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Article

Use of the Urine-to-Plasma Urea Ratio to Predict
ADPKD Progression

Judith E. Heida," Ron T. Gansevoort,” A. Lianne Messchendorp,’ Esther Meijer,’ Niek F. Casteleijn,’
Wendy E. Boertien,’ and Debbie Zittema," on behalf of the DIPAK Consortium”

Abstract

Background and objectives Predicting disease progression in patients with autosomal dominant polycystic kidney
disease (ADPKD) poses a challenge, especially in early-stage disease when kidney function is not yet affected.
Ongoing growth of cysts causes maximal urine-concentrating capacity to decrease from early on. We therefore
hypothesized that the urine-to-plasma urea ratio, as a reflection of the urine-concentrating capacity, can be used as
a marker to predict ADPKD progression.

Design The urine-to-plasma urea ratio was calculated by dividing concentrations of early morning fasting spot
urine urea by plasma urea. First, this ratio was validated as surrogate marker in 30 patients with ADPKD who
underwent a prolonged water deprivation test. Thereafter, association with kidney outcome was evaluated in 583
patients with ADPKD with a broad range of kidney function. Multivariable mixed-model regression was used to
assess association with eGFR slope, and logarithmic regression to identify patients with rapidly progressive

disease, using a cutoff of —3.0 ml/min per 1.73 m? per year. The urine-to-plasma urea ratio was compared with
established predictors, namely, sex, age, baseline eGFR, Mayo Clinic height-adjusted total kidney volume class,

and PKD gene mutation.

Results The maximal urine-concentrating capacity and urine-to-plasma urea ratio correlated strongly (R=0.90;
P<0.001). Next, the urine-to-plasma urea ratio was significantly associated with rate of eGFR decline during a
median follow-up of 4.0 (interquartile range, 2.6-5.0) years, both crude and after correction for established
predictors (8=0.58; P=0.02). The odds ratio of rapidly progressive disease was 1.35 (95% confidence interval, 1.19
to 1.52; P<0.001) for every 10 units decrease in urine-to-plasma urea ratio, with adjustment for predictors. A
combined risk score of the urine-to-plasma urea ratio, Mayo Clinic height-adjusted total kidney volume class, and
PKD mutation predicted rapidly progressive disease better than each of the predictors separately.

Conclusions The urine-to-plasma urea ratio, which is calculated from routine laboratory measurements, predicts
disease progression in ADPKD in addition to other risk markers.
CJASN 16: 204-212, 2021. doi: https://doi.org/10.2215/CJN.10470620

Introduction

Autosomal dominant polycystic kidney disease (ADPKD)
is characterized by progressive kidney function loss
caused by ongoing development and growth of
cysts (1). Of these patients, 70% will develop kidney
failure and require KRT at a mean age of 58 years
(2). Determining which patients are at risk to de-
velop kidney failure is done by assessment of
several clinical parameters, most importantly,
eGFR, total kidney volume (TKV) (3-5), and type
of genetic mutation causing ADPKD (6,7). It is
generally acknowledged that establishing prognosis
is challenging, especially in the beginning of the
disease (8,9). In early-stage disease, GFR has not yet
declined and TKV is not severely increased. How-
ever, cyst formation in the kidneys has already led
to changes in medullary architecture, resulting in a
reduced maximal urine-concentrating capacity
(10-15). A marker to reflect this early damage might
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therefore be valuable for prediction of future disease
progression. Bankir and Bichet (16) suggested that the
urine-to-plasma urea ratio could be used as a marker
for urine-concentrating capacity. To our knowledge,
we are the first to study the urine-to-plasma urea ratio
as a marker for rate of disease progression in ADPKD.

In this study, we aimed to demonstrate the pre-
dictive value of the maximal urine-concentrating
capacity in patients with ADPKD, and the suitabil-
ity of the urine-to-plasma urea ratio as its surrogate
marker. Also, we studied the association between
urine-to-plasma urea ratio and rate of kidney func-
tion decline in ADPKD.

Materials and Methods

Study Population
For this study, we used two data sources. First, we
performed a post hoc analysis of data from 30 patients
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with ADPKD who underwent a prolonged water depriva-
tion test to determine maximal urine-concentrating capac-
ity. These tests were performed between 2011 and 2014,
and included patients aged 18-65 years without diabetes
mellitus, active cardiovascular disease, or use of diuretics.
A detailed study protocol can be found elsewhere (13,15).

For the second part of our analyses, we used data from
the Developing Interventions to Halt Progression of Au-
tosomal Dominant Polycystic Kidney Disease (DIPAK)-1
trial, complemented with data from the subsequent DIPAK
observational cohort study. The DIPAK-1 randomized
controlled trial assessed the renoprotective effect of the
somatostatin analog lanreotide in patients with ADPKD
(ClinicalTrials.gov identifier NCT01616927). Design, meth-
ods, and the main outcomes have been published pre-
viously (17,18). In brief, patients with ADPKD (age
between 18 and 60 years, with eGFR between 30 and
60 ml/min per 1.73 m?) were included between 2012 and
2015, and followed for 132 weeks. After end of this trial, a
cohort study was initiated to investigate the natural course
of the disease. Out of the 305 participants, 175 patients
continued follow-up. Inclusion into this observational
cohort was also open to patients with ADPKD who
routinely visited outpatient clinics (1=489). Inclusion
criteria for the observational cohort study were age
=18 years and an eGFR =15 ml/min per 1.73 m?. Exclusion
criteria for both studies were concomitant diseases or use of
medication that may influence the natural course of
ADPKD. For the present analyses, we included patients
with ADPKD with a baseline urine-to-plasma urea ratio and
at least three eGFR assessments during at least 2 years of
follow-up to allow reliable calculation of slope of eGFR
decline, leaving 583 patients (Figure 1).

All studies were approved by the Institutional Review
Board of the University Medical Center Groningen and were
conducted in adherence to the International Conference on

DIPAK1 trial participants Outpatient clinic patients
n=305 n=489
n=175
n=130 DIPAK observational
cohort n=664

l

Excluded, n=211
no UPU ratio, n=33
Tolvaptan use, n=27
follow-up <2yrs, n=148
eGFR repeats <3, n=3

Study sample
n=583

Figure 1. | Flow diagram showing inclusion of 583 participants into
the study cohort. DIPAK, Developing Interventions to Halt Progres-
sion of Autosomal Dominant Polycystic Kidney Disease; UPU ratio,
urine-to-plasma urea ratio.
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Harmonization Good Clinical Practice Guidelines. Written
informed consent was obtained from all participants.

Laboratory Measurements and Imaging

Urine osmolality was measured by freezing point de-
pression using an Osmometer (Akray, Kyoto, Japan).
Creatinine was measured using an isotope-dilution mass
spectrometry-traceable enzymatic method, and urea was
measured with an enzyme kinetic assay. eGFR was calcu-
lated with the CKD Epidemiology Collaboration equation
(19). Copeptin was measured by a sandwich ELISA
(Thermo Fisher Scientific, Henningsdorf/Berlin, Germany)
(20). Mutations were screened using locus-specific, long-
range amplification, followed by direct Sanger sequencing
of exonic and flanking intronic regions of PKD1 and PKD?2,
HNF1B, PKHD1, and GANAB, combined with multiplex
ligation-dependent probe amplification for larger deletions/
duplications (18,21). Alternatively, a gene panel-based, next-
generation sequencing approach was used, analyzing 137
genes; or a capture was performed with the Agilent Sure-
SelectXT Inherited Disease Panel kit, followed by analysis of
78 genes using an in-house pipeline of the University of
Leiden (22). Details are available upon request. TKV was
assessed by manual tracing of the polycystic kidneys on
T2-weighted coronal magnetic resonance images using
Analyze direct 9.0 software (AnalyzeDirect, Inc., Over-
land Park, KS), as described previously (23). TKV was
corrected for height and age to determine a Mayo height-
adjusted total kidney volume (htTKV) class score for risk
prediction (24).

Calculations

Urine-to-plasma urea ratio was calculated by dividing
urine urea concentration by plasma urea concentration.
Urine urea concentration was measured in the water
deprivation studies in unstandardized spot urine samples
and early morning fasting urine samples, and in the DIPAK
cohort in early morning fasting urine samples.

Statistical Analyses

Normally distributed data are presented as means and
SDs, nonparametric data are presented as medians and
interquartile ranges (IQRs), and categorical data are pre-
sented as percentages. Urine-to-plasma urea ratio, copeptin
concentration, and htTKV were In transformed to attain a
better fit. Univariable and multivariable linear regression
analyses were performed to assess cross-sectional associ-
ations of the maximal urine-concentrating capacity and
urine-to-plasma urea ratio. Thereafter, multivariable mixed
modeling was used to assess associations of the urine-to-
plasma urea ratio with slope of eGFR decline, our primary
outcome measure. Patients with V2 receptor antagonist use
were excluded from the longitudinal analysis. Patients
using a somatostatin analog were not excluded. Slopes
calculated with mixed models were used to identify
patients with rapidly progressive disease, using a clinically
valid cutoff of a decline of 3.0 ml/min per 1.73 m? per year,
or more logistic regression was performed to evaluate the
additional value of the urine-to-plasma urea ratio as a
marker for disease progression, using the Harrell C-statistic
calculated with the Somer D package in STATA. Finally, we
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classified patients into clinically meaningful risk groups,
combining genetic information, Mayo Clinic htTKV class,
and urine-to-plasma urea ratio. Each of these predictors
was given equal weight in this score, given that the relative
strength of these predictors has never been established.
PKD2 or nonclassified counted for one point, PKDI
nontruncating for two points, and PKD1 truncating for
three points. Likewise, Mayo Clinic htTKV classes 1A
and 2, classes 1B and 1C, and classes 1D and 1E counted
for one, two, and three points, respectively; and the
upper, middle, and lower tertile of urine-to-plasma urea
ratio counted for one, two, and three points, respectively.
Adding these points resulted in a total risk score. We
examined if this total score was able to select patients
with rapidly progressive disease more accurately than
the predictors individually, including the 538 patients
for whom data were complete.

As secondary analyses, we investigated the incidence of
a combined kidney end point in our patient population
with use of survival analysis, using a different set of
selection criteria than for the above described analyses.
All patients who had a least one update on survival state,

a baseline urine-to-plasma urea ratio, and did not use
tolvaptan were included (17=706). The combined kidney end
point was defined as start of KRT (dialysis or transplantation),
reaching an eGFR <15 ml/min per 1.73 m?, or the incidence of
an eGFR decrease >40% during follow-up (25). The predictive
value of the urine-to-plasma urea ratio was evaluated after
adjustment for other predictors of disease progression using
Cox regression.

Analyses were performed using SPSS (version 22;
IBM Statistics), STATA (version SE 14), and GraphPad
Prism (version 7.02).

Results
Urine-to-Plasma Urea Ratio as a Marker for
Urine-Concentrating Capacity

Baseline characteristics of 30 patients with ADPKD who
participated in water deprivation tests are presented in
Table 1 and show a mean age of 42*13 years, mean eGFR
of 74+32 ml/min per 1.73 m?, and median htTKV of 578
(IQR, 497-1140) ml/m. Medians of urine-to-plasma urea
ratios, calculated with early morning fasting spot urine

Table 1. Baseline characteristics
Characteristics Water Deprivation Test Participants DIPAK Participants
No. 30 583
Age, yr 42+13 47+11
Sex, % male 57 42
Body mass index, kg/m? 27+3.9 26+4.6
Systolic BP, mm Hg 134+12 13114
Diastolic BP, mm Hg 84+8 81+9
Antihypertensive therapy, % yes 73 77
Diuretics, % yes — 28

Thiazide diuretics, % yes — 25

Loop diuretics, % yes — 2
PKD mutation, %

PKDIT 37 42

PKD1 NT 50 26

PKD2 7 21

Other 7 9
htTKV, ml/m 578 [497-1140] 898 [549-1364]
Mayo Clinic htTKYV class, %

1A 7 5

1B 23 20

1C 23 33

1D 17 22

1E 20 12

2 10 3
Plasma creatinine, mg/dl 1.11 [0.87-1.65] 1.22 [0.97-1.57]
eGFR, ml/min per 1.73 m? 74+32 64+24
Plasma urea, mg/dl 22 [17-29] 21 [16-27]
Baseline copeptin, pmol/L 9.0 [4.9-20] 7.7 [4.5-13.2]
24-h urine volume, L 2.4+0.9 2.3+0.8
Urine urea, mg/dl 785 [573-1011] 549 [406-692]
Estimated protein intake, g/24 h 88+22 85+25
Estimated salt intake, g/24 h 9.1[7.0-13.3] 8.5[6.3-11.1]
Maximal urine-concentrating capacity, mOsm/kg 633+171 —
Urine-to-plasma urea ratio 37 [23-48] 24 [17-36]

Data presented as mean = SD, median [interquartile range], or proportion of total population (%) as appropriate. Diuretic use was an
exclusion criterion for participation in the water deprivation tests. Maximal urine-concentrating capacity was defined as the plateau of
highest urine osmolality that was reached after a prolonged water deprivation test. Urine urea was measured in an early morning fasting
void. Protein intake was estimated in grams with the following equation: (urine urea excretion in 24 hx0.4667x0.06+[0.031 X
weight])xX6.25(37). Saltintake was estimated with the following equation: sodium excretion in moles X (sum of molecular mass of sodium
and chloride in grams per mole). DIPAK, Developing Interventions to Halt Progression of Autosomal Dominant Polycystic Kidney
Disease; —, not applicable; T, truncating; NT, nontruncating; htTKV, height-adjusted total kidney volume.
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samples and unstandardized spot urine, were 37 (IQR,
23-48) and 25 (IQR, 16-40), respectively.

Maximal urine-concentrating capacity correlated posi-
tively with eGFR (standarized B=0.50; P<0.001) and
negatively with htTKV (standarized = —0.57; P=0.03);
both analyses were adjusted for age and sex. Urine-to-
plasma urea ratios in both early morning fasting spot and
unstandardized spot urine samples were highly correlated
with urine-concentrating capacity (Figure 2; R=0.90;
P<0.001, and R=0.67; P<0.001, respectively) and remained
significant when corrected for sex and age (standarized
B=0.96; P<0.001, and standarized B=0.55; P=0.002, re-
spectively). Fasting urine-to-plasma urea ratio also re-
mained significantly associated when adjusting for eGFR
(standarized 8=0.81; P<0.001). Of note, when corrected for
plasma creatinine, the urine-to-plasma urea ratio did not
correlate as closely with the urine-concentrating capac-
ity (fasting sample R=0.67; P<<0.001, and unstandard-
ized sample R=0.33; P=0.08). In conclusion, these analyses
showed that early morning fasting spot urine-to-plasma urea
ratio is the best representative of the urine-concentrating
capacity, and we continued our analyses using this marker.

Maximal Urine-Concentrating Capacity and
Urine-to-Plasma Urea Ratio Are associated with
Disease Progression

In the years after the water deprivation test, participants
showed a mean eGFR decline of 4.66=1.99 ml/min per
1.73 m? per year, during a median follow-up period of 6.3
(IQR, 4.5-7.7) years, with an average of 15 eGFR assessments.
Table 2 shows that measured maximal urine-concentrating
capacity was significantly associated with subsequent rate of

5,

N

Ln urine-to plasma urea ratio
w

400 600 800 1000
maximal urine concentrating capacity (mOsm/kg)

Figure 2. | Correlation of natural log (In)-transformed urine-to-
plasma urea ratio with maximal urine-concentrating capacity during
prolonged water deprivation tests in 30 patients with ADPKD. Solid
circles represent the urine-to-plasma urea ratio calculated from early
morning fasting urine samples (R=0.90; P<0.001); open circles
represent the urine-to-plasma urea ratio from unstandardized urine
samples (R=0.67; P<0.001).
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kidney function decline, after correction for age and sex
(per 10 mOsm/kg, B=0.07; P=0.03). Early morning fast-
ing spot urine-to-plasma urea ratio was likewise associ-
ated with subsequent rate of kidney function decline,
unadjusted (per 1-natural log-transformed unit, 3=1.66;
P=0.05), which remained after correction for age, sex, and
eGFR (8=5.56; P<<0.001).

Urine-to-Plasma Urea Ratio Is associated with Disease
Progression in a Larger Patient Cohort

Baseline characteristics of 583 patients with ADPKD
participating in the DIPAK studies are presented in Table 1.
Their mean age was 47*11 years, mean eGFR was
64+24 ml/min per 1.73 m?, and median htTKV was 898
(IQR, 549-1364) ml/m. Median urine-to-plasma urea ratio
was 24 (IQR, 17-36). At baseline age, systolic and diastolic
BP, use of antihypertensive medication and diuretics,
htTKV, plasma copeptin (as a surrogate marker of
vasopressin), and 24-hour urine volume all had a signif-
icant negative correlation with urine-to-plasma urea
ratio, whereas eGFR and protein intake showed a positive
correlation (Supplemental Table 1).

During a median follow-up of 4.0 (IQR, 2.6-5.0) years,
with an average of ten eGFR measurements per individual,
mean eGFR decline was 3.49+1.86 ml/min per 1.73 m? per
year. The association of baseline urine-to-plasma urea ratio
with subsequent decline in kidney function was statistically
significant even when corrected for all established disease
prediction markers (sex, baseline age, eGFR, Mayo Clinic
htTKV class, and PKD mutation) (8=0.57; P=0.02;
Supplemental Table 2). A sensitivity analysis using creat-
inine corrected urine-to-plasma urea ratio rendered similar
results (8=0.23; P=0.003; Supplemental Table 3). There are
no significant interactions between the association of the
urine-to-plasma urea ratio with rate of disease progres-
sion and age, sex, eGFR, htTKV, diuretic use, protein
intake, urine volume, use of lanreotide, and plasma
copeptin concentration. Stepwise, multivariable regression
analysis with backward analysis was performed, elimi-
nating covariates that had a P>0.1, resulting in a final
model including urine-to-plasma urea ratio, systolic BP,
PKD mutation, Mayo Clinic htTKV class, and salt intake
(all P<0.05; Table 3).

Next, our study population was divided into two groups
of patients with rapidly progressive (n=350) and slowly
progressive (1=233) disease. The odds ratio of rapidly
progressive disease was 1.33 (95% confidence interval [95%
CI], 1.19 to 1.48; P<<0.001) for every 10-U decrease in urine-
to-plasma urea ratio when analyzed crude, and 1.35 (95%
CI, 1.19 to 1.52; P<0.001) when adjusted for sex, PKD
mutation, and Mayo Clinic htTKV class. The Harrell
C-statistic for this final model changed from 0.69 to 0.72
when the urine-to-plasma urea ratio was added (P=0.006).

Thereafter, a risk score combining PKD mutation, Mayo
Clinic htTKV class, and urine-to-plasma urea ratio was
calculated. The Harrell C-statistic for predicting fast pro-
gression was 0.68 for the risk score if the urine-to-plasma
urea ratio was not included (Figure 3A), and increased to
0.72 for the total combined risk score (P=0.007; Figure 3B),
which was also better than for each of the predictors
separately (urine-to-plasma urea ratio score: 0.61; P<<0.001;
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Table 2. Predictors of future kidney function decline of patients with ADPKD participating in the water deprivation tests (n=28)
Multivariable
Univariable
Predictors Model 1 Model 2
B P Value B P Value B P Value
eGFR, per 10 ml/min per 1.73 m> 0.056 0.69 0.31 0.22
Age, per 10 yr 0.67 0.22
Sex, female versus male —-0.27 0.78
Maximal urine-concentrating capacity, per 10 mOsm/kg 0.041 0.13 0.068 0.03 0.09 0.04
Age, per 10 yr 0.54 0.14 0.30 0.59
Sex, female versus male —-0.25 0.78 —-0.03 0.97
eGFR, per 10 ml/min per 1.73 m? —0.19 0.57
Urine-to-plasma urea ratio, per 1 U 1.66 0.05 3.18 0.002 5.56 <0.001
Age, per 10 yr 0.83 0.03 0.12 0.81
Sex, female versus male —-0.79 0.36 —0.56 0.48
eGFR, per 10 ml/min per 1.73 m? -0.71 0.04
Associations of baseline eGFR, measured maximal urine-concentrating capacity, and early morning fasting spot urine-to-plasma urea
ratio with subsequent rate of kidney function decline were assessed with use of mixed-model analysis. Urine-to-plasma urea ratio was
naturallog-transformed to attain normal distribution. Maximal urine-concentrating capacity was defined as the plateau of highest urine
osmolality that was reached after a prolonged water deprivation test. In these analyses, two patients were excluded because of V2
receptor antagonist (tolvaptan) use longer than 6 months during follow-up. ADPKD, autosomal dominant polycystic kidney disease.

Mayo Clinic htTKV class score: 0.65; P=0.001; PKD mutation =~ comparable predictive value (Harrell C-statistic of 0.70
score: 0.63; P<<0.001; Supplemental Figure 1). These pre- and 0.69, respectively; P=0.65). Notably, use of the risk score in
dictor scores did not statistically differ from each other. In  a subgroup of 122 patients with relatively early-stage disease
addition, including either the Mayo Clinic class score or the (defined as age <40 years and eGFR>60 ml/min per 1.73 m?)
urine-to-plasma urea ratio score into a model adjusted also shows promise as predictor for future disease progres-
for age, sex, baseline eGFR, and PKD mutation showed sion (Figure 3C; Harrell C-statistic of 0.71).

Table 3. Association of baseline parameters with rate of kidney function decline in patients with ADPKD from the DIPAK cohort
(n=583), in a stepwise backward elimination analysis
Univariable Final Multivariable Model
Baseline Parameters
B P Value B P Value

Urine-to-plasma urea ratio, per 1 U 0.74 <0.001 0.71 <0.001
Age, per 10 yr 0.12 0.22 X X
Sex, female versus male 0.63 0.002 X X
Systolic BP, per 10 mm Hg —-0.24 0.001 —-0.18 0.02
Diastolic BP, per 10 mm Hg —0.34 0.002 X X
Antihypertensive therapy, yes versus no —0.64 0.01 X X
Diuretics, yes versus no —0.38 0.10 X X
eGFR, per 10 ml/min per 1.73 m? 0.13 0.004 X X
PKD mutation

PKD1T -1.15 <0.001 -0.72 0.003

PKDI NT —0.86 0.001 —0.63 0.02
Mayo Clinic htTKV class

1B+C -0.93 0.01 —-0.69 0.07

1D+E —241 <0.001 -1.83 <0.001
24-h urine volume, L —0.05 0.73 X X
Estimated protein intake, per 1 g/24 h —0.01 0.02 X X
Estimated salt intake, g/24 h -0.99 <0.001 —0.76 0.001
Associations tested with mixed-model analysis. The first column lists all variables that were considered. Covariates contributing with a
P>0.1 were excluded until a final multivariable model was reached. Urine-to-plasma urea ratio and salt intake were natural log-
transformed to attain normal distribution. Reference groups are PKD2 and others (non-PKD1 mutations) combined, and Mayo Clinic
htTKV class 2 and 1A combined. Protein intake was estimated in grams with the following equation: (urine urea excretion in 24
hx0.4667X0.06+[0.031 X weight]) X6.25 (37). Salt intake was estimated with the following equation: sodium excretion in moles X (sum of
molecular mass of sodium and chloride in grams per mole). ADPKD, autosomal dominant polycystic kidney disease; DIPAK cohort,
Developing Interventions to Halt Progression of Autosomal Dominant Polycystic Kidney Disease cohort; T, truncating; NT,
nontruncating; htTKV, height-adjusted total kidney volume.
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Figure 3. | A risk score combining PKD mutation, Mayo Clinic
htTKV class, and urine-to-plasma urea ratio was calculated. Rate of
kidney function decline in DIPAK cohort participants (n=538), di-
vided into risk groups according to the combined risk score of Mayo
Clinic height-adjusted total kidney volume class and PKD  Cont.
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As secondary analyses, we examined survival in our
population using a composite kidney end point. Baseline
characteristics of the DIPAK participants included in these
analyses can be found in Supplemental Table 4. Figure 4
shows that patients in the lower two tertiles of the urine-to-
plasma urea ratio have a worse survival compared with the
upper tertile (hazard ratio, 6.8; 95% CI, 3.3 to 13.7; and
hazard ratio, 13.1; 95% CI, 6.5 to 26.1, respectively; both
P<0.001). Lower baseline urine-to-plasma urea ratio was
significantly associated with a higher risk of developing the
combined kidney end point (adjusted hazard ratio, 1.43;
95% CI, 1.11 to 1.85; P=0.006) for 10 U. The Harrell
C-statistic for this final model was 0.82, to which the urine-
to-plasma urea ratio contributed significantly (P=0.03;
Supplemental Table 5).

Discussion

In this study, we demonstrate that the extent to which
the kidneys can maximally concentrate urine is associated
with disease severity (eGFR and TKV) and disease pro-
gression (rate of kidney function decline) in patients with
ADPKD, both when measured directly, with a prolonged
water deprivation test, and when measured by its surro-
gate marker, the urine-to-plasma urea ratio. The associa-
tion between urine-to-plasma urea ratio and rate of kidney
function decline remained intact when correcting for all
established ADPKD progression markers (24,26-28). Com-
bining Mayo Clinic htTKV class, PKD mutation, and the
urine-to-plasma urea ratio into a disease severity score
predicted rapidly progressive disease better than these
predictors individually.

First, we demonstrated that the actual, measured max-
imal urine-concentrating capacity can predict future
kidney function decline. Unfortunately, the way to de-
termine this urine-concentrating capacity is to subject a
patient to an arduous evaluation: a prolonged water
deprivation test. Implementation of this test in everyday
clinical practice is far from attainable. A surrogate marker
of the urine-concentrating capacity could therefore help
the clinician considerably. Our data demonstrate that the
urine-to-plasma urea ratio, calculated from an early morn-
ing fasting sample, could achieve this.

Use of the urine-to-plasma urea ratio as a marker of the
maximal urine-concentrating capacity can be explained by
reflecting on the central role of urea in the process of urine
concentration. Urea cycling within the kidney is pivotal
for building the osmolar gradient necessary to draw fluids
from the lumen of tubules to the interstitial tissue (29).

Figure 3. | Continued. mutation, without urine-to-plasma urea ratio
(A) and the total risk score (B). Dotted line indicates division between
rapidly progressive disease and moderately progressive disease (re-
spectively below or above —3.0 ml/min per 1.73 m? per year). Harrell
C-statistics for the prediction of rapidly progressive disease was 0.68
for the risk score without the urine-to-plasma urea ratio, and 0.72 for
the total risk score (P=0.007). (C) Use of the total risk score in patients
with relatively early-stage disease (=122, defined as age <40 years
and eGFR>60 ml/minper 1.73 m?). The Harrell C-statisticwas 0.71 in
this subpopulation.
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Figure 4. | Kaplan-Meier curve of the incidence of a combined
kidney end point (start of KRT, incidence of eGFR<15 ml/min per
1.73 m? or eGFR decrease >40%) in the overall DIPAK cohort
(n=706), according to tertiles of baseline urine-to-plasma urearatio.
The upper tertile (>31.6, tertile 3 [T3]) is depicted with asolid line, the
middle tertile (19.7-31.6, tertile 2 [T2]) with a dashed line, and the
lowesttertile (<19.7, tertile T [T1]) with a dotted line. Compared with
the upper tertile, the second tertile had a hazard ratio of 6.76 (95%
confidence interval, 3.35 to 13.7; P<0.001) and the first tertile had a
hazardratioof 13.1(95% confidence interval, 6.55t026.1; P<0.001).

A high medullary urea concentration gradient is obtained
by transport of urea from the lumen of the collecting duct
into the medullary tissue, and thereafter back into the loop
of Henle, from where it cycles back to the collecting duct,
and so forth (30,31). Because this urea transport into
medullary tissue is passive, concentration of urea in urine
will be equal to concentration in the inner medulla. The
gradient also depends on amount of urea filtered by the
glomerulus, and thus of urea plasma concentration. There-
fore, it was postulated that the ratio between urea
concentration in plasma and urine is the best representation
of this process (29,32). When concentrating urine is not
possible because of an impaired medullar urea gradient that
occurs during progression of ADPKD, the urine-to-plasma
urea ratio will decrease concordantly with the severity of
the disease. In previous clinical studies, the urine-to-plasma
urea ratio was investigated to distinguish between transient
kidney failure and longer-term function decline, with lower
values also indicating worse prognosis (33-35).

A prior post hoc study of the Tolvaptan Efficacy and
Safety in Management of Autosomal Dominant Polycystic
Kidney Disease and Its Outcomes (TEMPO 3:4) trial by
Devuyst et al. (36) has shown that the early morning fasting
spot urine osmolality, which may also be regarded as a
marker of maximal urine-concentrating capacity, was
associated with kidney function decline. To arrive at a
certain urine osmolality, two factors are of importance: the
abovementioned osmotic gradient and the vasopressin
signal. An increase of vasopressin levels might compensate
for the reduction in osmotic gradient that is caused by the
presence of cysts, resulting in an adequate urine osmolality.

The urine-to-plasma urea has a theoretical advantage of
representing the underlying damage even when urine
osmolality is within normal bounds. Unfortunately, early
morning fasting urine osmolality was not measured in the
DIPAK cohort. Therefore, a direct comparison of the pre-
dictive value of both measures could not be made.

When kidney function deteriorates, plasma urea concen-
tration rises together with plasma creatinine concentration.
Therefore, the urine-to-plasma urea ratio might also in-
clude information on GFR. It should be noted, however,
that adjustment of the ratio for plasma creatinine as well as
correcting for eGFR in our multivariable analysis did not
eliminate the association of the urine-to-plasma urea ratio
with rate of kidney function decline.

We consider as strengths of this study the availability of
direct measurements of the maximal urine-concentrating
capacity by a prolonged water deprivation test for valida-
tion of the urine-to-plasma urea ratio, and the relatively
large size and intensive phenotyping of the DIPAK cohort.
Limitations include the small study population of the water
deprivation tests, thereby highlighting the importance of the
subsequent analysis of the larger DIPAK cohort. Further-
more, our data demonstrate that prediction of future kidney
function decline in patients with ADPKD is difficult. When
established risk markers are used, there is a large dispersion
in the rate of disease progression between patients in the
same risk group, and overlap between groups. The com-
bined risk score incorporating the urine-to-plasma urea
ratio performs better, but is still not perfectly discriminative.
We have included this ratio in a combined risk score to gauge
its practical use; however, calibration of the weight of the
components and external validation were beyond the scope
of the present analyses. Future studies should be dedicated
toward implementation of the urine-to-plasma urea ratio into
clinical practice, not only as predictor for future kidney
function decline but possibly also for tolvaptan efficacy.

In conclusion, our data show that the early morning fasting
urine-to-plasma urea ratio is a good surrogate for maximal
urine-concentrating capacity. This urine-to-plasma urea ratio
holds promise as an easy to measure novel predictor for rapid
disease progression in patients with ADPKD.
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