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OR IG INAL ARTICLE
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ABSTRACT

Background. The identification of new biomarkers in autosomal-dominant polycystic kidney disease (ADPKD) is crucial
to improve and simplify prognostic assessment as a basis for patient selection for targeted therapies. Post hoc analyses of
the TEMPO 3:4 study indicated that copeptin could be one of those biomarkers.
Methods. Copeptin was tested in serum samples from patients of the AD(H)PKD study. Serum copeptin levels were
measured using a time-resolved amplified cryptate emission (TRACE)-based assay. In total, we collected 711 values from
389 patients without tolvaptan treatment and a total of 243 values (of which 64 were pre-tolvaptan) from 94 patients on
tolvaptan. These were associated with rapid progression and disease-causing gene variants and their predictive capacity
tested and compared with the Mayo Classification.
Results. As expected, copeptin levels showed a significant negative correlation with estimated glomerular filtration rate
(eGFR). Measurements on tolvaptan showed significantly higher copeptin levels (9.871 pmol/L vs 23.90 pmol/L at
90/30 mg; P < .0001) in all chronic kidney disease stages. Linear regression models (n = 133) show that copeptin is an
independent predictor of eGFR slope. A clinical model (including eGFR, age, gender, copeptin) was nearly as good
(R2 = 0.1196) as our optimal model (including height-adjusted total kidney volume, eGFR, copeptin, R2 = 0.1256).
Adding copeptin to the Mayo model improved future eGFR estimation.
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Conclusion. Copeptin levels are associated with kidney function and independently explained future eGFR slopes. As
expected, treatment with tolvaptan strongly increases copeptin levels.

LAY SUMMARY

Autosomal-dominant polycystic kidney disease (ADPKD) is a genetic condition that can cause kidney damage.
Researchers have been looking for new ways to predict how the disease will progress, so that patients can be offered
the best treatment options. Copeptin is a substance that has been identified as a possible new marker for ADPKD. In
this study, researchers measured copeptin levels in the blood of tolvaptan-naive ADPKD patients and ADPKD patients
taking tolvaptan, a medication that can slow the progression of the disease. They found that copeptin levels were
linked to kidney function and could help predict how the disease would progress in the future. The study also
showed that tolvaptan increased copeptin levels. This research could help doctors make better treatment decisions
for ADPKD patients.

Keywords: ADPKD, biomarker, copeptin, tolvaptan, vasopressin

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the
most common inherited kidney disease and the fourth leading
cause of kidney failure worldwide [1, 2]. Primarily, mutations in
either of two genes, PKD1 and PKD2, lead to cyst formation and
a progressive decline in kidney function [3]. More than 70% of
patients reach kidney failure by the age of 70 years. However,
the interindividual disease course is highly variable even within
families, hampering assessment of future outcome [4]. Two ran-
domized clinical trials have shown the benefits of treatment
with the V2R-antagonist tolvaptan, leading to the approval of the
first disease-modifying drug [4–6].

As only patients with evidence of rapidly progressing disease
benefit from tolvaptan treatment and tolvaptan is associated
with significant side effects (above all polyuria and polydipsia),
patient selection for reasonable treatment recommendations
has become of substantial importance [7].However, prediction of
disease progression in ADPKD remains a challenging task. Cur-
rently available predictivemarkers of progression including past
estimated glomerular filtration rate (eGFR) loss and age-adapted
total kidney volume (TKV) using theMayo Classification are very
helpful in routine clinical care but are hampered by, e.g. the ne-
cessity forMRI scans and volumetry or the lack of past creatinine
measurements [8, 9].Consequently, the identification of newand
easily obtainable biomarkers remains an important goal to im-
prove patient counselling and selection for targeted therapies.
Moreover, new biomarkers would ideally allow the prediction of
long-term treatment responses [10].

Vasopressin signaling plays a crucial role in the pathophys-
iology of ADPKD. It has been shown that vasopressin and the
subsequently upregulated second messenger adenosine-3′-5′-
cyclic monophosphate (cAMP) enhance cyst proliferation and
intracystic fluid secretion [11–13]. Measurement of vasopressin
is complex, e.g. due to its short half-life and instability in
plasma. Therefore copeptin, which is part of the same precur-
sor molecule and is released in an equimolar amount, is com-
monly determined as a surrogate [14]. Initial small, single-center
studies pointed towards an association of plasma copeptin
levels with ADPKD disease severity [15, 16] and disease pro-
gression [17–19]. More recently, in a large post hoc analysis
of the TEMPO 3:4 (Tolvaptan Efficacy and Safety in Manage-
ment of Autosomal Dominant Polycystic Kidney Disease and
Its Outcomes) trial copeptin levels were associated with kid-
ney function loss, TKV increase and effectiveness of tolvaptan
therapy [10].

The present work now aims to investigate whether copeptin
is a valid biomarker in a real-life scenario and whether it may
improve the predictive accuracy of the established criteria in
current clinical use.

MATERIALS AND METHODS

Patient population

A total of 483 adult (≥18 years) patients with ADPKD enrolled
in the AD(H)PKD registry were included in the analysis at their
presentations between March 2017 and October 2020 and were
followed up for up to 3 years. The AD(H)PKD registry com-
prises tolvaptan-naïve patients and patients starting therapy af-
ter baseline visit as well as patients already on targeted ther-
apy. The AD(H)PKD cohort study was set up when tolvaptan
was approved for use in ADPKD by European Medicines Agency
in 2015 to follow up on the landscape of ADPKD patient care
upon approval of the first targeted therapy. Consequently, the
name reflects the mode of action, i.e. inhibition of ADH signal-
ing. Follow-up visits are conducted for all patients and include
yearly measurements of serum creatinine and other laboratory
parameters (serumosmolality,urine osmolality, etc.).Written in-
formed consentwas obtained fromall patients and approvalwas
retrieved from the institutional review board of the University
of Cologne. The cohort study is conducted in accordance with
the Declaration of Helsinki and the good clinical practice guide-
lines by the International Conference on Harmonization, and
is registered on www.clinicaltrials.gov (NCT02497521), where
detailed information about the study can be found. Healthy
control measurements were derived from a previously pub-
lished cohort of healthy kidney donors using only the values
obtained pre-donation [20]. More clinical information regard-
ing the control cohort can be found in Supplementary data,
Table S1.

Data collection, copeptin measurements
and descriptions

Clinical and genetic data as well as laboratory parameters of
all patients were available from the AD(H)PKD registry. Data
collection was completed by obtaining serum creatinine and
eGFR values from outpatient nephrologists or general practi-
tioners with written informed consent available for all patients.
eGFR was calculated using the 2009 Chronic Kidney Disease
Epidemiology Collaboration equation [21]. Patients were asked
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Table 1: Baseline characteristics of ADPKD cohort and retrospective healthy control cohort.

Characteristics ADPKD Control

Tolvaptan – + –

N 389 94 134
Men, n (%) 180 (46.27) 49 (52.13) 66 (49.25)
Age (years), mean ± SD 44.14 ± 12.96 43.61 ± 9.68 51.56 ± 9.85
eGFR (mL/min/1.73 m2), mean ± SD 69.20 ± 30.71 58.79 ± 26.76 104.70 ± 16.98
TKV (mL), mean ± SD 1864 ± 1686 2797 ± 3230
Without baseline MRI, n 28 9
MRI, n 363 85
1A 10
1B 87 5
1C 129 26
1D 83 39
1E 46 15
2 8

CKD stage, n 389 94 134
1 eGFR >90 mL/min/1.73 m2, n (%) 114 (29.31) 14 (14.89) 106 (79.10)
2 eGFR 60–89 mL/min/1.73 m2, n (%) 113 (29.05) 20 (21.28) 28 (20.90)
3a eGFR 45–59 mL/min/1.73 m2, n (%) 64 (16.45) 31 (32.98)
3b eGFR 30–44 mL/min/1.73 m2, n (%) 66 (16.97) 23 (24.47)
4 eGFR 15–29 mL/min/1.73 m2, n (%) 25 (6.43) 5 (5.32)
5 eGFR <15 mL/min/1.73 m2, n (%) 7 (1.80) 1 (1.05)

to present to our outpatient clinic after overnight fasting for
sampling of serum copeptin levels. Serum copeptin measure-
ments were performed using the B·R·A·H·M·S Copeptin proAVP
KRYPTOR assay (BRAHMS GmbH, Hennigsdorf, Germany) based
on time-resolved amplified cryptate emission (TRACE) and car-
ried out by MVZ Labor Dr Limbach & Kollegen GbR, Heidelberg,
Germany. At all visits, patients were advised to present in a
fasted state. TKV at baseline was assessed using standardized
kidney magnetic resonance imaging (MRI) and manual segmen-
tation, while TKV follow-up measurements were not regularly
performed.

Statistics

Baseline patient characteristics are reported asmean± standard
deviation (SD) for normal distributions.Data were tested for nor-
mality using the Shapiro–Wilk test. The P-values for statistical
difference were computed using paired Student’s t-test for nor-
mally distributed, Mann–Whitney U test for nonparametric data
andWilcoxon signed-rank test for copeptin values.Copeptin val-
ues were analyzed for both their distribution in different patient
groups (e.g. age, Mayo Class) as well as their response to tolvap-
tan treatment. A P-value <.05 was considered to be statistically
significant. eGFR slopes were calculated using the robust linear
modelling function implemented in the MASS library within R
(Version 4.1.2). Briefly, all eGFR values were plotted against the
number of days since the first copeptin treatment. Derived pa-
rameters were multiplied by 365 to represent an annual eGFR
loss per patient. Quality control plots, using the ggplot library,
were used to ensure that slopes were not over- or underesti-
mated. In addition, mean eGFR slopes for each Mayo Class were
calculated. For all models shown in this publication linear re-
gression analysis was used to establish associations between
eGFR slope and relevant clinical features using R. The built-in
summary.lm function was used to extract the significance of
parameters.

RESULTS

Baseline characteristics of the ADPKD and control cohort are
shown in Table 1. The ADPKD cohort consisted of 483 patients,
of whom 94 initiated treatment with tolvaptan prior to or during
the study. A total of 954 individual copeptin values were used
for the analysis of the ADPKD cohort, resulting in 1.98 values
per patient (mean time between two copeptin measurements:
458.1 ± 164.1 days). The eGFR distribution in the treated pa-
tient group (58.8 ± 26.8 mL/min/1.73 m2) was lower than in the
tolvaptan-naïve subset (69.2 ± 30.7 mL/min/1.73 m2), likely indi-
cating selection by rapid progression criteria prior to initiation.
The control cohort consisted of 134 healthy control individuals
with a mean eGFR of 104.7 ± 18.0 mL/min/1.73 m2. A total of 134
individual copeptin values was used for the analysis of the con-
trol cohort, resulting in one value per patient. Figure 1 provides
an overview of the two study cohorts.

To obtain an insight into the distribution of copeptin val-
ues in our cohort, clinical factors known to be associated
with a modulation of copeptin were examined including only
tolvaptan-naïve patients. Males showed significantly higher
copeptin levels than female participants (Fig. 2a). Copeptin pos-
itively correlated with the age of male (Spearman r = 0.30,
P < .0001) and female (Spearman r = 0.35, P < .0001) patients
with ADPKD (Fig. 2b). While copeptin levels increased with age
in both male and female patients with ADPKD, the increase was
less pronounced in women (Fig. 2b). The sex-specific difference
in copeptin levels was still significant when only including pa-
tients with an eGFR ≥90 mL/min/1.73 m2 (Fig. 2c). In the healthy
control cohort, men also had significantly higher copeptin lev-
els than women (Fig. 2a and c). There was no significant differ-
ence in copeptin levels between ADPKD patients in chronic kid-
ney disease (CKD) stage 1 and healthy controls with a measured
GFR ≥90 mL/min/1.73 m2. Copeptin levels depended on kidney
function with an increase starting in CKD stage 3 (Fig. 2d) and a
strong negative correlationwith eGFR (Fig. 2e). Serum osmolality
positively correlated with copeptin in both males and females
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Figure 1: Study flow chart. The maximum tolvaptan dose reached shows individual unique patients reaching the respective maximum dose during the observation
period. Copeptin levels were alsomeasured at several time points or other dose steps for these patients resulting in 4 values for 15/15mg, 9 for 45/15mg, 27 for 60/30mg
and 139 for 90/30 mg in total.

(Fig. 2f) and increased with loss of kidney function starting in
CKD stage 3 (Fig. 2g).

In longitudinal analyses in tolvaptan-naïve ADPKD patients,
copeptin was shown to be stable over a follow-up time of up to
3 years (Fig. 3a). To assess the degree of fluctuations of copeptin
levels over time in individual patients we analyzed the annual
change of copeptin levels including patients with copeptinmea-
surements with and without tolvaptan therapy (Fig. 3b). Here,
patients without tolvaptan showed a non- significant higher rel-
ative annual change of copeptin.

Copeptin levels were significantly higher in patients taking
tolvaptan than in participants not taking tolvaptan at the time of
sampling (Supplementary data, Fig. S4A, median copeptin level
21 pmol/L vs 5.8 pmol/L).No difference between the three dosing
steps of tolvaptan was observed (Supplementary data, Fig. S4B).
However, the small number of measurements at some of the
doses as well as the fact that the dose steps contain different
subsets of patients need to be noted.Despite increasing copeptin
levels inmost patients after starting tolvaptan therapy, a drop in
copeptin levels was observed in four patients (Supplementary
data, Fig. S4C). Changes in copeptin associated with tolvaptan
dose changes in individual patients are shown in Supplemen-
tary data, Fig. S5 and again revealed a sharp increase upon the
change to any dose of tolvaptan but no dose-dependency.

Furthermore, we assessed whether copeptin was associated
with factors known to be indicative of rapid progression in
tolvaptan-naïve ADPKD patients. Copeptin increased with in-
creasing Mayo Class (Fig. 4a), a classification used to assess the
risk of progression based on the patient’s height-adjusted TKV
(htTKV) and age. Supplementary data, Fig. S1 shows the asso-
ciation between serum copeptin and TKV itself. No significant
differences were detected between groups with early and late
onset of arterial hypertension (including patients without arte-
rial hypertension) (Fig. 4b). The same applied to patients with
early or late onset of urological complications (including pa-
tients without urological complications) (Fig. 4c). This is also the

case when analyzing CKD G1 and CKD G2–5 patients separately
(Supplementary data, Fig. S3).

The disease-causing genetic variant was available for 221
of 389 tolvaptan-naïve patients with ADPKD. Kidney function
was similar in patients with and without truncating PKD1 and
PKD2 variants (Fig. 4d). Truncating PKD1 variants showed a
non-significant tendency towards higher copeptin compared
with both non-truncating PKD1 and PKD2 variants (Fig. 4e). The
PROPKD score has been shown to be a predictor of renal sur-
vival in ADPKD. Serum copeptin did not change with increasing
PROPKD score (Fig. 4f and g).

In the resulting 133 patients with a total of 1467 values
(minimum 3, median 8, maximum 34 creatinine values), the
mean time between copeptin measurement and first historical
creatinine value was 4.9 years (median 4.9, maximum 9 years).
Based on these data, copeptin levels were significantly higher
per increasing quartile of yearly eGFR loss and copeptin showed
a significant correlation with the delta eGFR after 2 years (Fig. 5a,
Supplementary data, Table S3). The effect of copeptin was not
driven by differences in baseline eGFR as confirmed by a lin-
ear regression model containing baseline eGFR (Supplementary
data, Table S4). The Mayo Classification is the most prevalent
tool for patient stratification at present. Considering mean eGFR
loss by Mayo Class, the Mayo model again proved to be an effec-
tive method for classifying patients according to disease sever-
ity (Fig. 5b). The Mayo model can also be used to estimate fu-
ture eGFR. Adding copeptin to the Mayo model improved future
eGFR estimation and copeptin was significant in this model (see
Table 2). This is also the case regarding the estimation of future
eGFR slopes (see Table 3).

We then went on to determine whether copeptin could serve
as an independent variable to explain kidney function loss in ad-
dition to htTKV and different clinical variables. As a first step,we
used htTKV to develop a linear regression model to explain the
eGFR slope, confirming htTKV as a significant factor (R2 = 0.06,
Model I, Table 4). Inclusion of copeptin improved this model
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Figure 4: Copeptin and clinical criteria for rapid disease progression in ADPKD. Only values from patients not taking tolvaptan at the time of sampling are shown.
(a) Serum copeptin levels between differentMayo Classes (1B vs 1E P= .0001, 1C vs 1E P= .0334). (b, c) Serum copeptin levels in relation to age at onset of hypertension (b)

and urological complications (c). These analyses included only patients that had reached 35 years of age at the time of the analysis and the group with complication
onset ≥35 years also contains all patients not suffering from arterial hypertension or urological complications. Urological complications included hematuria, cyst
infection, flank pain and kidney stones. (d) eGFR distribution in ADPKD patients with either truncated or non-truncated PKD1 or PKD2. (e) Copeptin levels between

respective mutation types in PKD1 and PKD2. Truncating mutations, including nonsense, frameshift, splicing mutations, large rearrangements and non-truncating
mutations, including missense mutations and in-frame short deletions and insertions. (f) Risk of progression to end-stage renal disease (ESRD) was determined using
the ProPKD Score classes (low = 0–3, medium = 4–6, high = 7–9). (g) Copeptin levels among different ProPKD scores. Error bars indicate standard deviation. Significant
differences are indicated by asterisks; not significant (ns).

Table 2: Comparison between the Mayo Classification model and a new extended model with added copeptin values for estimation of future
eGFR.

Characteristics All available eGFR values (n = 451 patients) Prospective eGFR values (n = 388 patients)

Model Mayo + Copeptin Mayo Mayo + Copeptin Mayo

R2 0.9177 0.863 0.945 0.924

Parameter P-value Parameter P-value Parameter P-value Parameter P-value

Mayo-predicted eGFR 0.9348 2.00E-16 0.9502 2.00E-16 0.9846 2.00E-16 1.0339 2.00E-16
Log(copeptin) −3.0322 2.00E-16 –1.8816 7.65E-07

The table compares the Mayo Classification model and an extended model incorporating copeptin values for predicting future eGFR, using two approaches. On the

left side all available eGFR values were used and the copeptin level was combined with the Mayo equation to estimate eGFR 1 year later for each individual value
(left side). Since the use of historical eGFR values does not reflect the real-life situation, we added an analysis in which only eGFR values prospective to the copeptin
measurements were used (right side).

(R2 = 0.12), but only copeptin remained significant as indepen-
dent variable (Model II, Table 4). When further adding eGFR, age
and gender to this model, again only copeptin remained signifi-
cant (Model III, Table 4, R2 = 0.16).

We then asked the question of whether a model merely
depending on clinical characteristics (eGFR, age and gender)

and copeptin without the need for MRIs could perform sim-
ilarly well (Model IV, Table 4). With an adjusted R2 of 0.12,
this purely clinical model is nearly as good as Model III.
Since ADPKD-independent mechanisms [e.g. acute kidney in-
jury (AKI)] may lead to slopes with high fluctuations we ap-
plied the same models in a cohort fulfilling a slope threshold
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Figure 5: eGFR slope in relation to copeptin (a) and Mayo Classes (b). Only values from tolvaptan-naïve patients at the time of sampling are shown. The mean eGFR
loss for the respective Mayo Classes was 1A: −1.0 mL/min/1.73 m2, 1B: −2.2 mL/min/1.73 m2, 1C: −3.3 mL/min/1.73 m2, 1D: −3.8 mL/min/1.73 m2, 1E: −4.6 mL/min/

1.73 m2.

Table 3: Comparison between the Mayo Classification model (Model
V) and a new extended model (Model IV) that includes copeptin
values regarding the prediction of future eGFR slopes (n = 133).

Estimate Std error Pr(>|t|)

Model V: slope∼mayo_slope
Adjusted R2: 0.02, P-value: .05

mayo_slope 0.49 0.24 0.05

Model VI: slope∼mayo_slope + copeptin
Adjusted R2: 0.11, P-value: .0001

mayo_slope 0.27 0.24 0.26
log(copeptin) −1.57 0.41 0.0002

Table 4: Linear regressionmodels for eGFR slope prediction (n= 133).

Estimate Std error Pr(>|t|)

Model I: slope∼htTKV
Adjusted R2: 0.06, P-value: .003

log(htTKV) −1.47 0.48 −0.003

Model II: slope∼htTKV + copeptin
Adjusted R2: 0.1165, P-value: .000118

log(htTKV) −0.64 0.54 0.24
log(copeptin) −1.52 0.49 0.003

Model III: slope∼htTKV + copeptin + eGFR + age + gender
Adjusted R2: 0.16, P-value: .0003

log(htTKV) −0.53 0.56 0.34
log(copeptin) −1.17 0.58 0.04
eGFR 0.03 0.02 0.09
age 0.05 0.04 0.17
gender −0.64 0.62 0.31

Model IV: slope∼copeptin + eGFR + age + gender
Adjusted R2: 0.12, P-value: .0002

log(copeptin) −1.32 0.56 0.02
eGFR 0.04 0.02 0.05
age 0.05 0.04 0.16
gender −0.54 −0.88 0.38

For Model III, the slope was computed using the current and subsequent year’s
eGFR values.

removing the strongest outliers (i.e. delta eGFR between −30 and
+15mL/min/1.73 m2/year). In this subcohort (110 of 133 patients
included), both the optimal model (Supplementary data, Table
S5, Model IIIs, R2 = 0.29) and the clinical model (Supplementary
data, Table S5, Model IVs, R2 = 0.34) showed considerably higher
performance.

Since the disease-causingmutation was only available in 221
of 389 tolvaptan-naïve patients, we tested the impact of geno-
type on the explanation of outcome separately. In this subcohort,
adding genetic information to the optimal or clinical model did
not result in a significant improvement (Supplementary data,
Table S6, Model IIIa, IIIb, IVa and IVb). When applying the slope
threshold and including the genetic information, both, the opti-
mal model (Model IIId, Supplementary data, Table S7, R2 = 0.43)
and the clinical model (Model IVd, Supplementary data,
Table S7, R2 = 0.34) were improved significantly.

DISCUSSION

Prediction of disease progression in ADPKD is challenging and
is currently based on established biomarkers such as TKV. The
identification of new biomarkers and risk factors is important
to accurately predict prognostic statements and facilitate pa-
tient selection regarding tolvaptan therapy. Furthermore, new
biomarkers should allow the assessment of long-term treat-
ment responses. In this study we explored the role potential of
copeptin, as part of the precursor protein pre-pro-vasopressin.
Copeptin is produced in equimolar amounts [22] and thus a val-
idated surrogate parameter to plasma vasopressin [23].

Existing information on copeptin in patients with ADPKD
comes mostly from a post hoc analysis of the interventional
TEMPO 3:4 trial [10], and all studies from a real-world setting
are too small to be considered conclusive and do not provide a
homogenous picture [16–20, 24]. However, real-world data are
necessary because copeptin values are expected to vary de-
pending on factors such as sampling technique. Consequently,
our study of 483 ADPKD patients represents a larger sample
size that provides real-world data. We were able to confirm
previous results by Gansevoort et al. [10], showing both clear
eGFR dependency of copeptin levels and higher values in male
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patients with ADPKD. In ADPKD, males tend to show a faster
age-dependent eGFR decline and thus male gender is viewed
as a risk factor for disease progression [4]. Consequently, the
finding could either be a consequence of worse kidney function
inmen or copeptin/vasopressin could vice-versa be a factor that
explains sex-dependent differences regarding disease progres-
sion. Hence, we investigated whether copeptin is higher in male
CKD1 patients with ADPKD than in healthy male kidney donors,
which was not the case in our analysis. Comparing CKD1 pa-
tients with ADPKD of both genders with healthy controls with
a GFR >90 mL/min/1.73 m2 yielded no significant differences.
Importantly, in contrast to our results, previous work by Zittema
et al. [20]. had found higher copeptin levels in patients with
ADPKD compared with the same healthy kidney donor cohort
with males showing higher copeptin levels in both groups.
However, a direct comparison between males of both groups
was not carried out and patients with ADPKD with an impaired
kidney function were included. These different findings may be
explained by differences in kidney function between ADPKD co-
horts and the retrospective use of data from the healthy cohort
in the present study. Beyond this, no uniform picture emerges
from the published literature: while some studies found signifi-
cantly higher copeptin levels in patients with ADPKD compared
with healthy controls [16], others found only non-significant
tendencies to higher copeptin levels at baseline [25] or no
significant differences at all [24]. Usually, gender-specific com-
parisons between ADPKD and healthy individuals were not
conducted [16, 24, 25].

AsMorgenthaler et al. found nomajor differences in copeptin
values in different age groups of their healthy cohort [23], the
age-dependency of copeptin in our study might be explained
by the progressive deterioration of kidney function in ADPKD.
However, Morgenthaler et al. found significantly higher copeptin
values in healthy males than in females [23]. The comparison
of male and female patients with a maintained kidney func-
tion in our cohort confirmed the sex-dependency of copeptin
levels.

Due to disruption of the medullary architecture secondary
to cyst formation and renal insufficiency, patients with ADPKD
experience an impairment of their urine concentrating capac-
ity possibly resulting from an impaired osmolar gradient and
a deregulation of the vasopressin–cAMP–osmolality axis [26].
As plasma osmolality rises, vasopressin secretion is increased
to maintain the overall water balance [27]. Copeptin levels can
decrease rapidly [23] suggesting extrarenal clearance as pre-
dominant clearancemechanism.As expected, serum osmolality
showed a positive correlation with copeptin. Besides, increased
serum osmolality became apparent in patients with ADPKD
from CKD stage G3a and higher and was accompanied by rises
in copeptin. Higher copeptin values in later stage diseases and
in people at risk for rapid disease progression can result from
impaired urine concentrating capacity. Also, an increase in salt
intake leads to an increase in serum osmolality and therefore to
an increase of vasopressin secretion [28]. In general, increased
vasopressin levels can lead to glomerular hyperfiltration which
can lead to a progressive deterioration in all forms of CKD while
in ADPKD, the aforementioned vasopressin-related cyst forma-
tion can cause further renal function loss [29]. In the past, several
studies found evidence of an association between salt intake
or sodium excretion and disease progression in patients with
ADPKD [30]. Although studies that only included patients with
early-stage ADPKD [CRISP (Consortium for Radiologic Imaging
Studies of Polycystic Kidney Disease) cohort, post hoc HALT Pro-
gression of Polycystic Kidney Disease (HALT-PKD) Study A] [31,

32] did not show a clear effect on renal function loss, both stud-
ies found an association between salt intake and TKV increase.
In contrast, studies including patients with advanced disease
found an association between salt intake and eGFR loss (post hoc
HALT-PKD B, Kramers et al. [32, 33]).

To gain a preliminary understanding of whether high
copeptin levels may indicate rapid progression, we examined
the association between copeptin and established progression
factors. In the earliest stages of ADPKD, copeptin levels have
been shown to increase, according to previous research [25].
Despite age differences between the two cohorts, no difference
in copeptin between controls and CKD1 patients was found and
further no correlation between copeptin and age was found
(Supplementary data, Fig. S6A).

Serum copeptin positively correlated with increasing TKV
and Mayo Classes. However, no association with the PROPKD
score and its individual components was found. At first sight,
it was unexpected to see a lack of correlation between PROPKD
score and copeptin levels, in contrast to future eGFR and
TKV. This could be a consequence of limited cohort size with
availability of genotype, a general problem in routine care in
Germany. However, it is also intriguing to speculate that
copeptin may carry information that goes beyond genotype
(e.g. environmental factors) and that may partly explain the in-
trafamilial variability in ADPKD [34]. This question will be an
interesting topic for future studies. ADPKD is genetically hetero-
geneous with two genes being responsible for the majority of
mutations: PKD1 encoding polycystin-1 (around 85% of cases)
and PKD2 encoding polycystin-2 (around 15% of cases) [35]. To
exclude whether patients with ADPKD harbor truncated PKD1
already progressed to an advanced disease stage and therefore
showed higher copeptin levels, we compared eGFR values be-
tween both truncated and non-truncated PKD1 patient groups
and did not detect a significant difference.

If copeptin is to be used to guide patient selection for targeted
therapies, further evidence whether copeptin levels improve
current predictive algorithms for disease progression of ADPKD
is required. An earlier study showed that baseline copeptin pre-
dicts TKV growth and eGFR decline [10]. Since only one MRI was
available for the majority of the patients in the study at hand,
we focused our analyses regarding the capacity of copeptin to
explain the future eGFR slope.

Our linear model confirms copeptin as an independent
variable to explain the future eGFR slope and this finding was
independent from baseline eGFR, age and htTKV. Copeptin was
indeed independently associated with the eGFR slope for the
optimal model including eGFR, htTKV and copeptin (R2 = 0.13),
a result in a similar range compared to the previously published
post hoc analysis of the TEMPO 3:4 trial [10]. The explanation of
future eGFR slope was considerably improved (optimal model
R2 = 0.30, clinical model R2 = 0.34) when applying a slope
threshold to exclude eGFR slopes that were most likely caused
by ADPKD-independent mechanisms (e.g. AKI). Adding the
genetic mutation to the models did not significantly improve
them, which could be a consequence of the fact that this
information was only available for a subgroup of patients and
suggests that additional data are necessary to develop a valid
model connecting the eGFR slope and, e.g. the PROPKD score.

Since the Mayo Classification is frequently used in clinical
practice to assess the risk of disease progression, we also tested
a combination with this model and found a significant impact
of copeptin.While the Mayo Classification was again very useful
for stratifying patients into risk classes in our cohort, the expla-
nation of future eGFR slopes using this model showed limited
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accuracy which is in line with previously published literature
[36]. The explanation of eGFR slopes could also be improved by
adding copeptin to the model.

We further investigated the impact of tolvaptan on serum
copeptin levels and detected higher copeptin levels under
tolvaptan intake, which is in line with previous findings and
well explained by V2R-antagonism [10]. Gansevoort et al. has
also shown that copeptin may be a predictor for the response
to tolvaptan [10]. Patients with higher baseline copeptin showed
a larger effect size, in terms of both eGFR loss per year and TKV
increase. The association with therapy response was even closer
when analyzing the copeptin increase after treatment associa-
tion. It will be interesting to see whether this result can also be
confirmed in the real-world setting. However, at this point, the
data from our cohort do not provide sufficient follow-up for pa-
tients taking tolvaptan to answer this question.

In four patients an unexpected decrease of serum copeptin
levels was detected. Consequently, we looked at clinical charac-
teristics that might explain this decline, however no clinical ab-
normalities were found. Indeed, possible reasons for the decline
in serum copeptin levels could be (i) non-compliance (meaning
suspension of tolvaptan or mentioning of wrong time point or
(ii) additional intake of other medication that might influence
metabolization.

The findings of this study have to be seen in the light of the
following limitations: creatininemeasurementswere conducted
at various laboratory sites resulting in potential technical fluc-
tuations. Furthermore, the number of creatinine values obtained
to calculate the eGFR slope is limited in a subset of patients. Es-
timation of disease severity was done by estimating eGFR slopes
using the baseline copeptin measurement. Importantly, the dis-
cordance between eGFR and measured GFR, which can be up to
±30% according to various cross-sectional studies presented in
ameta-analysis by Porrini et al. [37],must be noted. As not all pa-
tients provided consent for genetic analysis, generation of a pre-
dictionmodel including the PROPKD score resulted in a small co-
hort and a low predictive value, and was therefore not included
in the present analysis. Patients were asked to present to our
outpatient clinic after overnight fasting for sampling of copeptin
levels. However, this advice may not always have been followed
in the real-life setting. Besides, data on the disease-causing ge-
netic variant was not available in all patients.

In conclusion, our findings underline the GFR dependency of
copeptin levels as well as its predictive capacity of eGFR slope
in the real-world setting. The fact that a model based merely on
clinical parameters including copeptin resulted in an accuracy
comparable to models including imaging and genetic data is of
interest but will require additional confirmation. Importantly, all
models explain variation only to a rather limited degree, under-
lining that additional parameters such as MCP1 and a holistic
approach using asmuch information as possible will be required
to optimize risk prediction in ADPKD.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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