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Introduction 

Hyponatremia is a common problem. However, the evaluation and treatment of 
this condition can be rather confusing (1, 2). This is because no formula or algorithm can 
completely replace the need for an understanding of the pathophysiology of 
hyponatremia. Such an understanding is very useful to clinicians to develop strategies in 
the differential diagnosis and management of hyponatremia. 

The evaluation of hyponatremia starts with evaluation of the tonicity of plasma. 
A true hyponatremia is when the measured plasma tonicity is low and consistent with the 
low serum sodium concentration. A hyperosmolal hyponatremia is when the plasma 
tonicity is higher than normal, and the hyponatremia is the result of trapping of water in 
ECF by presence of osmoactive substances. A typical example is the hyponatremia 
associated with hyperglycemia. A normosmolal hyponatremia is a factitious 
hyponatremia due to the way we measure serum sodium in the lab. It occurs with certain 
methods used for measuring sodium concentration in solutions in which there is presence 
of space-occupying solid particles, such as excessive lipids or protein. This problem can 
be overcome by using direct ion selective electrode available in the blood gas machine 
for measurement of sodium concentration. It is critically important to properly 
differentiate the different types of hyponatremia as the therapies are very different. For 
hyperosmolal hyponatremia and factitious hyponatremia, we do not try to raise the serum 
sodium to an artificially normal level. 

Once it has been determined that the patient has a true hypoosmolal 
hyponatremia, the next step is to determine the cause of this problem. The kidneys are 
normally able to excrete over 10 liters of electrolyte-free water (EFW) per day, as long as 
the osmole intake is in the normal range. Impairment in this EFW excretion suggests the 
effect of ADH which causes the kidneys to produce concentrated urine. To further 
evaluate this inappropriate release of ADH in the setting of hyponatremia, one is 
reminded that ADH release can be stimulated by hyperosmolality as well as 
hypovolemia. It is therefore helpful to determine the volume status of the patient to 
further classify the hypoosmolal hyponatremia into three categories. There are those 
associated with overt edema, such as in CHF and cirrhosis, and there are those with 
obvious volume contraction, as seen in severe diarrhea and diuretic use. The mechanism 
of hyponatremia in both types is felt to be due to decreased effective blood volume which 
stimulates the release of ADH, known as the non-osmotic stimulation of ADH by the 
volume-sensitive baroreceptors. The treatment for such patients is to address the 
underlying hemodynamic abnormality that causes the ADH release. The third category is 
clinically euvolemic hyponatremia. This can be from binge water drinking exceeding the 
water excreting capacity of kidneys, or from inappropriate ADH release. The former is 
characterized by maximally dilute urine, the latter by less than maximally dilute urine and 
is known as SIADH. 

SIADH is a diagnosis that should only be applied to when patients have been 
determined not to have adrenal insufficiency, hypothyroidism, or renal failure, as in these 
three conditions, inappropriate release of ADH is not the primary dysfunction, and the 
treatment also is different. 



Add to the above familiar understanding is the concept of tonicity balance, a topic that I 
will emphasize in this talk. 

Pathophysiology of Hyponatremia Based on Tonicity Balance 

Case #1: 

Case 1 

53 year-old male with CHF from Ischemic heart disease admitted 
to PMH for CHF exacerbation. 

PE: Acutely Ill-appearance with SOB. BP 105/55 mmHg; PR 115, 
regular; RR 32; crackles Y. way up bilaterally; 2/6 systolic m at 
LLSB, RR; 2+ edema LE. 

Medications: Lislnorpil 20 mg qd; lsordlal 40 mg tid; Laslx 20 mg 
bid, Lipitor 20 mg qd (has not taken his med for the past 2 weeks) 

A look at his urine 
potassium shows a 
large amount of 
potassium 

Lab: 126 1 91 I 42 

4.3 127 11.6 

Urine: Na 15; K 75; Cl26; Cr 63.5; Sp Gr 1.020 
FeNa 0.3% 

(Figure 1). This is 
consistent with the 
diagnosis of 
secondary 
aldosteronism in 
the setting of 
decreased cardiac 
output. But how 
does high urinary 
potassium lead to 
hyponatremia? 

What is the mechanism of hyponatremia? 

Filmre 1 

Potassium is the major cation in ICF, and sodium is the major cation in ECF 
(Figure 2). The source of urinary potassium is ultimately from the ICF. Because the 
cellular membrane is not readily permeable to these ions, they are kept in their respective 
compartments in spite of the 
concentration gradients. On the 
other hand, water permeates freely 
across the membrane, and moves 
along the osmolal gradient in the 
direction to maintain an identical 
tonicity between the two 
compartments. Therefore, when 
the ICF loses potassium and 
therefore lowers its osmolality, 
water will shift from ICF to ECF 
in order to establish new tonicity 
equilibrium. This translocation of 
water will then dilute the serum 
sodium in ECF. An alternative 
explanation for the observed effect 

-----loss of K in urine 
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of potassium in the pathogenesis of hyponatremia is that sodium cation from ECF enters 
the cells to replace the potassium wasted in urine. This will also result in hyponatremia in 
ECF, but is less likely due to the membrane impermeability to sodium. 

It is important, thus, to include potassium in the management of hyponatremia because 
the gain and loss of potassium can have an effect on sodium concentration in the body. 

Case #2: 

Case 2 
Post-operative woman with NN and post-surgical 
pain was treated with NS, antiemetic, and analgesics. 

• 2 days later, she became unarousable and hypoxic, 
with serum Na of 115. The patient has been NPO, and 
given 200cc/hour NS for IV hydration. 

• What caused her serum Na level to fall while 
receiving IV NS (Na 155, which is higher than serum 
Na)? 

Anesthesia stimulates secretion of ADH, which leads to 
excretion of hypertonic urine. 
I.e, Urine {Na + K) >serum (Na. 1<). 

A post-operative woman had NN, and 
post-surgical pain (Figure 3). She was 
treated with N/S, antiemetics, and 
analgesics. She remained NPO. 2 days 
later, she was found to be unarousable 
and hypoxic. Serum sodium was 115. 
What caused the dilution ofher serum 
sodium when she had received 
nothing but N/S, a solution isotonic to 
the serum? 

When ADH release is from non-
Figure 3 osmolal stimuli, such as from surgery, 

nausea, vomiting, urine can be quite 
hypertonic. Whenever the sum of urine sodium and potassium concentrations exceeds 
that of the intake fluid, the plasma sodium will be diluted from the process. This has 
been termed the desalination phenomenon, and has the implication that in the treatment 
of hyponatremia from SIADH, N/S not only may not be effective, but can also be 
detrimental in situations when the sum of urinary sodium and potassium concentrations 
exceeds that of the infused N/S. 

The bottom line is that the concentration of serum sodium is determined by the in and out 
balances of water, sodium and potassium. When we balance the in and out of all these 
elements, we will fmd that the change of sodium concentration to be from the changes in 
these balances. 



This concept is well illustrated by a study 
by Steele et al, Ann. Int. Med. 126:20-25, 
1997(3). The study is a prospective cohort 
study including 24 women who underwent 
uncomplicated surgeries under general 
anesthesia. On average, ~5 liters NS (or 
Ringer lactate) was administrated over 24 
hr. Plasma (Figure 4) and urine (Figure 5) 
electrolytes measured at induction of 
anesthesia and 24 hrs later showed that 
hyponatremia occurred quite commonly due 
to production ofhighly concentrated urine. 

Plasma Levels 

Sodium, mmo/IL 
Potass\urTJ, mmo/IL 
Chloride, mmo/IL 
Bie<~ rbonate, mmoi/L 
Anion gap, mEq!L 
Creatinine, ,.rno/ll 

(mgldlJ 
81 d tnea nihogeo, 

mmoi/L (mgldL) 
Glucose. mmo/IL (mgl<h.J 

• V~l\l~$ Mf! ln~ mean ~ Sf. 

Before 
Anesthesia 

140 ± 0.5 
4.1 = 0.1 
106 ± OA 
22 ±0.4 
12 ± 0.5 

62 ± 2 {0 I :.t O.U2l 

35;!: 0.2 (10 ;t 0.6) 
4.8 ± 0.1 {86 :t 2) 

t f' < om by p3ir"<l ob5<!rvatkln~. 

Figure 4 

24 Hours after 
Anesthesia 

1136 :t. 0.5 
3.8 - 0.1 
104 :t. 0.5 
22 ± 0.5 
10 ± 0.3 

59 :t 3 (Oj :t IHll} 

2.5 :!: 0.3 (7 :; 0.8) 
53 1: OA (95 ·t 8) 

Balance study showed that the hyponatremia was due 
to a greater retention of infused fluid than the 
retention of accompanying infused electrolytes. 
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Treatment of Hyponatremia: 

Treatment of hypoosmolal hyponatremia can 
be quite challenging (4). This is because 
overly aggressive correction ofhyponatremia 
can result in osmotic demyelination with 
potentially devastating consequence to the 
patients. On the other hand, hyponatremic 
encephalopathy can be equally fatal. Initially, 
the brain swells in the setting of hyponatremia 
as water moves into tissue to equilibrate the 
ECF and ICF tonicities. However, within 
minutes, the brain starts losing its interstitial 
fluid, and the brain cells lose their 
electrolytes. This process is followed by 
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Figure 5. Urine Na plus K after anesthesia. 

Cell Volume Regulation and Defense Mechanisms 
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Figure 6 

extrusion of organic osmoles from the brain cells (Figure 6). When hyponatremia is 



chronic, brain has already undergone the above mentioned volume regulation, and is 
normal or near normal in size. Overly rapid correction of hyponatremia at this time can 
induce brain cell dehydration as the rising serum sodium pulls fluid from ICF before the 
lost organic osmoles can be reclaimed by the brain cells (Figure 7). This can lead to the 
feared consequence of osmotic demyelination. These patients usually show an initial 
neurological 
improvement upon the 
correction of 
hyponatremia, only to 
be followed by 
neurological 
deterioration days or 
weeks later. The 
diagnosis is made by 
MRI. There is no 
known effective 
therapy, although re­
induction of 
hyponatremia has been 
suggested. 
So what is the safe rate 
of correction? This 
remains controversial. 

Rate of Correction 

1. Intracellular OSM Is adjusted low in 
sustained hyponatremia (due to Joss of 
intracellular organic osmolytes) 

Extracellular 
Osm 280 ~Water @ faster \!V 

--=s;er 280 

2. Fast correction will cause brain 
cell shrinkage (Central pontine 
myelinolysis) 

3. No consensus regarding optimal therapy 
(Chen et al.. NCP Nephrol. 2007) 

Figure 7 
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Too slow a correction risks the patient to brain herniation, too rapid correction risks the 
patient to demyelination. Although there is no black and white answer to this dilemma, 
there is a generally accepted principle that the treatment should be guided by the patient's 
hyponatremic symptoms, not by the level of serum sodium concentration (5). For 
severely symptomatic patients at risk for brain herniation, 3% saline should be used at 1 
to 2cc/Kg/hour to aim at an initial correction rate of 1 to 2 meq/1/hour. The correction 
should not exceed 10 to 12 meq/1/hour in the first day, or 18meq/l/hour in the first 48 
hours. In general, 3% saline should be discontinued once serum sodium level has been 
corrected to 120 unless the hyponatremia is hyperacute (usually an iatrogenic situation). 
For mildly symptomatic, the treatment is fluid restriction and other measures, but no 
hypertonic saline should be used. Again, it is the severity of hyponatremia symptoms, not 
the level of sodium that dictates the intensity of treatment (5-10). 



Case #3: 

Homeless man with mental disorder was found unresponsive, reportedly drinking lots of 
water, followed by several emesis and seizures. Serum sodium is 108. Is this urgent? The 
renal fellow decided it was urgent, and wanted to correct it at a rate of 2meq/l/hour using 
3% saline to raise the sodium to a target of 120. How much sodium to give? 

The sodium needed is the (target sodium concentration- the patient's sodium 
concentration) x TBW=(120-108)X (70X 0.6)=504meq sodium. 

This is equivalent to give 1 liter of 3% saline over 6 hours, or about 170cc/hour. 
However, when he went to see the patient, he found the patient's Foley bag overflowing 
with very dilute urine. He decided to hold off the 3% saline order. 

In the situation of psychogenic polydipsia, there is very often a transient and erratic 
release of ADH which when it ends, can result in rapid self-correction. Because the 
dynamic of this process is unpredictable, in order to avoid excessive correction of 
hyponatremia, no amount of calculation can replace the need for frequent monitoring of 
serum sodium, urine electrolytes and the patient as the guide in therapy. It is not 
infrequent that we fmd the serum sodium to correct at a rate faster than we have planned 
based on calculation. 

In addition to giving 3% saline, another way to correct hyponatremia is to compel the 
kidneys to excrete electrolyte-free water in spite of ADH. This can be accomplished by 
using loop diuretic, osmoactive particles, or the V2 antagonists. We will use the next two 
cases to illustrate the concept of electrolyte-free water clearance. 

Case #4 (ref. 9): 

50Kg man with SIADH from lung cancer was admitted with MS change. Sodium 
concentration was 110, Usom 500. You want to increase sodium concentration from 110 
to 120 in 10 hours by making the kidney excrete electrolyte-free water. How to do this? 

First, we determine how much electrolyte-free water needs to be excreted to raise sodium 
concentration from 110 to 120, assuming a TBW of30 liters. 

The new TBW is estimated to be (110X30)/120=27.51iters 

Target loss of water in order to raise the sodium to 120 is therefore 2.5 liters. 

Target rate is therefore 250cc!hour of negative water balance. 

In order to achieve this, we ftrst induce hypotonic urine by giving 40mg IV Lasix. In the 
first hour post Lasix, UOP is 1 liter, with sodium concentration of 75 and potassium of 
20. Since we only want 250cc of free water excretion, we should give the patient back 



750cc ofwater, 75meq of sodium, and 20meq of potassium. This can be done by giving 
the patient 500 N/S + 20meq ofKCl/ 250cc ofD5W. 

Let us say that in the next hour, UOP dropped to 800cc, with sodium concentration of75, 
and potassium concentration of 30. Again, since we only want 250cc per hour of free 
water excretion, we need to give the patient back 550cc of water, 60meq of sodium 
(75X0.8), and 24meq of potassium (30x0.8). This can be done with 400cc N/S (use the 
ratio of60/150), and 24meq ofKC1/150cc ofD5W. As the effect ofLasix wears off, 
repeat the Lasix. 

Case #5 (ref. 9): 

A man with SIADH has serum 
sodium of 124, fixed Uosm of 
500 (Figure 8). His daily Osm 
load is 500, dietary sodium 
1 OOmeq/day, potassium 
40meq/day. How to make his 
kidneys excrete more free 
water? 

The urinary output is 
determined by the urinary 
osmolal load and the urinary 
osmolality as shown in this 
formula: urinary volume = the 

Osm load 500, Urine Osm 500 
Na intake 100, K intake 40 
Serum Na 124 

Urine V: 500/ 500 = 1 L 

Urine Na = 100 meq/L 

Urine K = 40 meq/L 

Urine output is determined 

per equation: 

V = Osm load/ urine Osm 

Figure 8 

Osm load 1 ,000, 
Urine Osm 500 
Na intake 100, K intake 40 
Serum Na? 

Urine V: 1 ,000/ 500 = 2 L 

Urine Na = 50 meq/L 

Urine K = 20 meq/L 

70 2- [ ( 
124 

) X 2] = 0.87 L 

Serum Na will increase by 

124 x ( o3s;) = 3.6 meq/L 

Give 15"60 g urea (500·2,000 mOzm) 
lnarease protein intake (butoot water) 

osmolal load I Uosm. Our patient therefore will have a UOP of 1liter based on his 
osmole intake and fixed urine osmolality. Ifwe increase the osmolal load in this patient 
from 500 to 1000/day, we will then increase the obligatory water loss. This increase in 
UOP will effectively dilute urine electrolytes, and therefore increase electrolyte-free 
water clearance (the amount ofEFW excreted by kidneys is the total urine volume minus 
the amount of urine that is iso-osmotic to the plasma). 

In the case of the patient above, if we increase his Osm load from 500 to 1000msom, 
given the fixed Uosm of 500mosm/l, he will have 2 liters ofUOP instead of the previous 
UOP of 1liter. His urine is now dilute with urinary sodium concentration of 50meq/l, and 
potassium concentration 20meq/1. His electrolyte-free water clearance is (1-70/124) 
x2=0.87 liter. His serum sodium will rise accordingly with the positive value of 
electrolyte free water clearance. 



New Treatments on the Horizon (ref.ll) 

Finally, V2R antagonists are being used for treatment of hyponatremia. Vasopressin has 
three types of receptors (Figure 9)(11). V1aR mediates the effect of vasoconstriction, 
platelet aggregation, inotropic 
stimulation and myocardial protein 
synthesis. V1 bR mediates the effect of 
pituitary ACTH secretion. V2R 
mediates the effect of water 
permeability in the principal cells of 
renal collecting tubles, and the release 
ofvWF and factor 8 by the vascular 
endothelium. 

Receptor 
Subtype 

V1a 

V1b 

Vasopressin Receptor Subtypes 

Site of Action 

Vascular smooth muscle 
Platelets 
Lymohocytes 
Hepatocytes 

Anterior pituitary 

Effects 

Vasoconstriction 
Platelet aggregation 
Coagulation factor release 
Glycogenolysis 

ACTH and endorphin 
release 

V2 Renal collecting ducts Free water reabsorption 

Among the V2R antagonists (also 
known as vaptans) (Figure 10) (11), 

only Conivaptan has been 
approved by the FDA for 
treating euvolemic and 
hypervoelmic hyponatremia. 
It is not to be used for 
hypovolemic hyponatremia, 
and is probably 
contraindicated for cirrhotic 
patients due to its potentially 
harmful V1 aR vasodilatory 
effect in this population. 
Conivaptan is both a substrate 
and an inhibitor of CYP 450. 
The other vaptans appear to 
have less effect on the CYP 
450. Because ofthe 
significant inhibition of 

Figure 9 

AVP Receptor Antagonists 

Conivaptan* Tolvaptan Llxlvaptan Satavaptan 

Receptor V1a and V2 V2 V2 V2 

Route IV 

Urine volume 

Urine osmolality 

Urine lyles 

Oral Oral 

.. lowdose 
1 high dose 

Oral 

Sanofi· 
~-o-mp_an_y • _ __ As_te_na_s _ ._ o_ t_su_ka __ c_a~~~~~~~.-~!!!!i~--

* FDA approved for treatment of euvolemic and hypervolemic 
hyponatremia in hospitalized patients 

cytochrome P450 by Conivaptan, its use is presently restricted to a maximal of 4 days 
and as an IV drugs used in hospital settings. The availability of vaptans may make it 
more feasible to treat patents with chronic hyponatremia who are currently treated with 
fluid restriction alone. 



References and Further Reading Materials 

1. Room EJ, Halperin ML, Zietse R. Diagnostic approach to a patient with 
hyponatraemia: traditional versus physiology-based options. QJM98:529-540, 
2005 

2. Chung HM, KlugeR, Schrier RW et al. Clinical assessment of extracellular fluid 
volume in hyponatremia. Am J Med 83:905-908, 1987 

3. Steele A, Gowrishankar M, Abrahamson S et al. Postoperative hyponatremia 
despite near-isotonic saline infusion: a phenomenon of desalination. Ann Intern 
Med 126:20-25, 1997 

4. Berl T. Treating hyponatremia: damned if we do and damned if we don't. Kidney Int 
37:1006-1018, 1990 

5. Stems RH, Cappuccio JD, Silver SM et al. Neurologic sequelae after treatment of 
severe hyponatremia: a multicenter perspective. JAm Soc Nephro/4:1522-1530, 
1994 

6. Chen S, Jalandhara N, BatHe D. Evaluation and management of hyponatremia: an 
emerging role for vasopressin receptor antagonists. Nat Clin Pract Nephro/3:82-
95,2007 

7. Renneboog B, Musch W, Vandemergel X et al. Mild chronic hyponatremia is 
associated with falls, unsteadiness, and attention deficits. Am J Med 119:71-78, 
2006 

8. Ellison DH, Berl T. Clinical practice. The syndrome of inappropriate antidiuresis. N 
Eng! J Med 356:2064-2072, 2007 

9. Lauriat SM, Berl T. The hyponatremic patient: practical focus on therapy. JAm Soc 
Nephro/8:1599-1607, 1997 

10. Gross P. Treatment of severe hyponatremia. Kidney Int 60:2417-2427, 2001 

11. Verbalis JG. Vaptans for the treatment ofhyponatremia: how, who, when, and why. 
Neph Self-Assessment Program 6:199-2007 

12. Schrier RW, Gross P, Gheorghiade Metal. Tolvaptan, a selective oral vasopressin 
V2-receptor antagonist, for hyponatremia. N Eng! J Med 355:2099-2112, 2006 

13. Verbalis JG. Whole-body volume regulation and escape from antidiuresis. Am J 
Med 119:S21-S29, 2006 



14. Kahle KT, Rinehart J, Ring A et al. WNK protein kinases modulate cellular Cl- flux 
by altering the phosphorylation state of the Na-K-Cl and K-Cl cotransporters. 
Physiology (Bethesda) 21:326-335,2006 

15. Harrigan MR. Cerebral salt wasting syndrome: a review. Neurosurgery 38:152-160, 
1996 

16. Laredo S, Yuen K, Sonnenberg Bet al. Coexistence of central diabetes insipidus 
and salt wasting: the difficulties in diagnosis, changes in natremia, and treatment. 
JAm Soc Nephro/7:2527-2532, 1996 

17. Berendes E, Walter M, Cullen P et al. Secretion of brain natriuretic peptide in 
patients with aneurysmal subarachnoid haemorrhage. Lancet 349:245-249, 1997 

18. Pasantes-Morales H, Franco R, Ordaz B et al. Mechanisms counteracting swelling 
in brain cells during hyponatremia. Arch Med Res 33:237-244, 2002 

19. Palmer B. Hyponatremia in patients with central nervous system disease: SIADH 
versus CSW. Trends Endocrinol Metab. 14: 182-187, 2003. 


