FEurate from 26.2% at baseline, to 11 and 8% (figure 4)[31]. This maneuver not only provided a potentially convenient way to differentiate SIAD fr0m RSW by correcting the hyponatremia to see if FEurate normalizes as in SIAD or remains persistently increased as in RSW (figures 1, 2). It also confirmed our long-held contention that contrary to popular opinion, saline has only a meager effect on feurate (table 2)[26,34-36]. 
RSW with edema
Determining FEurate was pivotal in a patient with advanced Hodgkin’s disease who presented with a serum sodium of 127 mEq/L, Uosm of 308 mosm/kg, a 20 pound weight gain over one month with increasing edema of both lower extremities, postural hypotension with reflex tachycardia, ascites, pleural effusion, urine sodium of only 10 mEq/L, decreased cardiac output and normal renal, thyroid and adrenal function[31]. The nephrology attending made a diagnosis of RSW based on the combination of a high FEurate of 17.2% and postural hypotension and reflex tachycardia that was consistent with a volume depleted state. The lower extremity edema was postulated to be due to obstruction of the inferior vena, a finding that was later confirmed by CT scan of the abdomen. Isotonic saline was administered and within 10 h after initiation of saline therapy, the Uosm decreased to 140 mosm/kg when a plasma ADH was undetectable. The dilution of urine and undetectable plasma ADH level illustrated how saline eliminated the more potent volume stimulus for ADH secretion and allowed the coexisting hypo-osmolality to inhibit ADH secretion (figure 5)[37]. Because of the increase in free water excretion his serum sodium increased by 6 mEq/L within 12 h so D5W was administered to prevent serum sodium from increasing beyond 6 mEq/L per day to prevent osmotic demyelination[38]. On the second day, the medical team, using the unreliable volume approach, made an alternate diagnosis of congestive heart failure that was based on the edema, ascites, pleural effusion, UNa of 10 mEq/L, concentrated urine and decreased cardiac output (actually due to volume depletion) and administered furosemide. Because the proximal tubule is the main site of natriuretic activity in RSW, see below, the large sodium load that would ordinarily be transported by the distal nephron was inhibited by furosemide resulting in a markedly increased urine output and hemodynamic instability that required large volumes of saline to attain hemodynamic stability. The initial finding of high a FEurate was pivotal in arriving at the diagnosis of RSW because a patient in heart failure and normal kidneys would decrease FEurate to < 4% (figure 1)[31]. The UNa of only 10 mEq/L was consistent with a prerenal state in which proximal tubule solute reabsorption increases to give rise to low UNa, decreased FEurate of < 4% and the hallmark increase in BUN to creatinine ratio[39]. The low UNa was actually indicative of a decreased appetite and low salt intake, which can occur in RSW and SIAD. 

Addison’s disease
Addison’s disease is a well-known cause of RSW, but in contrast to other causes of RSW, mineralocorticoid deficiency induces a defect in sodium transport in the distal nephron to create a volume depleted state with an intact proximal tubule where urate is exclusively transported[40]. The volume depletion in Addison’s disease due to a defect in sodium transport in the distal tubule leads to the classic prerenal state in which an intact proximal tubule increases solute transport to give rise to the oft-used increase in the BUN to creatinine ratio to characterize a prerenal state[39]. So the low FEurate of 1.4% was a simple means of identifying Addison’s disease as the cause of hyponatremia[31]. The hyperkalemia, high UNa of 140 mEq/L, high ACTH and low cortisol levels accompanied the low FEurate and the dilution of urine after initiation of saline led to a rapid increase in serum sodium that required D5W infusions to retard the rate of increase in serum sodium to avoid osmotic demyelination. These features collectively strengthened the diagnosis of volume depletion due to RSW of distal tubular origin[31]. A low FEurate of 1. 4% in a hyponatremic patient should thus include Addison’s disease (figure 1)[31]. 
We have accumulated sufficient data to rely on the value of determining FEurate in hyponatremic conditions. While the algorithm can effectively diagnose conditions such as RO, psychogenic polydipsia, Addison’s disease and prerenal causes of hyponatremia, there is still the formidable task of differentiating SIAD from CSW/RSW. The diagnosis of SIAD cannot be made simply by satisfying the definition of SIAD, which is virtually identical to CSW/RSW (table 1). We will review the salient pathophysiological features of both syndromes, highlight some important pathophysiological differences, critically review the literature and present a suggested approach to differentiate SIAD from RSW.

Pathophysiology of SIAD

The syndrome of inappropriate secretion of antidiuretic hormone, first described in 1957 by Schwartz et al[41] and known simply as SIAD, rightfully deserves to be regarded as a syndrome that was derived by pure reason, recognizing patients who had identical clinical characteristics as healthy subjects receiving daily injections of ADH without being able to determine ADH levels in plasma[42]. It is now well-known that ADH can be ectopically produced without being responsive to volume and osmolar stimuli, hence the term inappropriate secretion of ADH, that is, ADH levels being increased in the presence of euvolemia and hypo-osmolality of plasma. They initially go into negative sodium balance and then quickly reach a steady state where sodium input equals sodium output[43]. Because of persistently increased ADH levels, renal water reabsorption decreases serum sodium levels. They eventually escape the effects of ADH by increasing urine volume in part by markedly decreasing renal aquaporin-2 protein[44]. Patients with SIAD typically present with hyponatremia and hypochloremia, hypouricemia with increased FEurate, concentrated urine, UNa usually exceeding 20 mEq/L, absence of edema and normal renal, thyroid and adrenal function (table 1). They are considered to be euvolemic according to textbook descriptions of the syndrome but are actually hypervolemic as determined by sulfate space and the gold standard radio isotope dilution methods, using 51chromium-labeled red blood cells and/or radio iodinated serum albumin[13,42,45,46]. Plasma renin and aldosterone levels are normally suppressed and because of the volume expansion, ANP levels are increased. Euvolemia is a necessary prerequisite to the diagnosis of SIAD because hypovolemia is a normal and potent stimulus for ADH secretion and takes precedence over the inhibitory effect of plasma hypo-osmolality (figure 5). Unfortunately, extracellular volume cannot be accurately assessed by usual clinical criteria[1-3]. SIAD is frequently associated with a myriad of comorbid conditions that often involve the pulmonary and central nervous systems. Because ADH increases renal water retention, treatment is to water restrict these patients to < 1000 ml/d with some salt supplementation or inhibit the V2 receptor for ADH, the vaptans[47]. 

Need for reclassification and redefinition of SIAD
SIAD is currently classified by 4 different types of responses to serum hypo-osmolality (figure 3), type A with ADH levels being increased throughout a wide spectrum of serum osmolalities, Type B where ADH levels remain slightly increased as serum osmolality decreases, type C a reset osmostat with ADH being inhibited at a lower serum osmolality than normal and type D where ADH levels are suppressed throughout the spectrum of serum osmolalities due to a gain in function of the V2 receptor that is referred to as nephrogenic syndrome of inappropriate antidiuresis (NSIAD)[30]. Because the patients selected for this study were considered to be euvolemic by unreliable clinical methods, it is probable that type B SIAD may be renal salt wasters because the patients in this study were given hypertonic saline to increase serum osmolality to normal and then given a water load to determine ADH levels as serum osmolality decreased. The assumption is that these patients had RSW but remained volume depleted to maintain increased levels of ADH despite the hypertonic saline[30]. The classification of type C SIAD has also come under scrutiny because patients with RO have pathophysiologic differences from SIAD by a normal FEurate as compared to being increased in SIAD and noting how lowering serum osmolality appropriately and predictably inhibits ADH secretion[29]. RO should thus be considered a separate clinical syndrome and eliminated as type C SIAD. Elimination of RO as a subtype of SIAD should thus lead to a redefinition of SIAD by eliminating the Uosm of < 100 mosm/kg, since excretion of dilute urines, Uosm < Posm, is extremely unusual in SIAD, vide infra[11,30]. 
Cerebral/Renal Salt Wasting

CSW, as first described by Peters et al in 1950, had fallen into disrepute for many years in part because, as previously reviewed, they did not prove RSW in their report[48]. SIAD became the preferred and dominant syndrome. RSW is now accepted as a legitimate syndrome that exists and is being recognized with greater frequency. It appears that a natriuretic factor, as discussed below, initiates RSW by increasing renal salt and water excretion to a point where the patient becomes volume depleted, the extent being determined by the combination of the severity of the inhibition on sodium transport and salt and water intake. The defect in sodium transport appears to reside in the proximal tubule because urate, which is transported exclusively in the proximal tubule by reabsorbing and secreting transporters, is also reduced[40]. An increase in BUN to creatinine ratio as previously proposed in RSW has not been confirmed by recent reports addressing this problem[12,13]. In RSW, similarities in the BUN to creatinine ratio in SIAD and RSW can be explained by the reduced sodium and water reabsorption in the proximal tubule that cannot establish a urea concentration gradient that is necessary for passive urea reabsorption to occur[49]. The patient initially goes into a state of negative sodium balance, but like SIAD eventually reaches a new steady state where input of salt matches output by activation of humoral, hemodynamic and neuronal factors, but reaches a steady state at a lower extracellular volume. UNa can thus be low if sodium intake is low as can be noted in both SIAD and RSW and is, thus, not a consistently reliable marker of both syndromes. It is extremely unlikely that atrial or brain natriuretic peptides are responsible for RSW as proposed since their main meager action is in the distal tubule and have been found to be elevated in disparate conditions such as SIAD, subarachnoid hemorrhage (SAH) and salt retaining states such as congestive heart failure and low normal in an unequivocal case of RSW[12]. 
In contrast to SIAD, ADH levels in RSW are appropriately increased because the more potent volume stimulus perpetuates the hyponatremia despite the increasing plasma hypo osmolality (figure 5). As we demonstrated in 4 previous unequivocal cases of RSW, saline eliminates the volume stimulus for ADH secretion to reduce ADH to undetectable levels and allowing the coexistent hypo-osmolality to inhibit ADH secretion, which induces free water excretion by diluting the urine and promptly increasing serum sodium (figure 6)[12,13,31]. In contrast, saline did not dilute the urine or significantly increase serum sodium in two documented cases of SIAD in whom the diagnosis of SIAD was made by an increased FEurate and hypervolemia as determined by gold standard radioisotope dilution methods by 51chromium-labeled red blood cells and radio iodinated serum albumin (figure 7)[13]. This same maneuver has been used by others to propose a volume-depleted hyponatremic state if isotonic saline increases serum sodium increases by more than 5 mEq/L and at the same time commenting on our inability to asses accurately the volume status of patients by clinical criteria[1]. 
Our case of a hyponatremic patient with a hip fracture and no clinical evidence of cerebral disease illustrates the essential features of RSW and proves unequivocally the existence of RSW[12]. When seen in consultation, she was hyponatremic and hyperchloremic with normal renal, adrenal and thyroid function, concentrated urine, Uosm 321 mosm/kg and a UNa of only 6 mEq/L. Her hyponatremia was initially thought to be a due to a volume-depleted state with normal renal function that would give rise to a prerenal state where proximal tubule solute reabsorption would increase to give rise to a low FEurate of usually < 4%[39]. A low serum urate of 3.4 mg/dL led to a determination of FEurate which was elevated at 29.6% and was thus included in our IRB-approved protocol. Her baseline plasma renin, aldosterone and ADH levels were increased, ANP was low normal at 35 pg/ml and blood volume as determined by 51chromium-labeled red blood cells and radio-iodinated serum albumin was reduced by 7.1%[12]. She received isotonic saline and as can be seen in figure 6, Uosm progressively decreased to dilute levels 13 h after initiation of isotonic saline infusion when plasma ADH was undetectable as would be expected in a hypovolemic, hyponatremic patient with RSW. The excretion of free water promptly increased serum to normal within 48 h when FEurate remained persistently increased (figure 6)[12]. The patient reported feeling much better and was hungry upon arising 18 h after initiation of isotonic saline infusion, which reflected an exacerbation of her volume depleted state by an erroneous diagnosis of SIAD and fluid restricted for 10 d prior to our intervention. This patient satisfies all of the important features of RSW by the persistence of an elevated FEurate after correction of hyponatremia (figures 1, 2), and illustrated the appropriate increase in plasma ADH, elimination of the volume stimulus by saline to permit the coexistent hypo-osmolality to inhibit ADH secretion, excretion of dilute urines and prompt correction of hyponatremia. It also illustrates how RSW can occur without clinical evidence of cerebral disease, how the low ANP is a very unlikely cause of RSW, how fluid restriction of a patient with RSW for an erroneous diagnosis of SIAD can increase morbidity and how a low salt intake can result in low UNa even in RSW (and in SIAD as well). A similar case of RSW associated with an uncomplicated pneumonia and no evidence of cerebral disease responded to isotonic saline infusions by diluting the urine and correcting the hyponatremia within 48 h after initiation of isotonic saline infusions[13]. This case provided us with enough credible data to activate our earlier instincts by proposing to change CSW to RSW[14]. 
Comments on natriuresis in RSW and relationship between natremia and urate transport
Natriuresis in RSW. The syndrome of RSW has been clearly established from a clinical perspective but the mechanism by which this occurs has not been resolved. The consistency with which we were encountering urate transport abnormalities in RSW suggested that a circulating natriuretic factor, if present, would have its major effect on proximal tubule sodium transport. But because of the ability of the distal tubule to increase sodium transport, we reasoned that sodium excretion induced by a factor affecting proximal sodium transport might be minimized or nullified. To this end we elected to study lithium transport in rats exposed to plasma from neurosurgical patients who have been reported to have RSW and high FEurates[24,45,46,50]. Without entering into the controversy whether or not lithium is exclusively transported in the proximal tubule, lithium is known to be transported on a 1:1 basis with sodium almost exclusively in the proximal tubule under ambient conditions[51]. We injected the plasma from 21 neurosurgical patients, 14 of whom had FEurates exceeding 10%, and 14 age and gender-matched controls into rats and demonstrated a significant increase in FENa from 0.29% to 0.59% and FElithium from 24% to 36.6%, in controls and neurosurgical patients, respectively[52]). 
We extended our interest in patients with increased FEurate with normonatremia by investigating patients with Alzheimer’s disease (AD) who have been reported to be hypouricemic[53]. We studied 18 patients with advanced AD, mini-mental examination (MMSE) scores of < 10, and compared them to 6 patients with multi-infarct or vascular dementia (MID) and 11 normal age and gender-matched controls. All patients were normonatremic except for one hyponatremic patient with AD, FEurate being significantly higher and serum urate lower in AD as compared to the other groups. Infusion of the sera from all groups of patients resulted in FENa of 0.33%, 0.38% and 0.63% and FElithium 27.2%, 31.2% and 41.7% in control, MID and AD, respectively. FENa and FElithium were significantly increased in AD as compared to control and MID. In both the neurosurgical and AD rat studies, the distal sodium load of 36.6% and 41.7% as determined by the FElithium, had a significant sodium uptake by the distal nephron to account for the FENa of only 0.59% and 0.63% in the final urine. The RSW patient with B cell lymphoma obstructing the inferior vena cava had a similarly high distal sodium load that was inhibited by furosemide to generate an exaggerated diuresis that resulted in profound hemodynamic instability[31]. Interestingly, there were no differences in blood pressure or inulin clearances throughout both studies.

In a third group of studies, proteins were purified from ammonium sulfate precipitates of urine proteins and placed in transwells to determine transport of radioactive sodium, 22Na, across cultured porcine proximal tubule cells, LLC-PK1 cells, grown to confluency on a semipermeable membrane. Urine proteins from normonatremic neurosurgical patients with increased FEurate inhibited 22Na transport across cultured LC=PK1 cells as compared to those with normal FEurate[54]. 
These studies demonstrate the presence of a natriuretic factor in the plasma and urine of normonatremic neurosurgical patients with increased FEurate and in sera of normonatremic AD patients with increased FEurate. The natriuretic factor has its major effect on proximal tubule sodium transport to support our proposal that a high FEurate in the presence of normonatremia might be a marker of RSW without going through a phase of hyponatremia (figure 1). Future studies must address this interesting possibility. Atrial or brain natriuretic peptides are extremely unlikely as the natriuretic factor in RSW because their main site of action 
is in the inner medullary collecting duct[55]. 
Relationship between natremia and FEurate
The intriguing relationship between serum sodium and FEurate has been uniquely coupled in many hyponatremic and non hyponatremic conditions such as RSW. Because the natriuretic factor present in the plasma of patients with RSW affect sodium transport mainly in the proximal tubule, it would be interesting to speculate that the natriuretic factor might also affect reabsorbing and/or secretory transporters or anion exchangers for urate in the proximal tubule[40]. This circulating factor can have effects on the sodium and urate transporters regardless of whether the patient is hyponatremic or normonatremic. 

The relationship between sodium and urate in SIAD continues to elude any rational explanations. It can be readily understood why FEurate remains persistently increased in the presence of normonatremia in RSW, but in SIAD, normalization of FEurate after correction of hyponatremia has not been fully explained. Some have implicated the V1 receptor activity of pitressin to explain the increase in FEurate in SIAD but others were able to induce SIAD with increased FEurate in healthy volunteers by dDAVP which lacks any V1 activity. In addition, the V1 activity of pitressin is an unlikely cause of the increase in FEurate in SIAD because pitressin levels are still increased when FEurate normalizes after correction of hyponatremia[56]. The same group has made commendable efforts to explain the increase in FEurate in SIAD by implicating chronic hyponatremia, but the normal FEurate reported in psychogenic polydipsia and reset osmostat where hyponatremia has been documented for up to 10 years do not support such an hypothesis[32]. At the present time, the relationship between serum sodium and FEurate remains unexplained in SIAD. 

Prevalence of RSW
The prevalence of RSW in hyponatremic patients is presently unknown because of multiple factors: (1) the term CSW confined RSW to patients with cerebral disease; (2) textbooks and review articles in internal medicine consistently consider CSW to be a rare entity or is not included as a clinical entity of hyponatremia; (3) utilizing the ineffective volume approach to hyponatremia; and (4) lack of application of the pathophysiologic characteristics in the evaluations of SIAD and RSW. As noted in table 1, overlapping of key clinical parameters that characterize SIAD and RSW makes it extremely difficult to differentiate one syndrome from the other. One key difference is to determine the volume status of the patient by credible means at a time when they are hyponatremic. There are 3 studies in hyponatremic and normonatremic neurosurgical patients that determined intravascular volume by gold standard radio isotope dilution methods, using 51chrome-labeled red blood cells and/or radio iodinated serum albumin. As can be seen in table 3, 83% and 94% of patient with UNa exceeding 40 mEq/L and a variety of neurosurgical diseases had decreased blood volumes that were consistent with CSW/RSW. By comparison only 3 of the 39 patients studied had increased blood volumes that were consistent with SIAD[45,46,50]. Interestingly, 67% of normonatremic patients with SAH had decreased blood volumes that were consistent with RSW while only 33% had increased volume consistent with SIAD. RSW occurring in normonatremic patients is consistent with the popular view of CSW/RSW but we would like further clarification of whether normonatremia in the presence of a high FEurate is indicative of RSW (figure 1). Fluid restricting patients with SAH was harmful by increasing morbidity and mortality so it is customary to administer saline to patients with SAH because of the prevalence of RSW in patients with SAH[57]. 
These volume studies in neurosurgical patients overcame the most important deficiency when trying to differentiate SIAD from RSW, but are rarely considered when discussing CSW. Instead, a retrospective study of patients with SAH where CSW was found in only 6.5% of patients with hyponatremia, the majority being SIAD, is cited to prove the rarity of CSW/RSW[58,59]. In two retrospective studies they determined without defining their method of analysis that 4.8% and 2.7% of patients had combined CSW and SIAD, a highly incongruous combination that might occur, but would be extremely difficult to prove, especially in a retrospective study[59,60]. We critically reviewed many flawed articles on CSW/RSW in a previous publication and feel it is important to comment on a more recent prospective study of hyponatremia in patients with SAH by the same group which concluded that the hyponatremia was again due to SIAD[28,61]. The diagnosis of SIAD was made because they fulfilled the definition of SIAD without commenting on the same definition being applicable to RSW. The accompanying editorial to this manuscript agreed with the findings in this large study and alluded to the rarity of CSW[62]. A critical review of this manuscript reveals that the authors followed the recommendation to administer saline rather than fluid-restrict hyponatremic patients with SAH[57]. Virtually every patient received isotonic saline from the time of admission to the hospital, none were fluid restricted and none received hypertonic saline or a vaptan class of drugs at any time. It is intriguing to note that 36 of 49 patients developed hyponatremia within 3 d after SAH. This unaddressed outcome raises questions as to whether the patients received free water or desalinated when UNa exceeded 150 mEq/L while receiving isotonic saline[63]. Every patient corrected their hyponatremia during the hospitalization with the median time of correction being 3 d. Because of the correction of hyponatremia, they concluded that the “syndrome” was short lived. It is well known that patients with SIAD do not respond to saline infusions to correct their hyponatremia; otherwise there would be no need for fluid restriction or treatment with the vaptan class of drugs. Instead, a more likely diagnosis is RSW, which is consistent with the volume studies performed in patients with SAH (table 3)[46]. Isotonic saline eliminated the volume stimulus for ADH secretion and permitted the coexisting hypo-osmolality to inhibit ADH secretion, excrete dilute urines and predictably correct the hyponatremia, which does not happen in SIAD[12,13,31]. ADH levels would have been undetectable at the time of excretion of dilute urines as we demonstrated in cases of RSW within 24-48 h after initiation of isotonic saline therapy[12,31]. We contend that these patients would have had high FEurates exceeding 11% and would have remained increased when serum sodium returned to normal, (Figures 1 and 2). Correction of hyponatremia would not mean there was resolution of the underlying RSW. The reader is encouraged to read a more thorough critical review of controversial papers in the literature [28]. 
Differentiating SIAD from RSW
As noted in table 1 and figures 1, 2, SIAD and RSW share common clinical parameters including an increased Feurate > 11%. An increased FEurate most often involves RSW and SIAD with hydrochlorothiazide (HCTZ) and possibly selective serotonin reuptake inhibitors (SSRIs) drugs coming into the picture. Discontinuation of HCTZ and SSRIs should result in correction of the hyponatremia but persistence of the hyponatremia and increased FEurate would indicate that SIAD must be differentiated from RSW in order to arrive at the proper therapeutic strategy of water-restricting or administering V2 receptor blockers for SIAD or administer saline for RSW. We have now accumulated enough data to utilize two strategies to differentiate SIAD from RSW. The first is to correct the hyponatremia by either water-restriction or use of hypertonic saline to determine whether FEurate normalizes as in SIAD or remains increased as in RSW (figures 1, 2 and 4). It is important to note that contrary to common perceptions, saline has a very meager effect on FEurate as noted in (figure 4, table 2). This is illustrated by Figure 4 when large volumes of saline, including hypertonic saline, gradually decreased FEurate from 26.2% to 8% as serum sodium increased to normal to confirm the diagnosis of SIAD[31]. 
The other alternative is to administer saline soon after FEurate has been shown to be increased, > 11%. As discussed above, the urine will usually become dilute within the first 24-48 h after initiation of saline infusion in RSW with a rapid increase in serum sodium which should not increase by more than 4-6 mEq/L/24 h to prevent osmotic demyelination[38]. The rapid increase can be slowed by infusing D5W or administering DDAVP intranasally realizing that the recommended correction to prevent osmotic demyelination is based on 24 h and not less[38]. In a thorough review of the literature, we have found dilution of urine in SIAD only under two conditions, infusing isotonic saline at a rate of 16 ml/min for 2 h in the first case of SIAD reported in 1957 and extreme salt restriction in experimentally induced SIAD in normal human subjects[42,43]. It would appear therefore that the differentiation of SIAD from RSW can be accomplished by noting normalization of a previously increased FEurate as in SIAD or persistence of increased FEurate in RSW after correction of hyponatremia and response to saline infusions (figures 1, 2, 6 and 7).
By utilizing both strategies and the algorithm in table 2 and figure 3 in a completed study of 52 patients with hyponatremia outside of the neurosurgical intensive care unit, we found about an equal number of patients with SIAD, RO and RSW with the majority of patients with RSW to be free of clinical evidence of cerebral disease. The surprising large number of patients with RSW and absence of cerebral disease in more than 80% of these patients supports our previous proposal to change CSW to RSW[14]. This change has enormous clinical relevance because RSW would not be considered in the absence cerebral disease[64]. 
FEphoshate

We have previously stated that an increased FEphosphate > 20% at baseline is consistent with RSW[21]. We have encountered only one patient with an increased FEphosphate with RSW, but while it might be potentially useful in differentiating SIAD from RSW, there are pitfalls that can alter its value. We have demonstrated in a previous renal micropuncture study that phosphate transport is very sensitive to saline infusions, because parathyroid hormone (PTH) increases rapidly as calcium and possibly magnesium decrease in serum to stimulate PTH release[65]. Since saline is frequently administered to patients with hyponatremia, determinations of FEphosphate must be performed at baseline or analyzed according to whether or not the patient was receiving saline at the time the test was performed. 

CONCLUSION
Hyponatremia, the most common electrolyte, is undergoing fundamental changes that would benefit from a new mindset of abandoning the volume approach. We present an algorithm based on supportive data where the determination of FEurate has been helpful in arriving at a more accurate diagnosis of the causes of hyponatremia. The realization that hyponatremic patients are symptomatic has led to the recommendation to treat virtually all hyponatremics, thus creating an urgency to differentiate SIAD from RSW because of divergent therapeutic goals. The clinical utility of applying two distinctive pathophysiologic characteristics to distinguish SIAD from RSW, such as: (1) demonstrating normalization of a previously increased FEurate in SIAD and persistent increase in FEurate as in RSW after correction of hyponatremia by water restriction or hypertonic saline or (2) to note whether infusion of isotonic saline induces excretion of dilute urines with a prompt increase in serum sodium as in RSW or continued excretion of concentrated urines without correction of hyponatremia as in SIAD. Utilization of this pathophysiologic approach has uncovered many with RSW without cerebral disease. So contrary to popular perceptions of the rarity of CSW/RSW, it is probable that the increase in morbidity and mortality associated with hyponatremia may in part be iatrogenic because patients with RSW are being fluid-restricted for an erroneous diagnosis of SIAD. Finally, we feel it is time to abandon the volume approach to patients with hyponatremia and to appreciate the unreliability of determining plasma renin and aldosterone levels because of so many circumstances such as the use of ACE inhibitor, angiotensin II receptor blockers or saline that affect their blood levels, and to be aware of the following comments to which we have supporting data: (1) have less reliance on UNa in RSW and SIAD as sodium excretion is dependent on sodium intake; (2) the misconceptions of having an increased BUN to creatinine ratio in RSW when there is not difference; (3) appreciate the remarkable overlapping of common clinical characteristics between SIAD and RSW (table 1); and (4) Because of the expanding prevalence of RSW occurring in all hyponatremic patients, we must be vigilant in insisting on clearly distinguishing SIAD from RSW in the future and to question previous reports on SIAD, realizing that RSW could be included in significant numbers. We feel we have accumulated enough data to support these final comments and to encourage others to expand our efforts to derive the true prevalence of RSW in a broad population of hyponatremic and normonatremic patients. 
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Figure 1 Proposed algorithm based on determinations of FEurate to evaluate hyponatremic patients without the need to assess the volume status of the patient or determinations of UNa, plasma renin or aldosterone levels. The dotted line connecting normonatremia and RSW with FEurate > 11% needs further verification. Modified from ref[28]. SIADH: syndrome of inappropriate anti-diuretic hormone; RSW:  renal salt wasting.
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Figure 2 Figure depicting the relationship between serum sodium and Feurate in syndrome of inappropriate anti-diuretic hormone and renal salt wasting. Dotted areas denote normal values. Note FEurate to be increased when patients with SIAD and RSW are hyponatremic but normalize in SIAD and remain increased in RSW. Modified from ref.[28]. SIADH: syndrome of inappropriate anti-diuretic hormone; RSW: renal salt wasting; FEUA: Feurate; SNa: Serum sodium. 
[image: image3.emf]
Figure 3 Types of the syndrome of inappropriate anti-diuretic hormone. Printed with permission, ref[67]. 
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Figure 4 illustrating how FEurate progressively decreases from an increased rate of 26.2 to a normal of 8% as serum sodium increases to a normal of 138 mEq/L in syndrome of inappropriate anti-diuretic hormone. Normalization of serum sodium did not occur after receiving large volumes of isotonic saline and was possible by using 1.5 % hypertonic saline after receiving volumes of isotonic saline. The increase in serum sodium from 131 to 135 mEq/L occurred when he was on very large salt supplementation. This figure also confirms saline does not increase FEurate. Printed with permission, ref[31].
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Figure 5 effect of changes in extracellular volume, pressure and osmolality on plasma vasopressin levels. Note the marked increase in vasopressin levels with volume depletion which is more potent that the osmolar stimulus so a volume depleted will maintain high vasopressin levels despite the coexisting hypo osmolality of plasma. Printed with permission, ref[37]. 
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Figure 6 Changes in urine osmolality and serum sodium concentration during isotonic infusion in a hyponatremic patient with a hip fracture without clinical evidence of cerebral disease. The low Uosm at baseline reflected a low sodium intake when UNa was only 6 mEq/L and a weakened medullary solute concentration, which increased rapidly with a marked increase in Uosm after 4 h of saline infusion. Plasma antidiuretic hormone (ADH) was increased with increased plasma renin and aldosterone levels at baseline and ADH level was undetectable when the urine was dilute 13 h with increase in serum sodium to 138 mEq/L within 48 h after initiation of isotonic saline infusion.  Printed with permission, ref[12]. 

[image: image7.emf]
Figure 7 effect of isotonic infusion in patient with syndrome of inappropriate anti-diuretic hormone in whom blood volume determination by chromium 51 labeled red blood cells and radio iodinated serum albumin was increased. Note persistently increased urine osmolality or failure of urine to become dilute or correction of hyponatremia which are common features of SIAD response to isotonic saline infusion. printed with permission, ref[13]. 
Table 1 listing the clinical features that are found in syndrome of inappropriate anti-diuretic hormone and cerebral salt wasting/renal salt wasting
	Findings common to both SIADH and RSW

	Association with intracranial disease

	Hyponatremia

	Concentrated urine

	Urine sodium [Na] usually > 20 mEq/L

	Non-edematous 

	Hypouricemia, with increased fractional excretion urate [FEurate]

	Only difference between SIADH and RSW

	Volume state: Normal/high in SIADH, low in RSW


note: How the overlapping features are the most commonly encountered clinically in both syndromes and how the presence of edema can be found in CSW/RSW. SIADH: syndrome of inappropriate anti-diuretic hormone; RSW: renal salt wasting; FE: fractional excretion; CSW: Cerebral salt wasting. 
Table 2 Summary of extracellular volume expansion with isotonic, hypotonic and hypertonic saline on fractional excretion of sodium [FEsodium] and urate [FEurate] at control and experimental periods after saline administration. Note the meager changes in FEurate despite very high FENa
	
	FENa (%)
	
	FE Urate (%)
	ref

	
	Control
	Exp
	
	Control
	Exp
	

	Isotonic
	1.04
	4.43
	
	7.98
	9.76
	[36]

	
	1.6
	8.2
	
	5.0
	5.8
	[35]

	Hypertonic
	2.9
	18.6
	
	5.4
	12.1
	[35]

	
	1.4
	14.5
	
	12.5
	18.7
	[34]

	Hypotonic
	1.1
	6.1
	
	4.0
	7.3
	[35]


Printed with permission ref[26]. Exp: Experimental.
Table 3 Summary of volume studies by gold standard radio-isotope dilution methods in hyponatremic and normonatremic neurosurgical patients[45, 46,50]
	Ref.
	n of patients
	Low blood volume

RSW
	Increased blood volume

SIADH
	Urine Na mEq/L

	Nelson et al[45] (HN) 
	12
	10 (83%)
	2
	41–203

	Wijdicks et al[46](HN)

 (NN)
	9

12
	8 (89%)

8 (67%)
	1

4
	--

	Sivakumar et al[50](HN)
	18
	17 (94%)
	
	43–210


RSW much more common than SIAD. Printed with permission, ref[26]. SIADH: syndrome of inappropriate anti-diuretic hormone; RSW: renal salt wasting; HN: hyponatremic; NN: normonatremic.
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Regulation of AVP Secretion

Both increased plasma osmolality and decreased blood volume stimulate AVP secretion, but with different thresholds and sensitivities.



AVP=arginine vasopressin.

Stricker et al. In: Fundamental Neuroscience. 2nd ed. 2003;1011-1029.
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Radioimmunoassay techniques have dramatically illustrated the extremely high sensitivity of arginine vasopressin (AVP) to changes in osmolality. There is a linear relationship between AVP blood concentrations and plasma osmolality above the threshold value of 1% to 2% pg/mL. This slide shows circulating AVP concentrations associated with changes in blood volume or pressure and plasma osmolality. The arrow shows the concentration of AVP under conditions of basal plasma osmolality, blood pressure, and volume. This figure illustrates the finely tuned regulatory system directed at free-water excretion via changes in pituitary release of AVP.

Stricker EM, Verbalis JG. Water intake and body fluids. In: Haines DE, ed. Fundamental Neuroscience. 2nd ed. New York, NY: Elsevier;2003:1011-1029.
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