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Urinary Lithogenic Risk Profile in ADPKD Patients
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Abstract
BackgroundandobjectivesNephrolithiasis is a commonhealthproblem inautosomaldominantpolycystic kidney
disease (ADPKD) and significantly contributes to patientmorbidity. Recently, Tolvaptan has been introduced for
the treatment ofADPKD, butwhether it is associatedwith alterations of the urinary lithogenic risk profile remains
unknown.

Design, setting, participants, & measurements We conducted an analysis of participants enrolled in the Bern
ADPKD registry, a prospective observational cohort study. Twenty-four-hour urine analyses were performed at
baseline and then at yearly follow-ups. Relative supersaturation ratios for calciumoxalate, brushite, and uric acid
were calculatedwith theprogramEQUIL2.Unadjusted andmultivariablemixed-effects linear regressionmodels,
adjusted for age, sex, body mass index, eGFR, net acid excretion, and height-adjusted total kidney volume, were
used to assess the association of Tolvaptan with urinary parameters relevant for kidney stone formation. The
maximumindividual follow-up timewas3years,median follow-up time1.9years, andcumulative follow-up time
169 years.

Results In total, 125 participants (38 with and 87 without Tolvaptan treatment) were included in the analysis. In
multivariable analysis, Tolvaptan treatment was associated [adjusted estimate of the difference between
Tolvaptan and no Tolvaptan; 95% confidence interval (CI)] with lower urine relative supersaturation ratios for
calcium oxalate (20.56; 95% CI,20.82 to20.3; P,0.001), brushite (20.33; 95% CI,20.54 to20.11; P50.004), and
uric acid (20.62; 95%CI,20.88 to20.37;P,0.001), andwithhigherurine citrate inmmol/mmol creatinineperday
(0.25; 95% CI, 0.05 to 0.46; P50.02) and calcium in mmol/mmol creatinine per day (0.31; 95% CI, 0.09 to 0.53;
P50.006) excretion. In addition, Tolvaptan treatmentwas associatedwith lower net acid excretion inmEq/mmol
creatinine per day (20.54; 95% CI,20.90 to20.17; P50.004) and higher net gastrointestinal alkali absorption in
mEq/mmol creatinine per day (0.57; 95% CI, 0.26 to 0.88; P,0.001).

Conclusions Tolvaptan treatment is associated with a significantly improved urinary lithogenic risk profile in
patients with ADPKD.
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Introduction
Autosomal dominant polycystic kidney disease
(ADPKD) is the most common inherited kidney
disease, accounting for up to 10% of all CKD cases
worldwide (1,2). ADPKD is caused by heterozy-
gous mutations in the genes PKD1 (approximately
78%), PKD2 (approximately 15%), and very rarely
GANAB (approximately 0.3%) (3–5), resulting in
loss of normal differentiated kidney tubular epi-
thelium, cyst growth, and replacement of normal
kidney parenchyma by interstitial fibrosis and in-
flammation. This pathogenic sequence leads to a
progressive decline in the GFR and is frequently
associated with cyst-related complications includ-
ing flank pain, urinary tract infections, episodes of
gross hematuria, and abdominal fullness with early
satiety. Additional ADPKD manifestations include
arterial hypertension, intracranial aneurysms, liver

cysts, colonic diverticular disease, abdominal her-
nias, and cardiac valve abnormalities.
Kidney stones are significantly more common in

patients with ADPKD compared with the general
population, with a reported prevalence of up to 36%
in cross-sectional studies (6–9). Compared with the
general population of stone formers, ADPKD is
characterized by a higher frequency of uric acid
stones (approximately 40%–60%), with the remaining
stones being mainly composed of calcium oxalate
monohydrate (8,10). Prolithogenic urinary abnormal-
ities encountered in patients with ADPKD are low
urine volume, low urine pH with low urine ammo-
nium, hypocitraturia, hyperuricosuria, and, less com-
monly, hyperoxaluria (6,8,11,12). In addition,
anatomic factors are likely to play an important
role in stone formation, because a larger kidney
volume has been shown to be an independent risk
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factor for the development of stones in patients with
ADPKD (6,12).
Recently, the highly selective vasopressin V2 receptor

antagonist Tolvaptan was approved for the treatment of
ADPKD on the basis of the two large randomized, double-
blind, controlled phase 3 trials Tolvaptan Efficacy and
Safety in Management of Autosomal Dominant Polycystic
Kidney Disease and Its Outcomes 3:4 (TEMPO 3:4) 3:4 and
Replicating Evidence of Preserved Renal Function: an
Investigation of Tolvaptan Safety and Efficacy in ADPKD
(13,14). Tolvaptan reduced both the annual increase in total
kidney volume (TKV) and the associated decline in GFR
compared with placebo. In a short-term study (1 week)
with 21 idiopathic calcium stone formers, Tolvaptan was
associated with lower urinary relative supersaturation
ratios for calcium oxalate, brushite, and uric acid, but
higher absolute urinary excretion of oxalate (15). To the
best of our knowledge, changes in urinary lithogenic risk
profile after Tolvaptan administration in patients with
ADPKD have never been investigated. In addition, the
effect of chronic (.1 week) Tolvaptan treatment on the
urinary lithogenic risk profile remains unknown.

Materials and Methods
Study Population
The Bern ADPKD registry is a prospective, observational

cohort study of patients with ADPKD at the Department of
Nephrology and Hypertension at Bern University Hospital,
Bern, Switzerland that was initiated in 2015. Inclusion
criteria are: age $18 years, ADPKD diagnosis on the basis
of the Ravine criteria (16), and signed informed consent.
KRT is an exclusion criterion. To minimize selection bias,
all eligible patients with ADPKD seen at the outpatient
clinic (already treated at the site or newly referred) are
asked to participate in the Bern ADPKD registry by one of
the registry investigators (N.A.D., M.S., U.H.-D., B.V., or
D.G.F.). To reduce information bias, both written and
verbal communication with patients was done in their
native language, if necessary, supported by professional
translators. Between October 2015 and July 2019, 125
participants were enrolled in the registry and included in
this analysis. During the observation time, no participant
withdrew consent but 14 participants had to be excluded
from the registry during follow-up because of the following
reasons: death (n51), need of KRT (n52), emigration
(n53), and not willing to adhere to study protocol with
yearly visits at study site (n58). The Bern ADPKD registry
adheres to the Declaration of Helsinki and was approved
by the ethical committee of the Kanton of Bern (approval
number BE 124/15).

Tolvaptan Treatment
Tolvaptan became available for patients with ADPKD in

Switzerland on November 1, 2016. Treatment is reimbursed
by health care insurance companies if the following criteria
are met: (1) age $18 years, (2) typical class 1 ADPKD, (3)
CKD stages 1– 3, (4) TKV$750 ml, and (5) evidence of rapid
progression. Rapid progression is defined as Mayo class
1C–1E or eGFR decline $5 ml/min per 1.73 m2, or growth
of kidney volume .5%/yr, or truncating PKD1 mutation,
and a predicting kidney outcome in ADPKD-Score .6 (17).

The decision on Tolvaptan treatment initiation was left to
the responsible investigator (N.A.D., M.S., U.H.-D., B.V., or
D.G.F.). Treatment was always initiated with the lowest
split dose regimen of 45/15 mg, and uptitrated in monthly
intervals to 60/30 mg and ultimately to 90/30 mg, as
tolerated by the patient.

Data Collection and Measurements
Participants included in the registry attended a baseline

visit and yearly visits thereafter. For each patient, de-
mographic and anthropometric information (sex, age,
height, and weight), clinical data regarding ADPKD com-
plications (history of symptomatic stone events, cyst
ruptures, urinary tract infections, and kidney pain), a
physical examination, and office BP measurements were
recorded. Office BP measurements were done in the supine
position after at least 5 minutes of rest using the oscillo-
metric method. At the baseline visit, TKV was determined
by magnetic resonance imaging using the ellipsoid method,
then the height-adjusted TKV was calculated and the
corresponding Mayo class determined (18). Standardized
blood and urine analyses, including 24-hour urine collec-
tion, were conducted at baseline and then annually. All
blood analyses were performed after at least 6 hours of
fasting in the morning. Urine and blood analyses were
performed at the Central Laboratory of Bern University
Hospital using standard laboratory methods. Data were
entered manually into the registry database and double-
checked by an independent database manager.
Urine relative supersaturation ratios for calcium oxalate

monohydrate, brushite, and undissociated uric acid were
calculated by the EQUIL2 program (19). Titratable acidity
was calculated as described previously (20). Net acid
excretion (NAE) was calculated using the following equa-
tion: NAE5(urine ammonium1urine titratable acidity)–
urine bicarbonate (21). Urine ammonium was measured
enzymatically and urine bicarbonate was calculated using
the Henderson–Hasselbalch equation from the urine PCO2

and pH. Urine PCO2 was measured using a blood gas
analyzer (ABL 700; Radiometer, Copenhagen, DK). The
creatinine-based Chronic Kidney Disease Epidemiology
Collaboration equation was used to estimate the eGFR (22).
Diabetes was defined as reported, treated, or fasting
glycemia $7 mmol/L. Hypercalciuria was considered as
urine calcium excretion .6.2 mmol/d for women and
7.5 mmol/d for men, hyperuricosuria was defined as
urine uric acid excretion .4.5 mmol/d for women and
.4.8 mmol/d for men, hyperoxaluria was defined as
urine oxalate excretion .0.5 mmol/d for both men and
women, and hypocitraturia was defined as urine citrate
excretion ,1.5 mmol/d (23).

Statistical Analyses
Continuous variables were reported as medians with

25th–75th percentiles and categorical variables were re-
ported as counts with percentages. All 24-hour urine solute
excretions were standardized to urine creatinine excretions.
Regression models were created to assess the association of
Tolvaptan treatment with urine composition at multiple
time points. In all regression models, the repeated mea-
sures correlation within study participants was addressed
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by using linear mixed-effects models with participants as
random effects. The unadjusted model contains Tolvaptan
treatment as a fixed effect. The multivariable model
contains Tolvaptan treatment, age, sex, body mass index,
eGFR, NAE, and height-adjusted TKV as fixed effects. If
necessary, outcome variables were square root or log
transformed to ensure near normal distributions. Outcome
variables were further scaled to the SD. Thus, in all models,
the b coefficient indicates changes in units of SD for each
outcome. Missing data were excluded from the regression
analysis. The numbers of available participants and the

numbers of available observations for each variable of
interest are both provided in tables. Statistical tests were
two sided, and P,0.05 was considered significant. Statis-
tical analyses were performed using the software R,
version 3.2.2 (24).

Results
Characteristics of the Study Population
Baseline characteristics are shown in Table 1. Fifty-seven

(46%) participants were men, median age was 46 years, and

Table 1. Characteristics of Bern ADPKD registry participants at the baseline visit

Characteristics All Patients (n5125) No Tolvaptan (n587) Tolvaptan (n538)

Men, n (%) 57 (46) 34 (39) 23 (61)
Age, yr 46; 38–53 46; 36–57 46; 39–50
Body mass index, kg/m2 25; 22–28 25; 22–28 25; 22–27
Systolic BP, mm Hg 136; 126–149 136; 125–149, [1] 137; 130–147
Diastolic BP, mm Hg 87; 81–96 87; 80–96, [1] 89; 85–94
Antihypertensive medication intake, n (%) 84 (68) 56 (65) 28 (74)
ACE-I or ARB, n (%) 70 (56) 43 (50) 27 (71)
Calcium channel blockers, n (%) 33 (27) 22 (26) 11 (29)
b-Blockers, n (%) 14 (11) 10 (12) 4 (11)
Diuretics, n (%) 31 (25) 20 (23) 11 (29)
Thiazide diuretics, n (%) 27 (22) 17 (20) 10 (26)
Loop diuretics, n (%) 2 (2) 2 (2) 0 (0)
Alkali therapy, n (%) 2 (2) 2 (2) 0 (0)
Allopurinol, n (%) 1 (1) 1 (1) 0 (0)
Diabetes, n (%) 5 (4) 4 (5) 1 (3)
eGFR, ml/min per 1.73 m2 BSA 68; 48–96 77; 46–97 65; 50–91
eGFR subgroups, ml/min per 1.73 m2, n (%)
$90 35 (28) 25 (29) 10 (26)
60–89 48 (38) 35 (40) 13 (34)
30–59 27 (22) 17 (20) 10 (26)
15–30 13 (10) 8 (9) 5 (13)
#15 2 (2) 2 (2) 0 (0)

Height-adjusted TKV, ml/m 624; 366–1261 489; 320–1024, [3] 986; 727–1492
History of kidney stone events, n (%) 16 (13) 10 (12), [2] 6 (16)
History of urinary tract infections, n (%) 17 (14) 12 (14), [2] 5 (13)
History of cyst ruptures, n (%) 16 (13) 10 (12), [2] 6 (16)
History of kidney pain, n (%) 36 (29) 23 (27), [2] 13 (34)
Relative supersaturation ratio calcium oxalate 2.8; 1.7–5.1 2.7; 1.7–5.4, [9] 3.1; 1.7–4.7, [1]
Relative supersaturation ratio brushite 0.43; 0.14–0.97 0.45; 0.15–1.05, [9] 0.35; 0.12–0.71, [2]
Relative supersaturation ratio uric acid 0.82; 0.33–1.53 0.81; 0.29–1.52, [9] 0.83; 0.36–1.52, [1]
Urine calcium/creatinine ratio, mmol/mmol per d 0.25; 0.12–0.37 0.27; 0.14–0.42, [5] 0.18; 0.11–0.28
Urine phosphate/creatinine ratio, mmol/mmol per d 1.9; 1.6–2.2 1.9; 1.7–2.2, [6] 1.8; 1.6–2.2, [1]
Urine magnesium/creatinine ratio, mmol/mmol per d 0.31; 0.25–0.38 0.33; 0.25–0.38, [6] 0.29; 0.25–0.36
Urine uric acid/creatinine ratio, mmol/mmol per d 0.22; 0.18–0.25 0.22; 0.19–0.26, [7] 0.2; 0.17–0.24
Urine oxalate/creatinine ratio, mmol/mmol per d 0.03; 0.02–0.04 0.03; 0.02–0.04, [8] 0.03; 0.02–0.04
Urine citrate/creatinine ratio, mmol/mmol per d 0.12; 0.06–0.22 0.14; 0.08–0.22, [7] 0.10; 0.05–0.2
Urine sulfate/creatinine ratio, mmol/mmol per d 1.5; 1.2–1.7 1.5; 1.3–1.7, [8] 1.4; 1.2–1.7, [1]
Urine pH 5.9; 5.4–6.3 5.9; 5.5–6.4, [8] 5.8; 5.5–6.2
Urine ammonium/creatinine ratio, mmol/mmol per d 1.9; 1.5–2.5 1.93; 1.45–2.53, [9] 1.88; 1.55–2.55, [2]
Urine titratable acidity/creatinine ratio, mEq/mmol per d 1.3; 1.0–1.7 1.3; 0.9–1.7, [9] 1.3; 1.1–1.6, [2]
Urine NAE/creatinine ratio, mEq/mmol per d 1.3; 0.9–1.8 1.3; 0.9–1.7, [11] 1.5; 1.1–2.0, [5]
Urine NGIA/creatinine ratio, mEq/mmol per d 3.9; 3.0–5.4 4.1; 3.1–5.5, [8] 3.4; 2.6–5.0, [4]
Urine volume, L/d 2.3; 1.8–2.9 2.3; 1.7–2.9, [4] 2.4; 2.0–2.9
Plasma copeptin, pmol/L 5.3; 3.1–11.3 5.2; 2.9–10.0, [15] 5.5; 3.6–13.4, [5]
Hypocitraturia 53 (45) 33 (41), [7] 20 (53)
Hypercalciuria 7 (6) 7 (9), [5] 0 (0)
Hyperuricosuria 3 (3) 3 (4), [7] 0 (0)
Hyperoxaluria 21 (18) 12 (15), [8] 9 (24)

Characteristics are indicated for all participants (n5125) and separately for participants without (n587) and with (n538) future
Tolvaptan treatment. Categorical variables are describedbynumber of participantsn (%), and continuousvariables by theirmedian and
25th–75thpercentiles.Numbers insquarebrackets indicatenumbersofparticipantswithmissingdata forcorrespondingvariables.ACE-
I, angiotensin-convertingenzyme inhibitor;ARB, angiotensin receptorblocker;BSA,bodysurfacearea; TKV, total kidneyvolume;NAE,
net acid excretion; NGIA, net gastrointestinal alkali absorption.
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Table 2. Urine parameters of Bern ADPKD registry participants at 1-year follow-up

No Tolvaptan (n561) Tolvaptan (n527)

Urine Parameter 1-Yr Follow-Up Difference from 1-Yr
Follow-Up to Baseline 1-Yr Follow-Up Difference from 1-Yr

Follow-Up to Baseline

Relative supersaturation ratio calcium oxalate 2.9; 1.8–4.5, [4] 20.10; 20.93–1.04, [7] 1.4; 0.6–1.7 21.6; 23.1–0.063, [1]
Relative supersaturation ratio brushite 0.67; 0.17–1.3, [4] 0.060; 20.090–0.49, [7] 0.13; 0.085–0.4 20.080; 20.26–0.020, [1]
Relative supersaturation ratio uric acid 0.59; 0.25–1.59, [4] 20.12; 20.60–0.29, [7] 0.22; 0.085–0.54 20.69; 21.4–20.25, [1]
Urine calcium/creatinine ratio, mmol/mmol per d 0.27; 0.18–0.43, [2] 20.010; 20.030–0.070, [2] 0.15; 0.08–0.32 0; 20.065–0.060
Urine phosphate/creatinine ratio, mmol/mmol per d 2.1; 1.8–2.4, [2] 0.15; 20.17–0.37, [2] 1.7; 1.4–2 20.18; 20.44–0.20
Urine magnesium/creatinine ratio, mmol/mmol per d 0.32; 0.24–0.43, [2] 0.020; 20.060–0.080, [3] 0.32; 0.26–0.39 0.030; 0.010–0.080
Urine uric acid/creatinine ratio, mmol/mmol per d 0.23; 0.20–0.27, [2] 0.010; 20.020–0.040, [3] 0.20; 0.16–0.23 0; 20.035–0.035
Urine oxalate/creatinine ratio, mmol/mmol per d 0.030; 0.020–0.040, [2] 0; 20.010–0.010, [4] 0.03; 0.03–0.04 0; 0–0.010
Urine citrate/creatinine ratio, mmol/mmol per d 0.16; 0.065–0.22, [2] 0; 20.030–0.030, [3] 0.11; 0.065–0.17 0.010; 20.015–0.055
Urine sulfate/creatinine ratio, mmol/mmol per d 1.5; 1.3–1.8, [2] 0.11; 20.090–0.37, [4] 1.5; 1.2–1.9 0.11; 20.22–0.29, [1]
Urine pH 6.1; 5.4–6.5, [4] 0.060; 20.21–0.41, [6] 6.1; 5.7–6.5 0.33; 0.17–0.58
Urine ammonium/creatinine ratio, mmol/mmol per d 2.0; 1.6–2.4, [3] 20.12; 20.45–0.41, [5] 1.7; 1.3–1.9 20.41; 20.78–20.030, [2]
Urine titratable acidity/creatinine ratio, mEq/mmol per d 1.4; 0.89–1.7, [4] 20.058; 20.36–0.29, [7] 1; 0.69–1.4 20.24; 20.75–0.043, [1]
Urine NAE/creatinine ratio, mEq/mmol per d 1.3; 0.60–1.6, [4] 20.12; 20.77–0.28, [8] 1.1; 0.43–1.5, [2] 20.72; 21.3–20.46, [6]
Urine NGIA/creatinine ratio, mEq/mmol per d 4.3; 2.9–5.8, [2] 20.22; 20.95–1.7, [5] 4.7; 3.9–7, [1] 1.8; 0.64–3.7, [4]
Urine volume, L/d 2.5; 1.6–3.0, [2] 0.62; 20.34–0.34, [2] 5.2; 3.9–5.9 2.6; 1.4–3.3
Plasma copeptin, pmol/L 5.1; 3.1 –12 0.34; 21.1–1.4, [12] 22; 19–31, [1] 16; 8.8–22, [5]

One-year follow-up 24-h urine datawere available for a total of 88 participants; 61 participantswithout and 27 participantswith Tolvaptan treatment. Differences in 1-yr follow-up to baseline are
indicated for each subgroup. Continuous variables are described by their median and 25th–75th percentiles. Numbers in square brackets indicate numbers of participants with missing data for
corresponding variables. NAE, net acid excretion; NGIA, net gastrointestinal alkali absorption.
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the median eGFR was 68 ml/min per 1.73 m2. Sixteen
participants (13%) had a history of symptomatic kidney
stone events. Hypocitraturia was present in 45%, hyper-
oxaluria in 18%, hypercalciuria in 6%, and hyperuricosuria
in 3% of participants. At the baseline visit, all participants
were Tolvaptan-naïve. In 38 participants, Tolvaptan treat-
ment was initiated after the baseline visit. Participants
included in the ADPKD registry performed yearly follow-
up visits after baseline. At the time point of the analysis,
1-year follow-up data were available for 88 registry
participants (61 without and 27 with Tolvaptan treatment)
(Table 2). The maximum individual follow-up time was
3 years, the median follow-up time was 1.9 years, and the
cumulative follow-up time was 169 years. Figure 1 illus-
trates changes in relative supersaturation ratios for calcium
oxalate, brushite, and uric acid between baseline and 1-year
follow-up for 61 participants without and 27 with Tolvap-
tan treatment.

Association Analyses
In the next step, we performed association analyses with

Tolvaptan treatment as an explanatory variable and urine
parameters relevant for kidney stone formation as outcome
variables using mixed-effects linear regression (Table 3). To
this end, all baseline and, if available, follow-up 24-hour
urine(s) of individual registry participants were included in
the analysis. The multivariable analysis was adjusted for
age, sex, body mass index, eGFR, endogenous net acid
production estimated by NAE, and height-adjusted TKV.
In both the unadjusted and multivariable analysis, Tol-
vaptan treatment was significantly associated with lower
relative supersaturation ratios for calcium oxalate, brush-
ite, and uric acid, higher urine volume, plasma copeptin,
and net gastrointestinal alkali absorption (NGIA), and
lower NAE. In addition, in the unadjusted analysis Tol-
vaptan was associated with higher urine pH and urine
oxalate excretion, and with lower urine ammonium excre-
tion, but these associations were no longer significant after
multivariable adjustment. However, after multivariable
adjustment, higher urine citrate and urine calcium excre-
tion became significantly associated with Tolvap-
tan treatment.

Discussion
ADPKD is associated with a higher risk of stone

formation; up to 36% of patients with ADPKDmay develop
kidney stones (6–9). In our registry, 13% of participants had
a history of symptomatic stone events. It is likely that the
prevalence of asymptomatic nephrolithiasis is significantly
higher. We only had magnetic resonance imaging available
as an imaging modality for our cohort, thus the prevalence
of asymptomatic nephrolithiasis could not be investigated.
Corroborating previous studies, we found hypocitraturia to
be the most common prolithogenic abnormality in patients
with ADPKD, followed by hyperoxaluria, whereas only a
small fraction of patients displayed hypercalciuria or hyper-
uricosuria (6,25).
V2 vasopressin receptor antagonism by Tolvaptan has

become a mainstay in the treatment of patients with
ADPKD at high risk of progression, slowing cyst growth
and GFR decline (13,14), but information regarding the
effects of Tolvaptan on urinary lithogenic risk factors is
lacking. Casteleijn et al. (26) performed a post hoc analysis of
the TEMPO 3:4 trial and demonstrated that Tolvaptan was
associated with a significant reduction in kidney pain
compared with placebo (10.1% versus 16.8%, relative risk
reduction of 36%). A subgroup analysis revealed that the
incidence of symptomatic stone events was lower with
Tolvaptan treatment compared with placebo (2.2% versus
3.5%, P,0.001), but data on kidney stone phenotypes or
24-hour urine compositions were not collected. In addition,
this trial did not include patients with eGFRs between 45
and 60 ml/min per 1.73 m2, thus information on the
influence of Tolvaptan treatment on stone recurrence in
patients with more advanced CKD is currently lacking.
The results obtained in our ADPKD cohort reveal that

Tolvaptan is associated with significantly lower relative
supersaturation ratios for calcium oxalate, brushite, and
uric acid in participants treated with Tolvaptan, even after
adjustment for potential confounders such as sex, age,
eGFR, endogenous acid production, and height-adjusted
TKV. Urine relative supersaturation ratios calculated from
ambulatory 24-hour urine collections accurately reflect the
long-term average supersaturation values in the urine and
are highly correlated with kidney stone compositions
(27,28) encountered in individual kidney stone formers
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Figure 1. | Relative supersaturation ratios at baseline and at 1-year follow-up. Relative supersaturation ratios for calcium oxalate (A), brushite
(B), anduricacid (C) inparticipantswithorwithoutTolvaptan treatment at follow-up.All participantswereTolvaptan-naı̈veat baseline.Baseline:
left side of panel, 1-year follow-up: right side of panel.

CJASN 15: 1007–1014, July, 2020 Urinary Risk Profile and Tolvaptan, Bargagli et al. 1011



Table 3. Associations of Tolvaptan use with urinary lithogenic risk profile

Unadjusted Models Multivariable Models

Outcome Variables NP NO Difference (95% CI) P Value NP NO Difference (95% CI) P Value

Relative supersaturation ratio calcium oxalate (12) 119 265 20.74 (21 to 20.45) ,0.001 115 248 20.56 (20.82 to 20.3) ,0.001
Relative supersaturation ratio brushite (9) 118 264 20.39 (20.62 to 20.17) ,0.001 115 249 20.33 (20.54 to 20.11) 0.004
Relative supersaturation ratio uric acid (14) 119 266 20.85 (21.1 to 20.55) ,0.001 115 249 20.62 (20.88 to 20.37) ,0.001
Urine volume, L/d (16) 121 280 1.5 (1.3 to 1.7) ,0.001 115 249 1.5 (1.3 to 1.8) ,0.001
Plasma copeptin, pmol/L (15) 121 261 1.2 (0.99 to 1.3) ,0.001 112 227 1.2 (0.98 to 1.4) ,0.001
Urine calcium/creatinine ratio, mmol/mmol per d (8) 120 277 0.041 (20.18 to 0.25) 0.71 115 249 0.31 (0.09 to 0.53) 0.006
Urine phosphate/creatinine ratio, mmol/mmol per d (1) 118 274 20.32 (20.64 to 0.01) 0.05 115 249 20.029 (20.36 to 0.3) 0.87
Urine uric acid/creatinine ratio, mmol/mmol per d (2) 119 275 20.057 (20.33 to 0.21) 0.68 115 249 0.048 (20.24 to 0.33) 0.74
Urine oxalate/creatinine ratio, mmol/mmol per d (7) 119 273 0.41 (0.07 to 0.74) 0.02 115 247 0.26 (20.07 to 0.59) 0.14
Urine citrate/creatinine ratio, mmol/mmol per d (6) 119 275 0.13 (20.08 to 0.35) 0.22 115 249 0.25 (0.05 to 0.46) 0.02
Urine sulfate/creatinine ratio, mmol/mmol per d (10) 119 272 0.43 (0.09 to 0.76) 0.01 115 248 0.52 (0.16 to 0.88) 0.006
Urine pH (5) 119 268 0.40 (0.09 to 0.7) 0.01 115 249 0.20 (20.03 to 0.44) 0.10
Urine ammonium/creatinine ratio, mmol/mmol per d (3) 118 270 20.34 (20.61 to 20.06) 0.02 115 249 20.048 (20.30 to 0.21) 0.72
Urine titratable acidity/creatinine ratio, mEq/mmol per d (4) 118 264 20.42 (20.75 to 20.1 0.01 115 249 20.13 (20.40 to 0.14) 0.35
Urine NAE/urine creatinine, mEq/mmol per d (11) 114 236 20.53 (20.89 to 20.16) 0.004 112 231 20.54 (20.90 to 20.17) 0.004
Urine NGIA/creatinine ratio, mEq/mmol per d (13) 118 266 0.59 (0.25 to 0.93) ,0.001 114 244 0.57 (0.26 to 0.88) ,0.001

Associations between the explanatoryvariableTolvaptan treatmentwith risk factors of kidney stone formationas outcomevariableswere assessed.All continuous outcomevariableswere scaled
to the SD, and therefore the b coefficient for the presence of Tolvaptan treatment versus no treatment corresponds to the difference of an increase of 1 SD in each outcome. The number of
participants, the number of observations, differences, adjusteddifferences, their 95%CIs, and the corresponding Pvalues are indicated for eachmodel.Multivariablemodels are adjusted for age,
sex, bodymass index, eGFR,NAE, andheight-adjusted total kidneyvolume.Numbers inbrackets in each rowheader indicate the numeric increments in outcome towhich eachb coefficient in the
full multivariable model three corresponds, the highest number representing the highest increment in outcome associated with Tolvaptan. P values are indicated for the presence of Tolvaptan
treatment. NP, number of participants; NO, Number of observations; 95% CI, 95% confidence interval; NAE, net acid excretion; NGIA, net gastrointestinal alkali absorption.
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(29). Treatments that have been shown to reduce kidney
stone events in randomized controlled trials have been
highly correlated with reductions in urine supersatura-
tions, even in the short-term (27,28,30). It is currently
unknown whether the same correlation applies to patients
with ADPKD and this needs to be studied prospectively.
Nevertheless, our findings suggest that in addition to
slowing cyst growth and eGFR decline, Tolvaptan may also
be beneficial to prevent kidney stone events in patients
with ADPKD.
Interestingly, even after multivariable adjustment, lower

NAE remained significantly associated with Tolvaptan
treatment. At the same time, we observed that Tolvaptan
treatment was associated with higher NGIA (a marker of
alkali intake). This finding suggests that lower NAEmay be
due to higher alkali intake or gut alkali absorption in
patients taking Tolvaptan (31). In addition, we also ob-
served higher urine citrate and calcium excretion associ-
ated with Tolvaptan. The underlying mechanisms for these
observations, including the associations seen with NAE
and NGIA, are unclear at the moment and need to be
studied in more detail, including quantitative dietary data.
It is possible that Tolvaptan directly influences acid, citrate,
and calcium excretion by the kidney, but extrarenal effects
due to systemic V2 receptor antagonism with secondarily
elevated circulating vasopressin levels may also play a role
in the changes observed (32,33). Higher citrate excretion
may also just be a consequence of higher alkali intake in
participants with Tolvaptan treatment. However, whereas
Tolvaptan was associated with higher urine oxalate excre-
tion in the unadjusted analysis, as reported by Cheungpa-
sitporn et al. in idiopathic calcium stone formers (15), urine
oxalate was no longer associated with Tolvaptan treatment
after multivariable adjustment in our cohort of patients
with ADPKD.
In conclusion, our data reveal that Tolvaptan treatment is

associated with a significantly improved urinary lithogenic
risk profile in patients with ADPKD.
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Beltrán P, Bonthuis M, Caskey FJ, Castro de la Nuez P, Cernevskis
H, De Meester J, Finne P, Golan E, Heaf JG, Hemmelder MH,
Ioannou K, Kantaria N, Komissarov K, Korejwo G, Kramar R,
Lassalle M, Lopot F, Macário F, Mackinnon B, Pálsson R, Pechter
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