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a b s t r a c t

Life-threatening hyponatremia in psychotic patients is common and typically is attributable to either
antipsychotic medication or to acute psychosis in those with the polydipsia-hyponatremia syndrome.
The preferred treatment for one situation may worsen the hyponatremia if caused by the other situation.
Hence it is critical to distinguish between these two possibilities. Case reports and series were identified
through electronic databases. Fifty-four cases of hyponatremia without recognized causes in psychotic
patients were divided into those with dilute (oplasma osmolality) or concentrated (4plasma
osmolality) urine. The distribution of urine concentration and measures likely to be associated with
psychotic illness and its treatment were compared in both groups. Naranjo's scale was utilized to
determine the probability hyponatremia was drug-induced. Urine osmolality fit a bimodal distribution
(intersection 219 mOsm/kg) better than a unimodal distribution. ‘Probable’ drug-induced cases occurred
6.8 (95%CI¼1.6–28.9) times more often in those with concentrated urine. Acute psychotic exacerbations
occurred 4.5 (95%CI¼0.4–54.1) times more often in those with dilute urine. These findings, as well as
several other trends in the data, indicate that measures of urine concentration can help distinguish
between antipsychotic-induced and psychosis-induced hyponatremia.

& 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Life-threatening hyponatremia (water intoxication) is a relatively
common condition in patients with psychotic illnesses (Renneboog
et al., 2006; Hawken et al., 2009; Meulendijks et al., 2010; Williams
and Kores, 2011). Often the electrolyte imbalance is attributable to
prescribed medications, particularly diuretics or psychotropics such
as anticonvulsant mood stabilizers, serotonin reuptake inhibitors,
tricyclic antidepressants and antipsychotic medications (Liamis et al.,
2008; Letmaier et al., 2012). In addition, nicotine as well as cigarette
smoke per se can impair water balance (Robertson, 2006). This is
especially apt to contribute to hyponatremia (Blum, 1984; Ismail
et al., 2010) because so many schizophrenic patients, particularly
those at risk of hyponatremia (de Leon et al., 1996), smoke heavily.
Hyponatremia typically resolves soon after the offending agent is
stopped, but in the case of antipsychotics this may have a seemingly
paradoxical effect if the hyponatremia is due to acute psychosis
(Goldman et al., 1997; Meulendijks et al., 2010). This is because acute
psychosis has also been associated with impaired water excretion
(Targowla, 1923), primary polydipsia (Hoskins and Sleeper, 1933) and

water intoxication (Barahal, 1938) well before antipsychotics were
discovered. After their introduction, the literature is replete with
reports indicating antipsychotic medication both contributes to
(Meulendijks et al., 2010) and ameliorates (Dubovsky et al., 1973;
Hariprasad et al., 1980; Canuso and Goldman, 1999; Liamis et al.,
2008) hyponatremia. Currently perhaps 40% of psychotic patients
admitted with unexplained hyponatremia are not taking antipsycho-
tic medication (Williams and Kores, 2011).

Both antipsychotic medication and acute psychosis induce
dilutional hyponatremia, which occurs when fluid intake over-
whelms renal diluting capacity. The retained water swells all body
tissues thus producing cerebral edema and ultimately cerebral
compression by the skull (water intoxication). Under normal
circumstances, hyponatremia can be prevented by varying urine
dilution. Urine concentration is primarily regulated by the anti-
diuretic hormone, arginine vasopressin (AVP), which is secreted
from the brain and then acts in the kidney. Decreases in plasma
osmolality inhibit AVP secretion, in which case the normal kidney
excretes huge amounts of water (�20 L/day).

Dilutional hyponatremia typically occurs due to either a rela-
tively fixed impairment in the ability to produce dilute urine, or a
variable impairment which lessens as the hyponatremia worsens.
Depending on the plasma osmolality at which urine begins to be
concentrated (osmotic set point), the patient may either present
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with symptomatic or asymptomatic hyponatremia (Robertson,
2006). Hyponatremia with other psychotropics has been asso-
ciated with both fixed and variable impairments (Meulendijks
et al., 2010), while acute psychosis has been consistently associated
with the variable impairment (Hariprasad et al., 1980; Vieweg et al.,
1986; Goldman et al., 1988; Kishimoto et al., 1989; Delva et al., 1990;
Ohsawa et al., 1993). The mechanism appears to be attributable to
psychosis lowering the osmotic set point for AVP secretion
(Goldman et al., 1997) perhaps due to a stress diathesis that is
associated with the underlying psychiatric illness (Goldman et al.,
2007, 2011; Goldman, 2009). The contribution of the elevated
AVP to the hyponatremia is demonstrated by its rapid reversal with
AVP antagonists (Josiassen et al., 2008, 2012). All classes of
antipsychotic drugs are associated with hyponatremia (Mannesse
et al., 2010), and currently there are no published guidelines to
aid clinicians whether to increase or decrease antipsychotic med-
ication. In the absence of controlled studies, we conducted a
systematic review of published cases of medicated psychotic
patients with unexplained hyponatremia who had concurrent
measures of urine dilution.

2. Methods

2.1. Data sources and study selection

One hundred and thirty-six articles were identified from the MEDLINE database
from 1960 to September 2012 using the following MeSH terms: hyponatremia,
inappropriate ADH syndrome, antipsychotic agents and English language (see Flow
Diagram Fig. 1). Ninety-one more were drawn from a recent comprehensive review of
antipsychotic-induced hyponatremia authored by Meulendijks et al. (2010). Forty-one
duplicates were identified, leaving 186 to be screened. None were controlled studies,
and all were either single or a series of case reports. Eighty-one of these articles were
excluded on the basis of the abstract because they did not describe psychotic patients.

The remaining 105 articles as well as 11 more drawn from these articles' references
were evaluated. Seventeen of these 116 articles were excluded because they were not
relevant, 31 because they did not contain concurrent indices of urine dilution (neither
urine osmolality nor urine specific gravity), 21 because the psychiatric diagnosis was
not a primary psychotic disorder (schizophrenia, schizophreniform, schizoaffective, or
psychosis NOS), and three for other reasons, yielding 64 psychotic hyponatremic
patients (44 articles) on antipsychotic therapy and with concurrent measures of urine
dilution on presentation (Supplemental Table S2).

2.2. Data extraction

Serum sodium, plasma osmolality, urine osmolality, urine specific gravity and
urine sodium were recorded as were concurrent medications that could potentially
account for hyponatremia (Liamis et al., 2008). Variables drawn from guidelines for
adverse event reporting (Kelly et al., 2007), and hypothesized measures distinguish-
ing drug-induced from psychosis-induced cases were identified in each report.

Ten cases (six on thiazide diuretics, one on carbamazepine, one on SSRI, two on
tricyclic antidepressants) were taking other medications recognized to cause
hyponatremia leaving a final sample of 54 inpatients (39 articles). Assessment of
whether a case was an adverse drug reaction was based on Naranjo et al's. (1981)s
probability scale . This assessment was the primary outcome measure since it
could be scored in all cases. Scores on this scale range from �4 toþ13 and are
categorized as ‘unlikely’ (�4 to 0), ‘possible’ (1–4), ‘probable’ (5–8) and ‘certain’
(9–13). Secondary outcomes were: antipsychotic dose (transformed to defined-daily
dose (DDD)) (ATC/DDD Index, 2012); presence of acute psychotic exacerbation on
admission; presence of polydipsia (per author); time from initiation of current
antipsychotic to onset of hyponatremia; and the effect of antipsychotic discontinuation
(‘dechallenge’) and of antipsychotic rechallenge with the same medication on
hyponatremia. These measures were not available for all cases. Assessments were
made by one of the authors (WA) who sought input from the remaining author on the
rare occasion that the correct response was not evident.

2.3. Data analysis

Subjects were grouped according to whether their urine was dilute or
concentrated at presentation, i.e. whether urine osmolality was lower or higher
than concurrent plasma osmolality. While the division is somewhat arbitrary, it is
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Fig. 1. Flow Diagram.
Source: Adapted from the PRISMA 2009 Flow Diagram (Moher et al., 2009).
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physiologically significant and bias-free (Robertson, 2006). Eight of the 54 cases had
only urine specific gravity, and if specific gravity was o1.010 we placed the case in the
dilute group since this is a common cutoff for dilute urine (Voinescu et al., 2002). In any
event, urine specific gravity was o1.004 for seven of these cases and was 1.015 for the
eighth case. Three cases had only plasma sodium available, so plasma osmolality was
estimated as 2�plasma sodiumþ10 (Ross and Christie, 1969). The associated urine
osmolality in all four instances was either 30 mOsm/kg more or less than this
calculated plasma osmolality, so grouping was likely to be accurate.

2.4. Statistical analysis

We used a Gaussian mixture model to fit 1- and 2-gaussians to the urine osmolality
values, and utilized Bayesian and Akaike information criterion (AIC) to determine
whether unimodal or the bimodal fit was more consistent with the data and Akaike
weights to define conditional probabilities (Wagenmakers and Farrell, 2004). Contin-
uous outcome and other measures were compared with two tailed independent
sample t-tests, while Pearson's Chi Square was conducted for categorical data, applying
Fisher's exact test if expected cell counts were less than five. To address the possible
role of rater bias in scoring whether a case was an adverse drug reaction, we also
compared groups on Naranjo measures for cases only rated by Meulendijks et al (2010).

3. Results

Data for 64 hyponatremic psychotic inpatients receiving
antipsychotic therapy, each with concurrently measured urine

concentration, were extracted from 44 articles (Fig. 1). Ten had
recognized causes for their hyponatremia and were excluded from
further analysis (See Supplementary Table S1). Thirty-four of the
remaining 54 cases had dilute urine and 20 had concentrated
urine (P¼0.06) (Table 1). The two groups resembled each other on
most demographic, clinical and plasma measures. In particular,
mean age and plasma osmolality were similar (concentrated
group: 246, dilute group: 239 mOsm/kg) and the vast majority of
patients in both groups were noted to be polydipsic. Urine sodium
concentration was higher in subjects with concentrated urine
consistent with their more persistent AVP activity, values in those
with dilute urine were still elevated suggestive of residual AVP
activity.

A bimodal model fit the distribution of urine osmolalities
(Akaike Information Criteria: 604.7, Bayesian Information Criteria:
613.9) better than a unimodal model (AIC: 615.3, BIC: 619.0;
weight 0.0049) with an intersection at 219 mOsm/kg (Fig. 2),
suggesting two different processes were responsible for the
hyponatremia. Concentrated urine was more frequently associated
with adverse drug reactions than dilute urine (Table 1). Indeed,
the odds of having ‘probable’ versus ‘possible’ drug-induced
hyponatremia was 6.8 (95% CI (1.6–28.9) times higher in those
with concentrated urine. This difference remained significant

Table 1
Hyponatremic patients with concentrated (4pOsm) versus dilute (opOsm) urinea

Characteristics Concentrated Dilute P value

No. of cases 20 34 0.06
Age, mean (S.D.), years 46.1 (12.1) 41.5 (11.4) 0.18

Gender
Male, no. 11 21 0.62
Female, no. 9 13

Plasma sodium, mean (S.D.), mmol/L 116.2 (6.3) 115.4 (6.7) 0.67
Plasma osmolality, mean (S.D.), mOsm/kg 246.1 (14.9) (n¼18) 239.0 (16.2) (n¼27) 0.13
Urine osmolality, mean (S.D.), mOsm/kg 443 (160) (n¼19) 138.8 (59.5) (n¼27) o0.001
Urine specific gravity, mean (S.D.) 1.012 (0.005) (n¼6) 1.004(0.003)(n¼14) o0.001
Urine sodium, mean (S.D.), mEq/L 73.4 (55.1) (n¼13) 31.0 (23.5) (n¼16) 0.02

Water loading testb

Impaired, no. 2 0 0.14c

Normal, no. 1 2

Polydipsicd

Yes, no. 8 20 0.61
No, no. 2 3

Duration of mental disorder, mean (S.D.), years 13.6 (9.8) (n¼12) 13.3 (5.7) (n¼10) 0.93

Psychotic exacerbation
Yes, no. 6 9 0.20
No, no. 3 1

DDD-equivalent dosage, mean (S.D.) 3.6 (8.0) (n¼16) 1.8 (1.5) (n¼14) 0.40
Current drug duration, mean (S.D.), days 46.4 (45.6) (n¼10) 388.2(1023) (n¼10) 0.30

Antipsychotic
First generation, no. 17 29
Second generation, no. 3 3 0.447
Combined or unclassified, no. 0 2

Dechallengee

Negative, no. 11 12 0.50
Positive, no. 2 1

Rechallenge
Positive, no. 5 0 0.17
Negative, no. 0 1

Adverse Drug Reaction
Probable, no. 8 2 0.003c

Possible, no. 12 32

a The 10 cases with recognized causes of hyponatremia were excluded from this analysis.
b Ability to excrete an oral water load per author's criteria.
c Adjusted for expected cell size by Fishers exact test.
d Per author's assessment only.
e Whether stopping medication led to worsening of hyponatremia.
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when only the cases rated by Meulendijks et al. (2010) were
assessed (χ2¼ 4.22, d.f.¼1, P¼0.05). On the other hand, a
psychotic exacerbation on admission associated with dilute urine
(OR 4.5, 95% CI¼0.4–54.1). Those with concentrated urine, on
average, were taking twice as high a dose of neuroleptic but were
on it for only 1/8th as long as those with dilute urine. Because of
marked intersubject variation these differences did not approach
significance (i.e. P40.30) (Table 1). All five of the patients with
concentrated urine redeveloped hyponatremia when rechallenged,
while the single patient with dilute urine did not. Because of the
small numbers involved, this only showed a trend toward sig-
nificance (P¼0.17). None of these latter differences, however,
reached statistical significance. While very few patients in either
group redeveloped severe hyponatremia when their antipsychotic
medication was stopped, these patients were typically fluid
restricted during their hospitalization.

4. Discussion

Life-threatening hyponatremia was first identified in psychotic
patients in the 1930s (Barahal, 1938) and over the subsequent
years has been associated with both antipsychotic medication and
exacerbations of the underlying psychiatric disorder (Meulendijks
et al., 2010). No published guidelines for distinguishing these two
possibilities have been reported. In the absence of controlled trials,
we completed a systematic review of case reports and case series
in the English literature. We eliminated cases with recognized
causes of hyponatremia leaving 54 cases of unexplained hypona-
tremia in medicated patients with a primary psychotic disorder,
each having concurrent measures of urine concentration (Fig. 1).

We found that the distribution of urine osmolalities across
these cases fit a bimodal distribution which intersected at
219 mOsm/kg, suggestive of their being two distinct processes
(Fig. 2). As we anticipated (Targowla, 1923; Vieweg et al., 1986;
Goldman et al., 1988, 1997; Kishimoto et al., 1989; Delva et al.,
1990; Ohsawa et al., 1993), probable drug-induced hyponatremia
occurred six times as often in cases with concentrated urine and
psychotic exacerbations occurred four times as often in cases with
dilute urine (Table 1). While duration of drug treatment was about
one-eighth as long, medication dosage was twice as high, and

recurrence of hyponatremia upon rechallenge occurred exclusively
in those with concentrated urine, the differences between those
with concentrated and dilute urine did not reach significance. Still,
taken as a whole these data all point to a greater role for
antipsychotic medication in those with concentrated urine. In
contrast polydipsia was about as frequently observed in both
categories consistent with others' findings that this is an unreli-
able measure of increased intake (de Leon et al., 1996).

There are several limitations to this study. The results are based
on a review of case reports, raising issues about the general-
izability, as well as reliability and comparability of the data. For
instance, sampling of urine likely varied in relationship to con-
current measures of plasma concentration. The conclusion that
urine concentration is bi-modal assumes the pooled findings from
these case reports constitute a sample of the population of
interest. The assessment of whether a psychotic exacerbation or
polydipsia was present on admission assumes that authors were
equally reliable and diligent in making this assessment. These
assumptions are undoubtedly violated, but what may be reason-
able is to assert there is unlikely to be a systematic bias favoring
one possibility or the other.

While the majority of cases of ‘probable’ antipsychotic-induced
hyponatremia occurred with concentrated urine, two cases did
occur with dilute urine (Table 1). We suspect that hyponatremia
may in fact arise from antipsychotic treatment in some patients
with dilute urine. Possible mechanisms are anticholinergic-
induced polydipsia secondary to dry mouth (Mannesse et al.,
2010) in a patient with reset osmostat, or medication-induced
reset osmostat due to hypotension in a patient with primary
polydipsia (Robertson, 2006; Meulendijks et al., 2010). Indeed, in
one of the two cases the patient was receiving thioridazine which
has potent anticholinergic effects which could induce polydipsia.
In the other the patient was receiving loxapine, which is an alpha-
adrenergic antagonic that induces hypotension and potentially
reset osmostat. Hence, urine concentration is unlikely to be a
completely reliable marker, and other clinical history and findings
should be considered as well.

We recommend that clinicians presented with an acutely
hyponatremic psychotic patient take a careful history, determine
concurrent urine and plasma osmolality, impose targeted fluid
restriction and rigorously search for reversible causes (Vieweg and
Leadbetter, 1997; Siegel, 2008). While methodologic issues sum-
marized above limit the applicability of the findings, they do
provide some guidance for managing patients with hyponatremia
which cannot be attributed to other recognized causes. Hence, we
recommend if urine is concentrated the current antipsychotic be
switched to another structural class (without anticholinergic
properties). If urine is dilute and the antipsychotic dose is
subtherapeutic, we recommend the dose be increased. If the dose
is therapeutic another agent should be prescribed. If hyponatremia
does not rapidly resolve, the clinician should review the differ-
ential diagnosis and consider clozapine treatment (Canuso and
Goldman, 1999). Patients should be observed closely until they
tolerate ad lib access to water without developing symptomatic
hyponatremia.
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Fig. 2. The results of a Gaussian mixture model fit of 2-gaussians to the urine
osmolality data in medicated psychotic patients with unexplained hyponatremia.
The unimodal model is shown in the inset. The likelihood the bimodal fit the data
better was o0.005.
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Appendix A. Supplementary information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.psychres.2014.03.021.
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