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ABSTRACT
Hyponatremia, the most frequent electrolyte disorder, is caused predominantly by the syndrome of
inappropriate antidiuresis (SIAD). A comprehensive characterization of SIAD subtypes, deﬁned by type of
osmotic dysregulation, is lacking, but may aid in predicting therapeutic success. Here, we analyzed serial
measurements of serum osmolality and serum sodium, plasma arginine vasopressin (AVP), and plasma
copeptin concentrations from 50 patients with hyponatremia who underwent hypertonic saline infusion. A
close correlation between copeptin concentrations and serum osmolality existed in 68 healthy controls,
with a mean osmotic threshold6SD of 28264 mOsM/kg H2O. Furthermore, saline-induced changes in
copeptin concentrations correlated with changes in AVP concentrations in controls and patients. With use
of copeptin concentration as a surrogate measure of AVP concentration, patients with SIAD could be grouped
according to osmoregulatory defect: Ten percent of patients had grossly elevated copeptin concentrations
independent of serum osmolality (type A); 14% had copeptin concentrations that increased linearly with rising
serum osmolality but had abnormally low osmotic thresholds (type B); 44% had normal copeptin concentrations independent of osmolality (type C), and 12% had suppressed copeptin concentrations independent of
osmolality (type D). A novel SIAD subtype discovered in 20% of patients was characterized by a linear decrease in copeptin concentrations with increasing serum osmolality (type E or “barostat reset”). In
conclusion, a partial or complete loss of AVP osmoregulation occurs in patients with SIAD. Although the
mechanisms underlying osmoregulatory defects in individual patients are presumably diverse, we hypothesize that treatment responses and patient outcomes will vary according to SIAD subtype.
J Am Soc Nephrol 25: 2376–2383, 2014. doi: 10.1681/ASN.2013080895

Hyponatremia is the most common electrolyte
disorder, associated with signiﬁcant morbidity
and mortality.1–3 Most hyponatremic states are
characterized by inappropriately elevated plasma
levels of arginine vasopressin (AVP), with the syndrome of inappropriate antidiuresis (SIAD) as the
most frequent underlying pathophysiologic abnormality. The diagnosis of SIAD is based on criteria
deﬁned by Schwartz and Bartter in 1957, including
hypotonic hyponatremia, euvolemia, inappropriately high urine osmolality in relation to serum
hypo-osmolality, increased renal sodium excretion
2376

ISSN : 1046-6673/2510-2376

Received August 26, 2013. Accepted February 20, 2014.
S.S. and B.A. contributed equally to this work.
Published online ahead of print. Publication date available at
www.jasn.org.
Correspondence: Dr. Wiebke Fenske, University Medical Center,
Integrated Research and Treatment Center for Adiposity Diseases,
Medical Research Center Building, Liebigstrasse 21, 04103 Leipzig,
Germany, or Dr. Bruno Allolio, Department of Internal Medicine I,
Endocrine and Diabetes Unit, University Hospital Würzburg, Würzburg, Germany. Email: wiebkekristin.fenske@medizin.uni-leipzig.de
or allolio_b@ukw.de
Copyright © 2014 by the American Society of Nephrology

J Am Soc Nephrol 25: 2376–2383, 2014

www.jasn.org

on a normal salt and water intake, and absence of renal disease
or other nonosmotic (i.e., “appropriate”) stimuli of AVP release.4 Zerbe et al. were the ﬁrst to suggest distinct types of
osmotic dysregulation in SIAD based on the AVP response to
hypertonic saline: a type with erratic ﬂuctuations of high
plasma AVP levels that are nonresponsive to osmotic stimulation (type A); another type, with a preserved linear correlation between AVP and serum osmolality but an abnormally
low osmotic threshold (“reset osmostat” or type B); type C,
with constant and nonsuppressible AVP release in the hypoosmotic range; and type D, with undetectable AVP levels.5
Unfortunately, this subtype description was reported only
as individual case examples; it has never been validated using
quantitative criteria. A better understanding of the different
forms of SIAD may inﬂuence future treatment strategies
because response to therapy (e.g., with vaptans or ﬂuid restriction) varies widely in SIAD.6,7
Using the hypertonic saline infusion test, the present study
aimed to establish quantitatively deﬁned SIAD subtypes based
on serial measurements of copeptin, a stable and easily
measurable surrogate for AVP release.

RESULTS
Baseline Characteristics of Patients with SIAD and
Healthy Controls

In total, 50 patients with SIAD (30 women) were included.
Eighty-two percent of patients had a malignancy-associated
SIAD (41% solid tumors, 59% hematologic disorders), 6% had
HIV-associated SIAD, 4% were drug-induced, 4% were infectionassociated, and another 4% were considered idiopathic. Baseline serum sodium levels ranged between 111 and 129 mmol/L,
and serum osmolality ranged between 231 and 271 mOsM/kg
H2O. Both individual and median baseline serum sodium and
osmolality concentrations were lower in the SIAD group than
in healthy controls: 126 (interquartile range [IQR], 123, 128)
versus 136 (IQR, 135, 138) mmol/L and 260 (IQR, 256, 260) versus
283 (IQR, 280 285) mOsM/kg H2O (both P,0.001) (Table 1).
No differences were found between the SIAD and control
group regarding plasma renin, serum aldosterone, creatinine,
BP, and heart rate (all P.0.05) (Table 1). Moreover, isotonic
saline infusion, performed in all but two patients (patients 11
and 37; see Supplemental Table 1), caused no relevant increase
in serum sodium concentration (deﬁned as $5 mmol/L in 24
hours) in the patient group.
Baseline copeptin and AVP levels were higher in patients
with SIAD (median, 8.4 [IQR, 4.4, 32.4] and 2.8 [IQR, 1.5, 4.7]
pmol/L; P,0.001) compared with the control group (median,
3.4 [IQR, 2.9, 6.9] L and 1.3 [IQR, 0.8, 2.6] pmol/L; P,0.01).
Other than in healthy controls, baseline copeptin concentrations varied substantially among patients with SIAD: In the
hypo-osmotic range (,280 mOsM/kg H2O), baseline hormone levels ranged from 0.9 to 251 pmol/L (Figure 1). In
six patients (12%), baseline copeptin levels were appropriately
J Am Soc Nephrol 25: 2376–2383, 2014
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Table 1. Baseline characteristics of the healthy control and
SIAD patient groups
Characteristic

SIAD Group
(n=50)

Control Group
(n=10)

Age (yr)
Serum sodium (mmol/L)
Serum osmolality (mOsM/kg H2O)
Urine osmolality (mOsM/kg H2O)
Urine sodium (mmol/L)
Serum uric acid (mg/dl)
Plasma copeptin (pmol/L)
Plasma AVP (pmol/L)
Mean arterial pressure (mmHg)
Heart rate (beats/min)

59.8612.3
12564
25968
509 (391, 691)
95 (67,130)
3.460.8
8.4 (4.2, 36)
2.8 (1.5, 4.8)
88 (79, 92)
72 (66, 82)

37.8614.1a
13762 b
28364b
570 (456, 718)
83 (37, 126)
3.660.6
3.4 (2.9, 6.9)a
1.3 (0.8, 2.6)b
81 (74, 87)
72 (63, 85)

Data are expressed as mean6SD or median (IQR).
a
P,0.05 for comparison of the respective SIAD subgroup with the healthy
control group (Mann–Whitney U test).
b
P,0.01 for comparison of the respective SIAD subgroup with the healthy
control group (Mann–Whitney U test).

suppressed to ,2 pmol/L, whereas supraphysiologically high
baseline levels (.38.0 pmol/L) were found in 15 patients
(30%). A majority of patients (58%) had plasma copeptin
concentrations within the normal physiologic range (2–38
pmol/L); levels were inappropriately high only in relation to
the corresponding hypo-osmotic state. The patients’ individual baseline characteristics, causes of SIAD, and speciﬁc treatments are described in detail in Supplemental Table 1.
Hypertonic Saline Infusion Test: Correlation of Plasma
Copeptin and AVP in Healthy Controls and Patients
with SIAD

The physiologic osmotic response of copeptin to hypertonic
saline infusion was characterized by averaging the individual
slopes of the 68 controls, and a slope of 0.74 pmol/L and
mOsM/kg H2O was considered the normal mean linear response (95% conﬁdence interval [95% CI], 0.66 to 0.83; 99%
conﬁdence interval, 0.63 to 0.86). The physiologic osmotic
threshold for copeptin release was deﬁned by the calculated
mean x intercept with its 95% CI: 28264.3 mOsM/kg H2O
(95% CI, 281to 285 mOsM/kg H2O; range, 274–288 mOsM/
kg H2O). Accordingly, the expected close linear correlation
was conﬁrmed between saline-induced rise in serum sodium
(D11.261.5 mmol/L) and osmolality concentrations
(D16.762.2 mOsM/kg H2O) and resulting elevation in plasma
copeptin levels (from 4.1 [IQR, 2.9, 4.7] to 15.2 [IQR, 12.7,
20.6] pmol/L; both r=0.83; P,0.001). The saline-induced rise
in plasma copeptin and AVP levels correlated closely (r=0.67;
P,0.001), while no signiﬁcant correlation was found between
plasma copeptin and AVP concentrations at baseline (r=0.43;
P=0.22).
In patients with SIAD, changes in copeptin levels in response
to osmotic stimulation (from 8.4 [IQR, 4.3, 32.4] to 10.5 [IQR,
5.2, 22.1] pmol/L; median D20.01 [IQR, 24.8, 6.2] pmol/L)
did not correlate with corresponding rises in serum sodium
(D12 [IQR, 11, 14] mmol/L; r=20.22) or osmolality levels
SIAD Subtype Classiﬁcation and Novel Subtype
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Figure 1. Physiological plasma copeptin response to hypertonic
saline-induced osmotic stimulation. The gray area illustrates the
area of normality describing the relationship between plasma
copeptin and serum osmolality based on 384 data pairs of 68
healthy controls that were osmotically stimulated using a hypertonic saline infusion. The regression curves were constructed with
95% CIs for the relation between serum osmolality and plasma
copeptin levels with a cubic regression yielding the best ﬁt. The
detection limit (DL) of copeptin determination was 0.4 pmol/L. In
contrast, the data points in the hypo-osmotic range illustrate the
relationship between baseline plasma copeptin and serum osmolality levels in 50 patients with clinical features of SIAD (n=50).

(D30 [IQR, 27, 34] mOsM/kg H2O; r=0.43). Accordingly, no
correlation was found between sodium or osmolality increase
and plasma AVP levels (2.8 [IQR, 1.5, 4.7] to 2.5 [IQR, 1.6, 5.8]
pmol/L [r=0.03]; D0.04 [IQR, 21.2, 1.5] pmol/L [r=0.54]; all
P.0.3). Strong correlations were found between salineinduced changes in absolute levels of plasma copeptin and
AVP (r=0.90; P,0.0001), as well between their mean linear
slopes (r=0.85; P,0.0001).
Hypertonic Saline Infusion Test: Copeptin
Osmoregulation in Patients with SIAD

Consistent with the broad range in copeptin baseline levels in
the SIAD group (Figure 1), copeptin response to hypertonic
saline infusion also varied widely. Three predeﬁned criteria,
considered to best catch abnormal behavior of osmotically
stimulated copeptin, were used for individual patient characterization: (1) the slope of copeptin concentration (see Concise Methods), (2) the osmotic threshold of copeptin release,
and (3) the maximum absolute plasma copeptin concentration. According to these three parameters, all patients were
subclassiﬁed into one of ﬁve overall distinct groups of osmoregulatory defect (types A–E) (Table 2).
Patients with a consistently supraphysiologically high copeptin release, exceeding the highest hormone value measured under
stimulating conditions in the control group (38 pmol/L), and
without relation to osmotic stimulation (i.e., copeptin slope less
2378
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than the 95% CI for that of healthy persons; Figure 2A), were
deﬁned as having a type A defect.
Patients showing a linear rise in copeptin levels in response to
increasing serum osmolality (i.e., positive slope above 0.25 pmol/
L/mOsM/kg H2O), despite an abnormally low osmotic threshold (i.e., below the lowest individual x axis intercept measured in
healthy persons; Figure 2B), were allocated to type B defect.
Patients with copeptin levels constantly within the normal
physiologic range (i.e., between 2 and 38 pmol/L), being nonsuppressible in the hypo-osmotic range, and not further stimulated in response to hypertonic saline infusion (i.e., copeptin
slope between 20.25 and 0.25 pmol/L/mOsM/kg H2O; Figure
2C), were categorized as having type C defect.
Patients with appropriately suppressed plasma copeptin
levels in the hypo-osmotic range (,2 pmol/L), showing an
appropriate or inappropriate copeptin increase in response to
saline infusion in the normo-osmotic range (i.e., positive slope
within or less than the 95% CI for healthy persons; Figure 2D),
were categorized as having type D defect. The threshold level
of ,2 pmol/L for copeptin suppression derives from previous
data demonstrating that patients with neurogenic diabetes insipidus and complete AVP deﬁciency reveal copeptin levels
constantly ,2 pmol/L.8
Finally, patients showing a linear decline in plasma copeptin
response to increasing serum osmolality (i.e., a negative copeptin slope below 20.25 pmol/L/mOsM/kg H2O; Figure 2, E
and F) were classiﬁed as having a type E defect. A careful
clinical and biochemical re-evaluation of patient records before hypertonic saline infusion revealed no evidence of baseline hypovolemia in this group (Supplemental Table 2).
The individual copeptin-osmolality slopes capturing the
full information during osmotic stimulation are given in Figure
2, A–F, and their hemodynamic responses to saline infusion
are illustrated in Supplemental Table 2.
The subtype classiﬁcation was unaffected by differences in
sodium concentrations before the hypertonic saline test, the
rate of osmotic response to hypertonic saline, or resulting
variances in the test duration (in our sample, 90–150 minutes).
Upon comparing the copeptin-osmolality slopes using all data
points and reducing them to only the ﬁrst and last data pair, no
difference became apparent (all P values for subgroups .0.9).
DNA Sequencing of Six Patients with SIAD of Type D
Defect

In all patients with a type D defect, DNA was sequenced for
gain-of-function mutations of the AVPR2 gene as previously
described. 9 No activating mutation (R137C, R137L, or
F229V) was found for the AVPR2 gene, thus probably excluding constitutive AVPR2 activity.

DISCUSSION

Our investigation substantially extends the database on different subtypes in SIAD by taking advantage of a now-available
J Am Soc Nephrol 25: 2376–2383, 2014
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Table 2. Summary of SIAD subtype deﬁnition in response to
3% NaCl infusion

stable surrogate for circulating AVP. As hypothesized, in healthy
controls, we found a close relationship between copeptin and
osmolality with a signiﬁcant increase in copeptin levels above an
SIAD
Deﬁnition
osmotic threshold of 28264.3 mOsM/kg H2O. This threshold is
Subtype
in excellent agreement with previously reported results for
A
Plasma copeptin consistently .38 pmol/L with a
AVP.10,11 Furthermore, the close correlation between changes
copeptin slope ,95% CI for that of healthy
persons (i.e., ,0.66 pmol/L/mOsM/kg H2O)
in AVP and copeptin release strongly endorses the value of coB
Any plasma copeptin concentration with a positive
peptin as a surrogate of AVP. These ﬁndings in healthy persons
copeptin slope .0.25 pmol/L/mOsM/kg H2O, but
were used to quantify osmotic dysregulation in SIAD based on
a low osmotic threshold ,95% CI for that of healthy
abnormalities in osmotic threshold, osmotic gain, and maximum
persons (i.e., ,281 mOsM/kg H2O)
copeptin concentration.
C
Plasma copeptin concentration between 2 and 38 pmol/L
As expected, in almost all patients with SIAD, neither
with a copeptin slope between 20.25 and 0.25
copeptin
nor AVP was appropriately suppressed for the given
pmol/L/mOsM/kg H2O
hypo-osmolality,
and no relationship was seen between serum
D
Plasma copeptin concentration consistently ,2 pmol/L
osmolality
and
copeptin
or AVP levels when looking at the
regardless of the copeptin slope
entire patient group. Furthermore, median plasma copeptin
E
Any plasma copeptin concentration with a copeptin
and AVP levels were clearly higher at baseline in patients with
slope ,20.25 pmol/L/mOsM/kg H2O
SIAD than in controls. This observation
conﬁrms nonsuppression of AVP despite
low serum osmolality as the key mechanism
for hyponatremia in SIAD.4
An important ﬁnding of our investigation is the discovery of a novel osmoregulatory defect, type E SIAD, characterized
by a decline in plasma copeptin levels with
increasing saline-stimulated serum osmolality. Kamoi et al. observed a similar pattern in two patients with untreated primary
adrenal failure.12 They speculated that this
response was related to nausea, which ameliorated under hypertonic saline infusion.
However, nausea was not present in our
patients and adrenal insufﬁciency was excluded. The pathophysiologic basis of this
new subtype is not fully clear. Baseline hypovolemia could not be identiﬁed (Supplemental Table 2). Although mild volume depletion is sometimes difﬁcult to detect,13,14
it is normally insufﬁcient to generate a median rise in baseline copeptin levels to
about 100 pmol/L (Supplemental Table
1). Rather, a substantial decrease in blood
volume is considered necessary to nonosmotically affect AVP secretion. 15 Mild
changes in blood volume still may indirectly inﬂuence AVP regulation by altering
the sensitivity of AVP response to osmotic
stimuli. However, the expected response to
elevating serum osmolality in a hypovolemic
state is a gain in the osmoregulatory reFigure 2. Individual patient response to saline-induced osmotic stimulation of all 50
patients with SIADH. Graphic characterization of the different subtypes of SIAD (A–E) sponse with an enhancement rather than a
16,17 as
illustrates all plasma copeptin data points of all individuals (n=50) during hypertonic decline in AVP/copeptin secretion,
saline infusion. Please note that the y axis varies according to variation in absolute plasma observed in type E SIAD. Because our pacopeptin release. (F) Relative plasma copeptin response to osmotic stimulation, in per- tients appeared euvolemic, reduced nonoscentages, when deﬁning the mean copeptin concentration of each patient as 100%.
motic inhibition is one likely mechanism in
J Am Soc Nephrol 25: 2376–2383, 2014

SIAD Subtype Classiﬁcation and Novel Subtype

2379

CLINICAL RESEARCH

www.jasn.org

type E SIAD. Such impaired inhibition may activate AVP release despite euvolemia and a serum osmolality below the osmotic set-point, consistent with a barostat reset. Figure 3 illustrates this hypothesized mechanism in patients with type E
SIAD.
Hemodynamic inﬂuences on AVP regulation are mediated
at least in part by neural pathways originating from stretchsensitive baroreceptors in the cardiac atria, aorta, and carotid
sinus. Afferent nerve ﬁbers from these receptors ascend to the
nuclei of the solitary tract in the brainstem18 and project to the
hypothalamic paraventricular and supraoptic nuclei.19 Impairment of the afferent baroreceptor signaling (e.g., via tumor inﬁltration or compression or other neuronal damage)
may result in inappropriate nonosmotic stimulation of AVP
release causing hypo-osmotic hyponatremia.20 Thus, volume
expansion due to hypertonic saline infusion may compensate
for the reduced sensitivity of baroreceptor-activated pathways,
resulting in suppression of AVP release. Furthermore, an attenuated gain of the osmoregulatory response may be contributing
to this defect. This would explain the overriding importance of
the nonosmotic AVP regulation via volume expansion during
hypertonic saline infusion. Theoretically, an alternative explanation of type E could be a reversed osmotic response from
stimulation to inhibition. However, such reversal would imply
positive feedback in the hypo-osmotic and negative feedback in
the hyperosmotic range, promoting both rapidly decompensating hypo- and hyperosmolality.
Importantly, our study also revealed major deviations from
the original report5 as to both subtype prevalence and phenotype: On the basis of our quantitative classiﬁcation, 10% of
patients (n=5) were assigned to type A SIAD, characterized by

Figure 3. Working hypothesis on osmotic and nonosmotic dysregulation underlying the SIADH subtype E. In healthy persons,
minor decreases in BP or blood volume induce small increases in
copeptin release. In patients with SIAD type E, the altered
baroreceptor signaling mimics volume depletion despite normovolemia, thus shifting the copeptin response to the right (gray
shaded arrows). Modiﬁed from ref.31 with permission.
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grossly elevated baseline copeptin concentrations unresponsive to osmotic regulation. Erratic and markedly elevated AVP
ﬂuctuations had previously been reported to characterize the
osmoregulatory defect of type A.5 However, with the exception
of patient 5, such ﬂuctuations remained very moderate in our
series, indicating a predominantly continuous release of AVP.
The high hormone levels above the physiologic range suggest
an ectopic tumor–associated AVP secretion. In fact, lung cancer has been the predominant cause of SIAD in our patient
series (Table 1), and bronchogenic carcinoma is still the bestcharacterized entity of ectopic AVP production in SIAD.21,22
Regarding type B SIAD, our ﬁndings substantially differ
from the previous subtype concept of SIAD.5 In contrast to the
33% prevalence reported by Zerbe et al.,5 we detected only one
patient (patient 6, who had acute myeloid leukemia as the
underlying disease) with a clear shift of the osmotic threshold
to hypo-osmolar levels, but a maintained osmotic gain within
the normal range. All other patients with a lowered osmotic
threshold and an increase of copeptin with rising osmolality
(patients 7–12; Supplemental Table 1) demonstrated a subnormal osmotic gain with an attenuated slope also in the
normo-osmotic range. These observations resemble those
from Smith et al.,10 who found in six of eight patients with
SIAD an attenuated AVP response to hypertonic saline. Therefore, the incidence of true reset osmostat appears to be lower
than hitherto reported.5,23 Most patients, rather, seem to
present a combination of an abnormally lowered osmotic
set-point for the initiation of AVP release, with blunted responsivity to an osmotic challenge, probably with a variable
contribution of both elements. Hence, the reset osmostat may
in part be considered as a less severe variant of the type C
defect (found in 44% of patients), where responsivity to osmotic challenges is completely lost. Copeptin release in this
subtype was stable at levels within the normal physiologic
range but was not suppressed by hypotonicity or stimulated
in response to osmotic stimulation; thus, it deviates from the
previously described type C.5 Obviously, this defect could also
result from an ectopic source of AVP release with a lower
secretory activity. Thus, in many cases type A and type C
may differ only on a quantitative level, while type B and type
C may differ with regard to the activity of the magnocellular
neurosecretory cells. Thus, we presume that distinct pathologic conditions may manifest in the same SIAD subtype by a
common ﬁnal pathway.
The central nervous mechanisms underlying the shift in
osmotic response in type B or the blunted osmotic gain in type
C defect remain elusive. In principle, it might be caused by
changes in the magnocellular neurosecretory cells themselves.
Previous studies have shown that pathologic conditions, such
as epilepsy, axonal injury, and neuropathy, can cause a
depolarizing shift in the g-aminobutyric acid (GABA)–ergic
response in neurons, reducing the magnitude of GABA-ergic
inhibition in these cells and in some cases even producing
GABA-ergic excitation.24 Intracellular clamp recording experiments could be used to determine whether a state of
J Am Soc Nephrol 25: 2376–2383, 2014
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prolonged hypo-osmotic stress can also induce such an inhibitory-to-excitatory switch in GABA-ergic transmission.
Important evidence for altered central osmoregulation in
SIAD comes from the observation that not only is AVP release
inappropriately modiﬁed but the thirst threshold is lowered as
well.10 In six patients (12%; patients 35–40), we found a compromised urinary diluting capacity despite suppressed copeptin levels. This suggests an AVP-independent mechanism of
antidiuresis and resembles the osmoregulatory defect of type
D with a prevalence similar to the former description.5 However, our patients differed from the previous case report in that
plasma copeptin levels remained suppressed, even when serum osmolality increased into the normal or hyperosmotic
range (Figure 2D). Thus, in contrast to the initial report, our
patients also featured a clear pathology of hormone release
above the normal osmotic threshold. The pathomechanism
of type D SIAD remains unclear after constitutive AVP2R activity could be excluded. Still, this type of defect is particularly
interesting because it raises the question of whether affected
patients are capable of responding to treatment with AVPR2blocking agents.6,25 Intriguingly, one patient in this group
(patient 37) was successfully treated with tolvaptan, resulting
in sustained normonatremia. Thus, it is conceivable that individual patients with type D SIAD become hypersensitive to
the antidiuretic effects of AVP,26 possibly as a result of upregulated AVP2R expression.27
Although not systematically addressed in this study, treatment efﬁcacy may vary depending on the underlying type of
osmoregulatory defect. For example, patients with a type C
defect are expected to respond better to a competitive V2R
antagonist than are patients with a type A defect. The latter
probably require a much higher drug dose to reach the same
therapeutic effect on sodium increase. In a reset osmostat
defect, the rise in plasma copeptin when serum sodium exceeds
the new osmotic threshold (Figure 2B) may overcome V2R
blockade, thereby possibly limiting the efﬁcacy of vaptans.
Some patients with type D antidiuresis may be independent
of AVP action, thereby limiting the use of vaptans. In contrast,
patients with a type E defect are expected to respond well to
V2R antagonism, while ﬂuid restriction is expected to show a
rather limited effect on sodium concentration.
Our study does have some limitations. Owing to the
demanding protocol and the often only transient manifestation of SIAD, hypertonic saline testing was performed only
once in all but three patients. In these patients (patients 1, 37,
and 42), however, the respective phenotype was reproducible.
Furthermore, for safety reasons the saline-induced rise in
serum sodium levels needed to be limited to a moderate extent
and to patients in a stable clinical condition. Thus, the
prevalence of the different subtypes of SIAD does not
necessarily apply to critical care patients. In addition, the
number of patients with high normal or elevated serum
osmolality levels is relatively small, limiting the database for the
response to osmolality levels above the physiologic osmotic
threshold. However, in SIAD types C, D, and E, copeptin
J Am Soc Nephrol 25: 2376–2383, 2014

CLINICAL RESEARCH

concentrations at the highest measured serum osmolality were
not higher than the average copeptin concentration below the
normal osmotic threshold, indicating that impaired osmoregulation persists in the normal range. Moreover, future studies
still need to clarify the pathomechanism of type E SIAD.
Separating volume effects from osmotic effects by inducing
volume expansion without a corresponding rise in plasma
osmolality should enable validation of the hypothesis of an
altered baroreceptor signaling mimicking volume depletion
despite normovolemia in type E defect.
A sample size of only 50 patients with SIAD may seem small.
However, in comparison to previously published data addressing
subtype analysis of SIAD,5,9 our series is quite large. Additional
strengths of this work include the multicentric acquisition of
data from controls, supporting the homogeneity and generalizability of the hypertonic saline test results as a basis for the
phenotyping of the abnormalities in SIAD.
In conclusion, our data emphasize the heterogeneity of
SIAD, and the copeptin-based classiﬁcation system of SIAD
provides important novel information as to different osmoregulatory defects.
Our ﬁndings support the concept of ectopic AVP secretion
and AVP-independent mechanisms in subsets of patients with
SIAD. Profoundly impaired endogenous osmoregulation is
evident in most patients with type B, type C, and type D defects
and seems to extend well into the normo-osmotic range. In
addition, we describe a novel SIAD subtype (type E or barostat
reset), which may be related to impaired nonosmotic inhibitory pathways, presumably in combination with altered
osmoregulation. This deﬁnition of distinct subtypes may serve
as a starting point to assess the heterogeneous treatment
response in SIAD.

CONCISE METHODS
Study Population
From March 2008 to March 2010, all hyponatremic patients presenting at the Medical Department of the University Hospital of Würzburg
were screened for study participation. Eligibility criteria included the
diagnosis of SIAD (persistent for at least 1 week before screening),
serum sodium concentration #130 mmol/L, and age.18 years. Patients with symptomatic hyponatremia, acute infectious disease,
vomiting and nausea, or critical illness (including patients in the intensive care unit) were excluded.
The diagnosis of SIAD was based on the following criteria: (1)
serum osmolality,275 mOsM/kg; (2) urine osmolality.200 mOsM/
kg; (3) clinical euvolemia (conﬁrmed by isotonic saline challenge test
if necessary); (4) urine sodium concentration.30 mmol/L; and (5)
normal renal, adrenal, and thyroid function. In case of diagnostic
uncertainty, euvolemia was ascertained by the response to an infusion
of isotonic saline. Adrenal integrity was conﬁrmed by a standard
Synacthen test (250 mg 1–24 adrenocorticotropic hormone
[ACTH] intravenously) in patients with baseline serum cortisol
#5 mg/dl.
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Sixty-eight nonsmoking, normal-weight healthy persons underwent the same (n=40) or a very similar (n=28) hypertonic saline infusion protocol at four different sites (Würzburg, Germany; London,
United Kingdom; Basel, Switzerland; Biel-Bienne, Switzerland). The
study was approved by the Ethics Committee of the University of Würzburg
(21/08) and preregistered at ClinicalTrials.gov (NCT01341665).
Written informed consent was obtained from all participants prior
to participation.

Hypertonic Saline Infusion Test
Before testing, all participants had refrained from caffeine, nicotine,
and alcohol for 24 hours and were fasted overnight. Patients were not
under therapeutic ﬂuid restriction before saline infusion, but had ad
libitum access to nonalcoholic beverages until start of the infusion.
Study participants were kept in a recumbent position for at least 1
hour before and throughout the test infusion. In the SIAD group and
in most controls (n=40), hypertonic saline infusion (3%, 513 mOsM/L)
was started between 8 AM and 9 AM at a rate of 0.1 ml/kg per minute.
Blood samples for serum osmolality, sodium, plasma AVP, and copeptin levels were taken every 30 minutes, and BP, heart rate, and serum
sodium at blood gas analysis (ABL800 FLEX; Drott Medical Technique
GmbH, Vienna, Austria) were monitored at 15-minute intervals. Volume parameters were measured before and after the infusion, including serum creatinine, uric acid, urea, hematocrit, plasma renin, and
aldosterone levels.
The saline infusion was stopped once serum sodium concentration
had increased by $10 mmol/L. In patients with baseline serum sodium levels,120 mmol/L, efforts were made to increase serum sodium to levels between .120 and 125 mmol/L before the test. After
the infusion, serum sodium levels were monitored for another 36
hours to prevent overly rapid correction.
The remaining 28 healthy persons underwent a slightly different
infusion protocol: eight male volunteers received 2% saline infusion, 1
ml/kg per hour, from 8 PM to 8 AM, followed by 5% saline infusion, 200
ml/hr, from 8 AM to 1 PM Blood samples were taken at baseline as well
as 12, 16, and 17 hours after start of the infusion.28 General linear
models for repeated measurements conﬁrmed a high degree of comparability of saline infusion–induced changes of osmolality and copeptin by the different protocols; hence, all controls were included in
the analyses described below.

Clinical and Biochemical Assessment
Before hypertonic saline infusion, each patient underwent a comprehensive physical examination and an orthostatic challenge with
measurements of BP and heart rate after 30 minutes in the supine
position and after 1 minute standing in the upright position. Baseline
biochemical evaluation (serum sodium, potassium, creatinine, urea,
uric acid, hematocrit, albumin, glucose, triglycerides, osmolality,
cortisol, aldosterone, thyroid-stimulating hormone, plasma ACTH,
and renin measurement) and urine analyses (sodium, creatinine, uric
acid, urea, potassium, osmolality) were performed in all patients and
controls.
Routine clinical chemistry parameters were determined by automated analyzers in the Central Laboratory of the respective university
hospital. Osmolality was measured by determination of freezing-point
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depression. Cortisol, ACTH, and thyroid-stimulating hormone levels
were analyzed by established immunoassays (IMMULITE 2000;
Siemens Medical Solution Diagnostic GmbH, Bad Nauheim, Germany).
Aldosterone and renin measurements were performed by commercially available radioimmunoassays (Diagnostic Products Corp., Los
Angeles, CA; Cis-Bio Intl., Marcoule, France). Copeptin was analyzed
in a single batch with a commercial sandwich immunoluminometric
assay (LUMItest CT-proAVP; B.R.A.H.M.S. AG, Hennigsdorf/Berlin,
Germany) as previously described. Plasma AVP concentration was
determined by RIA as described previously29 with a lower limit of
detection of 0.4 pmol/L. Changes in blood volume were determined
from the changes in hematocrit using the formula BV2/BV1=Hct1/
Hct2, assuming no changes in circulating erythrocyte volume.30

Statistical Analyses
Characteristics of study participants are presented as mean6SD, median (IQR), and frequencies, as appropriate. Correlations are expressed by Pearson correlation coefﬁcient (r) after log-normalization.
Continuous variables among different groups were compared by the
Kruskal–Wallis test. To discern different osmotic patterns, we inspected all graphs visually. All healthy controls exhibited a positive slope
distinctly larger than 0.5 pmol/L/mOsM/kg H2O. We therefore empirically deﬁned a slope between 20.25 and 0.25 pmol/L/mOsM/kg
H2O as a neutral slope, a slope.0.25 pmol/L/mOsM/kg H2O as a
positive slope, and a slope,20.25 pmol/L/mOsM/kg H2O as a negative slope. The area of normality for plasma copeptin in relation to
osmolality was calculated by using all 384 data points from the 68
healthy controls taken during the hypertonic saline infusion. Regression curves with 95% CIs were ﬁtted for the individual regression
analyses based upon all available data pairs that had been obtained at
baseline and during test infusion. Cubic regression yielded the best ﬁt
(R2=0.57; Figure 1), but was only slightly better than the ﬁt from
linear regression (R2=0.53). SPSS software, version 21, was used for
statistical analyses (SPSS Inc., Chicago, IL). All tests were two sided.
A P value ,0.05 was considered to represent a statistically signiﬁcant
difference.
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