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Abstract
Background The clinical utility of tolvaptan in chronic kidney disease (CKD) patients with heart failure remains uncertain. 
The level of urine cyclic adenosine monophosphate (AMP) relative to plasma arginine vasopressin (AVP) indicates the resid-
ual function of the collecting ducts in response to AVP stimulation and might be a key to predicting response of tolvaptan.
Methods CKD patients who were hospitalized to treat their congestive heart failure refractory to conventional loop diuretics 
were considered to receive tolvaptan and included in this prospective study. The impact of urine cyclic AMP/plasma AVP 
ratio for prediction of response to tolvaptan, which was defined as any increase in urine volume at day 7 from day 0, was 
investigated.
Results A total of 30 patients (median 75 years old, 24 men, and median estimated glomerular filtration rate 14.4 mL/
min/1.73  m2) were included. As compared to baseline, urine volume increased at day 7 in 17 responders, whereas urine 
volume decreased at day 7 in 13 non-responders. Baseline urine cyclic AMP/plasma AVP ratio distributed between 0.25 and 
4.01 with median 1.90. The urine cyclic AMP/plasma AVP ratio was a significant predictor of response to tolvaptan, which 
was adjusted for 6 potential confounders with a cutoff of 1.24.
Conclusions Baseline urine cyclic AMP/plasma AVP ratio is an independent predictor of response to tolvaptan in advanced 
CKD patients with heart failure.
Clinical trial registration UMIN000022422
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Introduction

Management of body fluid overload is challenging in patients 
with advanced chronic kidney disease (CKD), which often 
accompanies refractoriness to conventional loop diuretics 
[1]. Tolvaptan, a vasopressin type-2 receptor antagonist, has 
been clinically available for the past decade. Tolvaptan can 
increase urine volume by increasing the excretion of free 
water in urine, relatively maintaining kidney function [2–4]. 
However, the clinical utility of tolvaptan in patients with 
advanced CKD remains uncertain.

Clinically, some patients with advanced CKD seem to 
be responders to tolvaptan with incremental urine volume 
and amelioration of systemic congestion [5, 6]. Tolvaptan 
therapy might prolong the free duration from dialysis in 
some carefully selected patients [7]. On the contrary, oth-
ers are refractory to tolvaptan with unchanged urine volume 
and worsening decompensated congestion [8, 9]. In these 
patients, tolvaptan might increase urine volume just for 
several days, followed by a considerable decline in urine 
volume despite continuous tolvaptan therapy. Prediction 
of response to tolvaptan prior to the initiation of tolvaptan 
therapy would be of great help to clinicians in construct-
ing therapeutic strategies for those with advanced CKD and 
systemic congestion.

The stimulation of vasopressin type-2 receptor by incre-
mentally secreted arginine vasopressin (AVP) triggers the 
expression of cyclic adenosine monophosphate (AMP) in the 
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collecting duct, which activates the synthesis and migration 
of aquaporin-2 and increases the reabsorption of free water 
[10]. In patients with CKD, the pathway among cyclic AMP, 
aquaporin-2, and urine osmolality seems to be preserved, 
whereas the upstream pathway between AVP and cyclic 
AMP seems to be impaired in some patients [11]. Thus, the 
level of urine cyclic AMP per plasma AVP would indicate 
the residual function of the collecting duct to respond to 
the AVP stimulation. We hypothesized that the urine cyclic 
AMP/plasma AVP ratio might be a useful marker to predict 
response to tolvaptan in patients with advanced CKD. We 
investigated the prognostic impact of urine cyclic AMP/
plasma AVP ratio on response to tolvaptan in this cohort.

Methods

Patient selection

Patients with CKD stage G3–G5 who were hospitalized to 
treat their congestive heart failure were considered to receive 
tolvaptan and included in this prospective study. The diag-
nosis of heart failure was according to Framingham’s cri-
teria. All patients had symptoms or signs of volume over-
load, including jugular vein distention, lower extremities’ 
edema, ascites, cardiomegaly, pulmonary congestion, and 
pleural effusion, which were refractory to conventional loop 
diuretics.

Of them, patients who received tolvaptan for the first time 
at the discretion of the attending physicians between March 
2016 and December 2019 were included. Tolvaptan was 
administered at 7.5 mg/day or 15 mg/day and continued for 
over 7 days at a fixed dose.

Patients dependent on dialysis, those receiving immuno-
suppressive therapy, those with polycystic kidney, severe 
valvular diseases, or acute coronary syndrome within the 
past one month were excluded. Patients under mechani-
cal circulatory supports, those with impaired conscious-
ness with a lack of thirst, and those with hypernatremia 
with serum sodium concentration > 145 mEq/L were also 
excluded. Written informed consent was obtained from all 
participants before the inclusion. The local ethical review 
board approved this study (R2015144).

Study protocol

All included patients were followed following the initia-
tion of tolvaptan for seven days. The day before the ini-
tiation of tolvaptan was defined as day 0. Trends in urine 
volume and body weight during 7-day tolvaptan therapy 
were monitored. The primary endpoint was any increases 
in urine volume at day 7 from day 0. A responder has 

an increased urine volume on day 7 from day 0. A non-
responder has a decrease in urine volume on day 7 as com-
pared to day 0.

An independent variable was defined as the baseline 
urine cyclic AMP/plasma AVP ratio, which was meas-
ured at day 0 prior to the initiation of tolvaptan as detailed 
below. The prognostic impact of this independent variable 
upon the primary endpoint was investigated. The second-
ary endpoint was end-stage renal disease that required 
dialysis and all-cause death.

Data collection

Baseline characteristics including demographics, comor-
bidity, laboratory (blood and urine samples), echocardiog-
raphy, and medication data were obtained on day 0. The 
primary diseases of CKD were determined by the attend-
ing physicians. Diabetes mellitus was defined as those 
receiving medical interventions according to the previous 
diagnosis of diabetes mellitus. Blood pressure and pulse 
rate were measured in the sitting position at rest and while 
fasting.

Blood and urine parameters

Blood and urine samples were obtained from all patients in 
fasting condition before taking any medications. Blood sam-
ples were centrifuged immediately for 20 min and stored at 
− 80 °C before the assay. Plasma AVP was measured using 
a radioimmunoassay (Yamasa Shoyu Co., Ltd., Japan). Esti-
mated glomerular filtration rate (GFR) was calculated using 
the following formula: 194 × (serum creatinine [mg/dL]) 
−1.094 × (age [years]) −0.287 (× 0.739 only for women) [12].

All urine samples were stored immediately at − 80 °C 
until the assay. Of note, urine cyclic AMP, aquaporin-2, and 
osmolality were measured. Urine cyclic AMP was meas-
ured by radioimmunoassay in the LSI Medience Co. (Tokyo, 
Japan). Urine aquaporin-2 was measured using a sandwich 
enzyme-linked immunosorbent assay (Otsuka Pharmaceuti-
cal Co., Ltd., Japan). Urine and serum osmolality was meas-
ured by freezing-point depression.

Urine cyclic AMP and aquaporin-2 were adjusted by GFR 
using the following formulas: urine cyclic AMP (nmol/dL 
GF) = urine cyclic AMP (nmol/mL) / urine creatinine (mg/
dL) × serum creatinine (mg/dL) × 100; urine aquaporin-2 
(ng/dL GF) = urine aquaporin-2 (ng/mL) / urine creatinine 
(mg/dL) × serum creatinine (mg/dL) × 100 [13]. The unit 
of urine cyclic AMP in this expression was nmol/min per 
100 mL GFR, or more correctly, nmol/100 mL GF = nmol/
dL GF (where GF was glomerular filtrate). The same was 
true for the unit of urine aquaporin-2.
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Statistical analyses

Continuous variables were stated as median and interquartile 
and compared between the groups using Mann–Whitney U 
test. Categorical variables were stated as number and per-
centage and compared between the groups using Fischer’s 
exact test.

Logistic regression analysis was performed to investigate 
the impact of urine cyclic AMP/plasma AVP ratio on the 
primary endpoint. Its impact was adjusted for 6 clinically 
potential confounders: age, sex, diabetes mellitus, nephrotic 
syndrome, estimated GFR, and urine protein by constructing 
several models. By using receiver operating characteristics 
analysis, a cutoff of urine cyclic AMP/plasma AVP ratio to 
predict the primary endpoint was investigated.

The cohort was stratified into two groups using the 
calculated cutoff of urine cyclic AMP/plasma AVP ratio. 
Kaplan–Meier analyses were performed to assess the cumu-
lative incidence of the secondary endpoint: requirement of 
dialysis and all-cause death. A lost follow-up was censored. 
Two curves were compared by log-rank test.

All statistics were performed using JMP Pro (Ver 16.2.0; 
SAS Institute Inc., Cary, USA) and EZR (Ver 1.55; Jichi 
Medical University Saitama Medical Center, Saitama, 
Japan). Statistical significance was defined as two-tailed 
p < 0.05.

Results

Baseline characteristics

A total of 30 patients were included (Table 1). Median age 
was 75 [66–82] years old and 24 were men. Median esti-
mated GFR was 14.4 [10.9–22.7] mL/min/1.73  m2. Of them, 
16 were assigned to G5 (estimated GFR < 15 mL/min/1.73 
 m2). Median urine protein excretion was 3.0 [0.8–6.8] g/g of 
creatinine. Of them, 11 patients met the diagnostic criteria 
for nephrotic syndrome. The primary diseases of CKD con-
sisted of 20 diabetic kidney diseases, 9 nephrosclerosis, and 
1 IgA nephropathy without active nephritis.

Baseline urine cyclic AMP distributed widely between 
0.78 and 10.4  nmol/dL GF with a median value of 
4.52 nmol/dL GF (Supplementary Fig. 1). Baseline urine 
cyclic AMP/plasma AVP ratio distributed between 0.25 and 
4.01 with a median value of 1.90 (Supplementary Fig. 2).

Urine cyclic AMP levels and other clinical variables

Among all 30 patients, 9 patients had a lower urine cyclic 
AMP/plasma AVP ratio ≤ 1.24, which was statistically calcu-
lated as detailed below. There were no statistically significant 
differences in baseline characteristics between the two groups 

divided by the cutoff, except for several clinical variables 
(Table 1). Urine cyclic AMP/plasma AVP ratio distributed 
widely irrespective of the levels of estimated GFR (Fig. 1).

Impact of urine cyclic AMP/plasma AVP 
on the primary endpoint

As compared with day 0, urine volume increased on day 7 
in 17 responders (57%), whereas urine volume decreased 
on day 7 in 13 non-responders (Supplementary Fig. 3). In 
the non-responders, daily urine volume tended to increase 
on day 1, followed by gradual decrease in the daily urine 
volume.

Urine cyclic AMP/plasma AVP ratio tended to have a 
mild positive correlation with a change in urine volume 
between day 0 and day 7 (r = 0.33, p = 0.071; Fig. 2). Urine 
cyclic AMP/plasma AVP levels were significantly higher in 
the responders than in the non-responders (p = 0.006; Sup-
plementary Fig. 4).

The urine cyclic AMP/plasma AVP ratio was a signifi-
cant predictor of the primary endpoint using age, male sex, 
diabetes mellitus, nephrotic syndrome, estimated GFR, and 
urine protein (p < 0.05 for each model; Table 2).

A cutoff of urine cyclic AMP/plasma AVP ratio to predict 
the primary endpoint was calculated as 1.24 with area under 
the curve of 0.79 (95% confidence interval 0.61–0.98), sen-
sitivity 1.00, and specificity 0.62 (Fig. 3). The cutoff well-
differentiated responders and non-responders in Fig. 2 and 
supplementary Fig. 4. The predictability of their ratio was 
superior to each one (Supplementary Fig. 5). Consistently, 
the change in urine volume from day 0 remained higher in 
the patients with urine cyclic AMP/plasma AVP ratio > 1.24 
compared with those without (Fig. 4).

Other collecting duct-related variables, including urine 
aquaporin-2 and urine osmolality, were not significantly 
associated with the primary endpoint (p > 0.05 for both).

Impact of urine cyclic AMP/plasma AVP 
on the secondary endpoint

During an observational period for median 5.5 [1.5–10.8] 
months, 23 patients encountered the secondary endpoint (21 
patients had end-stage renal diseases requiring dialysis and 2 
patients died due to sepsis). The cutoff could not stratify the 
cumulative incidence of the secondary endpoints (p = 0.55; 
Fig. 5).

Discussion

In this study, the response to tolvaptan was defined as any 
increase in urine volume on day 7 compared with day 0. 
Baseline urine cyclic AMP/plasma AVP ratio was an 
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Table 1  Baseline characteristics

Total
(n = 30)

Low U-cAMP/P-AVP ratio
(n = 9)

High U-cAMP/P-AVP ratio
(n = 21)

p value

Demographics
 Age, years 75 [66–82] 78 [72–81] 75 [65–82] 0.86
 Male sex 24 (80) 5 (56) 19 (90) 0.049*
 Body mass index, kg/m2 24.7 [22.2–28.2] 23.9 [20.1–25.8] 25.6 [22.3–28.3] 0.23
 Systolic blood pressure, mmHg 139 [118–155] 125 [115–149] 140 [119–156] 0.51
 Diastolic blood pressure, mmHg 66 [60–71] 62 [60–67] 68 [60–75] 0.33
 Pulse rate, beats/min 71 [63–82] 70 [68–71] 75 [63–85] 0.30

Comorbidity
 Diabetes mellitus 20 (67) 7 (78) 13 (62) 0.68
 Nephrotic syndrome 11 (37) 3 (33) 8 (38) 1.0
 Heart failure with reduced ejection fraction 2 (7) 1 (11) 1 (5) 0.52

CKD stage
 CKD stage G3, estimated GFR 30–59 mL/

min/1.73  m2
3 (10) 1 (11) 2 (10) 1.0

 CKD stage G4, estimated GFR 15–29 mL/
min/1.73  m2

11 (37) 4 (44) 7 (33) 0.69

 CKD stage G5, estimated GFR < 15 mL/min/1.73 
 m2

16 (53) 4 (44) 12 (57) 0.69

The primary diseases of CKD
 Diabetic kidney disease 20 (67) 7 (78) 13 (62) 0.68
 Nephrosclerosis 9 (30) 1 (11) 8 (38) 0.21
 IgA nephropathy 1 (3) 1 (11) 0 (0) 0.30

General laboratory data
 Hemoglobin, g/dL 9.7 [8.6–10.3] 9.9 [9.2–10.4] 9.7 [8.1–10.1] 0.39
 Serum creatinine, mg/dL 3.35 [2.19–4.06] 3.20 [2.18–4.98] 3.48 [2.31–4.04] 0.79
 Estimated GFR, mL/min/1.73  m2 14.4 [10.9–22.7] 15.3 [9.7–23.5] 14.2 [11.9–22.0] 0.75
 Blood urea nitrogen, mg/dL 47 [26–63] 33 [26–69] 52 [29–60] 0.84
 Serum albumin, g/dL 3.0 [2.6–3.2] 2.9 [2.8–3.4] 3.0 [2.5–3.2] 0.62
 Serum sodium, mEq/L 139 [138–142] 139 [139–140] 139 [138–142] 0.95
 Serum potassium, mEq/L 4.3 [3.9–4.6] 4.4 [4.3–4.7] 4.1 [3.9–4.6] 0.54
 Serum chloride, mEq/L 105 [102–108] 103 [102–105] 107 [103–109] 0.14
 Serum calcium corrected for albumin, mg/dL 9.3 [8.8–9.6] 9.6 [9.3–9.6] 9.3 [8.8–9.6] 0.43
 Plasma B-type natriuretic peptide, pg/mL 298.3 [49.3–435.9] 297.3 [49.1–671.0] 299.3 [49.8–337.8] 0.42

Collecting duct-related parameters
 Serum osmolality, mOsm/kg･H2O 297 [291–304] 296 [289–306] 297 [291–303] 0.82
 Plasma AVP, pg/mL 2.2 [1.8–3.5] 3.7 [3.1–5.9] 1.8 [1.5–2.3]  < 0.005*
 Urine cyclic AMP, nmol/dL GF 4.5 [3.0–5.8] 2.7 [2.5–4.9] 5.1 [3.3–5.9] 0.050
 Urine aquaporin-2, ng/dL GF 8.7 [4.6–13.7] 9.9 [5.6–23.0] 8.5 [4.5–13.4] 0.50
 Urine osmolality, mOsm/kg･H2O 363 [254–394] 373 [248–395] 362 [255–392] 0.97
 Urine protein, g/g of creatinine 3.0 [0.8–6.8] 2.4 [1.1–4.3] 3.8 [0.6–7.4] 0.59

Echocardiography
 Left ventricular end-diastolic diameter, mm 51 [46–56] 52 [51–56] 50 [45–56] 0.51
 Left ventricular ejection fraction, % 64 [56–71] 63 [61–65] 58 [51–71] 0.91

Medications
 ACE-I or ARB 14 (47) 3 (33) 11 (52) 0.44
 Calcium channel antagonists 25 (83) 8 (89) 17 (81) 1.0
 β-adrenergic blockers 8 (27) 2 (22) 6 (29) 1.0
 α-adrenergic blockers 4 (13) 1 (11) 3 (14) 1.0
 Mineralocorticoid receptor antagonists 7 (23) 5 (56) 2 (10) 0.014*
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independent predictor of response to tolvaptan with a cutoff 
value of 1.24 among the patients with CKD and volume 
overload.

How to define response to tolvaptan

How to define response to tolvaptan is challenging. Several 
definitions have been proposed, including any increase in 
urine volume on day 1 and any decrease in body weight [8, 
14–17]. However, we sometimes encounter a decline in urine 
volume several days following the initiation of tolvaptan or 
body weight reduction due to cardiac cachexia instead of 
decongestion.

In this study, we assessed urine volume increase on day 
7 to investigate the sustained effects of tolvaptan. Consist-
ently, urine volume remained higher than day 0 during the 
whole 7-day tolvaptan therapy in the responders. Ineffective 
continuation of tolvaptan in the non-responders might not 
be encouraged.

Conventional indicators of response to tolvaptan

Several researchers attempted to find predictors of 
response to tolvaptan in the CKD cohort, but no definite 
variables have been found thus far. As confirmed in our 
study, the existence of hypoalbuminemia and proteinuria 
did not disturb response to tolvaptan [18, 19].

U-cAMP urine cyclic adenosine monophosphate, P-AVP plasma arginine vasopressin, CKD chronic kidney disease, GFR glomerular filtration 
rate, GF glomerular filtrate, ACE-I angiotensin-converting enzyme inhibitors, ARB angiotensin II receptor antagonists
Variables are expressed as the median [interquartile range] or number and percentage. Comparison between the groups in continuous variables 
were performed by Mann–Whitney’s U test. Comparison between the groups in categorical variables were performed by Fischer’s exact test. 
*p < 0.05

Table 1  (continued)

Total
(n = 30)

Low U-cAMP/P-AVP ratio
(n = 9)

High U-cAMP/P-AVP ratio
(n = 21)

p value

 Thiazide diuretics 5 (17) 2 (22) 3 (14) 0.62
 Loop diuretics 30 (100) 9 (100) 21 (100) 1.0
 Dose converted to furosemide, mg/day 40 [23–60] 60 [30–60] 40 [20–60] 0.68

Dose of tolvaptan
 7.5 mg/day 3 (10) 1 (11) 2 (10) 1.0

Fig. 1  Distribution of urine cyclic AMP/plasma AVP ratio according 
to the estimated GFR, Urine cyclic AMP/plasma AVP ratio distrib-
uted widely irrespective of the levels of estimated GFR. The red dot 
line indicated urine cyclic AMP/plasma AVP ratio = 1.24, which was 
a cutoff value to predict the primary endpoint using receiver operat-
ing characteristics analysis

Fig. 2  Change in urine volume between day 0 and day 7 and urine 
cyclic AMP/plasma AVP ratio with a trend of mild correlation. The 
red dot line indicated a calculated cutoff
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Collecting duct function and response to tolvaptan

Given the previous studies, we focused on the residual 
function of the collecting duct [11, 20]. Tolvaptan antago-
nizes the vasopressin type-2 receptors, which are located 
on the collecting duct, and suppresses the reabsorption of 

free water. Thus, a residual function of the collecting duct 
should be a key to responding to tolvaptan. Of note, the 
whole kidney function and collecting duct function are not 
necessarily parallel in the CKD patients [11]. In other words, 
the residual function of the collecting duct is preserved even 
in some patients with advanced CKD.

Urine cyclic AMP/plasma AVP ratio and response 
to tolvaptan

Water restriction test and water intake test are applied to 
assess urine concentration and urine dilution ability, respec-
tively [21, 22]; whereas, these invasive tests would not be 
feasible in patients with volume overload.

As non-invasive indicators, several markers have been 
proposed to assess collecting duct function: AVP, cyclic 

Table 2  Impact of urine cyclic AMP/plasma AVP ratio to predict the 
primary endpoint

AMP adenosine monophosphate, AVP arginine vasopressin, GFR glo-
merular filtration rate
*p < 0.05 by logistic regression analyses

Explanatory variables Odds ratio 95% 
confidence 
interval

P value

Model 1
 Urine cyclic AMP/plasma 

AVP ratio
3.07 1.07–8.84 0.038*

 Age, years 0.964 0.899–1.03 0.30
 Male sex 6.14 0.474–79.6 0.17

Model 2
 Urine cyclic AMP/plasma 

AVP ratio
9.98 1.86–53.7 0.0074*

 Diabetes mellitus 18.3 0.963–348 0.053
 Nephrotic syndrome 6.77 0.672–68.2 0.11

Model 3
 Urine cyclic AMP/plasma 

AVP ratio
4.01 1.36–11.8 0.012*

 Estimated GFR, mL/min/1.73 
 m2

1.00 0.905–1.11 0.98

 Urine protein, g/g of creatinine 1.21 0.957–1.53 0.11

Fig. 3  Receiver operating characteristics analysis to calculate a cut-
off of urine cyclic AMP/plasma AVP ratio for the primary endpoint, 
AUC  area under the curve, CI confidence interval

Fig. 4  Changes in urine volume from day 0 stratified by the cutoff of 
urine cyclic AMP/plasma AVP ratio. Changes in urine volume from 
day 0 remained positive in patients with higher urine cyclic AMP/
plasma AVP ratio. Changes in urine volume from day 0 gradually 
decreased and got negative from day 4 in patients with lower urine 
cyclic AMP/plasma AVP ratio. *p < 0.05 by Mann–Whitney U  test. 
Variables were compared between the two groups in each day

Fig. 5  Cumulative incidence of the secondary endpoint stratified by 
urine cyclic AMP/plasma AVP ratio. Two curves were compared by 
log-rank test
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AMP, aquaporin-2, and urine osmolality [11, 22]. Cyclic 
AMP is located on the upstream of the signal cascade in the 
collecting duct. In patients with CKD, in which the down-
stream of signal cascade is relatively attenuated, the levels of 
downstream markers including urine aquaporin-2 and urine 
osmolality are decreased [11, 22]. Thus, urine cyclic AMP 
was the most powerful prognostic marker to predict renal 
outcome compared with other collecting duct-associated 
parameters among those with CKD [20]. The value of urine 
cyclic AMP would be affected by the degree of AVP stimu-
lation. Given all together, we defined urine cyclic AMP/
plasma AVP ratio as an independent variable to predict 
response to tolvaptan.

Clinical implication

Given a high sensitivity, a urine cyclic AMP/plasma AVP 
ratio would be particularly useful to discriminate non-
responders (i.e., those with low value is highly expected 
to be non-responders). Other modalities including dialysis 
might be required soon and tolvaptan therapy might not be 
recommended in such patients. Long-term impact of tolvap-
tan therapy upon renal outcomes in patients with advanced 
CKD remains the next concern.

Limitations

This study included a small sample cohort obtained from 
a single center. Several comparisons might have reached 
statistical significance when the sample sizes were larger. 
We could not show the long-term advantage of tolvaptan in 
the responders, which requires further studies. We did not 
measure plasma cyclic AMP levels, which might also affect 
the levels of urine cyclic AMP. Other parameters including 
GFR and stimulation of parathyroid hormone might also 
affect the levels of urine cyclic AMP [13].

Conclusions

Baseline urine cyclic AMP/plasma AVP ratio is an inde-
pendent predictor of response to tolvaptan in patients with 
advanced CKD and heart failure.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10157- 023- 02325-1.
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