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Abstract
Purpose  Tolvaptan, a vasopressin V2 receptor antagonist, slows the decline in renal function in autosomal dominant poly-
cystic kidney disease (ADPKD). However, it increases urine output such that patient adherence could be compromised. In 
a cohort of patients with ADPKD on tolvaptan, we aimed to identify the contribution of sodium and urea excretion rate to 
daily urine output, and to evaluate the effectiveness of dietary counseling on sodium and urea excretion rates.
Methods  Retrospective analysis of 30 ADPKD patients who underwent a single session of personalized dietary counseling 
to reduce sodium and protein intake before initiation of tolvaptan. Creatinine and 24-h urine were obtained regularly on 
treatment. Generalized estimation equations were used.
Results  Mean age and median eGFR were 44 ± 11 years and 52 (43–74) ml/min/1.73 m2. Tolvaptan increased diuresis from 
2.5 to 5.2 l/day. After adjusting for the dose of tolvaptan, an increase in sodium and urea excretion rate by 50 mmol/day was 
associated with an estimated additional urine volume of 0.6 l/day (95% CI 0.4–0.8 l/day; P < 0.001) and 0.25 l/day (95% 
CI 0.11–0.39 l/day; P < 0.001), respectively. Dietary counseling resulted in a transient reduction of sodium excretion by 
19 mmol/day during the first 4 months (P = 0.016) but resulted in a more sustained reduction in urea excretion by 69 mmol/
day (P = 0.008).
Conclusion  Both sodium and urea excretion rates contribute significantly to daily urine volume in patients treated with 
tolvaptan, and a single session of dietary counseling was transiently effective in reducing sodium intake but achieved a 
more sustained reduction in protein intake. Dietary counseling should be considered in the management of ADPKD patients 
treated by tolvaptan.

Keywords  Autosomal dominant polycystic kidney disease · Glomerular filtration rate · Polyuria · Protein intake · Renal 
function · Sodium · Tolvaptan · Vasopressin receptor antagonists

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) 
is the most common monogenic cause of kidney failure 
and the fourth most common renal disease requiring renal 

replacement therapy [1]. It is predominantly caused by a 
mutation involving the PKD1 gene (~ 85%) and the PKD2 
gene (~ 15% of cases) which encode the proteins polycys-
tin-1 (PC1) and -2 (PC2), respectively, leading to cyst forma-
tion and progressive cyst growth [2, 3]. Renal manifestations 
include hypertension, hematuria, proteinuria, mild urine 
concentrating defect, renal pain, kidney stones and renal 
insufficiency [4]. These manifestations are produced by the 
progressive and continuous enlargement and proliferation 
of fluid-filled cysts, leading to enlargement of the kidney 
years before development of kidney failure. Tolvaptan is a 
vasopressin V2 receptor antagonist that has been shown to 
reduce the rate of growth of cysts and the rate of decline in 
renal function in patients with ADPKD and has become part 
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of the treatment strategies for the management of patients 
with ADPKD [5–8]. However, one the major side effects of 
these drugs is the extremely high urine output that affects 
both quality of life and social acceptability, hampering long-
term adherence to treatment. Since there are no other treat-
ment options available, reducing the side effect profile of 
tolvaptan seems urgent. Due to reduced urine osmolarity 
with V2 receptor antagonists, the total daily urine output 
also depends on the amount of urine osmols that need to 
be eliminated daily [9]. Therefore, reducing daily sodium 
and protein intake may be beneficial in reducing daily urine 
volume in patients treated with tolvaptan and, therefore, 
improve tolerability.

In a cohort of ADPKD patients who underwent a single 
session of personalized dietary counseling to reduce sodium 
and protein intake, and were treated by tolvaptan, we aimed 
to identify the contribution of sodium and urea excretion 
rates to daily urine output and to evaluate the effectiveness 
of a single dietary counseling session on daily sodium and 
urea excretion. Secondarily, we examined the rate of decline 
in eGFR before and after introduction of tolvaptan, and treat-
ment tolerance in this cohort.

Methods

Study design and patient population

This is a retrospective single-center cohort study of patients 
with ADPKD followed within a structured specialized clinic 
to initiate tolvaptan at the CHU de Québec Hospital between 
January 2016 and December 2018. All subjects were adults 
and were approved to receive tolvaptan by their private 
insurer or by the Québec government insurance program 
based on the diagnosis of ADPKD and bilateral disease 
(class I of Mayo Clinic Image Classification). Total kid-
ney volume (TKV) was determined using kidney volume 
calculator based on ellipsoid equation (π/6 × L × W × D) 
from MRI, which was adjusted for height (ml/m), and then 
plotted against age to categorize each patient according to 
the Mayo Clinic Image Classification [10]. In four subjects, 
MRI was not performed and the clear classification was not 
possible, but these four subjects had bilaterally enlarged kid-
neys of > 15 cm by ultrasound. Reasons for exclusion were 
non-adherence to monthly blood samples for surveillance 
of liver enzymes, possibility of pregnancy during treat-
ment, eGFR < 30 ml/min/1.73 m2, and subjects unwilling 
to be exposed to polyuria. We also retrieved other variables 
such as blood pressure, antihypertensive drugs, height and 
weight. To evaluate the rate of changes in eGFR before and 
after introduction of tolvaptan, we further excluded patients 
who did not have at least three serum creatinine measure-
ments over a period of > 3 months before, and at least three 

serum creatinine measurements over a period of at least 
3 months after the introduction of tolvaptan. To evaluate the 
slope of decline in kidney function before and after initiation 
of tolvaptan, we used creatinine levels of up to 5 years prior 
to initiation of tolvaptan, and all creatinine levels after initia-
tion of tolvaptan up to the last follow-up. Before introduction 
of tolvaptan, 248 serum creatinine measurements were per-
formed in 28 patients over a median duration of 30 months 
(4.7–29.6), with a median number of samples per patient of 
7 (6–9). After the introduction of tolvaptan, 310 measure-
ments of creatinine over a median period of 9.5 (4.5–15.2) 
months were available for calculation of the slope of eGFR.

Clinical protocol

Subjects underwent two 24-h urine collections and were 
referred to a dietitian for a single session of personalized die-
tary counseling of 45 min, with the aim of reducing dietary 
sodium and protein intake. Patients then began tolvaptan 
with a starting dose of 45 mg in the morning and 15 mg in 
the evening, which was then gradually titrated to the maxi-
mum tolerated dose over the ensuing 6–12 months. After 
initiation of tolvaptan, patients were followed regularly for 
serum liver enzymes, creatinine, sodium and repeated 24-h 
urine collections.

Biochemical analysis

Creatinine measurements were based on IDMS-calibrated 
enzymatic method, and eGFR was determined using CKD-
EPI formula [11]. Urine creatinine was measured using 
enzymatic method that had calibration traceable to an IDMS 
reference. Plasma and urine urea concentrations were deter-
mined by urease method. Electrolytes were measured using 
ion-specific electrodes.

Statistical analysis

Values presented are mean (SD), median (25–75th percen-
tiles), or n (%) as appropriate. Bars in figures represent 95% 
confidence intervals. Because of variability of urine collec-
tion duration, we first calculated the median “24-h” urine 
creatinine and then adjusted 24-h urine volume, sodium and 
urea for all other urine collections using each individual’s 
median creatinine excretion rate, prior to detailed analy-
sis. We then used generalized estimating equations (GEE) 
to estimate the contribution of sodium and urea excre-
tion rate to the excess urine volume after adjustment for 
the dose of tolvaptan given at each time point. Using GEE 
to account for repeated measurements within each indi-
vidual, we evaluated the impact of dietary intervention on 
daily sodium excretion overall, and according to the period 
after intervention (0–4 months, 4–8 months, 8–12 months 
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and > 12 months) with corrected P value (Sidak) for mul-
tiple comparisons between each period and baseline. We 
used a similar procedure for daily urea excretion. To fur-
ther examine if a dietary intervention was effective in those 
with higher baseline sodium intake, we separated the group 
into those with sodium excretion above and below median. 
To evaluate the differences in the slope of the decline in 
renal function before and after initiation of tolvaptan, we 
included all patients who had at least three measurement of 
creatinine over a period of > 3 months. Then we used GEE 
to build a model to estimate the slope of eGFR before and 
after initiation of treatment. As part of sensitivity analysis, 
we also included the percentage of the maximal daily dose 
of angiotensin converting enzyme inhibitors and/or angio-
tensin receptor blockers (ACEi/ARB) at the time of eGFR 
measurement as a covariate into the model. All statistical 
analyses were performed using SPSS 25.0 (SPPS Inc., Chi-
cago, IL, USA).

Results

Figure 1 shows the study flowchart. Table 1 shows the base-
line characteristics of the 30 subjects with respect to demo-
graphic, renal function, Mayo Clinic Image Classification of 
ADPKD, and urinary parameters. There were 66 24-h urine 
collections before dietary intervention at baseline, and 98 
urine collections during follow-up after dietary counseling 
and treatment with tolvaptan. The coefficient of variation of 
the 24-h urine creatinine excretion was 11 ± 5%.

Determinants of urine volume

Figure 2a shows the maximal tolerated dose of tolvaptan. Only 
30% tolerated the dose of 120 mg daily. As shown, even in 
patients with lower doses of tolvaptan, the daily urine volume 
was between 4.9 and 5.8 l/day (Fig. 2b). After adjusting for 
the dose of tolvaptan, an increase in sodium excretion rate 
by 50 mmol/day was associated with an estimated additional 
urine volume of 0.6 l/day (95% CI 0.4–0.8 l/day; P < 0.001), 
while an increase in urea excretion by 50 mmol/day was asso-
ciated with an estimated additional urine volume of 0.25 l/day 
(95% CI 0.11–0.39 l/day; P < 0.001).

Impact of dietary counseling on sodium and urea 
excretion rates

Accounting for multiple urine collections before and after 
dietary counseling, Fig.  3a shows the estimate of daily Fig. 1   Study flowchart

Table 1   Baseline characteristics of patients

Values are mean ± SD, median (25–75th) or n (%)
a Bilaterally enlarged kidneys by ultrasound without specification of 
total kidney volume

Parameters n = 30

Age (year) 44 ± 11
Male 15 (50%)
Weight (kg) 74 ± 18
Height (m) 1.67 ± 0.08
Systolic blood pressure (mm Hg) 127 ± 10
Diastolic blood pressure (mm Hg) 81 ± 8
Use of ACEi/ARB 14 (47%)
Use of calcium channel blockers 5 (16%)
Use of diuretics 8 (27%)
Use of beta-blockers 1 (3%)
Urea (mmol/l) 9 ± 2.5
Creatinine (µmol/l) 119 (103–145)
eGFR (ml/min/1.73 m2) 52 (43–74)
Serum sodium (mmol/l) 141 ± 1.4
Total renal volume (ml) 2230 (1787–2947)

Range (831–6776)
Mayo clinic image classification
 1C 8 (27%)
 1D 11 (37%)
 1E 7 (23%)
 1-Unknowna 4 (13%)

24 h-Urine
 Volume (l/day) 2.4 ± 0.8
 Sodium (mmol/day) 149 ± 48
 Urea excretion (mmol/day) 364 ± 111
 Potassium (mmol/day) 76 ± 17
 Creatinine (mmol/l) 12.9 ± 3.6
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sodium excretion at baseline and during treatment with 
tolvaptan after dietary counseling. Overall, there was a 
reduction of 13 mmol/day (95% CI 0.2–26.6; P = 0.046) 
after dietary counseling. However, further analysis shows 
that the reduction was more important and statistically sig-
nificant during the first 4 months after dietary counseling, 
but then sodium excretion gradually returned to near base-
line values subsequently (Fig. 3b).

Then we examined the impact of the dietary counseling 
according to the baseline level of sodium excretion below 
and above median level of 153 mmol/day. We found that 
the efficacy of dietary intervention was more apparent in 
patients with higher levels of baseline sodium excretion 
(Fig. 3c, d).

The number of available urine collections with daily 
urea excretion was lower (n = 138). Figure 4a shows that 
daily urea excretion declined after dietary intervention by 
69 mmol/day (95% CI 18–121, P = 0.008). Figure 4b shows 
a more consistent reduction in urea excretion over time.

Loss of eGFR before and after tolvaptan

During a median observation period of 30 months before 
tolvaptan, the annual change in eGFR was −  5.5  ml/
min/1.73  m2/year (95% CI −  8.2 to −  2.7; P < 0.001), 
and during a median observation period of 9.5 months 
after tolvaptan, the annual change in eGFR was − 1.3 ml/
min/1.73 m2/year (95% CI − 2.8 to 0.06; P = 0.060), with a 
statistically significant difference between slopes of eGFR 
(P = 0.02). As part of sensitivity analysis, we examined 
whether changes in the doses of ACEi/ARBs could have 
affected the changes in the slope of the eGFR. We, there-
fore, incorporated into the model a covariable representing 
the percentage of maximal daily dose of an ACEi or ARB. 

By doing so, the results remained similar with ∆eGFR 
of − 5.4 ml/min/1.73 m2/year (95% CI − 8.3 to − 2.6; 
P < 0.001) before and of − 1.4 (95% CI − 2.8 to 0.029; 
P = 0.055) after initiation of tolvaptan, with a statistically 
significant difference between the slopes (P = 0.018).

Treatment tolerance and modification

Treatment modification occurred in six patients (20%), one 
(3%) in whom the dose was reduced due to important degree 
of nocturia, 2 (7%) who underwent temporary interruption 
of tolvaptan, and 3 (10%) who discontinued the medication 
permanently. The cause of permanent discontinuation of the 
medication was mostly related to dehydration symptoms and 
the inability of subjects to chronically drink large quantities 
of water. There were only four patients (13%) with hyper-
natremia, but all serum sodium levels were < 149 mmol/l. 
One patient who had a slightly elevated ALT level before 
tolvaptan initiation maintained a fluctuating level of ALT 
during treatment, which was always < 1.5 times the upper 
limit of normal.

Discussion

This cohort study shows that sodium and urea excretion 
rates contribute significantly to the daily urine output in 
patients treated with tolvaptan and that a single session of 
dietary counseling was effective in reducing sodium and 
urea excretion rates. Osmol excretion is the major deter-
minant of urine volume in patients taking V2 receptor 
antagonists [9]. Restriction of osmol intake may, there-
fore, limit V2 receptor antagonist-induced polyuria, giv-
ing patients more control over urine volume-related side 

Fig. 2   Tolvaptan dose and diuresis. a The maximum tolerated tolvaptan dose. b Diuresis volume according to the dose of tolvaptan taken
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effects and improving the tolerability of these drugs. In our 
study, the aim of dietary intervention was reducing sodium 
and protein intake. Globally, the effect of dietary inter-
vention did not last beyond the first 4 months for sodium 
intake. However, in patients with higher baseline level of 
sodium excretion, the dietary intervention seemed to be 
more effective. This seems logical as when the baseline 
sodium intake is already low, it becomes harder to further 
reduce it. However, repeated dietary intervention may be 

necessary to maintain a long-term adherence to lowering 
of sodium intake. In addition, a dietary intervention to 
reduce the 24-h osmolar load by means of reducing protein 
intake seemed to be more effective and more persistent 
over time.

In addition, in this small cohort, there was a significant 
attenuation of decline in renal function even though 36% 
of the subjects received a lower than recommended dose of 
tolvaptan.

Fig. 3   Sodium excretion rate after dietary counseling. a Changes in 
sodium excretion when all urine collections were considered after 
dietary counseling. b Changes in sodium excretion after dietary coun-
seling over time. c Changes in sodium excretion after dietary coun-

seling according to baseline level of sodium excretion. d Changes in 
sodium excretion after dietary counseling according to baseline level 
of sodium excretion over time
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The annualized rate of loss of renal function before intro-
duction of tolvaptan was greater in this cohort (− 5.5 ml/
min/1.73 m2) than previously reported in the placebo group 
of TEMPO3:4 (− 3.70 ml/min/1.73 m2) [6]. However, com-
pared to the TEMPO3:4 trial, despite similar age, the TKV 
in our subjects was greater (2230 ml versus 1668 ml) and 
the eGFR was much lower (52 versus 82 ml/min/1.73 m2). 
Compared to Reprise Trial where the loss of eGFR in the 
placebo group was − 3.61 ml/min/1.73 m2, our subjects were 
younger (44 vs 47), had a higher baseline eGFR (52 versus 
41 ml/min/1.73 m2), but the TKV was not reported in the 
Reprise trial [7]. The apparent greater benefit of tolvaptan 
in our study may be related to the fact that the patients were 
more at risk of progression of kidney disease. Indeed, there 
was some indication in the TEMPO3:4 Trial that the benefits 
were nominally greater in patients older than 35 years of 
age and those with TKV > 1500 ml. Based on Mayo Clinic 
Image Classification, 26 of the patients who underwent 
imaging studies were classified as 1C-E, who are at greater 
risk of eGFR loss [10, 12]. Finally, the rate of decline in 
renal function during the tolvaptan period was surprisingly 
small. However, this could be explained by a rapid reduc-
tion of the size of the cysts early during treatment, which is 
mediated through reduced fluid secretion into the cysts [5, 6, 
13, 14]. Therefore, a longer duration of follow-up is neces-
sary to evaluate whether the rate of decline in renal function 
remains the same.

The study has several strengths and limitations. First, 
the conclusions are based on a higher number of urine col-
lections and many data points for the evaluation of eGFR 
both before and after initiation of tolvaptan. However, 

one of the disadvantages of 24-h urine collections is 
their potential unreliability; but in our study, the coeffi-
cient of variation of 24-h creatinine excretion was 11%. 
In addition, care was taken to adjust all urinary-related 
parameters for each individual’s median creatinine excre-
tion, providing assurance that the results are reliable. The 
rate of decline in renal function was not an indication for 
starting tolvaptan, and hence the findings are relatively 
robust against regression towards mean phenomenon. Nev-
ertheless, in four patients, total kidney volume was not 
available, and the study has the inherent limitations of a 
retrospective cohort study with relatively small number 
of subjects. In addition, the reliability of determination 
of sodium and urea in a very dilute urine was not specifi-
cally addressed in this study. Finally, the duration of the 
follow-up on tolvaptan was rather limited with a median 
of 9.5 months and, therefore, extrapolation of the slope of 
decline in eGFR needs to be confirmed on longer duration 
follow-up.

In conclusion, this cohort study shows that sodium and 
urea excretion rates are important determinants of daily 
urine output in patients taking V2 receptor antagonists, 
and that repeated dietary counseling may be effective in 
reducing both sodium and urea excretion rates, and poten-
tially reduce the inconveniences related to urine volume. 
This study supports that dietary counseling to reduce 
osmole excretion rate should be incorporated in the man-
agement of ADPKD treated by tolvaptan.

Funding  F Mac-Way holds scholarships from the Fonds de Recherche 
Québec-Santé.

Fig. 4   Urea excretion rate after dietary counseling. a Changes in urea excretion when all urine collections were considered after dietary coun-
seling. b Changes in urea excretion according to time after dietary counseling
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