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The Treatment of Hyponatremia

Richard H. Sterns, MD, Sagar U. Nigwekar, MD, and John Kevin Hix, MD

Summary: Virtually all investigators now agree that self-induced water intoxication, symp-
tomatic hospital-acquired hyponatremia, and hyponatremia associated with intracranial pa-
thology are true emergencies that demand prompt and definitive intervention with hyper-
tonic saline. A 4- to 6-mmol/L increase in serum sodium concentration is adequate in the most
seriously ill patients and this is best achieved with bolus infusions of 3% saline. Virtually all
investigators now agree that overcorrection of hyponatremia (which we define as 10 mmol/L
in 24 hours, 18 mmol/L in 48 hours, and 20 mmol/L in 72 hours) risks iatrogenic brain
damage. Appropriate therapy should keep the patient safe from serious complications of
hyponatremia while staying well clear of correction rates that risk iatrogenic injury. Accord-
ingly, we suggest therapeutic goals of 6 to 8 mmol/L in 24 hours, 12 to 14 mmol/L in 48 hours,
and 14 to 16 mmol/L in 72 hours. Inadvertent overcorrection owing to a water diuresis may
complicate any form of therapy, including the newly available vasopressin antagonists.
Frequent monitoring of the serum sodium concentration and urine output are mandatory.
Administration of desmopressin to terminate an unwanted water diuresis is an effective
strategy to avoid or reverse overcorrection.
Semin Nephrol 29:282-299 © 2009 Published by Elsevier Inc.
Keywords: Hyponatremia, hypertonic saline, osmotic demyelination syndrome, myelinol-
ysis, cerebral edema
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or nearly 25 years, the treatment of hypo-
natremia has been called controversial.
The controversy began in the early 1980s

ith the suggestion that a neurologic disorder
alled central pontine myelinolysis was associ-
ted with rapid correction of hyponatremia.1-5

bout the same time, reports appeared claim-
ng that severe hyponatremia itself was a major
ause of brain damage unless it was corrected
apidly.6,7 The apparent dilemma led to the jok-
ng suggestion that the treatment of hyponatre-

ia must be “unsafe at any speed”8 and the
ore sober concern that clinicians managing

he disorder were “damned if they do and
amned if they don’t.”9 Although some dis-
greements remain, the past few years have
een the emergence of a general consensus on
ow acute and chronic hyponatremia can be
reated safely and effectively.10-17
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In this review, we first revisit the controver-
ies of the past quarter century to better under-
tand the evidence supporting our current rec-
mmendations. We then outline a therapeutic
pproach to acute and chronic hyponatremia,
efining how active, definitive, and effective

nterventions can be administered while avoid-
ng iatrogenic injury. We define areas where
ncertainty (and, of course, some controversy)
till remains. Finally, we consider how vaso-
ressin antagonists might be used in the future

n a manner that avoids repetition of the mis-
akes of the past.

ISTORY OF A
HERAPEUTIC CONTROVERSY

cute Water
ntoxication and Cerebral Edema

n the 1920s and 1930s, long before measure-
ents of the serum sodium concentration be-

ame available to clinicians, it was understood
hat acute “water intoxication”18-20 could cause
atal cerebral edema and that brain swelling

ould be reduced and death could be prevented
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Hyponatremia treatment 283
y the administration of hypertonic sa-
ine.18-20 Soon after, it was learned that the
rain adapts to hyponatremia with a loss of
olute that militates against cerebral edema.21

hese laboratory observations led to the clinical
istinction between acute and chronic hypona-
remia; a classic series found that deaths attrib-
table to cerebral edema were limited to pa-
ients whose hyponatremia developed over the
ourse of 12 hours, whereas patients who had
ecome hyponatremic over 3 days or more
ere much less likely to have seizures and did
ot die from hyponatremia (Table 1).22

Although it had been known since Helwig et
l’s19 first case report in 1935 that acute post-
perative hyponatremia could cause death or
ermanent brain damage from cerebral edema,

ew such cases could be found in the literature
ntil 1986, when a single-authored case series
ppeared in the New England Journal of Med-
cine,23 reporting 15 previously healthy, young
omen who suffered permanent or fatal brain
amage after receiving hypotonic fluids postop-
ratively. The investigator had not actually been
nvolved in the treatment of these patients, but
ather had reviewed cases referred to him from
any different hospitals over the course of 15

ears; only 3 of the patients had well-docu-
ented herniation and 7 patients had a more

mbiguous biphasic course, quite different from
revious reports of postoperative hyponatre-
ia (see later). Over the next 20 years, deaths

nd permanent brain damage from postoperative
yponatremia reported by the same investiga-
or escalated to more than 100 cases collected

Table 1. Acute Versus Chronic Hyponatremia

Acute Chronic

Number of patients 14 52
Duration �12 h 3 d
Serum Na level (mmol/L) 112 � 2 118 � 1
Stupor or coma 100% 6%
Seizures 29% 4%
Mortality 50% 6%
Low Na level deaths 36% 0%
Consults at 1 hospital in 1 year; Na �128.
Data from Arieff et al.22
rom referrals from all over the country23-28;
ost victims were women of childbearing age
nd young children who presented with sei-
ures, respiratory arrest, and pulmonary edema,
nd then died shortly afterwards.

In addition to these collected referrals, there
ave been several single case reports of death
rom acute hyponatremia caused by hypotonic
arenteral fluids or from self-induced water intox-

cation (most commonly in psychotic patients,
arathon runners, and users of ecstasy).29-31

here should be no doubt that when the serum
odium concentration decreases more rapidly
han the brain can adapt to it, patients are at
isk for serious complications.

Given the anecdotal nature of the literature
n acute hyponatremia, it is uncertain how
ommonly major morbidity and mortality oc-
urs. For example, a survey of 290,815 surgical
rocedures on females at the Mayo Clinic from
976 to 1992 failed to identify any association
f respiratory arrest with postoperative hypo-
atremia, but did identify 6 cases of central
ontine myelinolysis.32 Nevertheless, regardless
f how commonly it occurs, the fact that some
atients rapidly progress from symptoms of
rowsiness, disorientation, or delirium to sei-
ures, respiratory arrest, coma, and death has
ed virtually all investigators to the conclusion
hat symptomatic acute hyponatremia should
e treated urgently with hypertonic saline.

hronic Hyponatremia
nd Osmotic Demyelination

omlinson33 was the first to suggest that the
reatment of chronic hyponatremia could lead
o neurologic injury; he reported 2 women
ith profound, diuretic-induced hyponatremia

serum sodium level, 96 and 100 mmol/L) but
ith modest symptoms, who deteriorated neu-

ologically after treatment with 3% saline in-
reased their serum sodium concentration by
5 and 32 mmol/L over 48 hours. At post mor-
em, the women were found to have central
ontine myelinolysis, a disorder first reported

n 1959 in alcoholics.34 Tomlinson33 observed:

The striking feature in our two pa-
tients was the gross electrolyte distur-
bance . . . On admission both patients

were drowsy without focal neurological
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signs, but rapidly deteriorated following
attempts to restore the electrolyte im-
balance with intravenous saline solu-
tions. It is possible that the drowsiness
on admission was the result of the hy-
ponatremia and that the electrolyte and
osmotic changes resulting from sudden
fluid and electrolyte replacement aggra-
vated an already precarious metabolic
state in the brain, giving rise to struc-
tural damage, with focal neurological
signs and deteriorating consciousness.

Tomlinson33 also noted that the demyelinat-
ng lesions in the patients were not limited to
he central pons; similar noninflammatory le-
ions characterized by destruction of myelin
nd sparing of neurons also were present in the
orticomedullary junction, the claustrum and
xternal capsule, the putamen and caudate
ead, and the thalamus. Such lesions subse-
uently were called extrapontine myelinolysis

n a report, describing neurologic complica-
ions in a chronically hyponatremic patient,
owritten by one of the investigators who pub-
ished the original description of central pon-
ine myelinolysis.35

Shortly after Tomlinson’s33 astute clinical ob-
ervation, the lesions of central pontine and
xtrapontine myelinolysis were reproduced in
xperimental animals by rapidly correcting hy-
onatremia that had been present for 3 days or
ore.2,3,5 Uncorrected hyponatremia by itself

id not cause lesions, and the disorder did not
ccur in animals with less than 1 day of hypo-
atremia.36 Concurrently, Norenberg et al,1

ho was also a coauthor of one of the labora-
ory studies, studied all 12 autopsy-confirmed
ases of myelinolysis in their institution, noting
hat in every patient the symptoms of the dis-
ase emerged after an increase in serum sodium
oncentration of at least 20 mmol/L over the
ourse of 1 to 3 days.

Subsequent clinical and experimental obser-
ations by several investigators confirmed these
arly observations.37-52 It was learned that an
daptive loss of electrolytes and organic solutes
nown as organic osmolytes protects against
ife-threatening cerebral edema, even when the
erum sodium concentration decreases to the

xtremely low levels found in Tomlinson’s33 m
atients.53-59 This adaptation also makes the
rain vulnerable to injury (presumably because
f shrinkage of solute-depleted brain cells) if
he serum sodium concentration is normalized
oo rapidly. The brain reclaims organic os-
olytes more slowly during correction of hy-
onatremia than it loses them during the onset
f hyponatremia; this slow recovery of os-
olytes appears to play an important role in the
athogenesis of iatrogenic brain damage.53,56,60

everal lines of evidence in experimental mod-
ls support this conclusion: (1) brain regions
hat are most susceptible to myelinolysis are the
lowest to reclaim lost osmolytes61; (2) uremia,
hich is protective against myelinolysis, is as-

ociated with a more rapid recovery of brain
rganic osmolytes after correction of hypona-
remia62; (3) exogenous administration of the
rganic osmolyte, myoinositol, during correc-
ion of hyponatremia rapidly restores brain
yoinositol levels and decreases the number

nd severity of demyelinating lesions in the
rain.63,64

The precise mechanism of osmotic demyeli-
ation is incompletely understood. It has been
uggested that a rapidly increasing serum sodium
oncentration shrinks brain vascular endothelial
ells adapted to chronic hyponatremia, disrupting
heir tight junctions and opening the blood–brain
arrier, allowing circulating complement, cytokines,
nd lymphocytes to enter the brain, causing oligo-
endrocyte damage and demyelination.44,65,66 Alter-
atively, oligodendrocytes might be injured di-
ectly by shrinkage, triggering apoptosis.67,68

ifferences in the way that various populations
f brain cells respond to osmotic stress may
xplain why myelin-producing oligodendrocytes
re selectively injured by rapid correction of
yponatremia; oligodendrocytes may down-reg-
late organic osmolyte transporters in response
o hyponatremia to a greater extent than other
rain cells, making them selectively vulnerable
fter rapid correction of chronic hyponatre-
ia.69,70

Brain damage associated with rapid correc-
ion of chronic hyponatremia presents clini-
ally 1 to 7 days after treatment. The delayed
nset of neurologic symptoms has been called
he osmotic demyelination syndrome because

ost severely affected individuals who show
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Hyponatremia treatment 285
hese symptoms can be shown to have pontine
nd extrapontine myelinolysis by magnetic res-
nance images or autopsy.41 Magnetic reso-
ance images typically are normal at the onset
f symptoms and become positive after approx-

mately 2 weeks.50,71

Patients with the osmotic demyelination syn-
rome classically present with slowly evolving
seudobulbar palsy and quadriparesis, but symp-
oms can include movement disorders, behav-
oral disturbances, or seizures, and in some
ases these manifestations can resolve.41,50 Hy-
onatremic patients with alcoholism, liver dis-
ase, and malnutrition are particularly suscepti-
le to this complication of therapy, but the
isorder can occur in any chronically hyponatre-
ic patient who is subject to a large increase in

he serum sodium concentration over the course
f one to several days.39,52

Milder, transient, neurologic disturbances
asting only a few days may appear after treat-

ent of hyponatremia in a similar delayed fash-
on as is seen in patients with demonstrable
ontine and extrapontine myelinolysis; the
ause of these disturbances may not always be
hown by magnetic resonance images.45,72

hus, the osmotic demyelination syndrome was
efined clinically (and not anatomically) by its
haracteristic biphasic presentation after treat-
ent of hyponatremia.41 Patients with demon-

trable pontine and extrapontine myelinolysis
re a subset of patients with the osmotic demy-
lination syndrome.

noxic Encephalopathy
ersus Osmotic Demyelination

wo articles reporting delayed neurologic dete-
ioration after treatment of hyponatremia ap-
eared in the same issue of the New England
ournal of Medicine.23,41 One said this was an
atrogenic disorder caused by excessive therapy
nd the other said it was a delayed manifesta-
ion of anoxic brain injury. The previously men-
ioned series of women with postoperative
rain damage included 7 patients with a bipha-
ic course: at first, the patients awakened after
yponatremic seizures, appearing to be neuro-

ogically intact for a few days before lapsing
nto an irreversible coma.23 This led the inves-

igators to conclude that the patients suffered d
rom delayed postanoxic encephalopathy, a
are disorder that had been described previ-
usly among victims of hanging and carbon
onoxide poisoning.73 However, the 7 patients
ad been hyponatremic for more than 48 hours
nd had been treated with hypertonic saline,
ncreasing their serum sodium concentrations
y greater than 25 mmol/L in 48 hours. Mag-
etic resonance images might have confirmed
hat these were cases of pontine and extrapon-
ine myelinolysis; however, the technique was
navailable at the time.

Although delayed postanoxic leukoencepha-
opathy is a biphasic illness, the interval be-
ween the hypoxic insult and the onset of
elayed neurologic symptoms is considerably

onger than the osmotic demyelination syn-
rome and the disorder has not been known to

nvolve the pons.73,74 Subsequent reports of fa-
al or permanent brain damage in more than
00 women with postoperative hyponatremia
y Arieff have documented its association with
ypoxia as a result of neurogenic pulmonary
dema or hypoventilation, but none of these
ater cases were said to show the biphasic
ourse that was described in the original re-
ort.28

A more recent article by these investigators
evisited the role of hypoxia as a cause of brain
amage in symptomatic hyponatremia in hu-
an beings, citing an extraordinarily high inci-

ence of respiratory arrests, severe hypoxia,
eath, and severe neurologic sequelae among
3 postmenopausal women with chronic hypo-
atremia26 (although it should be noted that the

nvestigators’ definition of chronic hyponatre-
ia allowed the inclusion of 16 postoperative

ases). This is a remarkable finding because in
revious work these investigators had found
hat postmenopausal women were 26 times less
ikely than menstruant women to die or de-
elop permanent brain damage from acute post-
perative hyponatremia24 and because previous
ork by one of these investigators had reported
favorable prognosis among patients with

hronic hyponatremia.22 These unusual find-
ngs may reflect the manner in which these
atients were identified by the investigators.
The investigators reported an almost uniformly
ismal course among 36 postmenopausal women
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286 R.H. Sterns, S.U. Nigwekar, and J.K. Hix
ith symptomatic, chronic hyponatremia who
ere referred to them for consultation but
hose care they had not directed (it is not

lear where these patients were treated or why
he investigators were consulted); all such cases
ad experienced respiratory arrests or severe
ypoxia (PO2 �50 mm Hg) requiring endotra-
heal intubation and mechanical ventilation.
he outcome was particularly grim among 14
atients treated with fluid restriction alone; 11
f the 14 patients died, all but one within 24
ours, and 3 patients had documented cerebral
dema and evidence of herniation at autopsy.
he 22 patients who received treatment with

ntravenous saline after hypoxia did not die
ithin 24 hours, but 14 were left permanently
isabled, vegetative, or dead. We were not told

f these patients had a biphasic course, but
orrection in the 22 cases averaged 30 mmol/L
n 41 hours, which, per the investigators,
probably contributed to their brain damage.”26

By contrast, the investigators reported a uni-
ormly favorable outcome among 17 post-
enopausal women treated promptly with

ntravenous saline (12 with hypertonic saline)
nder their guidance, so as to increase the
erum sodium by an average of 8 mmol/L
ithin 12 hours and 14 mmol/L within 24
ours (thereby, in their view, avoiding respi-
atory arrest). These 17 cases included every
ostmenopausal woman with symptomatic
hronic hyponatremia (defined as a plasma
odium level �130 mmol/L in the presence of
entral nervous system manifestations such as
eadache, nausea, emesis, generalized weak-
ess) whose care was directed by the investi-
ators during the interval 1988 to 1997 (an
verage of 2 patients per year).

The fact that none of the patients actually
reated by the investigators experienced pre-
reatment respiratory arrests or posttreatment
eurologic complications is consistent with
ase series that are free of selection bias. For
xample, among 223 patients hospitalized for
ymptomatic hyponatremia (serum sodium level,
8-128 mmol/L) caused by thiazide diuretics in
single hospital in China, no patient died, only
patients developed seizures, there were no

ases of noncardiogenic pulmonary edema or

oma, and only 1 patient developed permanent i
eurologic sequelae (a patient with central pon-
ine myelinolysis)75; 98% of the patients were
anaged without hypertonic saline and the av-

rage correction in 24 hours was 3 mmol/L
personal communication from KM Chow).
imilarly, a prospective series of 184 patients
ith symptomatic hyponatremia, representing

ll admitted patients with serum sodium con-
entrations less than 120 mmol/L (79% of
hem chronic), reported favorable outcomes
ith very conservative management. Only 1%
f the patients were given hypertonic saline,
4% were treated with fluid restriction alone,
nd 23% received no therapy; there were no
omplications among 35 patients corrected by
mmol/L or less in 24 hours.47

Animal models show that hypoxia exacer-
ates brain swelling in acute hyponatremia.76-78

heoretically, hypoxia related to hyponatremia-
nduced seizures, neurogenic pulmonary edema,
r aspiration could trigger a vicious cycle culmi-
ating in herniation. However, despite claims to
he contrary, attempts to induce myelinolysis in
xperimental models have not been successful.
nimals with severe hyponatremia do not be-
ome spontaneously hypoxic79 and exposure of
yponatremic animals to hypoxia is uniformly
atal.77 Exposure of normonatremic animals to
evere hypoxia induces brain lesions with a
imilar distribution to those associated with rap-
dly corrected hyponatremia, but unlike the le-
ions of myelinolysis, which are characterized
y selective damage to oligodendrocytes, the
ypoxic lesions affect neurons.77

In a series of 14 patients with documented
ontine and extrapontine myelinolysis compli-
ating the treatment of hyponatremia, no pa-
ient had a hypoxic episode before the onset of
he neurologic manifestations of their disease,
nd only 2 had experienced hyponatremic sei-
ures (without accompanying hypoxia).39

s Brain Damage in
hronic Hyponatremia
aused by Slow or Delayed Treatment?

t the same time that reports of myelinolysis
omplicating hyponatremia were first appear-
ng in the neurologic literature, an important
eries was published suggesting that delayed or

nadequate treatment of chronic diuretic-in-
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Hyponatremia treatment 287
uced chronic hyponatremia could lead to
rain damage in outpatients.6 The 5 patients
eported in this series presented with serum
odium concentrations ranging from 98 to 105
mol/L; although their ultimate outcome (pa-

alysis in 2 and coma in 3 cases) was attributed
o the profound hyponatremia, each had been
reated eventually with hypertonic saline, re-
ulting in correction ranging from 25 to 32
mol/L within 48 hours. Therefore, although

here was no autopsy confirmation of the na-
ure of neurologic injury, these cases had much
n common with the cases reported by Tomlin-
on.33

In the early 1980s, a controversy emerged in
he literature, as to whether rapid or slow cor-
ection was the better therapy for severe, symp-
omatic hyponatremia. Accordingly, opposing
iewpoints on the treatment of hyponatremia
ppeared in a book titled “Controversies in
ephrology and Hypertension,” published in
984.80,81 The advocates of rapid correction
ound the evidence linking central pontine my-
linolysis with the treatment of hyponatremia
o be unconvincing and offered a literature re-
iew purporting to show that the prognosis of
ymptomatic hyponatremia was greatly im-
roved by more rapid rates of correction.80

ccording to the review, among nonalcoholic
atients with serum sodium concentrations av-
raging 111 mmol/L, survival was 93% in pa-
ients treated rapidly (1.9 � 0.7 mmol/L/h) ver-
us 58% in patients treated slowly (�0.7 mmol/
/h). The same analysis was featured in a
ubsequent, widely quoted editorial.82 The in-
estigators dismissed the previously mentioned
atients reported by Tomlinson33 as victims of
rofound hyponatremia, citing mortality rates
f 63% in nonalcoholics and 86% in alcoholic
ubjects with serum sodium concentrations less
han 105 mmol/L.

However, these conclusions were challenged
n contemporaneous literature reviews. Among
0 reported patients with serum sodium con-
entrations of 105 mmol/L or less, a 1986 re-
iew found 51 patients with sufficient data to
nalyze treatment and outcome: more than half
f the 38 patients corrected by more than 12
mol/L/d experienced posttherapeutic neuro-
ogic deterioration, 14 of them with docu- g
ented or suspected central pontine myelinol-
sis; in contrast, all 13 patients corrected by less
han 12 mmol/L/d, including 9 patients treated
ith water restriction only, enjoyed an uncom-
licated recovery.41

A 5-year study of patients admitted to 2
eaching hospitals in Rochester, New York,
ound that literature reviews exaggerate the
rue morbidity and mortality rates associated
ith serum sodium concentrations of 105
mol/L or less and it did not support the idea

hat rapid rates of correction were needed to
nsure survival.83 Only 1 of 19 patients died, an
lcoholic who developed central pontine mye-
inolysis after treatment with hypertonic saline.

Although the mortality rate was not high in
his series, posttherapeutic neurologic compli-
ations were frequent among patients with se-
um sodium concentrations of 105 mmol/L or
ess—but only among those with chronic hy-
onatremia. Four of 7 chronically hyponatre-
ic patients deteriorated neurologically after

orrection to 120 mmol/L by a rate averaging
reater than 0.55 mmol/L/h. Eight patients (in-
luding one with hospital-acquired hyponatre-
ia) with serum sodium concentrations of 105
mol/L or less enjoyed uneventful recoveries

fter slower rates of correction ranging from
.21 to 0.55 mmol/L/h. As discussed later, these
bservations subsequently were confirmed in a

arger multicenter series of patients with serum
odium concentrations of 105 mmol/L or less.45

In the Rochester series,83 calculation of the
ate of correction was based on the time re-
uired to reach a serum sodium concentration
f 120 mmol/L. If the rate of correction had
een calculated from the time required to in-
rease the serum sodium level to 128 mmol/L
as it was in the “Controversies in Nephrology
nd Hypertension” literature review80), all 4
atients with neurologic complications would
ave been misleadingly classified as victims of
low correction. In the patient with fatal central
ontine myelinolysis, the average rate of cor-
ection to a target of 128 mmol/L was 0.34
mol/L/h, a calculation that obscures the fact

hat the serum sodium concentration was in-
reased by 15 mmol/L over 5 hours (3 mmol/
/h) during an infusion of 3% saline and by

reater than 25 mmol/L within 48 hours. Simi-
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288 R.H. Sterns, S.U. Nigwekar, and J.K. Hix
arly, in the “Controversies” review,80 most
eaths attributed to slow correction were in
atients with documented central pontine my-
linolysis (including the 2 patients reported by
omlinson33) who had experienced increases

n serum sodium concentration exceeding 25
mol/L in 48 hours.

olerance of Rapid Correction

arge, rapid increases in the serum sodium con-
entration do not always cause neurologic com-
lications. One widely quoted series reported
ood outcomes in 33 patients with symptom-
tic hyponatremia who were treated with hy-
ertonic saline, increasing the serum sodium at
rate of 1.3 � 0.2 mmol/L/h over 17 � 1

ours.84 In 5 of these patients, hyponatremia
as corrected over 4 to 9 hours at rates ranging

rom 1.6 to 4.7 mmol/L/h. However, it is un-
lear how many of these patients had hospital-
cquired hyponatremia, how many had com-
unity-acquired hyponatremia, how many had

elf-induced water intoxication, and how many
ad mild hyponatremia; we were only told that
0 of the 33 patients had been hyponatremic
or more than 24 hours and that 3 of the pa-
ients had severe hyponatremia caused by gly-
ine absorption during prostate surgery (a hy-
eracute disorder that is biologically distinct

rom hypotonic hyponatremia85).
Patients and animals with acute hyponatre-

ia usually tolerate rates of correction that are
armful in chronic hyponatremia. Because the
rue duration of hyponatremia is difficult to estab-
ish, we have operationally defined patients who
ecome hyponatremic at home drinking con-
entional amounts of fluid as having chronic
yponatremia and patients with self-induced
ater intoxication (as a result of psychosis,

cstasy use, or marathon running) and patients
ith hospital-acquired hyponatremia as having
cute hyponatremia. By using these defini-
ions, 2 observational studies of patients with
evere symptomatic hyponatremia were able to
how that acutely hyponatremic patients did
ell after correction rates exceeding 1 mmol/

/h whereas chronically hyponatremic patients
ften developed posttherapeutic neurologic
omplications after correction to greater than

20 mmol/L at rates greater than 0.55 mmol/L/ a
.45,83 Similar conclusions were supported in a
eview of the literature.86

agnitude Versus Rate of Correction

hen an association between the treatment of
yponatremia and myelinolysis was first pro-
osed, rapid correction was defined as an in-
rease of 20 mmol/L over 1 to 3 days.1 Subse-
uently, a definition of greater than 12 mmol/
/d was used to define rapid correction.41

nfortunately, in the ensuing debate, correc-
ion rates often were expressed in mmol/L/h.
hus, patients with mild, chronic hyponatremia
hose serum sodium concentrations were in-

reased rapidly (defined as �0.7 mmol/L/h) by
ess than 12 mmol/L in 24 hours were cited as
vidence that rapid correction of hyponatremia
s not harmful.84,87 It then was asserted that the
ate of correction of hyponatremia is irrelevant
ut the magnitude of correction is an important
isk factor for the development of demyelinat-
ng brain lesions; based primarily on an analysis
f autopsy-proven cases of myelinolysis, it was
uggested that the magnitude of correction (or
elta) not exceed 25 mmol/L in 48 hours.84 In
hould be apparent that mmol/L/h, mmol/L/d,
nd mmol/L/48 h are simply different ways of
xpressing the rate of correction.

PPROACHING CONSENSUS:
UR RECOMMENDATIONS

cute or Severely
ymptomatic Hyponatremia

elf-induced water intoxication and symptom-
tic hospital-acquired hyponatremia are true hy-
onatremic emergencies that demand prompt
nd definitive intervention with hypertonic sa-
ine. In these conditions, the risks of the elec-
rolyte disturbance itself exceed the risks of
xcessive therapy and fear of osmotic demyeli-
ation should not deter aggressive treatment.
ecause minor degrees of cerebral edema can
e catastrophic in patients with increased intra-
ranial pressure caused by underlying neuro-
ogic or neurosurgical disease, similar recom-

endations apply to patients with intracranial
emorrhage, brain tumors, or central nervous

nfections who become hyponatremic. There is

risk that the serum sodium concentration may
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ecrease spontaneously unless hypertonic sa-
ine is administered: in acute water intoxication
here may be delayed absorption of water from
he gastrointestinal tract88; in patients with the
yndrome of inappropriate antidiuresis who
ave received parenteral fluids, excretion of
ighly concentrated urine converts infused iso-
onic fluids to free water.89

How much correction is required for a
yponatremic emergency? Many investigators
ave recommended correction of acute hypo-
atremia by 1 to 2 mmol/L/h, basing their rec-
mmendation on case series reporting favor-
ble outcomes.84 However, as discussed earlier,
ourly rates of correction reported in the liter-
ture usually are average rates calculated from a
eginning serum sodium concentration to an
rbitrary target reached many hours later; such
alculations obscure the initial rate of correc-

Table 2. Patients With Hyponatremic Seizures
Hypertonic Saline (Serum Sodium Level at <

Study Etiology
Age/
Sex Seizure

Cer
Ed

Worthley and
Thomas94

Postoperative 65 M Yes Unk

Worthley and
Thomas94

Postoperative 47 F Yes Unk

Worthley and
Thomas94

Postoperative 28 F Yes Unk

Worthley and
Thomas94

Burns 45 M Yes Unk

Worthley and
Thomas94

Psychosis/
polydipsia

67 F Yes Unk

Drescher et al95 Psychosis/
polydipsia

63 F Yes Unk

Snell and
Bartley91

Hypoadrenal/
polydipsia

25 M Yes No

Goudie et al98 Runner 31 F Yes Unk
Hew-Butler et al99 Runner 47 M Yes Unk
Rae90 Psychosis/

polydipsia
53 F Yes Unk

Schreiber et al92 Postoperative/
DDAVP

50 F No Yes

Speedy et al96 Runner 35 M Yes No
Fisher et al100 SSRI

(outpatient)
92 F Yes Yes

Abbreviations: ODS, osmotic demyelination syndrome; DDA
*Given additional 90-mL bolus of 29.2% saline after resolut

hours.
†Water diuresis after adrenal replacement; 28-mmol/L increa
ion in the critical first hour or two of therapy. e
We reviewed the literature to identify re-
orts of hyponatremic patients with seizures or
oma in whom data on correction within the
rst 4 hours were provided90-100 (Table 2). The
ata suggest that a 4- to 6-mmol/L increase in
erum sodium concentration is enough. One
eries reported on 5 patients with active hy-
onatremic seizures given 50-mL infusions of
9.2% saline over 10 minutes (the equivalent of
87 mL of 3% saline), increasing the serum
odium concentration by 7 to 9 mmol/L; the
nvestigator mentions that seizures stopped
uring the infusions, in one case after the first
minutes, suggesting that a smaller volume
ight have been equally effective.91 In many of

hese cases, correction continued after the first
ew hours; although large, 24-hour increases in
odium concentration usually (but not always)
re tolerated in acute hyponatremia, there is no

a, or Cerebral Edema Treated With
rs)

Initial
Sodium
Level,

mmol/L

Post-
Treatment

Sodium
Level,

mmol/L

Time
Between

Laboratory
Values, h Outcome

109 116 0.5 Recovered

109 117 0.5 Disabled*

100 109 0.5 Recovered

106 112 0.5 Recovered

99 106 0.5 Recovered

100 108 1 Recovered

111 117 3.6 ODS/recovered†

116 121 2 Recovered
112 116 1 Recovered
117 124 2 Recovered

111 116 4 Recovered

116 122 4 Recovered
109 112 4 Recovered

smopressin; SSRI, selective serotonin reuptake inhibitor.
seizures; 31-mmol/L increase in serum sodium level over 8

erum sodium level in 42 hours.
, Com
4 Hou

ebral
ema

nown

nown

nown

nown

nown

nown

nown
nown
nown

VP, de
ion of

se in s
vidence that such increases are necessary.
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Hypertonic saline solutions have emerged as
preferable alternative to mannitol to treat in-

reased intracranial pressure (ICP) in normon-
tremic patients with neurosurgical conditions.
e can draw on recent experience treating

erebral edema in normonatremic subjects to
etter define optimal treatment for critically ill
atients with hyponatremia. A 4-year, single-
enter study of 63 normonatremic patients
reated for transtentorial herniation (caused by

variety of neurosurgical conditions) found
hat a 30-mL bolus of 23.4% saline, increasing
he serum sodium level by 5 mmol/L, causes a
rompt reversal of clinical signs of herniation
nd nearly a 50% reduction in intracranial pres-
ure within 1 hour.101 The 30-mL bolus of 23.4%
aline used in this study is equivalent in sodium
ontent to 240 mL of 3% saline. Infusion of a
arger dose of 23.4% saline (2 mL/kg) to patients

ith subarachnoid hemorrhage, increasing the
erum sodium level by 11.2 � 4.0 mmol/L at 1
our, significantly increased cerebral perfusion
ressure and decreased ICP by 93%, in some
ases to levels below 0 mm Hg, suggesting
xcessive shrinkage of the intracranial con-
ents. In a placebo-controlled study of patients
ith subarachnoid hemorrhage, infusion of 2
L/kg of 7.2% saline, increasing the serum so-

ium by 4 to 7 mmol/L at 30 minutes and 1 to
mmol/L after 210 minutes, was sufficient to

ecrease ICP and increase cerebral perfusion
ressure.102,103 Based on these findings and a
eview of other published observations, the in-
estigators would now recommend that the ini-
ial bolus be less than 2 mL/kg of the 7% solu-
ion (equivalent to �4.7 mL/kg of a 3% saline
olution).

The Second International Exercise-Associated
yponatremia Consensus Development Confer-
nce recommended that any athlete with hypo-
atremia and encephalopathy should be treated

mmediately with a bolus infusion of 100 mL of
% NaCl to acutely reduce brain edema, with
p to 2 additional 100-mL 3% NaCl bolus infu-
ions that should be given at 10-minute inter-
als if there is no clinical improvement.10 We
elieve that this is a reasonable regimen for all
ymptomatic patients with acute hyponatremia,
or hyponatremia associated with underlying

eurologic or neurosurgical conditions, and for w
ll hyponatremic patients with seizures or coma
egardless of the duration of the electrolyte
isturbance. This regimen translates to a maxi-
um of 6 mL/kg of 3% saline in a 50-kg woman,

nough to increase the serum sodium concen-
ration by 5 to 6 mmol/L. Once the bolus ther-
py has been completed, further treatment
ith hypertonic saline may be unnecessary.

hronic Hyponatremia

irtually all investigators now agree that over-
orrection of hyponatremia risks iatrogenic
rain damage, even if they cannot agree on
hat to call it. Although rejecting the terms
yelinolysis and osmotic demyelination and

enying the validity of a correction limit of 12
mol/L in 24 hours, one well-published group

llowed that correction by 25 mmol/L or
reater in 48 hours is excessive and “might” be
factor in causing “cerebral demyelinating le-

ions.”84 A multicenter study of patients with
erum sodium concentrations of 105 mmol/L or
ess confirmed that a 2-day definition of over-
orrection best divided patients with postthera-
eutic neurologic complications from patients
ith an uncomplicated course.45 However, be-

ause correction rates between 18 and 25
mol/L in 48 hours sometimes led to compli-

ations, the 2-day limit was set at 18 mmol/L;
ore than half the patients whose correction

xceeded this limit experienced postthera-
eutic neurologic events whereas all patients
orrected more slowly had an uncomplicated
ecovery. Recently, Ayus, one of the investi-
ators14 who first proposed the limit of 25
mol/L in 48 hours appears to have heeded

hese observations, recommending that correc-
ion not exceed 15 to 20 mmol/L in the first 48
ours. Similarly, the originally proposed 1-day

imit of 12 mmol/L may need revision. Two case
eries and a few case reports have identified
atients with pontine and extrapontine myeli-
olysis after correction by only 10 mmol/L in 24
ours.39,47,104-106

No therapeutic limit is absolutely safe. These
uidelines were derived from relatively small
umbers of patients and they can only give us a
ough estimate of correction rates associated
ith an unacceptable risk of harm. Based on

hat is now known, we suggest the following
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Hyponatremia treatment 291
imits: 10 mmol/L in 24 hours, 18 mmol/L in 48
ours, and 20 mmol/L in 72 hours. These
hould be regarded as limits not to be exceeded
ather than therapeutic goals. The goal of ther-
py should be adequate to keep patients safe
rom serious complications of hyponatremia
hile staying well clear of correction rates that

isk iatrogenic injury. Accordingly, we suggest a
oal of 6 to 8 mmol/L in 24 hours, 12 to 14
mol/L in 48 hours, and 14 to 16 mmol/L in 72
ours. For patients with advanced liver disease
r severe malnutrition who are at very high risk
or osmotic demyelination, even slower daily
ates of correction are indicated.107,108

voiding Undercorrection

hronic hyponatremia usually causes moderate
ut distressing symptoms (eg, weakness, confusion,
elirium, gait disturbances, muscle cramps, nau-
ea, and vomiting) that deserve treatment.47,75

lthough infrequent, seizures can occur in pa-
ients with extremely low serum sodium con-
entrations, pre-existing seizure disorders, or
lcohol withdrawal. Even apparently asymp-
omatic, mild chronic hyponatremia causes de-
onstrable gait disturbances and disturbed cog-

ition, and it is associated with a markedly
ncreased risk of falls and fractures.109,110 There-
ore, therapeutic measures that reliably in-
rease the serum sodium concentration should
e implemented in every patient with hypona-
remia.

Unless the patient is excreting a maximally
ilute urine, fluid restriction is a needed adjunct
o therapy. However, in some patients who lack
reversible cause for water retention, fluid re-

triction alone will increase the serum sodium
oncentration by little more than 1 to 2 mmol/L
er 24 hours. If urine chemistries are available,
he concentration of cations in the urine di-
ided by the plasma sodium concentration can
elp predict the response to therapy.111 If the
atio is less than 0.5, the urine is more than half
lectrolyte-free water; in this case, correction of
yponatremia can be expected to be prompt
and sometimes faster than intended) and fluid
estriction need not be stringent. Conversely,
hen the ratio is equal to or greater than 1.0,

he urine contains no electrolyte-free water;

yponatremia can be expected to be recalci- t
rant to therapy unless water intake is limited
everely, or the concentration of urinary elec-
rolytes is reduced (eg, with furosemide), or
ypertonic saline is administered.
If the patient is hypokalemic, administration

f potassium will help increase the serum so-
ium concentration. The serum sodium con-
entration is a function of exchangeable so-
ium plus exchangeable potassium divided by
otal body water112; therefore, each millimole of
otassium added to the body can be expected
o increase the serum sodium concentration as
uch as a mmol of added sodium.113 There is a

imited published experience validating this
xpectation in patients with diuretic-induced
yponatremia,114 and in our experience (un-
ublished observations), potassium effectively
orrects hyponatremia regardless of the cause
f potassium depletion. Hourly intravenous in-
usions of 10 mmol of KCl in 100 mL 0.9% NaCl
re effective therapy for hyponatremia in potas-
ium-depleted patients. The solution has a total
ation concentration of 254 mmol/L, high enough
o exceed the urine cation concentration in
irtually all patients; therefore, similar to hyper-
onic saline, it can be relied on to increase the
erum sodium concentration.

Isotonic saline is effective in correcting hy-
onatremia caused by volume depletion be-
ause the elimination of a volume stimulus for
asopressin secretion results in a water diuresis.
owever, if vasopressin is secreted for other

easons (as in patients with the syndrome of
nappropriate antidiuretic hormone secretion
SIADH] caused by nausea, pain, surgical stress,
espiratory infections, tumors, neurologic con-
itions, or medications), isotonic saline is inef-
ective. If the urine cation concentration is
uch higher than 154 mmol/L, the serum so-

ium concentration may actually decrease dur-
ng the infusion of isotonic saline. The sodium
ontained in a liter of saline is excreted in less
han 1 L of urine, “desalinating” the infused
aline; the net effect is free water retention.89

herefore, we reserve isotonic saline for hy-
onatremic patients who require volume resus-
itation for hypotension or patients with mild
yponatremia who are not at risk if the serum
odium concentration fails to improve with this

herapy.
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292 R.H. Sterns, S.U. Nigwekar, and J.K. Hix
In our experience, many hospitalized pa-
ients present with multiple conditions that are
otential causes for hyponatremia.115 Although
rine chemistries can help predict the response
o isotonic saline, these laboratory results are
ot always available to guide therapeutic deci-
ion making. Therefore, we often initiate ther-
py with hypertonic saline because it will in-
rease the serum sodium concentration reliably
egardless of etiology. An infusion of 3% saline
t 15 to 30 mL/h can be used for chronically
yponatremic patients who are neither seizing
or comatose.116,117 Chemistries should be ob-
ained at 4- to 6-hour intervals during the infu-
ion and the urine output should be monitored
arefully. Hypertonic saline should be discon-
inued after the serum sodium level has in-
reased by 4 to 6 mmol/L or if a water diuresis
merges.

nadvertent Overcorrection

e discourage the use of formulas to predict
he increase in serum sodium concentration. A
umber of conditions temporarily or reversibly

mpair water excretion. Once the impairment
esolves, excretion of dilute urine increases the
erum sodium concentration by much more
han would be predicted by calculations that
gnore urine output.116,118,119 There are several
ettings in which this can occur: (1) volume
esuscitation in patients with excess vasopres-
in caused by hypovolemia or low solute in-
akes (eg, beer potomania); (2) discontinuation
f thiazide diuretics, or drugs causing the syn-
rome of inappropriate antidiuresis; (3) cortisol
eplacement in patients with adrenal insuffi-
iency; and (4) spontaneous resolution of a
eversible cause of the syndrome of inappropri-
te antidiuresis, such as nausea, hypoxia, or
ecent surgery. Once the cause of water reten-
ion ends, a spontaneous water diuresis ensues,
hich may increase the plasma sodium concen-

ration by 2 mmol/L/h or more.
A single-center retrospective study of 62 con-

ecutive hyponatremic patients treated with hy-
ertonic saline showed that despite a low rate
f infusion averaging 23.5 mL/h, frequent ad-

ustments in the rate of infusion, and/or admin-
stration of 5% dextrose in water as an antidote,

he serum sodium concentration often increased t
y more than would be predicted and by more
han was intended; in 11% of cases, correction
xceeded 12 mmol/L in 24 hours and in 10% of
ases it exceeded 18 mmol/L in 48 hours.120 All of
he patients had been treated under the supervi-
ion of nephrologists seeking to maintain correc-
ion rates within these guidelines. The magnitude
f correction was correlated directly with the
lasma sodium concentration, with more se-
ere hyponatremia associated with more rapid
orrection (Fig. 1).

In 74% of patients with a plasma sodium
oncentration less than 120 mEq/L, the actual
ncrease in plasma sodium concentration ex-
eeded the increase predicted by the popular
drogue-Madias formula121; actual correction
as as much as 5 times predicted (Fig. 2). In

bout half the cases, a documented water diure-
is could account for the excessive correction.
vercorrection of hyponatremia may compli-
ate any form of therapy for hyponatremia; pa-
ients given large volumes of isotonic saline
ay be more likely to overcorrect than patients

iven low volumes of hypertonic saline.119

esmopressin to Correct Overcorrection

n animal models, the incidence and severity of
emyelinating brain lesions caused by rapid
orrection of hyponatremia can be reduced by
herapeutically re-lowering the serum sodium
oncentration.122 Consistent with these observa-
ions, in single-patient case reports, desmopres-
in has been used successfully to therapeuti-
ally re-lower the serum sodium concentration
fter inadvertent overcorrection of hyponatre-
ia had resulted in symptoms suggestive of

smotic demyelination.123-125

A recent report described the use of desmo-
ressin as a therapeutic agent to avoid overcor-
ection of hyponatremia and to re-lower the
lasma sodium concentration after inadvertent
vercorrection without waiting for early symp-
oms of osmotic demyelination.115 Six patients
ere given desmopressin acetate as a rescue
aneuver after the 24-hour limit of 12 mmol/L

lready had been reached or exceeded; correc-
ion was prevented from exceeding the 48-hour
imit of 18 mmol/L in 5 of the 6 patients (the
atient who was the exception had exceeded

he goal before desmopressin was given). Four-
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Hyponatremia treatment 293
een patients were given desmopressin acetate
n anticipation of overcorrection after the
lasma sodium concentration had increased by
to 12 mmol/L. In all 14 patients who were

reated with desmopressin acetate as a preven-
ive measure, correction was prevented from
xceeding either the 24- or 48-hour limits. In all
patients treated after overcorrection and in 5
atients treated prophylactically, the plasma so-
ium concentration was actively re-lowered by
to 9 mmol/L with the concurrent administra-

ion of desmopressin acetate and 5% dextrose
n water; no serious adverse consequences
rom this maneuver were observed and all pa-
ients survived without neurologic sequelae.

The ideal regimen for desmopressin in the
anagement of hyponatremia awaits further

tudy. There is no conclusive evidence that the
se of desmopressin is superior to simply giving
ater to match urine losses; however, many
atients in this series were given desmopressin
fter attempts to match urinary losses had
ailed. Based on our experience, we give 2 mcg
f desmopressin parenterally as soon as the
argeted initial increase in serum sodium con-
entration (�6-8 mmol/L) has been achieved or
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igure 1. Relationship between the increase in serum
nd the pre-infusion serum sodium concentration in
ohmand et al.120
s soon as a water diuresis is recognized. t
If the patient is at risk of overcorrection, the
oal of desmopressin administration is to com-
letely prevent or stop a water diuresis; there-

ore, we recommend beginning with a dosing
nterval of 6 or 8 hours, rather than the twice-
aily dosing schedule used in patients with di-
betes insipidus. Less-frequent dosing intervals
an be used later in the patient’s course to
llow water losses to increase the serum so-
ium concentration further. Alternatively, des-
opressin can be continued, maintaining an

ntidiuresis until the serum sodium concentration
as been increased to the mildly hyponatremic
ange with the concurrent administration of hy-
ertonic saline.

asopressin Antagonists
ustained hypotonic hyponatremia almost al-
ays is mediated by vasopressin. Treatment of

he electrolyte disturbance with vasopressin an-
agonists makes sense physiologically and may
ave advantages over currently available ther-
py, particularly in patients with hyponatremia
ssociated with heart failure or cirrhosis and
atients with hyponatremia caused by irrevers-

ble SIADH.126 Two distinct vasopressin-recep-

120120 125125 130130 135135
e Infusion (mmol/L)
m concentration during the first 48 hours of therapy
ries of patients treated with 3% saline. Data from
for
sodiu
a se
or subtypes (V1A and V2) mediate the hor-
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294 R.H. Sterns, S.U. Nigwekar, and J.K. Hix
one’s major physiologic effects. V1A receptors
re located on vascular smooth muscle cells
nd cardiomyocytes, affecting vascular tone
nd myocardial function. V2 receptors are lo-
ated on renal collecting duct principal cells,
oupled to vasopressin-sensitive water chan-
els that promote the reabsorption of water in
he cortical and medullary collecting duct.
lockade of V2 receptors causes an aquaresis,
he excretion of increased volumes of dilute
rine without an increase in sodium or potas-
ium excretion.

Conivaptan, which blocks both V2 receptors
nd V1A receptors, is currently the only drug of
ts class available for use in the United States.127

t least 2 orally active selective V2-receptor
ntagonists have been shown to be effective
herapy for hyponatremia caused by heart fail-
re, cirrhosis, and SIADH, and manufacturers
urrently are seeking approval from the Food
nd Drug Administration.128

A potent inhibitor of CYP3A4, conivaptan
nteracts with many medications including the

igure 2. Ratio of actual to expected increase in sodium
f 1 indicates that the observed increase in serum sodium
quals the increase in serum sodium predicted by the form
hat the actual increase exceeded the predicted increase
tatins. Concern about serious drug–drug inter- m
ctions led the United States Food and Drug
dministration to limit its approval to the intra-
enous form of conivaptan to be used for the
hort-term management of euvolemic hypona-
remia and hyponatremia caused by heart failure
n hospitalized patients. Conivaptan is contrain-
icated in hypovolemic hyponatremia (because
he antagonism of the V1A receptor could cause
ypotension) and in hyponatremia caused by
irrhosis with ascites (because of the theoreti-
al risk of precipitating hepatorenal syndrome,
disorder ameliorated by agonists of the V1A

eceptor). On the other hand, the hemody-
amic effects of V1A receptor antagonists may
e favorable in patients with heart failure.129

Vasopressin antagonists have been shown to
e more effective than placebo in increasing the
erum sodium concentration in patients with
odest, asymptomatic hyponatremia.128,130,131

owever, at the doses tested, not all patients
esponded. Furthermore, there is almost no
ublished experience with the use of these
gents in patients with symptomatic hyponatre-

lculated using the Adrogue-Madias formula.121 A value
entration after hypertonic saline (actual � serum [Na�])
expected � serum [Na�]). Values greater than 1 indicate
ost patients. Data from Mohmand et al.120
as ca
conc
ula (
ia. Therefore, vasopressin antagonists cannot
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Hyponatremia treatment 295
et be recommended as single agents for the
reatment of hyponatremic emergencies. They
ould be used as dose-sparing adjunctive ther-
py with hypertonic saline.

Because these agents cause a brisk and rela-
ively prolonged water diuresis in some patients,

2-receptor antagonists may risk overly rapid cor-
ection and osmotic demyelinization if they are
sed to treat severe chronic hyponatremia. In
linical trials, despite protocols designed to
void overcorrection, the serum sodium concen-
ration increased by more than 12 mmol/L/d in

of 223 hyponatremic patients treated with
olvaptan,132 in 2 of 55 patients treated with
onivaptan,131 and 3 of 26 patients treated
ith Sativaptan.130 To date, there have been no

eported cases of osmotic demyelination caused
y a vasopressin antagonist in human beings.
owever, patients with extremely low serum

odium concentrations, the most likely to expe-
ience inadvertent overcorrection (Fig. 1), were
xcluded from clinical trials of vasopressin an-
agonists. In an experimental model of chronic
yponatremia, increasing the plasma sodium
oncentration with a V2-receptor antagonist
as comparable with hypertonic saline in caus-

ng osmotic demyelination.133

Administration of high doses of desmopres-
in to halt a water diuresis induced by vasopres-
in antagonists is a theoretically attractive, but
s yet untested, strategy that would allow more
herapeutic precision than currently is possible.

hile awaiting more data, clinicians using va-
opressin antagonists to treat hyponatremia are
dvised to monitor urine output closely and be
repared to match it to avoid inadvertent over-
orrection.

ONCLUSIONS

yponatremia is said to be the most common
lectrolyte disturbance we treat and the most
ikely to lead to permanent or lethal complica-
ions if it is treated incorrectly. It is unfortunate
hat we have spent nearly 25 years in therapeu-
ic debates based on embarrassingly limited
ata. Hopefully, the new availability of vaso-
ressin antagonists will spawn cooperative tri-
ls that will generate answers to the many re-
aining questions about the treatment of this
hallenging disorder.
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