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Abstract

Dysnatremias are among the most common electrolyte disorders in clinical medicine. Recent 

studies have shown that individuals with chronic kidney disease also are afflicted by these 

electrolyte disorders. Furthermore, their presence imparts an increased risk of mortality. In this 

review, we discuss studies in experimental animals and in humans that have attempted to establish 

the mechanisms responsible for limiting urinary dilution and urinary concentration in progressive 

kidney disease. The clinical implications of these disorders in water excretion are discussed in the 

setting of optimal water intake as kidney disease progresses. This review emphasizes the 

management of patients with chronic kidney disease who have marked abnormalities in serum 

sodium concentrations and gives specific recommendations for modifications in renal replacement 

therapy prescription in hyponatremic patients with end-stage renal disease.
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The kidney’s ability to dilute and concentrate urine is dependent on the rate of glomerular 

filtration. 1 As kidney disease progresses, disturbances in water balance ensue, ultimately 

reflected in changes in serum sodium concentration. In this review, we summarize data on 

the prevalence and significance of hypo- and hypernatremia in chronic kidney disease 

(CKD) and end-stage renal disease (ESRD), analyze studies of the underlying 

pathophysiologic mechanisms responsible for derangements in kidney concentration and 

dilution, and provide an approach to the prevention and management of dysnatremias in 

patients with decreased kidney function.

EPIDEMIOLOGY OF DYSNATREMIAS IN PATIENTS WITH KIDNEY DISEASE

Hyponatremia is the most common electrolyte disorder, estimated to be present in 4%–8% 

of ambulatory patients and 20%–35% of hospitalized patients.2–5 It also is associated with 

increased morbidity and mortality.4,6,7 It is unclear whether hyponatremia is itself a marker 

of severe disease or normalization of serum sodium levels could improve patient outcomes. 

Hypernatremia is much less common than hyponatremia, with an estimated prevalence of 

2% among patients admitted to the hospital.8 Elevated serum sodium level at admission to 
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the intensive care unit and intensive care unit–acquired hypernatremia portend a poor 

prognosis,3,5,9,10 but the clinical implications in less sick populations require more study.

The prevalence, incidence, and significance of dysnatremias in patients with CKD are poorly 

studied. Theoretically, as diluting and concentrating mechanisms become increasingly 

impaired with progressive disease, the prevalence and incidence of dysnatremias in patients 

with CKD are expected to be greater than in populations with normal kidney function. One 

study11 evaluated the prevalence and incidence of dysnatremias and their associated 

mortalities in 655,493 US veterans with non–dialysis-dependent CKD. At baseline, 13.5% 

of patients had hyponatremia (serum sodium < 136 mEq/L), and 2% had hypernatremia 

(serum sodium > 145 mEq/L). During a 5.5-year median follow-up, 26% of patients had at 

least one episode of hyponatremia and 7% had at least one episode of hypernatremia.12 

These differences in prevalence between hypo- and hypernatremia may be a function of 

increased thirst response in CKD. The association of serum sodium level with allcause 

mortality was U-shaped (Fig 1).13 After multi-variable adjustment, lower and higher serum 

sodium levels were associated with higher mortality, with hazard ratios of 1.93 (95% 

confidence interval [CI], 1.83–2.03) for serum sodium level < 130 mEq/L, 1.28 (95% CI, 

1.26–1.30) for 130–135.9 mEq/L, 1.33 (95% CI, 1.28–1.38) for 145.1–149.9 mEq/L, and 

1.56 (95% CI, 1.33–1.83) for ≥ 150 mEq/L. The prevalence of hypernatremia, but not 

hyponatremia, increased in patients with more progressive kidney disease (Fig 2).13 The 

association between hyponatremia and mortality did not appear to vary with level of kidney 

function; however, the association between hypernatremia and mortality diminished with 

progressive kidney disease. The presence or absence of congestive heart failure, liver 

disease, and cancer did not alter these findings.

The association between dysnatremias and poor outcomes in patients with CKD11 is 

consistent with other populations. The U-shaped curve of association between mortality and 

dysnatremias also has been demonstrated in some intensive care unit cohorts, but 

hypernatremia was associated more strongly with mortality than was hyponatremia.3,10 The 

underlying mechanism has yet to be fully elucidated. As discussed next, findings in CKD 

patient populations are consistent with a physiology of impaired water handling in CKD; 

that is, the concentrating capacity of the kidney becomes impaired more readily than the 

diluting capacity, and therefore its clinical consequence, hypernatremia, has a stronger 

incidence association with progressive CKD than does hyponatremia. However, the 

prevalence of dysnatremias in CKD does not differ greatly compared with ambulatory 

populations without kidney disease. What remains to be studied is the underlying 

mechanism behind the association between mortality and dysnatremias and whether this 

mechanism is specific to the individual disease process.

Hyponatremia also is relatively common in patients with ESRD, and hypernatremia is rare. 

The prevalence of hyponatremia in one US cohort of 1,549 oligoanuric patients with ESRD 

on hemodialysis therapy was 29.3%.14 In a retrospective review of peritoneal dialysis 

patients, the annual incidence of hyponatremia was 14.5%.15 Although the mechanism of 

hyponatremia in ESRD has not been fully investigated, we presume that it most likely results 

from excessive interdialytic water intake. Patients with oligoanuric kidney failure cannot 

regulate water excretion in response to vasopressin levels and rely on sodium and water 
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removal during renal replacement therapy for water and sodium homeostasis. In ESRD, 

hyponatremia is associated strongly with increased mortality (Fig 3),14,16,17 even when 

adjusted for hemodialysis modality, ultrafiltration volume, heart failure, or the presence of 

severe volume overload.14 The underlying mechanism for the association between mortality 

and hyponatremia in ESRD is unclear. Factors associated with hyponatremia in patients on 

peritoneal dialysis therapy demonstrated a significantly higher serum sodium level with 

greater residual kidney function, but lower serum sodium concentrations were associated 

with larger volumes of daily instilled icodextrin.15

PATHOPHYSIOLOGY OF IMPAIRED CONCENTRATING AND DILUTING 

ABILITIES IN KIDNEY DISEASE

The Concentrating Mechanism in CKD

In hydropenic conditions, the mammalian nephron is extremely effective in the defense of 

body fluid tonicity and can conserve water by excreting urine that is much more 

concentrated than plasma. This is a process critical to adaptation to arid terrestrial 

environments. A healthy young human can excrete urine with a tonicity that is 

approximately 4 times greater than plasma (1,200 mOsm/kg H2O), obligating 500 mL of 

urine per day for solute intake of 600 mOsm/d. In contrast, a decrement in function causes a 

decrease in maximal urinary concentration. Thus, in the Lumleian Lecture in 1952, Platt18 

notes, “One of the constant signs of renal failure is the inability of the kidney to produce a 

concentrated urine, and it is well known that the specific gravity of the urine becomes 

relatively fixed at 1.010, which is approximately that of blood”18(p1315); this is known as 

isosthenuria.

Proposed Mechanisms for Impaired Urinary Concentration in CKD

Role of Solute Excretion—Although urinary osmolality is a measure of concentrating 

ability, it does not provide a quantitative assessment of the capacity of the kidney to reabsorb 

water. This is determined better by solute-free water reabsorption (TcH2O). In the 

concentrating process, tubules reabsorb solute-free water from the initially isotonic 

glomerular filtrate. Solute-free water reabsorption is the difference between the volume of 

urine that would be required to excrete isotonic urine (Cosm) and actual urine volume. Thus, 

TcH2O = Cosm – V. Since Cosm is UosmV/plasma osmolality (Posm), TcH2O = UosmV/Posm – 

V. This formula also reflects the fact that TcH2O is influenced by solute excretion (UosmV). 

When normal kidneys are exposed to increasing solute loads in the presence of 

supraphysiologic doses of vasopressin, maximal TcH2O can be assessed, but urinary 

osmolality decreases, approaching, but not falling below, plasma tonicity.19 In kidney 

disease, as solute intake remains constant, for the decreasing number of functioning 

nephrons, each must excrete an increasing fraction of the filtered solute load. Thus, remnant 

nephrons are subject to significant osmotic diuresis. Several investigators have undertaken 

studies to examine whether the limitation in ability to maximally concentrate urine can be 

ascribed to a functional consequence of this adaptive mechanism or a pathologic process has 

to be implicated in these remnant nephrons to explain the concentrating defect. Baldwin et 

al20 studied 25 patients and found that in most of those with mild to moderately decreased 
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kidney function, water reabsorption corrected for the residual glomerular filtration rate 

(GFR) and (TcH2O/inulin clearance) was equal or even higher than that observed in healthy 

controls, therefore suggesting normal tubular function in the remnant nephrons. A study in 

experimental animals supported this view. Bricker et al21 produced unilateral decrements in 

GFR with pyelonephritis or aminoglycoside in dogs. This allowed for a direct comparison 

between the affected and unaffected kidney in a nonuremic environment wherein TcH2O 

was measured during a mannitol diuresis independently in the 2 kidneys. TcH2O/GFR was 

not different between the control and experimental kidneys, supporting the view that the 

surviving nephrons were reabsorbing water normally. Dorhout Mees,22,23 also using 

mannitol infusions to increase solute clearance, concluded that the decrement in TcH2O 

observed in 19 patients with kidney disease could not be accounted for entirely by osmotic 

diuresis. A similar conclusion was reached by Kleeman et al,24 who studied water balance in 

27 patients with kidney disease of varying causes. When given vasopressin, these patients 

achieved mean urinary osmolality of 359 mOsm/kg H2O. Urinary osmolality was lower than 

that of healthy controls across a broad range of solute excretion, suggesting additional 

pathologic mechanisms directly impairing tubular function. That factors other than increased 

solute load per nephron must be invoked was strengthened by the observations of Tannen et 

al.25 These investigators found that 11 of 13 patients with advanced kidney failure, all with 

creatinine clearances < 15 mL/min, had urinary osmolality below that of plasma (by a mean 

of 17 mOsm/kg H2O) despite administration of maximal doses of vasopressin. Because the 

kidney interstitium is never hypotonic to plasma, this observation supports the view that an 

intrinsic disorder in the function of the collecting tubule also must be implicated. Patients 

who had vasopressin-resistant hyposthenuria were very advanced in their diseases. 

Advanced kidney disease is associated with very high tubular flow rate and solute excretion 

in the few remaining functioning nephrons, thereby possibly not allowing sufficient time for 

the tubular fluid and its surrounding interstitium to achieve osmotic equilibrium.

Role of Medullary Interstitial Tonicity—Generation of a hypertonic interstitium is 

essential to the urinary concentrating process. Maintenance of the corticomedullary osmotic 

gradient is dependent on normal function of the thick ascending loop of Henle, where 

sodium chloride is reabsorbed without water and urea accumulates in the inner medulla. In a 

rodent model of pyelonephritis, Gilbert et al26 measured total solute content in kidney slices 

and found a loss of such corticomedullary gradient in diseased kidneys, but not in 

uninephrectomized controls. Micropuncture studies were undertaken to define the 

mechanism of such a loss of gradient. These studies revealed normal function of the 

ascending limb because fluid and sodium delivery to the early distal tubule were normal. In 

contrast, the content and recycling of urea were greatly diminished, accounting for the 

decrement in overall interstitial tonicity. This process, if it can be extrapolated to other 

kidney pathologies, would lower the upper limits to which urine can be concentrated in 

CKD. Finally, alterations in kidney blood flow whereby more is redistributed to the medulla 

has been observed in models of kidney disease.26 Such redistribution could wash out solutes 

from the medulla, thereby decreasing its tonicity.

Role for Anatomic Pathology in the Inner Medulla—The anatomic integrity of the 

inner medulla is required for normal urinary concentration, as demonstrated in studies of 
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papillectomized rats and rats with 65% nephrectomy, achieving modest but equal 

decrements in inulin clearance with both models.27 While the nephrectomized rats 

concentrated their urine to levels not significantly different from control rats, 

papillectomized rats had a marked concentrating defect. Further evidence is provided by 

observations made in kidney diseases that affect the medulla out of proportion to a 

decrement in overall kidney function. Thus, in patients with sickle cell disease,28 polycystic 

disease,29 and medullary cystic disease,30 a concentrating defect is evident with only modest 

decrements in kidney function.

Role for Impaired Collecting Tubule Water Permeability—Excretion of urine 

hypotonic to plasma strongly suggests failure of the collecting duct to achieve water 

permeability in order to equilibrate with the surrounding hypertonic interstitium. Although 

this can occur if vasopressin levels are inadequate, there is no evidence that this is the case in 

CKD because levels are elevated in such patients.31 When the vasopressin response to 

hypertonicity was studied in 8 patients with advanced CKD, they showed increased 

sensitivity to its effects with a normal threshold for the hormone’s release.12 The 

hyposthenuria was resistant to vasopressin administration, suggesting impaired response to 

the hormone. A possible explanation is the presence of a vasopressin inhibitor accumulating 

in advanced kidney disease. One patient was studied before and after undergoing 

hemodialysis for 1 month without reversal of the defect,25 making it unlikely that at least a 

dialyzable antagonist is responsible.

A uremia-independent effect is supported further by in vitro studies performed in isolated 

perfused cortical collecting tubules obtained from remnant kidneys of uremic rabbits bathed 

in either normal or uremic serum. Using the same concentration gradient, the hydro-osmotic 

response to vasopressin was markedly blunted in cortical collecting tubules obtained from 

uremic rabbits whether bathed in normal or uremic media32 (Fig 4). The cellular mechanism 

responsible for this blunted response was investigated. Vasopressin-stimulated adenylate 

cyclase activity was blunted equally in cortical collecting tubules from uremic animals. A 

post–cyclic adenosine monophosphate (cAMP) generation defect also was postulated 

because the hydraulic conductivity of these tubules failed to increase when exposed to the 

analogue 8-bromocyclic AMP.32 These studies were complemented by experiments in 

cultured inner medullary collecting tubules cells.33 Cells obtained from the inner medulla of 

5/6 nephrectomized rats as a model of chronic kidney failure uniquely failed to generate 

cAMP in response to vasopressin. The mechanism of the impaired response to vasopressin 

was characterized further in studies directed at its receptor. The number of receptors was 

decreased markedly, apparently as a consequence of decreased messenger RNA for the 

receptor’s synthesis.33

The post-cAMP defect noted may relate to a decrease in expression of water channels in 

animals with reduced kidney function. Using the model of reduced kidney mass,34 rats had 

an increase in urine flow, decrement in maximal urinary concentration, and reduction in 

expression of aquaporin 1, 2, and 3 (Fig 5).34 These aquaporins are involved in the 

concentrating mechanism; aquaporin 1 in the descending limb of the loop of Henle and 

aquaporin 2 and 3 in the luminal and basolateral membranes, respectively, of principal cells 

of the collecting tubule.35 Because cAMP generation is involved intimately in both the 
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short-term and long-term regulation of aquaporin 2 expression, these observations do not 

define whether the effect on water channels is secondary to blunted cAMP or a direct effect 

of decreased kidney function on the synthesis of these channels. A similar decrement in 

aquaporin 2 expression occurs after release of bilateral ureteral obstruction, another model 

of polyuric vasopressin-resistant concentrating defect.

Taken together, it is apparent that the inability to fully reabsorb water and thereby to 

maximally concentrate urine is multifactorial. Each of the mechanisms discussed can by 

itself or in combination with others cause the disturbance in water conservation. Some of the 

data are obtained in experimental animals, frequently the 5/6 nephrectomy model, and may 

not mimic the pathology in human disease. The severity of the defect is extremely variable 

and its expression may change with the nature of the underlying kidney disease.

Urinary Dilution in CKD

Some of these studies also investigated the effect of decreased kidney function on urinary 

dilution. Bricker et al21 studied dogs with unilateral decreased kidney function that received 

a 40- to 70-mL/kg intragastric water load variably given with and without isotonic sodium 

chloride expansion in order to increase solute clearance. Free water clearance (CH2O) was 

lower in the afflicted kidney than the contralateral control, but when corrected for GFR 

(CH20/GFR × 100), the ratio was higher in the experimental kidney, suggesting that the 

remaining nephrons were diluting urine normally and the overall limitation for water 

excretion was related to the decrease in GFR. A defect in urinary dilution occurred later than 

the concentrating defect (in the course of decreased kidney function). Kleeman et al24 water 

loaded 27 patients with azotemia. CH20 was consistently lower in patients with kidney 

disease and the minimal Uosm attained was 174 mOsm/kg compared to 66 mOsm/kg in 

controls because only one of the patients with CKD had Uosm < 100 mOsm/kg. However, as 

with the dog studies, when CH20 was expressed per 100 mL of GFR, it was higher in 

patients with CKD. The fact that urinary osmolality can still be lowered in advanced CKD at 

a time when it cannot be increased with exogenous vasopressin was reported by Tannen et 

al.25 When 8 of their patients were given a water load, Uosm decreased by 50–112 mOsm/kg, 

although no patient attained urine with Uosm < 100 mOsm/kg.

CLINICAL IMPLICATIONS OF IMPAIRED WATER HOMEOSTASIS IN 

PATIENTS WITH CKD

Individuals with normal urinary concentrating and diluting abilities can increase their 

urinary osmolality to as high as 1,200 mOsm/kg H2O and decrease it to as low as 50 

mOsm/kg H2O. Progressive loss of kidney function is associated with a narrowing of these 

options (Fig 6). Thus, individuals with normal kidney function can excrete a solute load of 

600 mOsm in as little as 0.5 L in urine that is maximally concentrated (600 mOsm/1,200 

mOsm/kg = 0.5 L) or in dilute urine in as much as 12 L of urine (600 mOsm/50 mOsm/kg = 

12 L). This allows for enormous flexibility in the volume of fluids that can be ingested 

without significantly perturbing serum sodium level and the tonicity of body fluids. In 

contrast, patients with advanced kidney failure can concentrate to only 300 mOsm/kg, 

requiring the generation of 2 L of urine in order to excrete the mentioned 600 mOsm of 
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solute. Ingestion of <2 L would result in progressive negative water balance and the 

development of hypernatremia. Likewise, if such a patient’s minimal achievable urinary 

osmolality is 200 mOsm/kg, the 600 mOsm can be excreted in no more than 3 L of urine. If 

fluid intake is higher, the inability to further dilute urine results in water retention and the 

development of hyponatremia. Therefore, as kidney failure progresses, the volume of fluids 

that can be ingested without perturbing the tonicity of body fluids is narrowed. Assuming 

constant solute intake, the patient in this example can ingest 2–3 L/d, but any deviation 

would result in an increase or decrease in serum sodium concentration. The limitation in 

urinary concentration occurs earlier in the course of CKD than the inability to dilute urine. 

Such a defect results in the need to ingest more fluids and nocturia, a well-recognized early 

symptom of decreased kidney function.

TREATMENT OF DYSNATREMIAS IN PATIENTS WITH CKD

While CKD itself can lead to hyponatremia, the approach to its treatment is similar to that of 

patients with normal kidney function.36 This includes correction of hypovolemia, cessation 

of offending pharmacologic agents, treatment of underlying endocrine disorders, and 

attention to conditions that can concomitantly lead to hyponatremia, such as liver disease 

and heart failure. However, there are limitations and therapeutic interventions that need to be 

considered in patients with CKD, which are outlined next.

Normal Saline Solution for Volume Repletion

Normal saline solution is the treatment of choice for hypovolemic hyponatremic conditions. 

The limitations in water excretion shown in Fig 6 also apply to limitations in the ability to 

excrete sodium. The inability of patients with CKD to promptly conserve sodium in the face 

of volume depletion, thereby resulting in higher fractional excretion of sodium, limits the 

application of fractional excretion of sodium as a marker for hypovolemia. Conversely, 

because of the propensity of these patients to retain sodium, undesirable fluid overload can 

complicate treatment, calling for closer monitoring to prevent volume overload.

Pharmacologic Agents That Inhibit Antidiuretic Hormone Action

Several pharmacologic agents have been used in the treatment of euvolemic hyponatremia. 

Demeclocycline has been used in the treatment of syndrome of inappropriate secretion of 

antidiuretic hormone (SIADH) because it acts on the collecting tubule cell to diminish its 

responsiveness to antidiuretic hormone. However, nearly half is excreted renally and it may 

cause emesis, putting the patient at further risk for volume depletion. In the background of 

hepatic dysfunction, it can be overtly nephrotoxic. Its use therefore is not recommended in 

patients with decreased kidney function. Lithium, also a potent inhibitor of vasopressin 

action, is contraindicated in the presence of decreased kidney function because it is excreted 

primarily by the kidney. It can lead to blood levels that are both neuro- and nephrotoxic. 

Vasopressin V2 receptor antagonists have been shown to reliably increase serum sodium 

concentrations in a variety of clinical settings,37 but many trials have excluded enrollment of 

patients with moderate to severely decreased kidney function.37,38 Preliminary 

pharmacodynamic studies with a single oral dose of 60 mg of tolvaptan demonstrated the 

generation of CH20 even in normonatremic patients with creatinine clearance of 15–30 mL/
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min.39 This effect appears to be delayed, but results in an increase in serum sodium level 

similar to that in patients with better kidney function. Vasopressin V2 receptor antagonists 

are likely to be less successful in patients with creatinine clearance < 15 mL/min, but some 

response (increased urine flow and decreased urinary osmolality) was observed in patients 

with advanced CKD (stages 4 and 5) and congestive heart failure.40

Water Restriction

Water restriction may be the best approach for treating hyponatremia in patients with CKD. 

The inability of the kidney to concentrate urine has 2 effects: it allows for a tolerable degree 

of water restriction, but if water restriction is too severe, it could result in an undesirable 

increase in serum sodium to hypernatremic levels. Thus, more frequent monitoring of serum 

sodium levels is required in this population than in the general population.

Loop Diuretics

In CKD, loop diuretics in higher doses can be used alone or in addition to water restriction 

to enhance water excretion. Many patients with decreased kidney function may be resistant 

to loop diuretics even at higher doses. In the scenario in which the patient is not resistant to 

loop diuretics, it is important to carefully monitor volume status and serum electrolyte levels 

on a regular basis to ensure that the patient does not become severely volume depleted, 

hypokalemic, or hypomagnesemic because the patient is at increased risk for volume 

contraction compared with patients with normal kidney function.

The development of hypernatremia in patients with CKD reflects water depletion as a 

consequence of failure to ingest water in the face of a concomitant inability to concentrate 

urine. Treatment entails restoring water losses in the form of parenteral or enteric water 

intake. In addition, the high rate of solute excretion per nephron and resistance to 

vasopressin at the collecting duct level put these patients at risk for hypernatremia because 

they excrete unreplaced electrolyte-free water.

TREATMENT OF HYPONATREMIA IN PATIENTS WITH ESRD

Treatment of hyponatremia in patients with ESRD primarily relies on 2 modalities: 

restriction of fluid intake and renal replacement therapy prescription. In the setting of long-

term hemodialysis therapy, the question arises as to the best way to approach a low 

predialysis serum sodium level. Independent of predialysis serum sodium levels, analyses of 

large cohorts of hemodialysis patients have shown that a higher dialysate sodium 

concentration is associated with decreased mortality and hospitalizations despite higher 

interdialytic weight gain.16,17 In the absence of randomized prospective studies, the potential 

benefits need to be weighed against the risks of interdialytic weight gain and profound rapid 

shifts in serum sodium levels. One small study of 29 nondiabetic hemodialysis patients41 

made an attempt at tailoring dialysate sodium prescription according to predialysis serum 

sodium levels and demonstrated that the individualized prescription decreased interdialytic 

weight gain, hemodialysis-related symptoms, predialysis blood pressures, and thirst, but 

follow-up was too short to provide conclusions about hospitalization and mortality rates.
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The most serious side effect associated with rapid correction of hyponatremia is osmotic 

demyelination syndrome. There has not been widespread reporting of this syndrome in the 

setting of hemodialysis, and high levels of brain urea may be protective against the 

dehydrating effects of rapid sodium correction.42 However, uremia does not provide full 

protection from dialysis-related osmotic demyelination syndrome because there are case 

studies of classic magnetic resonance imaging–proven osmotic demyelination syndrome 

after correction of severe hyponatremia in peritoneal and hemodialysis patients.43,44 The 

frequency with which chronic hyponatremia is corrected on dialysis therapy is not known, 

and the paucity of dialysis-related osmotic demyelination syndrome may be a consequence 

of a low incidence of overly rapid correction. Thrice-weekly dialysis treatments may not 

allow for long-term adaptive mechanisms to be operant. The risk is likely to be much higher 

in patients with acute kidney injury, patients initially starting on dialysis therapy, and 

patients with ESRD who have not been dialyzed for some time.45

When a patient who needs dialysis presents concomitantly with severe hyponatremia, 

determining the best dialysis regimen can pose a therapeutic dilemma. One case report of a 

woman who presented with acute kidney failure and serum sodium level of 112 mEq/L 

reported success in dialyzing her with conventional dialysis, using a dialysate sodium 

concentration of 130 mEq/L and limiting blood flow to 50 mL/min for a total of 3 hours of 

treatment for 2 days in a row, thereafter resuming a normal hemodialysis regimen.46 Her 

serum sodium level increased from 112 to 119 mEq/L the first day and to 123 mEq/L the 

subsequent day after dialysis. Another group treated a woman with acute presentation of 

kidney failure and hyponatremia (serum sodium, 92 mEq/L) with continuous venovenous 

hemodialysis, using a blood flow rate of 100–120 mL/min, dialysate flow rate of 1,000 

mL/h, and initial dialysate sodium concentration of 105 mEq/L, and the dialysate sodium 

concentration was modified daily to maintain the sodium concentration at 6–8 mEq/L above 

the patient’s serum sodium level.47 In the first case, there were no neurologic sequelae of 

osmotic demyelination syndrome, and in the second, magnetic resonance imaging of the 

head after treatment was free of evidence of osmotic demyelination syndrome. Both of these 

appear to be reasonable approaches. The general guideline for treatment should be to dialyze 

at lower blood flows with lower dialysate sodium levels, typically recommended to be no 

more than 15–20 mEq/L above the plasma sodium level.48,49 However, because with 

standard hemodialysis, dialysate sodium concentration cannot be decreased to <130 mEq/L, 

in severely hyponatremic patients (sodium <115 mEq/L), adjustment of blood flow and time 

of dialysis as described in the mentioned cases needs to be undertaken. The preferred 

method, we believe, in cases of severe hyponatremia (sodium <125 mEq/L), is continuous 

venovenous hemofiltration because it provides flexibility in adjustment of replacement fluid 

sodium (Table 1)50 and furthermore is associated with less marked changes in intracranial 

pressure.51 If dialysate or replacement fluid sodium concentration cannot be adjusted, an 

alternative approach is the coinfusion of a hypotonic solution during the dialytic procedure.

Decreasing total-body water in hyponatremic patients with ESRD also can be performed 

successfully with peritoneal dialysis. Nolph et al52 demonstrated that during a hypertonic 

exchange with dextrose-based solutions, serum sodium concentrations increase with removal 

of an ultrafiltrate hyponatremic to extracellular fluid. Therefore, treatment of hyponatremia 

with peritoneal dialysis is performed most effectively with repeated rapid exchanges of 
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hypertonic dextrose solutions to induce total-body water removal without concomitant 

removal of other solutes. Attention should be paid to ensure that potassium losses are 

prevented because they can contribute to the development and maintenance of hyponatremia 

in these patients.53
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Figure 1. 
Unadjusted and adjusted hazard ratios of all-cause mortality at various serum sodium levels 

in patients with chronic kidney disease. Reproduced from Kovesdy13 with permission of 

Oxford University Press.
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Figure 2. 
Prevalences of hypo- and hypernatremia at various stages of chronic kidney disease (CKD). 

Note difference in scales. Reproduced from Kovesdy13 with permission of Oxford 

University Press.
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Figure 3. 
Adjusted mortality risk of patients with end-stage renal disease on hemodialysis therapy 

associated with predialysis serum sodium (SNa) level. Abbreviations: CI, confidence 

interval; HR, hazard ratio. Reproduced from Hecking et al16 with permission of Elsevier.
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Figure 4. 
Blunted hydraulic water permeability in response to vasopressin in perfused cortical 

collecting ducts of uremic rabbits. (Y axis label: measurement of hydraulic permeability in 

nanoliters per millimeter of tubule per minute). Reproduced from Fine et al32 with 

permission of the American Society for Clinical Investigation.
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Figure 5. 
Densitrometric analysis of aquaporin (AQP)1, AQP2, and AQP3 in cortical collecting ducts 

obtained from rats with chronic kidney disease (white bar) and their sham-operated controls 

(black bar). *P < 0.05 for all. Abbreviation: CRF, chronic renal failure. Reproduced from 

Kwon et al34 with permission of the American Physiological Society.
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Figure 6. 
Theoretical maximal and minimal urinary osmolalities in progressive kidney disease 

(assuming solute excretion of 600 mOsm/24 h). Note the narrowing in the range of 

obtainable osmolalities with worsening function. Abbreviation: GFR, glomerular filtration 

rate. Reproduced from Bricker et al21 with permission of the American Society for Clinical 

Investigation.
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Table 1

Effect of Adding Different Volumes of Water to a 5-L Bag of Replacement Fluid on Its Concentrations of 

Sodium, Bicarbonate, and Potassium

Volume of Water Added (mL) Final Volume of Diluted Fluid (L) [Na+] (mEq/L) [HCO3
−] (mEq/L) [K+] (mEq/L)

0 5.0 140 35 4.0

150 5.15 136 34 3.9

250 5.25 133 33 3.8

350 5.35 131 33 3.7

500 5.5 127 32 3.6

750 5.75 122 30 3.5

1,000 6.0 117 29 3.3

1,250 6.25 112 28 3.2

Abbreviations: [HCO3−], bicarbonate concentration; [K+], potassium concentration; [Na+], sodium ion concentration.

Based on data from Ostermann et al.50
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