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Abstract
Purpose Tolvaptan (TLV) is indicated to treat hyponatremia
due to syndrome of inappropriate diuretic hormone (SIADH)
in Europe. Treatment is to be initiated at 15 mg QD but post-
approval reporting indicates increasing use of 7.5 mg as the
starting dose. Physicians believe 7.5 mg is effective and has a
lower incidence of overly rapid correction of serum sodium.
Methods Single TLV doses of 3.75, 7.5, and 15 mg were
administered to 14 healthy adults in a crossover design and
to 29 subjects ≥18 years with SIADH and serum sodium be-
tween 120 and 133 mmol/L in a parallel-group design.
Pharmacodynamics and TLV plasma concentrations were
assessed for 24 h post-dose.
Results In SIADH subjects, corrections of serum sodium (Δ
of ≥8 mmol/L in the first 8 h or ≥12 mmol/L in the first 24 h)
were observed in one, one, and two subjects in the 3.75-, 7.5-,
and 15-mg dose groups. Fluid balance (FB) for 0–6 h post-
dose was correlated (r2 = 0.37) with maximum increases in
serum sodium; subjects with large corrections had large (~1 L)
negative FB. Compared to healthy adults, subjects with
SIADH did not drink in response to their negative FB and
had larger increases in serum sodium at 24 h. Median time
of maximum increase in healthy adults was 6 h, with no rapid
corrections, and FB was near 0 mL by 24 h.
Conclusion Starting titration with 7.5 mg TLV will not elimi-
nate the risk of rapid corrections in serum sodium. Monitoring
FB may indicate that a subject is at risk for over correction.
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Pharmacodynamics . Syndrome of inappropriate diuretic
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Introduction

Tolvaptan is approved in the USA for the treatment of adult
patients with clinically significant hyponatremia associated
with euvolemic and hypervolemic states [1]. In Europe,
tolvaptan is approved for the treatment of adult patients with
hyponatremia secondary to syndrome of inappropriate
antidiuretic hormone secretion (SIADH) [2].

Tolvaptan acts as an orally available selective antagonist of
the vasopressin V2-receptor [3]. By blocking the activity of
vasopressin (antidiuretic hormone) on renal collecting tubules,
the drug prevents the reabsorption of water, which leads to an
increase in free water clearance (aquaresis) and a resulting
increase in serum sodium concentrations. These pharmacolog-
ic consequences are the basis of its beneficial effects in pa-
tients with hyponatremia and/or edema. Tolvaptan treatment is
to be initiated at 15 mg once daily with the dose increased to a
maximum of 60 mg once daily as tolerated to achieve the
desired level of serum sodium.

In clinical trials investigating treatment of hyponatremia,
tolvaptan was well tolerated. The most common treatment-
emergent adverse events associatedwith tolvaptan use have been
consistent with its mode of action to promote free water clear-
ance. Thus, in the pivotal efficacy (SALT) clinical trials, which
enrolled hyponatremic patients with chronic heart failure, cirrho-
sis, or SIADH, the most common adverse events were thirst
(16%), dry mouth (13%), and pollakiuria or polyuria (11%)
[4]. In a subanalysis focusing on the subset of subjects with
SIADH, thirst and dry mouth occurred in 18 and 16% of sub-
jects, respectively, while increased urinary frequency occurred in
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10% [5]. As with any therapy for hyponatremia, the primary
safety concern is overly rapid correction of serum sodium con-
centrations (e.g., >12 mmol/L/24 h or >18 mmol/L/48 h), which
can lead to osmotic demyelination of neurons (1) which may
result in dysarthria,mutism, dysphagia, lethargy, affective chang-
es, spastic quadriparesis, seizures, coma, and death. In the
SIADH subset of the SALT trials, overly rapid correction of
serum sodium after the first dose of tolvaptan occurred in 5.9%
(3/51) of patients. All three of these patients had moderate
hyponatremia at baseline (serum [Na+] < 130 mmol/L) [5].

In post-marketing assessments in Europe of tolvaptan use
to treat hyponatremia, it has been reported that physicians, on
a patient-by-patient case basis, appear to be splitting/crushing
tolvaptan tablets to create a 7.5-mg starting dose in the belief
that a lower starting dose may reduce the risk of overly rapid
correction of serum sodium (data on file). No pharmacokinetic
(PK)/pharmacodynamic (PD) trials had been conducted in
SIADH patients with hyponatremia, so a clinical trial to inves-
tigate the initial response of serum sodium concentrations fol-
lowing doses of tolvaptan as single oral tablets of 15, 7.5, and
3.75 mg was performed (NCT02009878).

Investigation of tolvaptan for treatment of hyponatremia
in pediatric subjects is ongoing. Prior to the start of this
program, a phase 1 healthy-adult subject trial was conduct-
ed to compare the relative bioavailability of a suspension
formulation to the 15-mg tablet, as well as to determine the
relative bioavailability of tolvaptan following dosing with
7.5- and 3.75-mg tablets. The PK and PD assessment sched-
ules following each dose were almost identical to those used
in the SIADH patient trial, making it possible to directly
compare the two populations.

In healthy adults, the PK and PD of single oral tolvaptan
doses ranging from 15 to 480 mg have been previously
reported [6–10]. The terminal-phase elimination half-life
(t1/2,z) of tolvaptan increases with increasing dose, with
mean values around 3 h for a 15-mg dose and 12 h for
120- to 480-mg doses. Tolvaptan is mostly absorbed from
the upper gastrointestinal (GI) tract at lower doses, and the
decline of the terminal portion of the concentration curve
therefore primarily reflects elimination processes. With in-
creasing dose, tolvaptan continues to be absorbed from the
GI tract, such that the rate of decline of the terminal portion
of the concentration curve is reflective of both absorption
and elimination. The limited early absorption of tolvaptan is
exemplified by the fact that maximum (peak) plasma con-
centration (Cmax) values show less than dose proportional
increases from 30 to 240 mg and then plateau at doses from
240 to 480 mg. Despite the changes in tolvaptan absorption,
area under the concentration-time curve (AUC) for
tolvaptan following single oral doses increases proportion-
ally with increasing dose, and apparent clearance of drug
from plasma after extravascular administration (CL/F)
values is unchanged for single doses from 30 to 480 mg.

Tolvaptan concentrations do not accumulate following once
daily dosing, and its PK parameters are not affected by age,
gender, or race.

Methods

Ethics

The studies in this report were conducted in compliance
with International Conference on Harmonisation Good
Clinical Practice guidelines for conducting, recording, and
reporting clinical trials, as well as for archiving essential
documents. Consistent with ethical principles for the pro-
tection of human research subjects, no trial procedures were
performed on trial candidates until written consent had been
obtained. The informed consent form, protocol, and amend-
ments for the study were submitted to and approved by the
institutional review board or independent ethics committee
at participating sites.

Trial design: Trial 202

Trial 156-12-202, referred to in this report as Trial 202, was a
single-center, open-label, four-period, randomized crossover
trial in healthy adults conducted in the USA. Eligible subjects
were 18 to 45 years of age and had a body mass index (BMI)
of 19.0 to 32.0 kg/m2 and no clinically significant abnormal-
ities in past medical history. Subjects were excluded if they
had consumed grapefruit or grapefruit juice, Seville oranges or
Seville orange juice, food or beverages containing methylxan-
thines, or alcohol within 72 h prior to study drug dosing. Use
of prescription, over-the-counter or herbal medications, vita-
min supplements, antibiotics, tobacco products, and sub-
stances known to stimulate hepatic microsomal enzymes
was also prohibited.

Periods 1 and 2 The primary objective of the study was to
compare the bioavailability of tolvaptan as an oral suspension
relative to the currently approved formulation. On day 1, eli-
gible subjects were randomized 1:1 to receive a single oral
dose of 15-mg tolvaptan administered either as a suspension
or a tablet in the morning. On day 3, subjects crossed over to
receive the opposite treatment.

Periods 3 and 4 The secondary objective of the study was to
determine the pharmacokinetics and pharmacodynamics of
oral tolvaptan at 3.75-, 7.5-, and 15-mg dosage. Thus, on
day 5 and day 7, all subjects received a single oral 7.5- and
3.75-mg tablet of tolvaptan, respectively, in the morning.

Doses were administered following an overnight fast of at
least 10 h. The 15-, 7.5-, and 3.75-mg tablet doses were ad-
ministered with dose-proportional amounts of still, room
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temperature water, 240, 120, and 60 mL, respectively. After
2 h post-dose, subjects were to have free access to water and
were instructed to drink in response to thirst. A safety follow-
up telephone contact was performed 7 days after the last dose
was administered.

Trial design: Trial 203

Trial 156-12-203 (NCT02009878), referred to in this report as
Trial 203, was a multinational, multicenter, randomized, par-
allel-group, double-blind trial in adults with a diagnosis of
SIADH. Eligible subjects were 18 years of age or older with
a BMI ≤ 32 kg/m2. Subjects also had persistent euvolemic
hyponatremia (serum sodium measurements of 120–
133 mmol/L on three separate assessments (occurring during
the screening period, on day −1 and on day 1) and relatively
intact renal function (an estimated glomerular filtration rate of
≥60 mL/min/1.73 m2 using the CKD-EPI formula [11]. Key
exclusion criteria included concomitant anti-hyponatremia
therapy, severe hepatic impairment, ingestion of CYP3A4 in-
hibitors or inducers, and consumption of grapefruit or grape-
fruit juice, Seville oranges or Seville orange juice, food or
beverages containing methylxanthines, and/or alcohol within
72 h prior to study drug dosing. Subjects with medication-
induced SIADH were eligible if the etiologic agent had been
stable for at least 3 months. The primary objective of the trial
was to determine the maximal increase and time of maximal
increase in serum sodium concentrations following single oral
tolvaptan doses of 3.75, 7.5, and 15 mg in subjects with
SIADH.

Eligible subjects were randomized 1:1:1 on day 1 to receive
a single dose of oral tolvaptan at 3.75, 7.5, or 15 mg. Doses
were administered using 240 mL of still, room temperature
water in the morning following an overnight fast of at least
10 h. After 2 h post-dose, subjects were to have free access to
water and were instructed to drink in response to thirst. A
safety follow-up telephone contact was performed 7 days after
the last dose was administered.

PK and PD sampling

Blood samples (4 mL, heparin) for determination of plasma
concentrations of tolvaptan were collected predose and at 1, 2,
3, 4, 6, 8, 12, 16, and 24 h post-dose.

Blood samples (5 mL, serum separator tube) for PD assess-
ments were collected for each dose at predose and at 2, 4, 6, 8
(Trial 203 only), 12, and 24 h post-dose. Urine samples were
collected from 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 12, 12 to 16,
and 16 to 24 h (Trial 202) or 12 to 24 h (Trial 203) post-dose.
Total fluid intake was measured from 0 to 6, 6 to 12, and 12 to
24 h post-dose.

On day −1, subjects were in the clinic to have baseline PD
assessments. For Trial 202, baseline assessments were

identical to the timing of post-dose assessments, including
drinking 240 mL water at time 0 to mimic dosing. For Trial
203, urine and fluid intake assessments were identical to post-
dose assessments but assessments in serum were limited to
predose and 12 h.

Bioanalytical methods

Plasma concentrations of tolvaptan were analyzed using
reversed-phase high-performance liquid chromatography
with tandem mass spectrometric detection as described pre-
viously [6]. Briefly, tolvaptan and an internal standard were
extracted from 250 μL heparinized plasma using solid
phase extraction. Calibration standards prepared in plasma
and extracted along with samples were used to quantitate
the concentrations by weighted (1/x2) linear regression of
peak area ratios of analyte-to-internal standard. The method
was revalidated for concentrations ranging from 1.00 to
200 ng/mL using 25 μL plasma. Quality control samples
were evaluated during validation to assess performance of
the method and resulted in a percent coefficient of variation
of ≤7.6% and relative error between −6.0 and 2.7%. Plasma
analysis was performed at ICON Development Solutions
(Whitesboro, NY).

Serum and urine osmolality, sodium, potassium, and creat-
inine were determined at the local clinical chemistry laborato-
ry (Trial 202) or the central clinical chemistry laboratory (Trial
203) according to standard operating procedures.

PK and PD endpoints

Trial 202 The primary PK endpoints for this trial were Cmax,
AUC calculated to the last observable concentration at time t
(AUCt), and AUC from time 0 to infinity (AUC∞) for
tolvaptan in plasma. The secondary PK endpoints were tmax,
t1/2,z, and CL/F for tolvaptan in plasma. The secondary PD
endpoints were urine volume, fluid intake, and fluid balance
for 0–6, 0–12, and 0–24 h post-dose; free water clearance each
urine collection interval; and sodium, potassium, creatinine,
and osmolality serum and urine concentrations. Other PD out-
comes included maximal change from baseline in serum so-
dium and time of maximal change from baseline.

Trial 203 The primary PD endpoints were the maximal in-
crease from baseline and time of maximal increase from base-
line in serum sodium concentration following tolvaptan ad-
ministration. The secondary PK endpoints for this trial were
the same PK parameters as determined in Trial 202. The sec-
ondary PD endpoints were the same PD endpoints as listed for
Trial 202.
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Pharmacokinetic analysis

Trial 202 Plasma PK endpoints for tolvaptan were based on
actual blood-sample times in all calculations. Values of Cmax

and tmax were determined directly from the observed data.

Values of AUCt were estimated using the linear trapezoidal
rule. The terminal-phase elimination rate constant (λz) was
estimated by a log-linear regression of at least three non-zero
concentrations. The t1/2,z was determined as (ln2)/λz. The val-
ue of CL/F was determined as dose/AUC∞/body weight.

Fig. 1 Mean (SD) tolvaptan
plasma concentrations following
single oral doses of tolvaptan to
healthy adults and SIADH
patients with hyponatremia

Table 1 Baseline characteristics
Parameter Healthy adults SIADH patients

(N = 14) 3.75 mg (N = 10) 7.5 mg (N = 10) 15 mg (N = 8)

Age (year) 32.3 (3.7) 68.5 (8.7) 70.2 (9.9) 59.0 (16.4)

Weight (kg) 83.6 (8.0) 66.9 (20.5) 60.8 (13.8) 65.4 (16.0)

Body mass index (kg/m2) 26.3 (2.7) 23.7 (5.3) 22.4 (4.0) 23.4 (4.7)

Race (n, %)

Caucasian 4 (28.6) 10 (100) 10 (100) 8 (100)

Black or African American 8 (57.1) 0 0 0

Native Hawaiian 1 (7.1) 0 0 0

Other 1 (7.1) 0 0 0

Ethnicity (n, %)

Hispanic or Latino

Not Hispanic or Latino

4 (57.1)

10 (42.9)

–

–

–

–

–

–

Gender (n, %)

Male

Female

8 (57.1)

6 (42.9)

4 (40.0)

6 (60.0)

3 (30.0)

7 (70.0)

3 (37.5)

5 (62.5)

Known underlying etiology of SIADH (n, %)

Tumors

CNS disorder

Drug induced

NA 3 (30.0)

1 (10.0)

0 (0.0)

2 (20.0)

0 (0.0)

0 (0.0)

2 (22.2)

2 (22.2)

2 (11.1)

eGFRCKD-EPI (mL/min/1.73 m2) 111 (14.1) 91.4 (18.8) 88.5 (11.0) 96.4 (19.1)

Serum sodium (mmol/L)a 139.3 (1.9) 130.9 (5.4) 132.2 (2.7) 131.5 (4.1)

Values are mean (standard deviation) unless otherwise noted;

N = number of subjects included in PK/PD analyses
a Predose day 0
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Plasma PK parameter calculations were performed using
Phoenix WinNonlin®, version 6.2.1 (Pharsight Corporation,
Mountain View, CA).

Trial 203 Plasma PK endpoints were determined as for Trial
202, with calculations performed using Phoenix WinNonlin®
(version 6.4).

Pharmacodynamic analysis

Fluid balance was determined as fluid intake minus urine out-
put. Fluid intake included water used for dosing and foods
with high water content (e.g., soup).

Cumulative urine was not determined if urine volume for
an interval was missing; volumes of 0 were not considered
missing. Subjects were asked to void prior to the end of each
collection interval with a urine sample at 24 h required.
Interim voids were kept refrigerated and, if available, were
pooled with the final void of the interval, the volume deter-
mined, and a sample taken for sodium, potassium, creatinine,
and osmolality determination.

Free water clearance was determined as urine excretion rate
minus osmolar clearance. Osmolar clearance was determined
by standard methods with average osmolality in serum deter-
mined by averaging the concentrations at the beginning and
end of the urine collection interval.

Statistical analysis

Pharmacodynamic endpoints and changes from baseline were
summarized using descriptive statistics by time point or col-
lection interval and tolvaptan dose using SAS version 9.1
(Trial 202) or version 9.4 (Trial 203) (SAS Institute, Cary,
NC). PK descriptive statistics were determined using S-Plus,
version 8.2 (TIBCO Software, Inc., Boston, MA). Slopes and
95% confidence intervals (CIs) of plots of individual subject
log dose versus Log Cmax or Log AUC∞ were determined in
Sigma Plot, version 12.5 (Systat Software, Inc., San Jose, CA)

as were correlations between maximal increases in serum so-
dium, fluid balance, and urine volume.

Results

Table 1 summarizes demographics and baseline characteris-
tics of subjects who had measurable tolvaptan plasma concen-
trations. For Trial 202, 14 healthy adult subjects were enrolled
and all completed the trial. For Trial 203, 30 subjects were
randomized, 10 to 3.75, 11 to 7.5, and 9 to 15 mg. In the 7.5-
mg group, one subject was withdrawn prior to dosing after
failing the alcohol screening test. In the 15-mg dose group, all
subjects were reportedly dosed, but one subject had no mea-
surable tolvaptan plasma concentrations, and the PD profile
was consistent with no tolvaptan action; this subject was ex-
cluded from the PK and PD analyses. One subject (15-mg
dose group) was missing the predose serum sodium

Table 2 Mean (SD) tolvaptan pharmacokinetic parameters following single oral doses of tolvaptan to healthy adults and SIADH patients with
hyponatremia

Parameter Healthy adults SIADH patients

3.75 mg (N = 14) 7.5 mg (N = 14) 15 mg (N = 14) 3.75 mg (N = 10) 7.5 mg (N = 10) 15 mg (N = 8)

Cmax (ng/mL) 35.6 (13.2) 57.8 (25.4) 119 (56.5) 37.7 (12.6) 107 (48.9) 157 (68.1)

tmax (h)
a 2.00 (1.00–4.03) 2.00 (1.00–3.00) 2.00 (1.00–4.05) 1.50 (0.95–4.00) 2.00 (1.00–4.00) 2.00 (0.97–3.00)

AUC∞ (ng · h/mL) 222 (124) 398 (235) 728 (415) 244 (90.7) 655 (373) 1000 (361)

t1/2,z (h) 4.3 (1.8) 5.2 (2.0) 5.8 (2.0) 4.6 (2.3) 6.0 (2.5) 5.9 (2.1)

CL/F (mL/min/kg) 4.81 (2.66) 5.46 (2.96) 5.90 (3.32) 5.00 (3.09) 5.74 (6.11) 4.91 (3.44)

a Values are median (minimum-maximum)

Fig. 2 Median free water clearance plotted at the end time of the
collection interval following single oral doses of tolvaptan to healthy
adults and SIADH patients with hyponatremia
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concentration on day 1 so maximal increase in serum sodium
could not be determined.

No subjects in Trial 202 received concomitant medications
while taking tolvaptan. Over 90% of subjects in Trial 203 total
received one or more concomitant medications while taking
tolvaptan. The most common (≥15% of subjects overall) clas-
ses of concomitant medications used while taking tolvaptan
were as follows: drugs for acid-related disorders (41.4%), an-
tithrombotic agents (34.5%), beta blocking agents (34.5%),
psycholeptics (27.6%), agents acting on the renin-angiotensin
system (31.0%), lipid-modifying agents (24.1%), analgesics
(20.7%), calcium channel blockers (17.2%), cardiac therapy
(17.2%), and vitamins (17.2%). The most common (≥10% of
subjects overall) individual concomitant medications taken
while on study drug included omeprazole (24.1%),

pantoprazole (20.7%), bisprolol (20.7%). acetylsalicylic acid
(17.2%), colecalciferol (13.8%), atorvastatin (13.8%), warfarin
(10.3%), amlodipine (10.3%), mesalazine (10.3%), simvastat-
in (10.3%), potassium chloride (10.3%), metformin (10.3%),
metamizole (10.3%), and nebivolol (10.3%). None of these
medications would be expected to have PK or PD interactions
with tolvaptan.

Plots of mean (SD) tolvaptan plasma concentrations for 24 h
post-dose are presented in Fig. 1. Results of the pharmacoki-
netic analysis are presented in Table 2. Concentrations follow-
ing 7.5- and 15-mg doses were slightly higher in SIADH sub-
jects when compared to healthy adults. Concentrations in-
creased dose proportionally in SIADH patients with the slope
of the logCmax and logAUC versus log dose plots equal to 1.02
for both parameters. Concentrations increased less than dose

Fig. 3 Mean (SD) cumulative
urine volume following single
oral doses of tolvaptan to healthy
adults and SIADH patients with
hyponatremia

Fig. 4 Mean (SD) change from
baseline in serum sodium
concentrations following single
oral doses of tolvaptan to healthy
adults and SIADH patients with
hyponatremia
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proportionally in healthy adults, as the slopes for the log-log
plots were 0.82 for both parameters; concentrations for the
3.75-mg dose groupwere higher than expected when compared
to the higher doses, which showed dose proportional increases
in concentrations. In both trials, there was large overlap in ob-
served tolvaptan concentrations when the 7.5-mg dose was
compared to either the 3.75- or 15-mg doses, as the percent
coefficients of variation for Cmax and AUC ranged from 33 to
57%. As a sensitive CYP3A4 substrate, this degree of variabil-
ity in pharmacokinetic parameters is not unexpected.

In healthy adults, dose-dependent increases in median free
water clearance (Fig. 2) and mean cumulative urine volume
(Fig. 3) were observed, but in SIADH patients, 3.75- and 7.5-
mg doses produced similar effects at a level similar to the 3.75-
mg dose in healthy adults. To improve the clarity of the presen-
tation, no error bars are presented in Fig. 2; coefficients of
variation ranged from ~60 to 100% for values from 2 to 8 h
post-dose. For 7.5- and 15-mg doses, maximal responses in free
water clearance were lower in SIADH patients compared to
healthy subjects. In healthy adults, the effects of tolvaptan on
free water clearance lasted about 6 h for the 3.75-mg dose, as
the average free water clearance for the 6 to 12 h interval was
close to zero, and about 12 h for the 15-mg dose. The duration
of increases in free water clearance was consistent with results
from a previous trial where the minimally effective tolvaptan
plasma concentrations for increasing urine output were found to
be ~18 to 25 ng/mL [7]. Effects seemed to last longer in SIADH
patients as mean free water clearance values were still slightly
greater than zero for all doses for the 12- to 24-h interval.

The pattern of change in serum sodium concentrations is
very different for healthy adults compared to SIADH patients
(Fig. 4). As summarized in Table 3, maximal increases in
serum sodium in adult subjects occurred mostly earlier (me-
dian time 6 h all doses) compared to SIADH patients (median
times about 24, 6, and 24 h for 3.75-, 7.5-, and 15-mg doses,
respectively). Following 7.5- and 15-mg doses, increases in

serum sodium in healthy adults were lower when compared to
SIADH patients, but the maximal increase observed following
the 3.75-mg dose appeared to be similar. In SIADH patients,
no overly rapid correction of serum sodium was observed.
Rapid corrections of serum sodium (defined as increase of
≥8 mmol/L in the first 8 h or ≥12 mmol/L within the first
24 h) were observed in 4 of 28 (14.3%) subjects with measur-
able tolvaptan concentrations. In the 3.75- and 7.5-mg treat-
ment groups, one subject each met the 8-mmol/L criteria. In
the 15-mg treatment group, one subject met the 8-mmol/L
criteria and then progressed to meet the 12-mmol/L criteria
and another subject met the 12-mmol/L criteria. Importantly,
four (40%) subjects in the 3.75-mg dose group had clinically
significant decreases of serum sodium (change of ≤−4 mmol/
L in 4 h) compared to no subjects in the 7.5- and 15-mg dose
groups; serum sodium decreases of 5, 6, 10, and 11 mmol/L
were observed in the first 4 h with concentrations at 24 h post-
dose being within ±1 mmol/L of the predose value. No rapid
increases or clinically significant decreases in serum sodium
were observed in healthy adults.

Despite greater urine output and free water clearance in
healthy adults following the 7.5- and 15-mg doses, the maxi-
mal increases in serum sodium were lower compared to
SIADH patients. The most likely explanation is the difference
in fluid intake between the two groups (Table 4) and the
resulting differences in fluid balances (Fig. 5). Healthy adults
drank more water and consequently their mean fluid balances
for each dose did not drop lower than −1000mL; by 24 h post-
dose, mean fluid balances were close to zero for all doses. In
SIADH patients, fluid intake was lower and mean fluid bal-
ances for the 0 to 6- and 0 to 12-h periods were more negative,
particularly for the 15-mg dose group, when compared to
healthy adults. During the 12- to 24-h period for all doses,
mean fluid balances in SIADH patients were only improved
200 to 300 mL, allowing mean serum sodium concentrations
to rise during the nighttime period.

Table 3 Summary of maximal increase in serum sodium (mmol/L) following single oral doses of tolvaptan to healthy adults and SIADH patients with
hyponatremia

Parameter Healthy Adults SIADH Patients

3.75 mg (N = 14) 7.5 mg (N = 14) 15 mg (N = 14) 3.75 mg (N = 10) 7.5 mg (N = 10) 15 mg (N = 7)

Baselinea 136.4 (1.8) 137.1 (2.0) 138.1 (2.0) 131.2 (6.2) 129.7 (3.8) 127.9 (4.7)

Concentration at maximal increase 139.9 (1.1) 140.6 (1.5) 143.1 (2.0) 134.8 (4.6) 135.0 (4.0) 136.6 (4.0)b

Maximal increase 3.5 (1.5)
[3.5]

3.5 (1.7)
[3.0]

5.0 (1.7)
[4.5]

3.6 (3.3)
[2.5]

5.3 (2.5)
[6.0]

7.9 (5.3)
[5.0]

Time of maximal increase (h)c 6
(2–24)

6
(4–24)

6
(2–24)

24.13
(2.03–24.25)

6.38
(2.05–24.28)

24.00
(6.25–24.30)

Sodium concentrations presented as mean (standard deviation [SD]), change is presented as mean (SD) [median], and time presented as median (range)
a Baseline was defined as predose evaluation prior to administration of tolvaptan
bN = 8
c Time values for healthy adults obtained from a nominal time analysis
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Safety

In healthy adults, 5 of 14 subjects (35.7%) administered 15mg
reported 9 treatment-emergent adverse events (TEAEs):
pollakiuria was reported by 4 subjects (28.6%) and dry mouth
and thirst were each reported by 2 subjects (14.3%). Three of
14 subjects (21.4%) administered 7.5 mg experienced 4
TEAEs which included diarrhea, headache, dysuria, and
pollakiuria. Three of 14 subjects (21.4%) administered
3.75mg experienced 3 TEAEswhich included diarrhea, head-
ache, and dysuria.

In SIADH patients, no subjects in the 3.75-mg treatment
group experienced a TEAE. One subject (10.0%) in the 7.5-
mg treatment group and three subjects (33.3%) in the 15-mg
treatment group reported four and seven TEAEs, respectively.

One subject in the 15-mg dose group died in the follow-up
period due to the TEAE of worsening small cell lung cancer;
this subject had no measurable tolvaptan plasma concentra-
tions following dosing. Other reported TEAEs included diz-
ziness, insomnia, and polyuria.

No subject in either trial had a TEAE related to abnormal
laboratory values, vital signs, or ECG results. None of the
overly rapid corrections or clinically significant decreases in
serum sodium in SIADH patients were reported as TEAEs by
principal investigators. No clinically significant sequelae (e.g.,
dysphagia, lethargy, affective changes) were reported during
the follow-up period.

Discussion

Tolvaptan Cmax and AUC∞ values increased linearly for the
doses tested. Although tolvaptan concentrations in SIADH
patients were higher compared to healthy adults for the 7.5-
and 15-mg doses, the difference was within the range of trial-
to-trial variability observed for 30-mg doses [7, 8, 12, 13] and
most likely does not represent a clinically meaningful differ-
ence as body weight adjusted values of CL/F were similar for
the two groups.

Previously, it was determined that minimally effective con-
centrations of tolvaptan were achieved at around 25 ng/mL [7]
and maximal increases in urine output occur when tolvaptan
concentrations reach >100 ng/mL [13]; for single doses of 60
to 480 mg, 0- to 12-h urine volumes were similar, indicating
saturation of effect for the 60-mg dose for at least 12 h post-
dose. As mean (SD) peak concentrations following a 15-mg
dose had been previously reported to be 135 ± 53 ng/mL [9]
and 103.5 ± 39.5 ng/mL [10], it was expected that for the dose

Fig. 5 Mean (SD) change from
baseline in fluid balance
following single oral doses of
tolvaptan to healthy adults and
SIADH patients with
hyponatremia

Table 4 Mean (SD) fluid intake following single oral doses of
tolvaptan to healthy adults and SIADH patients with hyponatremia

Tolvaptan
dose

Collection
interval

Mean (SD) fluid intake (mL)

Healthy
adults

SIADH
patients

3.75 mg 0 to 6 h 1111 (589) 1036 (373)

0 to 12 h 2167 (849) 1961 (561)

0 to 24 h 3092 (1026) 2395 (747)

7.5 mg 0 to 6 h 1457 (663) 963 (458)

0 to 12 h 2825 (795) 1943 (736)

0 to 24 h 3951 (1174) 2578 (1002)

15 mg 0 to 6 h 1777 (734) 1168 (366)

0 to 12 h 3679 (944) 2414 (828)

0 to 24 h 4756 (1322) 3110 (1066)

N = 14 for healthy adults. N = 10, 10, and 8 for 3.75, 7.5, and 15 mg
doses, respectively, to SIADH patients
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range of 3.75 to 15 mg, a dose-dependent relationship would
be observed in free water clearance and urine volumes. A
dose-dependent response was seen in the healthy adult trial,
most likely due to the fact that all subjects got all three doses
thus reducing subject variability. In the parallel-group SIADH
patient trial, responses in free water clearance and urine vol-
ume were similar following 3.75- and 7.5-mg doses. In both
trials, correlation plots between urine volume from 0 to 6 h
and either Cmax or AUC had positive slopes but the r2 values
were <0.1 and the p values were not significant (data not
shown). This indicates that variability in sensitivity to the drug
effect rather than PK is the dominant factor driving response.

The lower peak increases in free water clearance in SIADH
patients could possibly be due to lower renal function, as
determined by eGFRCKD-EPI, when compared to healthy
adults. As shown in the renal impairment trial for tolvaptan
[14], subjects with creatinine clearance <60 mL/min at base-
line had lower peak increases in free water clearance despite
all subjects but 1 having peak concentrations >200 ng/mL
from 2 to 4 h post-dose.

Two of eight subjects treated with 15 mg in the SIADH
patient trial reported here had rapid corrections of serum so-
dium. In the phase 3 clinical trials for tolvaptan approval in the
treatment of hyponatremia, where 15 mg was the starting
dose, 7 and 2% of tolvaptan-treated subjects with a serum
sodium <130 mmol/L exceeded protocol recommended cor-
rection limits of an increase in serum sodium greater than
8 mmol/L at approximately 8 h (the first sampling point)
and an increase greater than 12 mmol/L at 24 h (the second
sampling point), respectively. Approximately 1% of placebo-
treated subjects with a serum sodium <130 mmol/L had a rise
greater than 8 mmol/L at 8 h and no patient had a rise greater
than 12 mmol/L/24 h [1].

Results from the SIADH patient trial reported here indicate
that reducing the starting dose to <15mgwill not eliminate the
risk rapid corrections in serum sodium following tolvaptan
administration. In order to determine if early response to
tolvaptan could be an indicator of rapid correction in serum
sodium, correlations (Fig. 6) between the maximal increase in
serum sodium and fluid balance (panel A) or urine volume
(panel B) from 0 to 6 h post-dose were investigated. The four
subjects with rapid corrections had large negative fluid bal-
ances, −920, −960, −980, and −2570mL, for 0 to 6 h post-dose.
However, one subject with a fluid balance of −1280 mL had a
maximal increase in serum sodium of only 5 mmol/L. The four
subjects with rapid correction had urine volumes of >2000 mL
for 0 to 6 h post-dose but two subjects with volumes >2000 mL
had maximal increases in serum sodium of only 5 and 6 mmol/
L. Because mean fluid intake in the first 6 h was similar for all
doses, about 1000 mL, fluid balance was very highly correlated
with urine output (Fig. 6c) with an r2 = 0.7161.

As stated in Samsca® labeling [2], B...after initiation of
treatment, patients should be closely monitored for serum

sodium and volume status.^ When compared to healthy sub-
jects, SIADH patients are less likely to increase fluid intake to
limit decreases in fluid balance. Limiting early, i.e., 0 to 6 h,
decreases in fluid balance, when tolvaptan is having the

Fig. 6 Correlations betweenmaximal increase in serum sodium and 0- to
6-h fluid balance (a) and 0- to 6-h urine volume (b) and between fluid
balance and urine volume (c) following single oral doses of tolvaptan to
SIADH patients with hyponatremia
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greatest effects on free water clearance, may allow for adjust-
ments in fluid intake that would decrease the risk of rapid
correction in SIADH patients.

Acknowledgements We would like to acknowledge the investigators
Jan Jiskra (Czech Republic), Erling Pedersen (Denmark), Volker Burst
(Germany), Christian Haas (Germany), Johannes Hensen (Germany),
Christian Grohé (Germany), Martin Wermke (Germany), István Takács
(Hungary), Esteban Poch (Spain), Isabelle Runkle de la Vega (Spain),
Gudmundur Johannsson (Sweden), Pierre Bouloux (UK), Jayadave
Shakher (UK), and Claire Higham (UK).

Compliance with ethical standards

Funding Clinical trials were funded by Otsuka Pharmaceutical
Development & Commercialization, Inc.

Conflict of interest All authors are employees of Otsuka
Pharmaceutical Development & Commercialization, Inc.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Samsca [Package Insert]. Rockville, MD: Otsuka America
Pharmaceuticals, Inc.; 2014

2. European Medicines Agency. Samsca: Summary of Product
Characteristics (Annex I). [September 2016]; Available from:
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/
human/medicines/000980/human_med_001046.jsp&mid=
WC0b01ac058001d124

3. Miyazaki T, Fujiki H, Yamamura Y, Nakamura S, Mori T (2007)
Tolvaptan, an orally active vasopressin V(2)-receptor antagonist—
pharmacology and clinical trials. Cardiovasc Drug Rev 25(1):1–13

4. Schrier RW, Gross P, Gheorghiade M et al (2006) Tolvaptan, a
selective oral vasopressin V2-receptor antagonist, for
hyponatremia. N Engl J Med 355(20):2099–2112

5. Verbalis JG, Adler S, Schrier RWet al (2011) Efficacy and safety of
oral tolvaptan therapy in patients with the syndrome of inappropri-
ate antidiuretic hormone secretion. Eur J Endocrinol 164(5):725–
732

6. Shoaf SE, Wang Z, Bricmont P, Mallikaarjun S (2007)
Pharmacokinetics, pharmacodynamics, and safety of tolvaptan, a
nonpeptide AVP antagonist, during ascending single-dose studies
in healthy subjects. J Clin Pharmacol 47(12):1498–1507

7. Shoaf SE, Bricmont P, Mallikaarjun S (2012) Absolute bioavail-
ability of tolvaptan and determination of minimally effective con-
centrations in healthy subjects. Int J Clin Pharmacol Ther 50(2):
150–156

8. Shoaf SE, Kim SR, Bricmont P, Mallikaarjun S (2012)
Pharmacokinetics and pharmacodynamics of single-dose oral
tolvaptan in fasted and non-fasted states in healthy Caucasian and
Japanese male subjects. Eur J Clin Pharmacol 68(12):1595–1603

9. Kim SR, Hasunuma T, Sato O, Okada T, KondoM, Azuma J (2011)
Pharmacokinetics, pharmacodynamics and safety of tolvaptan, a
novel, oral, selective nonpeptide AVP V2-receptor antagonist: re-
sults of single- and multiple-dose studies in healthy Japanese male
volunteers. Cardiovasc Drugs Ther 25(Suppl 1):S5–17

10. Yi S, Jeon H, Yoon SH et al (2012) Pharmacokinetics and pharma-
codynamics of oral tolvaptan administered in 15- to 60-mg single
doses to healthy Korean men. J Cardiovasc Pharmacol 59(4):315–
322

11. Levey AS, Stevens LA, Schmid CH et al (2009) A new equation to
estimate glomerular filtration rate. Ann Intern Med 150(9):604–612

12. Shoaf SE, Bramer SL, Bricmont P, Zimmer CA (2007)
Pharmacokinetic and pharmacodynamic interaction between
tolvaptan, a non-peptide AVP antagonist, and furosemide or hydro-
chlorothiazide. J Cardiovasc Pharmacol 50(2):213–222

13. Shoaf SE, Bricmont P, Mallikaarjun S (2012) Effects of CYP3A4
inhibition and induction on the pharmacokinetics and pharmacody-
namics of tolvaptan, a non-peptide AVP antagonist in healthy sub-
jects. Br J Clin Pharmacol 73(4):579–587

14. Shoaf SE, Bricmont P,Mallikaarjun S (2014) Pharmacokinetics and
pharmacodynamics of oral tolvaptan in patients with varying de-
grees of renal function. Kidney Int 85(4):953–961

1408 Eur J Clin Pharmacol (2017) 73:1399–1408

http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/medicines/000980/human_med_001046.jsp&mid=WC0b01ac058001d124
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/medicines/000980/human_med_001046.jsp&mid=WC0b01ac058001d124
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/medicines/000980/human_med_001046.jsp&mid=WC0b01ac058001d124

	Low-dose...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Ethics
	Trial design: Trial 202
	Trial design: Trial 203
	PK and PD sampling
	Bioanalytical methods
	PK and PD endpoints
	Pharmacokinetic analysis
	Pharmacodynamic analysis
	Statistical analysis

	Results
	Safety

	Discussion
	References


