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Introduction 
This thesis investigates the role of vasopressin in chronic kidney disease and in particular 
in autosomal dominant polycystic kidney disease (ADPKD). This chapter focuses on the 
role of vasopressin in physiology and pathophysiology. In Chapter 2 more extensive 
information is provided on the pathophysiology, clinical symptoms and possible future 
treatment options of ADPKD.

Vasopressin and the urine concentrating capacity of the kidney
Arginine vasopressin, also called anti-diuretic hormone, plays an important role in the 
urine concentrating capacity of the kidney. This complex mechanism that generates 
urine that is markedly more concentrated than the other body fluids is one of the 
more spectacular functions of the body. The capacity of the kidneys to deliver a urine 
osmolality that varies widely in response to water intake is unique and essential for 
survival of mammals. In humans urine osmolality can increase up to 1200 mOsm/kg 
upon water deprivation, equivalent to 4-times the plasma osmolality. After intake 
of large quantities of water, urine osmolality may decrease to 50 mOsm/kg, about 6 
times lower than plasma osmolality.1 Although this variability in urine osmolality may 
seem impressive, in comparison to other species we are only mediocre performers. For 
instance, camels can concentrate to 1800 mOsm/kg and domestic cats can concentrate 
urine to above 3000 mOsm/kg.2 The highest urine concentrating capacity is seen in 
rodents. The spinifex hopping mouse (Notomys alexis) deserves the title of ‘urine 
concentrating champion’ with reported values of urine osmolality above 9000 mOsm/
kg.3,4 

Mechanisms involving urine concentration
The glomerulus filters around 100 ml plasma per minute, equivalent to 144 liters per 
24 hour. The proximal tubule reabsorbs the bulk of water and solutes via isosmotic 
transport, independent of hydration status.5 In order to dilute or concentrate urine, 
(whatever is necessary depends on water intake and demand of the body) the loop of 
Henle as well as the collecting duct are important players. As of today the mechanism 
resulting in concentrated urine is not clearly understood. Three components have been 
identified so far that are of importance. First, maintenance of a hypertonic medullary 
interstitium is needed to absorb water out of the lumen of the thin descending limb of 
the loop of Henle and of the collecting duct. This hypertonicity is mostly maintained 
by sodium-chloride and urea transport into the interstitium from the ascending limb of 
the loop of Henle and the collecting ducts, respectively.6 Second, a structurally intact 
countercurrent multiplier system is necessary to establish large osmolality differences 
along the cortico-medullary axis inside the loop of Henle. This mechanism relies on a 
water-impermeable barrier that separates descending and ascending parts of the loop 
of Henle. Active transport of solutes from the ascending to descending side results into a 
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cortico-medullary osmolality gradient generating large differences of osmolality along 
the flow direction of the loop of Henle.7 Figure 1 displays water and salt reabsorption 
in the proximal tubule and the countercurrent multiplier system in the loop of Henle. 
Although both aforementioned components deserve attention, as they are complex 
and examples of the ingenious physiology of the kidney, this thesis focuses on the third 
component that is essential for urine concentration: regulation of permeability of the 
collecting ducts for water by arginine vasopressin.8  

The role of vasopressin in the concentration of urine
Vasopressin is released by the pituitary gland upon an increase in plasma osmolality 
or decrease in blood volume and blood pressure.10,11 The entire collecting duct of the 
kidney becomes highly permeable for water when vasopressin stimulates vasopressin 
V2 receptors (V2R) at the basolateral membrane of these cells. Stimulation of these 
receptors leads to conversion of adenosine triphosphate (ATP) into cyclic adenoside 
monophosphate (cAMP) and subsequent activation of protein kinase A. In turn, 
migration of aquaporin-2 water channels to the apical cell membrane facilitates passive 
water absorption across the collecting duct. Consequently, urine osmolality increases 
and plasma osmolality decreases, leading to restoration of the water balance.12 In Figure 
2, the regulation of water reabsorption in the collecting duct by vasopressin is depicted.

introduction and aims of this thesis
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Figure 1: Schematic representation of a long looped nephron. In this 
figure both water and salt reabsorption in the proximal tubule (cortex) 
and the countercurrent multiplier system in the loop of Henle (medulla) 
are displayed. Figure represents approximate osmolalities (mOsm/kg). 
Osmotic equilibration occurs in the thin descending limb of Henle, 
whereas NaCl is reabsorbed in the water-impermeable ascending limb. 
Copyright by Saunders, Elsevier inc. 2015.9
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Diabetes insipidus
Fluid that is delivered to the distal tubule is hypotonic. When no reabsorption of water 
in the collecting duct occurs, this fluid remains hypotonic during passage through the 
collecting duct, despite the large osmotic gradient favoring water reabsorption.9 When 
deficient vasopressin action hinders collecting duct water reabsorption, a condition 
called diabetes insipidus ensues that is characterized by passing large volumes of dilute 
urine and an increased sense of thirst. 

Diabetes insipidus can have both a central or renal origin. Patients with a central diabetes 
insipidus have a deficiency in secretion of vasopressin from the pituitary gland, whereas 
a renal origin results from unresponsiveness of the kidney to vasopressin. Therefore, in 
central diabetes insipidus vasopressin levels are low, whereas in renal (i.e.,nephrogenic) 
diabetes insipidus vasopressin levels are high due to a negative feedback mechanism.13,14 
Possible causes of nephrogenic diabetes insipidus are amongst others genetic 
mutations in the V2-receptor or the aquaporin-2 water channel, drug induced (lithium), 
electrolyte imbalance (hypokalemia or hypercalcemia) or kidney damage due to various 
renal diseases. The most well-known renal disease which causes diabetes insipidus is 
autosomal dominant polycystic kidney disease (ADPKD).15 The exact mechanism by 
which ADPD causes diabetes insipidus is not yet known, and this thesis tries to increase 
current knowledge on this mechanism. 

Figure 2: Schematic representation of a collecting duct cell of the kidney. Displayed is the regulation of 
water reabsorption by vasopressin (ADH). Copyright by Pearson Education Inc. 2011.
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Vasopressin in chronic kidney disease
Besides its important physiological function in water homeostasis, already in the eighties 
detrimental renal effects have been described for vasopressin as well. It has been 
suggested that vasopressin influences the microcirculation of the kidney and thereby 
induces hyperfiltration.16,17 Infusion of vasopressin or dDAVP, a selective V2 receptor 
agonist, has indeed been found to induce an increase in renal blood flow, glomerular 
filtration rate (GFR) and protein leakage.18-20 A mediator in these vasopressin driven 
effects on the kidney may be the renin-angiotensin system (RAS), activated directly via 
the vasopressin V1 receptor (V1R) at the macula densa and indirectly via V2R induced 
tubuloglomerular feedback.21-24  In addition, stimulation of the V1R by vasopressin 
constricts the efferent arteriole, leading to a further increase in intraglomerular capillary 
pressure.18 Another damaging effect of vasopressin on the kidney may be by stimulation 
of proliferation and hypertrophy of mesangial cells via the V1 receptor.25-28 

Vasopressin in ADPKD in particular
Autosomal Dominant Polycystic Kidney Disease (ADPKD) is characterized by progressive 
cyst formation in both kidneys that leads to end-stage renal failure. Vasopressin 
is assumed to play a detrimental role in the pathogenesis of ADPKD. As described 
previously, vasopressin stimulates the conversion of ATP into cAMP at the basolateral 
side of the collecting ducts of the kidney. cAMP is needed to facilitate migration of 
aquaporine-2 channels into the apical cell membrane in order to reabsorb water. In 
ADPKD, cAMP also stimulates proliferation of tubular cells and chloride driven fluid 
secretion into cysts, leading to cyst growth and consequently disease progression.29 In 
Chapter 2 a more extensive overview of ADPKD is given including the role of vasopressin 
in the pathophysiology of this disease.

Blockade of vasopressin in ADPKD
Currently, in 2016, no therapeutic options are available for ADPKD patients to attenuate 
disease progression. However, research dedicated to ADPKD has intensified in the last 
decade. Several studies investigated blockade of the V2R as possible treatment option. 
Blocking the V2R in animal models for polycystic kidney disease delayed disease 
progression.30-35 These promising results led to human intervention studies. A recent 
multicenter randomized controlled trial showed that the vasopressin V2 receptor 
antagonist tolvaptan slowed the increase in total kidney volume and the decline in 
kidney function over a 3 year period in patients with relatively early stage ADPKD.36 
The most frequently reported adverse events were polyuria and polydipsia. These 
adverse events can be expected as water reabsorption in the collecting duct relies on 
stimulation of the V2R. The beneficial renoprotective effect of vasopressin V2 receptor 
antagonist treatment is therefore accompanied by a strong aquaretic response. As a 
result of the positive outcome of the clinical trial, tolvaptan the vasopressin V2 receptor 
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antagonist has been granted marketing authorization for patients with ADPKD by 
among others the European Medicines Agency. Optimum timing of treatment start and 
dosage of the drug are yet debated as all studies investigated a fixed dose treatment 
regimen in relatively early stage of disease.37 It has been suggested that disease severity 
and treatment duration may influence treatment efficacy, as indicated by a decline 
in aquaretic response to V2 receptor antagonism in later stage disease and during 
prolonged treatment. This thesis aims to further investigate these issues.33,38,39 

Copeptin as marker for vasopressin
The assay for vasopressin is laborious and needs to be conducted by an experienced 
analyst. Moreover, vasopressin is assumed to have limited ex-vivo stability, making 
measurement in samples that have been stored for prolonged periods of time 
unreliable.40,41 Epidemiological studies are therefore challenging. Copeptin is increasingly 
used as surrogate marker for vasopressin. Copeptin, a 39-aminoacid glycopeptide, is 
part of the vasopressin precursor, pre-pro-vasopressin. When this precursor is split, 
copeptin and vasopressin are produced in equimolar amounts.42 In Figure 3, a schematic 
representation of the vasopressin precursor peptide is given. It has been demonstrated 
that copeptin levels correlate well with vasopressin levels during physiological changes 
in plasma osmolality, from water excess to dehydration, and also in pathologic states, 
for example in septic shock.43-46 Measurement of copeptin is performed with a semi-
automatic analyzer (Kryptor analyser, ThermoFisher, Henningsdorf/Berlin) and takes 
only a few hours. Given this relative easy method of measurement, together with the 
assumed stable ex-vivo characteristics, copeptin is a promising surrogate marker for 
vasopressin that may facilitate epidemiological studies. However, whether copeptin is 
a reliable marker in patients with impaired kidney function needs to be investigated 
as the metabolic fate of copeptin is not known, and copeptin could be cleared by the 
kidney, another topic that is addressed in this thesis. 

Figure 3: Schematic representation of the vasopressin precursor peptide, preprovasopressin. The 
numbers indicate amino acids of the human protein. Figure derived from Morgenthaler et al47. 
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Aims of this thesis

In this thesis vasopressin and its precursor copeptin are studied in chronic kidney disease, 
and in particular in ADPKD. The central aim is to study to what extent vasopressin levels 
are elevated in chronic kidney disease and in ADPKD, and whether elevated vasopressin 
levels are a causal factor in disease progression.

Part 1 investigates whether plasma copeptin is a reliable marker for plasma vasopressin, 
also in patients with chronic kidney disease. Chapter 3 compares the ex-vivo stability of 
copeptin and vasopressin and studies whether various sample handling and storage 
conditions influence copeptin and vasopressin concentration. Chapter 4 and 5 focuses 
on the effect of renal clearance on copeptin to determine whether copeptin is a suitable 
marker for vasopressin in patients with impaired kidney function. In Chapter 4 copeptin 
levels in healthy kidney donors before and after donation are studied. Because the 
remaining kidney after donation is without damage, it is possible to examine specifically 
the effect of a decrease in glomerular filtration rate on copeptin levels. Chapter 5 
investigates the association between renal function and the copeptin/vasopressin 
ratio in healthy volunteers, chronic kidney disease patients with a wide variety of renal 
function and patients on dialysis. In case glomerular filtration plays no important role in 
clearance of copeptin from the body, it is expected that the copeptin/vasopressin ratio 
is independent of kidney function. 

Part 2 focuses on the maximal urine concentrating capacity and vasopressin response 
during water deprivation in patients with chronic kidney disease. In Chapter 6 ADPKD 
patients in early stage disease with normal eGFR and healthy volunteers matched for 
age, sex and renal function participated in a water deprivation test. This study examines 
whether ADPKD patients have an impaired concentrating capacity and consequently 
elevated vasopressin levels already in early stage of their disease. In Chapter 7 similar 
water deprivation tests were performed in ADPKD patients, but this time patients with an 
impaired kidney function were included. IgA nephropathy patients, matched for kidney 
function, age and sex, were chosen as control group to compare the concentrating 
capacity and vasopressin response in patients with predominantly interstitial damage 
(ADPKD) to patients who have mostly glomerular dysfunction (IgA nephropathy). 

Part 3 examines vasopressin as potential causal factor in kidney disease progression. 
Chapter 8 examines the association between plasma copeptin and disease severity 
and progression in IgA nephropathy patients during 5 year follow up. Furthermore, it 
is studied whether copeptin adds prognostic value over established IgA nephropathy 
risk markers. Chapter 9 aims to investigate prospectively the association between 
copeptin and prognosis with respect to kidney function in subjects with ADPKD. 

introduction and aims of this thesis
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In Chapter 10 optimal timing of start and optimal dosage of vasopressin V2 receptor 
antagonist treatment in ADPKD is studied. Possibly disease severity and treatment 
duration interfere with treatment efficacy, as suggested in a previous study by a decline 
in aquaretic response to V2 receptor antagonist treatment in later stage disease and 
during prolonged treatment. Therefore, it is investigated whether the renoprotective 
effect of the V2 receptor antagonist can be optimized when the dose of the V2 receptor 
antagonist is increased during treatment that is started at an early and later stage of the 
disease. For this study a Pkd1-deletion mouse model was used. Chapter 11 explores the 
ability of urine osmolality and plasma osmolality as marker for vasopressin activity in 
ADPKD patients. The associations between plasma and urine osmolality and copeptin 
is investigated and it is tested whether these associations are influenced by disease 
severity. Furthermore, the associations of urine and plasma osmolality as well as plasma 
copeptin concentration with the rate of renal function decline during follow-up are 
investigated. In Chapter 12, the results of the previous chapters are summarized and 
placed into context. In addition, the implications of the findings in this thesis and future 
perspectives are discussed.
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Introduction

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common hereditary 
kidney disease. Patients with ADPKD develop kidney function impairment and most 
often kidney failure. Recent findings in the pathophysiology of ADPKD intensified 
scientific research targeting therapeutic interventions. The present Caput Selectum 
discusses the clinical symptoms of ADPKD, summarizes the recent developments and 
puts them into context.

Epidemiology

ADPKD has an estimated prevalence of 1:1000 when only clinically diagnosed patients 
are taken into account. However, a large variability in phenotype results in a prevalence 
up to 1:400 when asymptomatic subjects diagnosed from autopsy studies are included 
as well. Therefore, ADPKD is the second most prevalent hereditary disease in the 
Netherlands after familial hypercholesterolemia. In the Netherlands, approximately 
15.000 people have ADPKD, of whom 1.500 are dependent on renal replacement therapy. 
Seventy percent of the ADPKD population becomes dependent on renal replacement 
therapy during their lifespan, usually between the ages of 40 and 70 years. Around 10% 
of ADPKD patients report a negative family history suggesting a de novo mutation or a 
mild phenotype which has not been diagnosed in the family so far. 

Pathophysiology

ADPKD has an autosomal dominant inheritance pattern and therefore a penetrance of 
100%. ADPKD patients have a mutation of the PKD1 gene (localized on chromosome 
16, 85% of the patients with a traced mutation) or PKD-2 gene (chromosome 4, 15% 
of patients with a traced mutation) in every cell of the body.1 In 10% of patients, no 
pathogenic mutation can be found during genetic screening. Because of this mutation 
in the PKD1 or PKD2 gene, an impairment or dysfunction in the formation of the 
polycystin-1 (PC1) or polycystin-2 (PC2) protein, respectively, occurs. These PC1 and PC2 
proteins are situated at different locations in the cell and form, amongst other things, a 
polycystin complex that functions as a mechanosensor at the primary cilia. Responding 
to fluctuations in velocity of fluids in the tubules of the kidney, they regulate calcium 
influx in the cell. Figure 1 depicts a systematic overview of the different mechanisms in 
the cell that are responsible for the pathophysiology. In reality, many players, known 
and unknown, influence the pathophysiology of ADPKD.
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The pathways, shown in Figure 1, all eventually lead to the development of cysts. 
Cells originating from epithelial cysts are characterized by a strong proliferative, not 
yet completely differentiated nature. Proliferation of tubular epithelial cells lead to 
expansion of the tubular wall, generating a pocket. When the cyst reaches a diameter of 
2 mm, the cyst detaches itself from the tubular wall and becomes an isolated cyst that 
will keep growing in size due to continuous cell proliferation and fluid accumulation 
(Figure 2).2 Kidneys of ADPKD patients can therefore reach a size up to eight liters 
(Figure 3).

autosomal dominant polycystic kidney disease

2

Figure 1: Systemic overview of the pathophysiology of an ADPKD collecting duct cell and its possible 
treatment targets. Mutation of the PC1- or PC2-protein leads to changes in the mechanotransduction 
and cell polarization of the cilia. In turn, a profound decrease in calcium influx occurs that stimulates 
activation of adenylate cyclase (AC) which converts adenosine triphosphate (ATP) into cyclic 
adenosinemonophosphate (cAMP). cAMP is an important player in several pathways that could possibly 
lead to cyst expansion, for instance, via activation of the Ras/B-Raf/MEK/ERK-pathway.57 Furthermore, 
cAMP activates apical positioned chloride channels (CFTR-channels) leading to fluid secretion into 
the cyst lumen.58 cAMP also upregulates the mTOR-pathway. The mTOR-pathway is further stimulated 
because the activity of the TSC1/TSC2-complex is decreased due to less binding capacity of TSC2 to 
PC1.58,59 mTOR-activation leads to enhanced protein translation which in turn stimulates cell growth and 
cell proliferation, subsequently leading to cyst formation and cyst expansion.7,43,60
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Figure 2: Schematic representation of the development of a cyst from the tubule of the kidney.55

Figure 3: MRI image (left) and picture (right) of cystic kidneys. Total kidney volume displayed is 
 approximately 8 liter, which is greatly increased in comparison to normal kidneys that have a total 
volume of around 330 ml.56
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Clinical symptoms

ADPKD is a systemic disease in which renal manifestations are most profound.

Renal symptoms
Progressive cyst growth in the kidneys is by far the most noticeable characteristic of 
ADPKD. Because of the formation of these cysts, patients develop kidney function 
impairment during their lifetime and eventually kidney failure. However, one of the 
first symptoms is hypertension caused by a decline in blood flow, along with an incline 
in vascular resistance in the kidney, activation of the RAAS-system accompanied with 
an increase in sympathethic nerve activation and a distorted pressure-natriuresis 
response.3,4 Early detection and treatment of hypertension is important, as the most 
prevalent cause of death among ADPKD patients has a cardiovascular origin.5 Another 
common symptom seen in ADPKD is kidney pain.6 Pain can develop due to bleeding or 
infection of a cyst, kidney stones or because the enlarged kidney pressures surrounding 
organs, especially the pancreas. Twenty percent of ADPKD patients experience an 
episode of kidney stones. Kidney stones in ADPKD are primarily composed of uric acid 
and/or calcium oxalate. Urinary stasis caused by the devious anatomy of the kidney and 
metabolic factors like a decrease in ammonia excretion, a low urinary pH, and low uric 
acid concentration can all play a role in stone formation.7 When kidneys grow in size, 
gastrointestinal complaints like a bloating sensation, low appetite, weight loss, and 
obstipation become more prevalent. Already in an early stage of the disease, before 
renal function impairment, ADPKD patients have an impaired urine concentrating 
capacity leading to higher 24 hour urine volumes (healthy controls: 1.8 liters; ADPKD 
patients with normal kidney function: 2.4 liters).8,9 Furthermore, ADPKD patients often 
have moderate levels of albuminuria. When albuminuria exceeds the level of about 
1 gram, possibly another underlying disease is causing protein leakage. 

Extra-renal symptoms
Extra-renal symptoms are less profound in comparison to renal symptoms and are less 
likely to cause problems in the clinic. The most prevalent extrarenal symptom is the 
development of cysts in the liver. Although most often these cysts are asymptomatic, 
sometimes patients experience mechanical discomfort due to liver enlargement, which 
is described as a nagging pain in the upper abdominal region and a bloated feeling 
during eating. Cysts in the liver do usually not lead to liver failure, but cysts can get 
infected. Furthermore, cysts can arise in other organs like the pancreas and vesiculae 
seminales, which can lead to infertility in men. Other clinical manifestations, not 
involving cysts, are vascular and cardiac abnormalities. In approximately 10% of ADPKD 
patients, intracranial aneurysms develop during their life time, although prevalence 
rates differ substantially.10 Intracranial aneurysms occur more often in patients with a 
positive family history (25% of patients). Cardiac abnormalities consist of arrhythmias 
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(26%), valve abnormalities (14%), and aneurysms of aorta and coronaries.11 Abdominal 
symptoms like abdominal hernias and diverticulitis are seen more often as well, due to 
the elevated intra-abdominal pressure.12,13  

Prognostic factors

Patients with a mutation in the PKD1-gene or PKD-2 gene are characterized by the 
development of cysts in the kidney. The differences between these two gene-mutations 
mostly affects the growth rate of the cysts, a mutation in the PKD1-gene is correlated 
with a more severe phenotype. Patients with a mutation in the PKD1-gene develop 
hypertension 10 years earlier and reach end stage renal failure (ESRD) 20 years earlier 
in comparison to the patients with a PKD2-gene mutation.14 Not only are differences 
seen between patients with a PKD1- or PKD2-gene, within the group of patients with 
a PKD1 mutation large differences can be seen as well, including the age of reaching 
ESRD. These differences can be explained by various types of mutations that can lead to 
ADPKD. Mutations without truncations, like in frame mutations and missense mutations, 
are correlated with a less severe phenotype in comparison to truncated mutations like 
frameshifts, non-sense mutations, and splice mutations.15 Because the mutation plays 
an important role in the prognosis, the family history of the patient is of importance. 
Prognostic value can be found in the family member’s age at which they reached ESRD. 
Sometimes within families with the same mutation, a great variety of phenotypes are 
seen as well. This suggests that disease modifying genes or environmental factors 
influence disease progression as well. Possible factors are, for instance, premature birth, 
hormonal influences (in men cysts grow faster), consuming coffee, smoking, and a salt 
and protein rich diet.16-18 Other prognostically unfavorable factors are hypertension, 
macroscopic hematuria, and a severe albuminuria.19-22

Diagnostic criteria    

The clinical diagnosis of ADPKD is made upon ultrasound imaging and is based on 
the Ravine criteria that were drafted in 1994 and modified later.23,24 It is important to 
differentiate between patients with a known genotype (PKD1 or PKD2) and those with 
unknown genotype (Table 1). In order to diagnose ADPKD in patients with a negative 
family history, more than 10 cysts in both kidneys are obligatory and other diseases that 
involve cysts in the kidney must be excluded (Table 1). Nowadays, CT or MRI scans are 
often used instead of ultrasound imaging. Because more cysts can be detected on CT 
or MRI, only cysts larger than 10 mm are counted. Table 1 shows a specificity of 100% 
when these criteria are used. However, the sensitivity is not as high in every category 
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which makes missing a diagnosis of ADPKD more likely. This holds true in particular for 
patients between 15 and 30 years with a PKD2 mutation. Therefore, it is recommended 
that patients under 30 years with the possibility of a PKD2 mutation receive a yearly 
checkup. Nonetheless, the necessity of these checkups is debatable as patients with 
such a mild phenotype have in general an excellent prognosis, including well-preserved 
kidney function. It is important to realize in the case of a normal ultrasound in a patient 
between 30 and 39 years, or an ultrasound with just one cyst in a patient of 40 years and 
older, the possibility of this patient to have ADPKD is 0% and this diagnosis can therefore 
be excluded. Until recently, diagnostic procedures were started with caution, for good 
reason. No treatment could be offered to ADPKD patients whereas a diagnosis can 
have negative consequences, for instance, when taking out insurance. Recent findings 
in the pathophysiology of ADPKD intensified scientific research targeting therapeutic 
interventions. Most likely this will lead to a first treatment option available in the near 
future and thereby change the opinion on diagnostic intervention in ADPKD.  

Differential diagnosis

The differential diagnosis for cysts in the kidney is extensive and can be subdivided 
into acquired and hereditary abnormalities. Acquired benign cysts are quite common, 
with an increase in prevalence in older patients and in patients with low renal function. 
Such benign cysts can be found in 2% of 30 year old patients up to 20% of 70 year old 
patients. In adult patients and children (≥10 years of age) with a negative family history, 
benign cysts are a likely diagnosis. These benign cysts can be differentiated from ADPKD 
because kidneys of patients with benign cysts are predominately smaller and consist 
of fewer cysts that are often not localized bilaterally, as can be seen in ADPKD. Several 
hereditary diseases can be related to cysts in the kidney. In general, these diseases have a 
very specific clinical presentation which makes differentiation with ADPKD easy (Table 2). 

Current treatment options

Currently, none of the usual renoprotective treatments (strict blood pressure regulation, 
RAAS-inhibition, protein restriction) have shown any delay in cyst growth or renal 
function deterioration. At this point the most important treatment goal consists of 
decreasing risk of cardiovascular morbidity and mortality by blood pressure regulation 
and lifestyle intervention.
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Hypertension
ADPKD patients develop hypertension around the third decade of life, before renal 
function deteriorates.25 First choice of antihypertensive drugs are ACE-inhibiters as the 
renin-angiotensin-aldosterone system is possibly up-regulated in ADPKD patients, and 
it is suggested that this influences cyst growth.26 Moreover, ACE-inhibitors may have a 
beneficial effect on left ventricle hypertrophy in comparison to other antihypertensive 
drugs in ADPKD patients. When patients do not tolerate ACE-inhibitors, angiotensin 
receptor blockers can be prescribed. The second choice of antihypertensive drugs 
are calcium antagonist and beta blockers. Because diuretics may increase the plasma 
vasopressin concentration, and since vasopressin plays a role in the pathophysiology 
of ADPKD, these drugs seems less suitable. The treatment goal is to achieve blood 
pressure values below 130/80 mmHg.27 At this point, no evidence is available that shows 
a beneficial effect of stricter blood pressure control on kidney function preservation or 
mortality in ADPKD patients. This topic is currently under investigation in the HALT-PKD 
study (blood pressure goal <110/70 versus <130/80 mmHg).28

Pain
Abdominal pain is a prevalent symptom in ADPKD, but difficult to treat. Pain can be 
treated conventionally with pain medication, although prolonged treatment with 
NSAID’s should obviously be avoided. Paracetamol and tricyclic antidepressants can, 
however, be prescribed for chronic use. Opioids, like tramadol, should be preserved for 
acute pain episodes.29 TENS or nerve blockade treatment can be used when patients 
experience severe pain continuously. When these conventional methods are not 
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Table 1: Ravine criteria for clinical diagnosis of ADPKD in patients with a positive family history.23,24  
SPE: specificity, SEN: sensitivity.

PKD1 PKD2 Unknown ADPKD 
genotype

15-29 year
≥ 2 cysts uni- or bilateral

SPE = 100%
SEN = 96%

≥ 3 cysts uni- or bilateral
SPE = 100%
SEN = 70%

≥ 3 cysts uni- or bilateral
SPE = 100%

SEN = 82

30-39 year
≥ 2 cysts in both kidneys

SPE = 100%
SEN = 100%

≥ 3 cysts uni- or bilateral
SPE = 100%
SEN = 95%

≥ 3 cysts uni- or bilateral
SPE = 100%

SEN = 96

40-59 year
≥ 2 cysts in both kidneys

SPE = 100%
SEN = 100%

≥ 2 cysts in both kidneys
SPE = 100%
SEN = 89%

≥ 2 cysts in both kidneys
SPE = 100%
SEN = 90%

≥ 60 year
≥ 4 cysts in both kidneys

SPE = 100%
SEN = 100%

≥ 4 cysts in both kidneys
SPE = 100%
SEN = 100%

≥ 4 cysts in both kidneys
SPE = 100%
SEN = 100%
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sufficient, ultrasound or CT guided cyst aspiration, surgical decompression, laparoscopic 
fenestration or a nephrectomy are options to think about in order to relieve pain.30 
It is advised to show restraint towards aspiration or surgical treatment options. The 
likelihood of insufficient results and complications is relatively high, in particular the 
risk of infections is increased.

Cyst infection
Be aware that a cyst infection may be present whenever patients with ADPKD experience 
flank pain with fever. When patients have persistent, recurring infections with negative 
blood and urine cultures, sometimes CT guided cyst aspiration is needed in order to 
be able to give specified antimicrobial treatment. However, in order to aspirate, the 
infected cyst needs to be visible between the other cysts and reachable by aspiration. 
To determine the exact localization of the infected cyst, a PET/CT scan is necessary to 
strategize the actual cyst aspiration. Other imaging techniques have a low sensitivity 
when it comes to infected cysts and are therefore not recommended. Treatment of cyst 
infections is difficult as the drug might not reach the infection. According to the SWAB 
guidelines, it is advised to start with the broad spectrum antibiotic ciprofloxacin. When 
the results of blood cultures become available, antibiotics should be switched into a more 
specified small spectrum type. Cotrimoxazol, quinolones (like ciprofloxacin), clindamycin, 
vancomycin and metronidazole are suitable for treatment of cyst infections as these 
antibiotics have the ability to penetrate the infected cyst. Guidelines state a treatment 
duration of two weeks.31 In case fever persists or C-reactive protein (CRP) levels remain 
elevated after treatment for one to two weeks, a PET-scan can help to differentiate 
between a cyst infection and other causes for fever. Furthermore, a PET-scan is needed to 
decide whether an infected cyst can be reached for percutaneous or surgical drainage. 

Cyst bleeding
Bleeding of a cyst or hematuria is usually self-limiting and responds well to conservative 
treatment consisting of pain medication and hydration. However, it can be difficult to 
distinguish between a cyst infection and cyst bleed because both can be associated 
with fever and elevated CRP levels. 

Additional clinical developments

Hydration
ADPKD patients have an impaired urine concentrating capacity, already in an early stage 
of disease prior to kidney function deterioration.8 In order to maintain water balance, 
vasopressin levels, and consequently intracellular cAMP levels, increase. Increasing water 
intake decreases vasopressin levels and can therefore be of interest to ADPKD patients. 
Literature suggest that a daily water intake of three liters for women and four liters 
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Table 2: Hereditary diseases involving kidney cysts. Exception is (isolated) polycystic liver disease which 
normally does not involve kidney cysts. AD: autosomal dominant, AR: autosomal recessive, ESRD: end 
stage renal disease, CNS: central nervous system.

Disease Prevalence Hereditary 
pattern Clinical course

Symptoms other 
than cysts in the 

kidney

ADPKD
Autosomal dominant 
polycystic kidney 
disease

1:400-1:1000 AD ESRD between 
40-70 years

Intracranial aneurysms, 
cysts in liver or 

pancreas, cardiac 
valve abnormalities. 

Kidney volume (severly) 
enlarged.

ARPKD
Autosomal recessive 
polycystic kidney 
disease

1:6000-1:55.000 AR ESRD during 
adolescence

Portal fibrosis, 
portal hypertension, 

cholangitis, biliary 
dysgenesis. Kidney 
volume enlarged.

TSC
Tuberous sclerosis 
complex

1:6000-1:10.000 AD

Hardly any 
symptoms to 

severely disabled 
in childhood

Angiomyolipoma of 
kidney, hamartomas 
of skin, retina, liver, 

bones, heart and lungs, 
epileptic seizures. 

Kidney volume normal.

Von Hippel-Lindau 
syndrome 1:36.000 AD

Hardly any 
symptoms to 
many benign 

tumors removable 
by surgery

Hemangioblastoma 
of retina en CNS, 
cysts in pancreas, 

pheochromocytoma. 
Kidney volume normal.

Nephronophthisis 1:50.000-
1:900.000 AD/AR ESRD during 

adolescence

Retinal degeneration, 
retinitis pigmentosa, 
mental retardation, 
skeletal deformities, 

cerebellar ataxia, liver 
fibrosis. Kidney volume 

normal.

PLD
Polycystic liver disease 1:100.000 AD Usually 

asymptomatic Cysts in liver

Medullary sponge 
kidney 1:2000-1:20.000

Develop mental 
disorder 
rare AD

Usually 
asymptomatic

Kidney stones and 
urinary tract infections. 

Tubular dilatation of 
the collecting ducts. 

Kidney volume normal 
to slightly enlarged.



31

for men is sufficient to decrease vasopressin levels and therefor has beneficial effects 
on the kidney.32 Animal studies show that an increase in water intake protects against 
cyst growth and kidney function decline.33 Furthermore, observational clinical research 
found that a high urine osmolality is associated with more rapid disease progression.34 
However, no study has yet been conducted to investigate whether an increase in water 
intake is protective in ADPKD patients.

Oral contraception treatment
The incidence of cysts in the liver is higher in women in comparison to men with ADPKD, 
since these cysts are sensitive to regulation by estrogens.35 Therefor, it is advised for 
women with liver cysts to use contraception treatment free of hormones, for instance 
by using a copper-based intrauterine device.

Low caffeine, salt and protein diet
Experimental research has proven that caffeine increases cAMP in ADPKD-cells.36 
Therefore, a low caffeine diet is advised in ADPKD patients. However, clinical evidence 
is lacking. A recent cross-sectional study did not find an association between coffee 
intake and kidney volume.37 Moreover, a study in rats with cystic kidneys showed no 
influence of caffeine intake on kidney volume or kidney function. However, they did find 
an association between hypertension and caffeine intake.38 Patients with ADPKD may 
also have a salt sensitive hypertension.3 A low salt diet could therefore be beneficial. 
In ADPKD patients an association between salt intake and kidney volume expansion 
during 6 years of follow-up has been described as well.34 Not much is written about 
the effect of a low protein diet on disease progression in ADPKD patients. Subgroup 
analyses of the MDRD-study suggested this intervention has no profound effects.21 
Therefore a low protein diet is not advised for patients with ADPKD. However, patients 
with low kidney function can obviously benefit from a low protein diet as it reduces 
phosphate intake and accumulation of urea.

Screening for cerebral aneurysms
ADPKD patients have an increased risk for a cerebral aneurysm. Whether screening for 
this malformation is beneficial or not is not yet clear. It is advised to screen patients with 
1) a family history of aneurysms or CVA at an age younger than 65 years, 2) a previous 
aneurysm rupture, 3) a profession that could lead to severe consequences for others 
when an aneurysm rupture would occur, 4) undergoing a major surgery with possible 
hemodynamic instability, 5) sudden onset of alarming headaches or 6) a disabling fear 
regarding the possibility of having an aneurysm.39-41 Currently, a restrained policy is 
seen in the Netherlands when it comes to screening. However, an increase in doctors in 
favor of screening all ADPKD patients can be observed. Recently an American literature 
review was published that investigated the incidence, screening, risk of treatment, 
and theoretical cost-benefit which lead to the advice to screen all ADPKD patients for 
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cerebral aneursyms. Furthermore, patients should be screened frequently, every two to 
ten years, dependent on results found during screening and risk factors as described 
above. However, other risk factors should be taken into account as well like smoking 
and alcohol consumption.42 Screening for cerebral aneurysms could theoretically save 
lives. However, evidence concerning the effectivness of screening all ADPKD patients is 
lacking. Moreover, psychosocial consequences that derive from the discovery of a small 
aneurysm that does not require intervention, should not be underestimated. When an 
asymptomatic aneurysm is found, the decision to treat should be made based on size, 
shape and localization of the aneurysm. General guidelines that apply to all patient 
populations should be followed.

Measurement of kidney volume
Measurement of kidney volume has limited value in clinical practice because it is 
not cost effective and also time consuming. Moreover, an MRI scan does not always 
give accurate information about prognosis. However, an MRI-scan can be very useful 
for comparison when complications occur like a cyst infection. This is why we advise 
to make an MRI scan once, as a reference. A rule of thumb concerning the use of an 
MRI-scan for prognostic purposes is that when the cysts are easy to count, this usually 
is associated with a good prognosis. Countless cysts indicate a worse prognosis. 
Sometimes measurement of kidney volume is necessary to determine whether the 
space in the iliac fossa is sufficient for a renal transplant when patients reach end stage 
renal failure. Usually a nephrectomy is performed when this space is too small.

Genetic screening
In the Netherlands it is possible to get genetic screening for ADPKD (department of human 
genetics, UMC Leiden). Genetic screening for PKD1- and PKD2 mutations is challenging 
due to the size, complexity, and heterogeneity of the genes. Many mutations are 
discovered but it is not always clear whether these mutations actually induce the disease. 
Moreover, every month new mutations are found. Apart from the prognostic value of 
having either a PKD1- or PKD2 mutation, the kind of mutations (missense- or non-sense 
mutations) can predict disease progression as well.15 Therefor, genetic testing not only 
contributes to the diagnostic process, but can be of value to predict disease progression. 
At this moment the advantages of genetic screening in clinical practice is limited, 
because most often the diagnosis of ADPKD can be made on clinical data and genetic 
testing is expensive. Situations in which genetic testing can be useful, for instance, are 
in young patients with uncertain diagnosis, future kidney donors in families with ADPKD 
and when preimplantation genetic screening (PGS) is desirable (see section below). 
Because of recent developments in the field of genetics, especially implementation of 
next generation sequencing techniques, genetic screening will become less costly. This 
will probably enhance the use of genetic screening in clinical practice.
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Family planning
In 2010, PGS became available for ADPKD families in the Netherlands. Whether a 
couple is eligible for PGS is dependent on several criteria, for instance, disease severity 
measured by the age at which family members reached ESRD. Given the average 
disease progression in ADPKD, it is questionable whether a PGS procedure is justified. 
However, for families with more severe disease this can be the case, as no treatment 
is yet available for ADPKD. In that case, the exact mutations need to be found in order 
to have a successful PGS procedure. In 2010 and 2011, nine couples were referred to 
PGS counseling. None of the couples chose the PGS procedure after counseling, which 
shows that apparently the barrier for PGS in ADPKD is high.

Future treatment options

Recent findings in the pathophysiology of ADPKD intensified scientific research 
targeting therapeutic interventions that could possible attenuate disease progression.. 
Three different types of drugs have been or are currently being investigated in large 
clinical trials. Figure 1 shows where these drugs intervene at cellular level.

mTOR-inhibitors
After the mTOR-inhibitors sirolimus and everolimus were proven effective in reducing 
cyst- and kidney volume in animal models for ADPKD, two large European clinical 
studies were conducted.43-45 Unfortunately, both studies came out negative regarding 
protection of kidney function deterioration.46,47 Probably low blood levels of mTOR-
inhibitor in comparison to animal models caused this lack of efficacy.48 However, higher 
dosages are not tolerated in humans. In the future, mTOR-inhibitors may be used if 
they can be combined with drugs that target different processes at the cellular level. 
In this way lower dosages of each single drug can result in an effective treatment when 
given simultaneously. Another way to use mTOR inhibitors in low dosages is perhaps by 
attaching them to an amino acid that increases the concentration of mTOR inhibitor in 
the kidney without increasing circulating drug levels in the body by drug targeting.49 

Vasopressin V2 receptor antagonists
This group of drugs decreases cAMP in the cell by targeting adenylate cyclase (Figure 
1). Recently the results of a multicenter, randomized controlled, double blind trial 
with a duration of three years was published, the TEMPO 3:4 study.50 In 1445 ADPKD 
patients in early stage disease (eGFR>60 ml/min), the effects of the vasopressin V2 
receptor antagonist tolvaptan were investigated. Two Dutch centers contributed to 
this study as well, the VU Medical Center in Amsterdam and the University Medical 
Center in Groningen. This study showed, for the first time, that cyst growth and kidney 
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function decline can be slowed in ADPKD patients. During treatment with tolvaptan 
(60-120 mg/day) cyst growth decreased by almost 50% in comparison to the placebo 
group (growth of 2.8% versus 5.5% per year, average kidney volume 1.7 liters). Kidney 
function decline was less profound in the tolvaptan group in comparison to the placebo 
group as well (eGFR decline of 2.72 versus 3.70 ml/min/1.73m2, p<0.001). It is expected 
that this treatment will get registered and becomes available to ADPKD patients in 
the near future. The usage of tolvaptan has major impact on the daily life of patients, 
because vasopressin V2 receptor antagonists induce a strong aquaretic effect leading 
to a considerable increase in diuresis (four to eight liters a day). Patients experience 
symptoms of thirst, a dry mouth and nycturia, which can cause sleep disturbance. 
Two major challenges in the future will be to identify which patients will benefit from 
treatment and to determine at what point during disease progression this treatment 
should be started. Efficacy and side effects need to be taken into consideration. Especially 
in patients with fast progressing disease that will reach ESRD at a relative young age, 
since they will be eligible for treatment. In our experience, ADPKD patients are highly 
motivated to be treated with tolvaptan and generally tolerate the side effects. Another 
challenge will be to determine whether tolvaptan is effective in ADPKD patients in later 
stage of disease with more impaired kidney function. At this moment tolvaptan is only 
registered of short term usage of hyponatremia caused by the syndrome of inadequate 
antidiuretic hormone secretion (SIADH). Therefore the costs for tolvaptan are high. 
Negotiations about the costs of tolvaptan are essential after registration of  tolvaptan 
for chronic usage in order to be able to prescribe this drug for a prolonged period 
of time. During the TEMPO-study, three cases of significantly elevated liver function 
parameters occurred, as far as we know. In all cases, elevation of these parameters did 
not lead to liver failure, and discontinuation of the drug lead to normalization of the 
liver function parameters. However, liver function testing is advised when tolvaptan will 
be prescribed in the future.

Somatostatin analogues
Somatostatin analogues have a similar decreasing effect on intracellular cAMP levels as 
vasopressin V2 receptor antagonists (Figure 1).51 These analogues are promosing as the 
somatostatin receptor is also located in the liver and somatostatin analogues perhaps 
induce fewer side effects in comparison to vasopressin V2 receptor antagonists. Several 
clinical studies show that somatostatin analogues reduce liver volume in ADPKD patients, 
are generally well tolerated and possibly slow kidney volume expansion as well.52-54 
However, patient numbers in these studies were relative low, follow-up duration was 
limited and the effect on kidney function varied between the studies. More research 
regarding the renoprotective effects of somatostatin analogues is therefore needed. 
Recently, a randomized controlled multicenter trial has started in the Netherlands 
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studying the effects of lanreotide in ADPKD patients. In this study, 300 ADPKD patients 
will participate. Table 3 displays more information about this trial. Patients can be 
referred to participate in this study until April 2014 (DIPAK@umcg.nl). 

Conclusion

ADPKD patients is a prevalent hereditary kidney disease. At this moment no treatment 
is available that is proven to attenuate disease progression. Results of the TEMPO trial 
and the initiation of the DIPAK-1-study in the Netherlands brings a possible treatment 
option one step closer. 
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Table 3: Protocol summary of the DIPAK-1 study.

Design Randomized controlled multicenter clinical trial 

Study population 
300 ADPKD patients

Age between 18 and 60 years 
eGFR (MDRD) between 30 and 60 ml/min/1.73m2 

Randomisation 1:1, stratified for baseline eGFR and sex

Intervention
Subcutaneous injections of lanreotide 120 mg/28 days. Dose will be 
reduced to 90 mg when eGFR decreases below 30 ml/min/1.73m2. 

The control group will receive standard care. 

Primary endpoint Change in kidney function in the lanreotide group 
versus the standard care group.  

Secundary endpoints 

Change in kidney volume 
Change in liver volume

Change in quality of life (QoL) 
Tolerability and safety of lanreotide 

Extra patient load 
7 extra outpatient department visits, 

including administration of questionnaires
2 MRI scans 
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Abstract 

Background: Copeptin, part of the vasopressin precursor, is increasingly used as marker 
for vasopressin and is claimed to have better ex vivo stability. However, no study has 
directly compared the ex vivo stability of copeptin and vasopressin. 
Methods: Blood of ten healthy volunteers was collected in EDTA tubes. Next, we 
studied the effect of various pre-analytical conditions on measured vasopressin 
and copeptin levels: centrifugation speed, short-term storage temperature and 
differences between whole blood and plasma, long-term storage temperature 
and repeated freezing and thawing. The Acceptable Change Limit (ACL), 
indicating the maximal percentage change that can be explained by assay 
variability, was used as cut-off to determine changes in vasopressin and copeptin. 
Results: The ACL was 25% for vasopressin and 19% for copeptin. Higher centrifugation 
speed resulted in lower vasopressin levels, whereas copeptin concentration was 
unaffected. In whole blood, vasopressin was stable up to 2h at 25°C and 6h at 4°C. In plasma, 
vasopressin was stable up to 6h at 25°C and 24h at 4°C. In contrast, copeptin was stable in 
whole blood and plasma for at least 24h at both temperatures. At -20°C, vasopressin was 
stable up to 1 month and copeptin for at least four months. Both vasopressin and copeptin 
were stable after four months when stored at -80°C and -150°C. Vasopressin concentration 
decreased after 4 freeze-thaw cycles, whereas copeptin concentration was unaffected. 
Conclusion: Vasopressin levels were considerably affected by pre-analytical conditions, 
while copeptin levels were stable. Therefore, a strict sample handling protocol for 
measurement of vasopressin is recommended. 

part 1, chapter 3
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Introduction 

In clinical and epidemiological studies copeptin is increasingly used as marker for 
vasopressin, an important hormone for water homeostasis.1 Copeptin, a 39-aminoacid 
glycopeptide, is part of the vasopressin precursor hormone pre-pro-vasopressin. When 
this precursor is split, copeptin and vasopressin are produced in equimolar amounts.2 
It has been demonstrated that copeptin levels correlate well with vasopressin levels 
during physiological changes in plasma osmolality, from water excess to dehydration, 
and also in pathologic states, for example in septic shock.3-6 Moreover, a promising role 
for copeptin as a diagnostic marker in the differentiation of vasopressin-driven fluid 
homeostasis disorders as hyponatremia and polydipsia, and as prognostic marker in 
cardiovascular and kidney disease has emerged in literature.7-13

The rising popularity of copeptin as a surrogate marker for vasopressin is due to the 
laborious assay and presumed limited ex vivo stability of vasopressin in comparison 
with copeptin.2 However, a review of the literature reveals that the effects of various 
relevant pre-analytical conditions, such as centrifugation force and short- and long-
term storage conditions, on both vasopressin and especially copeptin have not been 
investigated (Table 1). The available evidence is sometimes contradictory and often out-
dated, since the method for vasopressin measurement has changed considerably over 
the past decades and results obtained in the past with the older assays may therefore 
not be valid.14 Moreover, no direct comparison of the ex vivo stability of vasopressin and 
copeptin has been made so far.

This study aimed to investigate the effect of centrifugation speed, various short-term 
storing conditions pre- and post-centrifugation, long-term freezer storage, and repeated 
freeze-thaw cycles on both copeptin and vasopressin levels in blood and plasma to 
provide evidence based instructions for optimal pre-analytical sample handling. 

Material and Methods

Study population and design 
Ten healthy volunteers were included in this study in December 2015. The study was 
performed in accordance with the principles of the Declaration of Helsinki and was 
exempted from review by the Medical Ethical Committee of the University Medical 
Center Groningen. All participants gave written informed consent. 

Blood sample collection was performed at 8:00 am after overnight fasting. Blood 
samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes and were 
immediately placed on ice for further sample distribution. Thereafter, several pre-
analytic sample handling procedures were evaluated. 

comparison of ex vivo stability of copeptin and vasopressin
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Table 1. Overview of literature on ex vivo stability of vasopressin and copeptin. 

Vasopressin Copeptin

Type of collection 
tube Plasma

In EDTA tubes more stable 
compared to serum tubes, 

no significant difference 
compared to heparin and 

fluoride tubes 27

In EDTA tubes more stable com-
pared to serum, heparin, and cit-
rate tubes after 14 days, however 

no difference initially 3,15

Centrifugation 
settings Plasma

Associated with platelet 
count and inversely asso-
ciated with centrifugation 

speed 14,22

Unknown

Storage at room 
temperature  
(up to 30°C)

Whole blood ↑ after 2 hours 14, 26 = up to 72 hours (although larger 
dispersion of data) 28

Plasma
↓ after 4 hours* 27; = up to 5 

hours 22; ≠ after 96 hours 16; ↓ 
after 12 hours* 17

= up to 14 days (although larger 
dispersion of data) 3

Storage at 4°C

Whole blood = up to 24h 26; = up to 48 
hours 14 Unknown

Plasma = up to 5 hours 16; ↓ after 2 
days* 16; = up to 5 days 21 = up to 14 days 3

Freezer storage at 
-20°C Plasma ↓ after 24 hours** 29 = up to 4 weeks 15

Freezer storage at 
-80°C Plasma = up to 1 month* 17 Unknown

Freezer storage at 
-150°C Plasma Unknown Unknown

Freeze-thaw effect Plasma = 3 cycles 23; = 3 cycles* 17 = 4 cycles 3

Legend: =: stable; ↑: increase; ↓: decrease; ≠: change of more than 10%, decrease or increase not stated;  
*: measured synthetic vasopressin added to human plasma. All samples were collected in EDTA tubes except the 
study indicated by ** (heparin tubes).

To study the effect of relative centrifugal force (RCF), three EDTA tubes of every participant 
were centrifuged for 10 minutes at 4°C at 800 g, at 2000 g and at 5000 g, respectively. 
Immediately after centrifugation, platelet count, and plasma vasopressin and copeptin 
levels were determined. In all other experiments, plasma samples were obtained using 
an RCF of 2000 g for 10 minutes at 4°C, which is routine in clinical practice. Second, the 
effect of short-term storage duration and storage temperature before measurement of 
vasopressin and copeptin was studied. Whole blood and plasma samples were stored 
at 25°C and at 4°C for 2, 6 and 24 hours. Immediately after these storage periods, whole 
blood samples were centrifuged at 2000 g and together with the plasma samples stored 
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at -80°C until measurement of vasopressin and copeptin after 1 week. As reference, a 
plasma sample was stored at -80°C for 1 week immediately after collection. Third, the 
effect of long-term storage and freezer temperature on plasma levels of vasopressin 
and copeptin was evaluated. For each patient, samples were stored at three different 
temperatures (-20, -80, and -150°C). These samples were measured after 1 week, 1 month, 
and 4 months. Finally, the effect of one, two and four freeze-thaw cycles on the plasma 
concentration of vasopressin and copeptin was studied. During each cycle, a sample 
was frozen to -80°C and thereafter thawed to room temperature. Gradual temperature 
change, from -80°C to room temperature and vice versa, was ensured in all samples 
by storing samples first at -20°C for two hours before further processing. Samples that 
were stored at -150°C were transferred to -80°C for one night prior to thawing. 

Laboratory analysis
Vasopressin and copeptin measurements were performed in the clinical chemistry 
laboratory of the IJsselland Hospital, Capelle aan den IJssel, the Netherlands. 
Vasopressin was measured with a competitive radioimmunoassay using rabbit anti-
vasopressin-antiserum and a radio-iodinated vasopressin [125I] tracer (DRG Diagnostics, 
Marbug, Germany). Documented cross-reactivity of the used antibody with oxytocin is 
<0.1%. Solid phase extraction with acetic acid was performed to separate vasopressin 
from plasma with use of C18 columns (Waters Chromatography BV, Etten-Leur, The 
Netherlands). In our study, a recovery of 91.9 ± 2.5% was found. The detection limit of 
the vasopressin assay is 0.25 pmol/L. Values below the detection limit were considered 
equal to 0.25 pmol/L in the analyses.  

Copeptin was measured on a semi-automatic Kryptor analyser (ThermoFisher, 
Henningsdorf/Berlin, Germany) using a sandwich chemiluminescence immunoassay 
(ThermoFisher). Two antibodies, anti-copeptin sheep and anti-copeptin mouse 
antibodies with fluorescent proteins attached, are added to the blood samples and 
form a complex with copeptin. Upon activation with a nitrogen laser, the antibody-
copeptin complexes emits an elongated fluorescent signal compared to the free 
antibodies, allowing quantification of the copeptin concentration. The detection limit 
of the copeptin assay is 0.7 pmol/L. No values below this detection limit were found in 
this study.  

Assay functionality of vasopressin and copeptin was assessed by measuring high and 
low levels of the analytes in pooled plasma from human subjects in fourfold for five 
consecutive days according to the global Clinical and Laboratory Standards Institute 
(CLSI) EP15 protocol. In this way, the intra-assay and total coefficient of variation (CV) 
were determined. The intra-assay, or within-day CV was calculated by dividing the 
mean within-day standard deviation (SD within) by the grand mean of all measured 
values, times 100%. The total CV is derived from the SD of both within- and between day 
assay variation, which is calculated by using the formula: SD total = √ ((3/4) x SD within 
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x SD within + B).18 B denotes the between-day variation, by averaging the differences 
between day means and the grand mean. The total SD was thereafter also divided by 
the grand mean, times 100%. 

Data analysis
All data is presented as median and interquartile range (IQR) because of our small 
sample size and skewed data distribution. For each participant separately, the 
percentage change in analyte concentration was calculated as Tsc/Tr×100 with Tr and 
Tsc representing the reference concentration and concentration of that study condition, 
respectively. These calculated changes were evaluated for presence of outliers, using 
Grubbs analysis.19,20 Outliers were excluded from analysis (Supplementary Table 1) and 
the mean percentage differences without outliers were compared with the Acceptable 
Change Limit (ACL). The ACL is the maximal percentage change that can be explained 
by assay variability, calculated with the following formula: ACL = Z √2 × CVa, with a 
Z-value of 1.96 thus representing a 95% confidence range.21 The analytical coefficient of 
variation (CVa) was obtained by dividing the SD of the data from the assay functionality 
assessment in the lower range of hormone concentration by the median concentration 
of the measured values at direct measurement. The ACL is considered our primary 
outcome analysis. Friedman’s ANOVA tests were performed as secondary analysis, with 
a post-hoc analysis of differences using Wilcoxon signed-rank tests, with Bonferroni 
corrections to correct for multiple testing. Correlations between vasopressin and 
copeptin concentrations were assessed using Spearman’s correlation analysis. P-values 
of <0.05 were considered statistically significant. All analyses were performed using 
SPSS (IBM Statistics version 22.0) and Graphpad Prism (version 5.0). 

Results 

Definition of change
The intra-assay CV of vasopressin was determined as 10.8% at 1.2 ± 0.1 pmol/L (low 
range) and 5.5% at 5.4 ± 0.3 pmol/L (high range). The total CV of vasopressin was 11% 
and 4.8% for the low and high range, respectively. The intra-assay CV of copeptin was 
9.0% at 3.0 ± 0.3 pmol/L (low range) and 2.2% at 28.9 ± 0.6 pmol/L (high range). The total 
CV of copeptin was 13.1% and 2.2% for the low and high range, respectively. The median 
vasopressin and copeptin values of samples centrifuged at 2000g were 1.46 pmol/L and 
5.73 pmol/L, respectively (Table 2). For the calculation of the ACL analytical CVs were 
estimated at 9.1% for vasopressin and 6.9% for copeptin. This resulted in an ACL of 25% 
for vasopressin and of 19% for copeptin. Change in hormone concentration during the 
various pre-analytical sample handling procedures was defined to be relevant in case 
this change exceeded these ACL values. 

part 1, chapter 3
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Effect of centrifugation speed 
As shown in Table 2, plasma platelet count gradually decreased when whole blood 
was centrifuged at higher relative centrifugal force (p<0.001). Plasma vasopressin 
concentration also decreased significantly at higher centrifugation speed, with 
respectively 73% and 86% when these whole blood samples were centrifuged at 2000 
g and 5000 g compared to 800 g, thus exceeding the ACL. In contrast, plasma copeptin 
levels did not differ across samples obtained with these three centrifugation speeds 
(Table 2). Plasma vasopressin and copeptin levels showed a significant correlation when 
blood samples were centrifuged at 2000 g and 5000 g (Spearmans’ r=0.84; p=0.002 and 
r=0.89; p<0.001, respectively) but not when blood samples were centrifuged at 800 g 
(Spearmans’ r=0.54; p=0.11). 

Effect of short-term storage
In whole blood stored at 25°C, an increase in vasopressin concentration of 48% was 
observed already after 2 hours of storage, and increased even further during longer 
storage at 25°C. In whole blood stored at 4°C, vasopressin was more stable, namely 
up to 6 hours (+20%). Copeptin concentrations in whole blood were stable at both 
temperatures for at least 24 hours (at 25°C +3% and at 4°C +1%). In plasma, vasopressin 
concentration remained stable up to 6 hours when stored at 25°C (+6%) and for at least 
24 hours when stored at 4°C (-2%). Again, copeptin concentration remained stable for 
all short-term storage conditions studied. These data are summarized in Table 3 and in 
Figure 1.

Table 2. Effect of relative centrifugation force (RCF) on platelet count and plasma vasopressin and 
copeptin levels.

800 g 2000 g 5000 g p-value

Platelet count (×109/L) 263.5
[212.3 – 422.8]

55.5S

[37.8 – 70.3]
3.5S

[2.5 – 13.3] <0.001

Reference -81% -97%

Plasma vasopressin (pmol/L)
4.8

[3.3 – 12.5]
Reference

1.5S

[0.6 – 2.3]
-73%A

0.7S

[0.3 – 1.2]
-86%A

<0.001

Plasma copeptin (pmol/L) 5.5
[3.2 – 10.2]

5.7
[2.9 – 10.5]

5.3
[3.0 – 10.2] 0.74

Reference -3% -3%

Absolute values are provided as median and [interquartile range] in pmol/L. Percentages indicate mean 
percentage change compared to the reference value. A Exceeding the Acceptable Change Limit (predefined as 
25% for vasopressin and 19% for copeptin). S Statistically significant difference compared to reference value. 
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Table 3. Effect of short-term storage on plasma vasopressin and copeptin levels.

Reference value 2 hours 6 hours 24 hours p-value

Whole blood

Vasopressin 
(pmol/L) 25°C 1.2 

[0.4 – 2.2]
1.3

[1.0 – 2.2]
2.0S

[1.0 – 4.1]
3.1S

[1.7 – 8.4] <0.001

Reference +48%A +120%A +247%A

4°C 1.2
[0.4 – 2.2]

1.1
[0.4 – 3.2]

1.1
[0.6 – 2.5]

1.4
[1.0 – 3.6] 0.20

Reference -7% +20% +104%A

Copeptin 
(pmol/L) 25°C 5.2

[3.3 – 10.3]
5.5

[2.9 – 10.3]
5.1

[2.8 – 10.4]
5.7

[2.8 – 10.7] 0.52

Reference ±0% ±0% +3%

4°C 5.2
[3.3 – 10.3]

4.9
[3.0 – 10.6]

5.7
[3.1 – 9.7]

5.7
[3.1 – 10.1] 0.97

Reference ±0% +5% +1%

Plasma

Vasopressin 
(pmol/L) 25°C 1.2

[0.4 – 2.2]
1.2

[0.4 – 1.8]
1.1

[0.5 – 1.8]
1.4S

[0.6 – 2.2] 0.05

Reference +10% +6% +34%A

4°C 1.2
[0.4 – 2.2]

1.2
[0.4 – 1.9]

1.3
[0.4 – 2.0]

0.9
[0.4 – 2.1] 0.60

Reference ±0% +4% -2%

Copeptin 
(pmol/L) 25°C 5.2

[3.3 – 10.3]
5.3

[3.3 – 10.4]
5.6

[3.7 – 10.2]
5.6

[3.3 – 10.5] 0.77

Reference -1% +12% +11%

4°C 5.2
[3.3 – 10.3]

5.7
[3.5 – 12.8]

5.5
[3.4 – 10.2]

5.4
[3.4 – 9.9] 0.74

Reference +3% +7% +5%

Absolute values are provided as median and [interquartile range] in pmol/L. Percentages indicate mean percentage 
change compared to the reference value. A Exceeding the Acceptable Change Limit (predefined as 25% for 
vasopressin and 19% for copeptin). S p<0.05 compared to reference value.
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Figure 2. The effect of repeated freeze-thaw cycles on plasma vasopressin and copeptin concentration. 
Data points represent mean ± SD. The shaded areas represent the Acceptable Change Limits (ACL). 
Legend:  reference (100%). 
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Figure 1. The effect of storage of whole blood and plasma at 4°C and 25°C on vasopressin and 
copeptin concentrations. Data points represent mean percentage change from baseline (reference). 
The horizontal dotted lines represent the Acceptable Change Limits (ACL). Legend: whole blood stored 
at 25°C;  whole blood stored at 4°C;  plasma stored at 25°C;  plasma stored at 4°C.

Effect of long-term storage
In Table 4, the effect of pre-measurement storage at -20°C, -80°C and -150°C for 1 week, 
1 month and 4 months is shown. Plasma levels measured immediately after blood 
withdrawal and centrifugation at 2000 g were used as reference. Plasma vasopressin 
levels decreased by 26% after 4 months in -20°C, exceeding the ACL of 25%. In contrast, 
vasopressin was stable for the total study duration in samples stored at -80°C and -150°C. 
Copeptin was stable during the entire study duration at all three storage temperatures.
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Effect of repeated freezing and thawing
Vasopressin was affected by repeated freezing and thawing as shown in Figure 2. After 
four cycles, vasopressin concentration exceeded the predefined ACL of 25% with a 
decrease of 32% from 1.5 [0.6 – 2.3] to 1.0 [0.3 – 1.3] pmol/L (p<0.001). However, even 
one freeze-thaw cycle already affected the vasopressin concentration although not 
exceeding the ACL with a decrease of 21% from 1.5 [0.6-2.3] to 1.2 [0.4 – 2.2] pmol/L 
(p<0.001). In contrast, copeptin concentration was not affected by repeated freezing 
and thawing  with a non siginifcant 2% decline after 4 cycles from 5.7 [2.9-10.5] to 5.6 
[3.1-10.7] pmol/L (p=0.08). Large individual differences in the effect of repeated freezing 
and thawing on plasma vasopressin levels were observed, with both positive as well as 
negative changes (Supplemental Figure 1).

Table 4. Long term storage.

Reference value 1 week 1 month 4 months P-value

Vasopressin
(pmol/L) -20°C 1.5

[0.6 – 2.3]
1.1

[0.4 – 2.0]
1.3

[0.5 – 3.1]
1.1S

[0.3 – 2.0] 0.02

Reference -21% -9% -26%A

-80°C 1.5
[0.6 – 2.3]

1.2
[0.4 – 2.2]

1.5
[0.7 – 2.3]

1.3
[0.6 – 2.6] 0.05

Reference -21% +11% -3%

150°C 1.5
[0.6 – 2.3]

1.2
[0.5 – 2.4]

1.3
[0.6 – 3.3]

1.0
[0.5 – 1.7] 0.93

Reference -5% +9% -2%

Copeptin
(pmol/L) -20°C 5.7

[2.9 – 10.5]
5.5

[3.4 – 10.2]
4.7

[3.1 – 9.2]
5.5

[3.3 – 10.4] 0.43

Reference +4% -4% +2%

-80°C 5.7
[2.9 – 10.5]

5.2
[3.3 – 10.3]

6.0S

[3.0 – 10.3]
5.6

[3.4 – 10.5] 0.04

Reference ±0% +7% +5%

-150°C 5.7
[2.9 – 10.5]

5.3
[3.4 – 10.6]

5.3
[3.4 – 10.6]

6.0
[3.4 – 12.4] 0.95

Reference +5% +6% +3%

Absolute values are provided as median and [interquartile range] in pmol/L. Percentages indicate mean change 
compared to reference value. A Exceeding the Acceptable Change Limit (predefined as 25% for vasopressin and 19% 
for copeptin).    S p<0.05 compared to reference value.
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Discussion 

Our study showed that centrifugation speed, short-term storage temperature (pre- as 
well as post-centrifugation), and repeated freezing and thawing had a considerable 
effect on vasopressin levels, but not on copeptin concentrations. Long-term storage for 
4 months at -80°C and -150°C did not affect plasma vasopressin nor copeptin levels, but 
vasopressin concentration decreased significantly when stored at -20°C. 

Our observation that a decrease in plasma platelet count, induced by higher 
centrifugation speed, was accompanied by a decrease in plasma vasopressin 
concentration is in agreement with findings published already 20 years ago.14,22 In one 
of these studies it was demonstrated that platelet-rich plasma (centrifuged at 950 RMP 
for 10 minutes) and platelet-free plasma (additional centrifuging at 15000 RMP for 15 
minutes) differed considerably regarding vasopressin levels and it was concluded that 
~90% of circulating vasopressin was bound to platelets via V1 receptor binding.22,23 To 
our knowledge, our study is the first to show that copeptin concentration, in contrast to 
vasopressin concentration, is not influenced by centrifugation speed, which suggests 
that copeptin is not platelet-bound. The correlations between vasopressin and 
copeptin were significant when centrifuged at 2000 g or 5000 g and differed across the 
various centrifugation speeds, with the strongest correlations being obtained at the 
highest centrifugation speed. We assume that the variation in measured vasopressin 
concentration is greater when a lower centrifugation speed is used due to inter-
individual differences in platelet count, explaining the lower correlation coefficient. 
Differences in centrifugation speed may possibly explain differences in correlations 
between vasopressin and copeptin that have been published in previous studies, 
ranging from 0.31 to 0.88.3,6,24,25 Our results emphasize both the importance of using 
a uniform centrifugation speed and the need of a clear description of the applied 
centrifugation speed in studies that measure vasopressin concentration. Specifically, 
g-force (RCF), as opposed to the rounds per minute (RPM) should be stated, since the 
RCF takes into account the centrifuge diameter.  

In addition to centrifugation force, short-term storage temperature and time before 
processing blood samples affected vasopressin concentration. Vasopressin was found 
to be less stable in whole blood than in plasma. Also, storage temperature of 25°C led 
to less stability of vasopressin in both whole blood and plasma compared to 4°C. We 
observed that  vasopressin concentration in whole blood increased significantly over 
time, both at room temperature (25°C) and 4°C. This may be explained by the fact that in 
plasma after centrifugation free vasopressin is measured, not platelet-bound vasopressin, 
and that vasopressin is released from platelets during storage, leading to an increase in 
measured concentration. Two previous studies also showed an increase in vasopressin 
levels when whole blood was stored at 25°C with greater stability when blood samples 
were stored at 4°C.14,26 However, in these studies vasopressin in whole blood stored at 4°C 
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had longer stability than in our study; at least 2426 and even up to 48 hours14 compared 
to 6 hours in the present study. These differences may be explained by the lack of power 
of the statistical tests implemented in these studies, due to an insufficient number of 
participants. The stability of vasopressin in plasma observed in our study is in line with 
literature.22,27 Although we did not specifically study the effect of centrifuge temperature it 
can be expected, based on our results of short-term storage temperature of whole blood, 
that vasopressin levels are more stable in blood centrifuged at 4°C in comparison to 25°C. 
Indeed, a previous study showed that vasopressin levels were lower after centrifugation 
at 4°C in comparison to 25°C (14). In contrast to vasopressin, copeptin was not affected by 
storage temperature conditions. Our results of a stable copeptin concentration for at least 
24 hours in whole blood and plasma is in agreement with previous findings.3,28 

The present study is the first to show that both vasopressin and copeptin are stable in 
plasma when stored frozen at -80°C and -150°C for at least four months. When stored at 
-20°C, plasma vasopressin remained stable for only one month, whereas copeptin was 
stable for at least 4 months. The finding with respect to vasopressin stability established 
at -20°C in our study is in contrast with findings in a previous study that showed that 
vasopressin is not stable when stored for 24 hours.29 This study was, however, performed 
in the seventies and discrepancies might be a caused by differences in the vasopressin 
assay that was used, which has improved significantly over the years,14 or by blood 
collection in lithium heparin instead of EDTA collection tubes.27 

We observed that vasopressin was affected by repeated freezing and thawing, 
whereas no effect on copeptin levels was found up to 4 freeze-thaw cycles. A trend for 
a decrease in vasopressin concentration was observed after already one freeze-thaw 
cycle. Moreover, we found that the extent of the effect of freezing and thawing on the 
vasopressin concentrations varied across samples that were studies, indicating that 
repeated freeze-thaw cycles induce beside a systematic decrease also more variability, 
which both are undesirable. Literature on the effect of freezing and thawing is scarce. 
To our knowledge, only one study reported that vasopressin level did not change after 
three subsequent freeze-thaw cycles.29 However, this has only been studied in one 
sample. Likewise, only one study investigated the effect of freezing and thawing on 
copeptin levels and found no effect of 4 freeze-thaw cycles,3 in agreement with our 
findings. 

We acknowledge that this study has limitations. In our study we only examined stability 
during a frozen storage up to 4 months. Future studies should address the stability of 
vasopressin and copeptin stored for longer periods of time. In addition, vasopressin 
and copeptin levels were measured only once in each specific condition, which may 
have increased the chance of unjustly accepting the analytes to be (un)stable. However, 
performing multiple measurements would have required an unfeasible amount of blood 
samples and volume per individual. By using the ACL to conclude whether changes are 
relevant, we corrected for potential measurement errors, because when values exceed 
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the ACL this provides 95% certainty that a change in analyte concentration is not due 
to assay variability. The implementation of the ACL as measure for stability, opposed 
to merely statistical analysis, is a significant strength of this study. Another strength is 
that our study is the first to compare the effect of several pre-analytic sample handling 
conditions on vasopressin and copeptin within the same study. In addition, this study 
is an investigator-initiated study and performed independently of the manufactures of 
the copeptin and vasopressin assays.  

Based on our study results pre-analytical sample handling recommendations can be 
made. For measurement of vasopressin, blood samples should be collected on ice and 
centrifuged at 4°C immediately after collection at preferably 2000 g or higher RCF. Short-
term storage of plasma samples is preferred at 4°C for a maximum time span of 24 hours 
or, if storage for a longer period is inevitable, plasma samples should be stored at -80°C. 
Repeated freeze-thaw cycles should be avoided. For measurement of copeptin, a less 
stringent pre-analytical sample handling protocol is necessary as copeptin remained 
stable in all study conditions.

Conclusion 

This study provides more insight in the ex vivo stability of vasopressin and copeptin 
and adds to the knowledge on optimal sample handling in order to perform reliable 
measurements. In view of our results, we recommend the use of a strict sample handling 
protocol in measurements of vasopressin, both to improve between study comparison 
of vasopressin levels as to ensure within-laboratory consistency. In contrast, a less strict 
protocol for copeptin is required, making measurement of copeptin as surrogate for 
vasopressin an attractive alternative.
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Supplementary material 

In total, nine outliers out of 520 measurements (1.7%) were excluded from the analyses. 
Outliers were defined as values greater than 2.29 standard deviations from the mean 
percentage change of that study condition, detected using Grub’s analysis.19,20 These 
outliers were extremes, most likely explained by measurement errors.

Supplementary Table 1. 

Study condition Number of 
outliers

Mean percentage 
change with outliers

Mean percentage change 
without outliers

Vasopressin

Short term storage

WB at 25°C for 24h 1 +375%A +247%A

WB at 4°C for 2h 2 +78%A -7%

WB at 4°C for 6h 1 +46%A +20%

Long term storage 

-20°C for 1 month 1 +6% -9%

-150°C for 4 months 2 +30%A -2%

Freeze- thaw cycles

4 cycles 1 -17% -32%A

Copeptin 

Short term storage

Plasma at 4°C for 2h 1 +7% +3%

Legend: WB: whole blood. Percentages indicate mean change compared to reference value. A  Exceeding the 
Acceptable Change Limit (predefined as 25% for vasopressin and 19% for copeptin). 
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Supplementary Figure 1. Effect of repeated freezing and thawing on plasma vasopressin and 
copeptin levels.
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Abstract

Background and objectives: Plasma copeptin, a marker for arginine vasopressin, is 
elevated in patients with autosomal dominant polycystic kidney disease and predicts 
disease progression. It is unknown whether elevated copeptin levels result from 
decreased kidney clearance or as compensation for impaired concentrating capacity.  
Data from patients with autosomal dominant polycystic kidney disease and healthy 
kidney donors before and after donation were used, because after donation, overall 
GFR decreases with a functionally normal kidney.
Design, setting, participants, and measurements: Data were obtained between 
October 2008 and January 2012 from healthy kidney donors who visited the institution 
for routine measurements predonation and postdonation and patients with autosomal 
dominant polycystic kidney disease who visited the institution for kidney function 
measurement. Plasma copeptin levels were measured using a sandwich immunoassay, 
GFR was measured as 125I-iothalamate clearance, and urine concentrating capacity 
was measured as urine-to-plasma ratio of urea. In patients with autosomal dominant 
polycystic kidney disease, total kidney volume was measured with magnetic resonance 
imaging. 
Results: Patients with autosomal dominant polycystic kidney disease (n=122, age=40 
years, men=56%) had significantly higher copeptin levels (median=6.8 pmol/L; 
interquartile range=3.4-15.7 pmol/L) compared with donors (n=134, age=52 years, 
men=49%) both predonation and postdonation (median=3.8 pmol/L; interquartile 
range=2.8-6.3 pmol/L; P<0.001; median=4.4 pmol/L; interquartile range=3.6-6.1 
pmol/L; P<0.001). In donors, copeptin levels did not change after donation, despite 
a significant fall in GFR (from 105±17 to 66±10, p<0.001). Copeptin and GFR were 
significantly associated in patients with autosomal dominant polycystic kidney disease 
(β=-0.45, P<0.001) but not in donors. In patients with autosomal dominant polycystic 
kidney disease, GFR and total kidney volume were both associated significantly with 
urine-to-plasma ratio of urea (β=0.84, P<0.001; β=-0.51, P<0.001, respectively).
Conclusions: On the basis of the finding in donors that kidney clearance is not a main 
determinant of plasma copeptin levels, it was hypothesized that, in patients with 
autosomal dominant polycystic kidney disease, kidney damage and associated impaired 
urine concentration capacity determine copeptin levels.
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Introduction

In autosomal dominant polycystic kidney disease (ADPKD), arginine vasopressin (AVP) is 
assumed to be involved in cyst formation by promoting intracellular cAMP production, 
which leads to cyst growth and kidney function decline.1-3 Indeed, it has been found 
that blocking the AVP V2 receptor improves prognosis in both experimental ADPKD 
models4,5 and in patients with ADPKD.6   

AVP is difficult to measure.7,8 Copeptin consists of the C-terminal portion of Pro-AVP, 
the precursor of AVP, and is produced in equimolar amounts as AVP during precursor 
processing.9 Copeptin has been shown to be a relatively easy to measure, stable 
substitute for circulating AVP concentration.10,11 

Recently, we found cross-sectional associations between copeptin concentration and 
various markers of disease severity in ADPKD.12 In these patients, copeptin is elevated in 
proportion to the impairment of renal function. In addition, we showed that, in patients 
with ADPKD, a high copeptin concentration is associated with accelerated growth of 
total kidney volume (TKV),13 more rapid loss of measured GFR during short-term follow-
up, and loss of eGFR during long term follow-up.14 These data suggest that copeptin 
is a risk marker or even risk factor for detrimental kidney outcome in ADPKD and that 
measurement of copeptin concentration may be of help to assess prognosis in this 
patient group. 

The question arises of why copeptin is increased in some patients with ADPKD. 
We previously hypothesized that increased levels are the result of an impaired urine 
concentrating capacity caused by cyst-induced abnormality in medullary osmolar 
gradient. However, a role of diminished kidney clearance in elevated plasma copeptin 
levels cannot be excluded. Copeptin has a molecular mass of only 5 kD, which makes 
it subject to kidney clearance. Indeed, several studies showed inverse associations 
between kidney function and copeptin.15-18 

To gain more insight in the role of kidney function and urine concentrating capacity 
in determining copeptin levels in ADPKD, we assessed copeptin levels in living kidney 
donors before and after donation and patients with ADPKD. In these patients, kidney 
function was measured as clearance of 125I-iothalamate. In addition, we measured 
plasma osmolality, TKV and urine-to-plasma concentration ratio of urea (U/P urea). U/P 
urea has been suggested to reflect the severity of the urine concentrating defect in 
ADPKD, with lower values reflecting more severe disease.19  
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Materials and Methods

Study population
For this study, data were used from 134 participants who donated a kidney for 
transplantation at our institution between October of 2008 and December of 2011 and 
had blood samples available. In these kidney donors, kidney function was routinely 
measured predonation and postdonation, as described in more detail by Tent et al 20.  
Furthermore, we used data from 122 patients with ADPKD who visited our institution 
for kidney function measurement between November of 2007 and January of 2012. 
Diagnosis of ADPKD was made using the criteria by Ravine et al.21 Exclusion criteria 
for both groups were indications for kidney disease other than ADPKD, diabetes, or 
cardiovascular events. In addition, patients with ADPKD were excluded if they received 
kidney replacement therapy or were unable to undergo magnetic resonance imaging 
(MRI). This study was performed in adherence to the declaration of Helsinki. All 
participants gave written informed consent.

Measurements and definitions
The day before kidney function measurement, kidney donors and patients with ADPKD 
collected a 24-hour urine sample, in which concentrations of sodium, potassium and 
urea were measured using standard methods. BP was assessed for 15 minutes with an 
automatic device (Dinamap) during the kidney function measurement. Blood samples 
were drawn in the morning without standardized fluid intake. Blood was used for 
immediate determination of hemoglobin, sodium, potassium, urea and glucose using 
standard laboratory methods. Creatinine was measured with the Roche enzymatic 
creatinine assay. Furthermore, plasma samples were stored frozen at -80 °C and thawed 
later to measure plasma copeptin levels using a sandwich immunoassay (Thermo Fisher 
Scientific BRAHMS, Hennigsdorf/Berlin, Germany).10 All samples were analyzed for 
copeptin concentration at one single time point to eliminate inter-assay variation. The 
lower limit of detection was 0.4 pmol/L, and the functional assay sensitivity (interassay 
coefficient of variation <20%) was <1 pmol/L. 

GFR was measured using a constant infusion method with 125I- iothalamate. The 
intrapatient day-to-day coefficient of variation of this method is 2.2%.22-25 GFR was 
adjusted for body surface area using the equation by du DuBois and Dubois.26 

Patients with ADPKD underwent a standardized abdominal MRI protocol without the 
use of intravenous contrast. Scanning was performed on a 1.5 Tesla MRI Magnetom 
Avento (Siemens, Erlangen, Germany) with the use of body matrix and spine matrix coils. 
TKV was measured on T2-weighted coronal images using the commercially available  
software Analyze Direct 8.0 (Analyze Direct, Inc., Overland Park, KS), and adjusted for 
height. Intrareviewer and inter-reviewer coefficients of variation were 1.8% and 2.3%, 
respectively. 
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Urine osmolality was calculated using the equation: 2 x (urine sodium concentration 
+ urine potassium concentration) + urine urea concentration.27 Plasma osmolality was 
calculated using the equation: 1.9 x (plasma sodium concentration + plasma potassium 
concentration) + plasma glucose concentration + plasma urea concentration x 0.5 + 5.28 
U/P urea was assessed as the urine to plasma concentration ratio of urea.

Statistical analyses
To display characteristics of participants, parametric values were expressed as mean±SD, 
whereas nonparametric variables were presented as median (interquartile range). 
Significance between donors predonation and postdonation was tested using a paired 
t test for parametric values or a Wilcoxon signed rank test for nonparametric values. 
Differences between donors and patients with ADPKD were analyzed using a t test, a 
chi-squared test, or a Mann–Whitney U test as appropriate.

Several regression analyses were performed to test associations between plasma 
copeptin, GFR, plasma osmolality, urine osmolality, U/P urea, and TKV. Copeptin, urine 
osmolality, U/P urea, urine volume, TKV, change in copeptin, change in plasma sodium, 
change in mean arterial pressure (MAP), and change in urine volume in donors from 
predonation to postdonation have a non-normal distribution and therefore, were In log 
transformed. Standardized β-values and P values are given for all regression analyses. 
Regression analyses were adjusted for age and sex when indicated, as well as copeptin 
analyses for variables that may influence AVP levels (i.e., plasma sodium concentration, 
urine volume [as indicator of fluid intake], MAP and use of diuretics). A sensitivity analysis 
was performed excluding all participants using diuretics. All analyses were performed 
using the statistical package IBM SPSS Statistics, version 20.0 (International Business 
Machines Corp., Chicago, IL). A two-sided P value <0.05 was considered to indicate 
statistical significance.

Results

Characteristics of participants are presented in Table 1. Overall, 134 donors and 122 
patients with ADPKD were studied. The median time period between the predonation 
measurement and donation was 16 weeks (minimum=3 weeks, maximum=101 weeks) 
and between donation and postdonation measurement was 7 weeks (minimum=4 
weeks, maximum=20 weeks). Plasma copeptin levels were significantly higher in 
patients with ADPKD compared with donors both predonation and postdonation. 
Patients with ADPKD had a significantly lower GFR compared with donors predonation 
but significantly higher GFR compared with donors postdonation. Men had higher 
copeptin levels than women in donors both predonation (men: 4.5 pmol/L; interquartile 
range=3.3–7.3 pmol/L; women: 3.3 pmol/L; interquartile range=2.2–5.7 pmol/L; P=0.003) 
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and postdonation (men: 5.3 pmol/L; interquartile range=4.0–7.5 pmol/L; women: 
3.5 pmol/L; interquartile range=2.5–5.2 pmol/L; P<0.001) as well as in patients with 
ADPKD (men: 10.7 pmol/L; interquartile range=4.8–21.8 pmol/L; women: 4.8 pmol/L; 
interquartile range=2.5–9.4 pmol/L; P<0.001.). Because sex is an independent predictor 
for copeptin, we adjusted all regression analyses for sex.

We found differences in the associations of copeptin with GFR between donors 
and patients with ADPKD. No significant association between copeptin and GFR was 
found in donors predonation (β=0.15, P=0.08) or postdonation (β=0.008, P=0.93), 
whereas a significant inverse association was found in patients with ADPKD (β=−0.45, 
P<0.001, which corresponds with a 19% increase in copeptin per 10-ml/min per 1.73 m2 
decrease in GFR). In line, the interaction term between study group (ADPKD or donors 
predonation and postdonation) and GFR in the association between copeptin and GFR 
was significant (P<0.001 and P=0.03, respectively). Adjustment for age, sex, and variables 
that may influence AVP levels did not materially change our results (donors predonation 
and postdonation: P=0.85 and P=0.87, respectively; patients with ADPKD: β=−0.53, 
P<0.001) (Figure 1, Tables 2). When only studying patients with ADPKD with a GFR in the 
range similar to the range in donors (GFR>48 ml/min per 1.73 m2, n=93), the association 
between copeptin and GFR remained significant (β=−0.26, P=0.01; i.e., a 13% increase in 
copeptin per 10-ml/min per 1.73 m2 decrease in GFR), even after additional adjustment 
for age, sex, and variables that may influence AVP levels (β=−0.28, P=0.01) (Table 2).

Because we wanted to test whether a decline in GFR influences copeptin values, we 
visualized change in GFR in relation to change in copeptin levels in percentages in 
donors from predonation to postdonation in Figure 2. Univariate regression analysis 
showed no association between change in GFR and change in copeptin (P=0.97). Also, 
when adjusting for change in plasma sodium, change in MAP, and change in 24-hour 
urine volume, no association was found between change in GFR and change in copeptin 
(P=0.92).

To assess the role of the urine concentrating capacity, we calculated the U/P urea and 
plotted it against copeptin levels and markers of disease severity in ADPKD (Figure 3). In 
patients with ADPKD, a negative association was found between U/P urea and copeptin 
(β=−0.32, P<0.001; i.e., a 52% decrease of copeptin per doubling in U/P urea): the lower 
the U/P urea and thereby the concentrating capacity, the higher the copeptin levels. This 
finding is in contrast to the positive association found in donors predonation (β=0.19, 
P=0.03; i.e., a 46% increase of copeptin per doubling in U/P urea) and postdonation 
(β=0.39, P<0.001; i.e., a doubling of copeptin per doubling in U/P urea) (Figure 3). In 
line, the interaction term between study group (ADPKD or donors predonation and 
postdonation) and U/P urea in the association between copeptin and U/P urea was 
significant (P<0.001 and P<0.001, respectively). After additional adjustment for age and 
sex, the associations between U/P urea and copeptin in patients with kidney volume and 
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Table 1: Characteristics of all participants.

Donors
PRE

n=134

Donors
POST
n=134

ADPKD

n=122

p- value
PRE

POST

p-value
PRE

ADPKD

p-value
POST

ADPKD

Age (y) 52±10 52±10 40±12 <0.001 <0.001 <0.001

Male (%) 49 49 56 - 0.30 0.30

Use of anti-
hypertensiva (%)
Use of diuretics (%)

15
5

15
4

85
20

1.000
0.32

<0.001
<0.001

<0.001
<0.001

Body Surface Area 
(m2) 1.96±0.20 1.95±0.20 2.02±0.23 0.009 0.02 0.009

Mean arterial 
 pressure (mmHg) 92±10 90±9 95±9 0.002 0.005 <0.001

Hemoglobin  
(mg/dL) 14.3±1.1 13.5±1.1 13.4±1.5 <0.001 <0.001 0.51

Plasma osmolality 
(mOsm/kg) 291±4 290±4 289±4 0.11 <0.001 0.002

Plasma sodium 
(mEq/L) 142.3±1.9 141.6±1.8 140.4±1.8 <0.001 <0.001 <0.001

Plasma urea 
(mg/dL) 16.0±3.4 19.3±4.2 24.1±12.6 <0.001 <0.001 <0.001

24h urine volume 
(L)

2600 
(2200-3050)

2208 
(1713-2700)

2200 
(1785-2673) <0.001 <0.001 0.51

24h urine osmolality 
(mOsm/kg)

372 
(320-459)

412 
(343-530)

396 
(314-474) <0.001 0.54 0.06

24h urine sodium 
(mmol/24h)

197 
(156-249)

169 
(132-216)

161 
(128-215) <0.001 <0.001 0.34

24h urine urea 
(mg/24h)

1140 
(983-1350)

1297 
(1028-1669)

1089 
(905-1311) <0.001 <0.16 <0.001

GFR 
(mL/min/1.73m²) 105±17 66±10 74±32 <0.001 <0.001 0.01

U/P urea 29.2 (23.3-35.1) 27.1 (20.9-34.5) 23.3 (15.2-31.1) 0.10 <0.001 0.001

Total kidney 
 volume (ml) X X 1535 

(931-2356) - - -

Plasma copeptin 
(pmol/L) 3.8 (2.8-6.3) 4.4 (3.1-6.1) 6.8 (3.4-15.7) 0.17 <0.001 <0.001

Table 1: Data are given as mean ± SD for parametric data or median (interquartile range) for non-
parametric data. Significance between predonation and postdonation was tested using a paired t 
test or a Wilcoxon signed rank test when appropriate. Significance of difference between predonation 
and postdonation was tested using a paired t test or a Wilcoxon signed rank test when appropriate. 
Significance of differences between predonation/postdonation and ADPKD was tested using a t test, a 
chi-squared test or a Mann-Whitney U test when appropriate. U/P urea, urine-to-plasma concentration 
ratio of urea; ADPKD, autosomal dominant polycystic kidney disease.
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Figure 1. No association between plasma copeptin and GFR in donors whereas patients show a 
significant inverse association (β=-0.45, p<0.001). 

Figure 2. No significant association between change in GFR 
and change in copeptin in donors comparing predonation 
with postdonation values (β=-0.02, p=0.84).
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Figure 3. Significant inverse association between U/P urea and copeptin in patients with ADPKD 
(β=−0.32, P<0.001) whereas donors show a significant positive association predonation and 
postdonation (β=0.19, P=0.03; β=0.39, P<0.001).

part 1, chapter 4

plasma osmolality in patients with ADPKD (β=−0.31, P=0.001) and donors postdonation 
(β=0.29, P=0.001) remained similar, whereas in donors predonation, this association 
was no longer significant (P=0.40). Additional adjustment of the association between 
U/P urea and copeptin for factors that may influence AVP levels made no essential 
difference in patients with ADPKD (β=−0.46, P<0.001) and donors predonation (P=0.41), 
whereas in donors postdonation, the association lost significance (P=0.35) (Table 2).

To link concentrating capacity to disease severity in patients with ADPKD, we 
investigated the associations of GFR and TKV with U/P urea. In patients with ADPKD, 
we found a strong positive association between GFR and U/P urea (β=0.84, P<0.001; 
i.e., a 14% decrease of U/P urea per 10-ml/min per 1.73 m2 decrease in GFR), that, in 
donors predonation and postdonation, was also present but considerably weaker 
(β=0.32, P<0.001; a 7% decrease of U/P urea per 10-ml/min per 1.73 m2 decrease in GFR; 
β=0.27, P=0.02; a 9% decrease of U/P urea per 10-ml/min per 1.73 m2 decrease in GFR, 
respectively) (Figure 4). In line, the interaction term between study group (ADPKD or 
donors predonation and postdonation) and GFR in the association between GFR and 
U/P urea was significant (P<0.001 and P<0.001, respectively). Adjustment for age and sex 
resulted in a similar significant association of GFR and U/P urea in patients with ADPKD 
(β=0.81, P<0.001) and donors predonation (β=0.23, P=0.02), whereas the association 
in donors postdonation was lost (β=0.13, P=0.16). In addition, in patients with ADPKD, 
an inverse association was found between TKV and U/P urea (β=−0.51, P<0.001; i.e., a 
38% decrease in U/P urea when TKV doubles) (Figure 4), which remained significant 
after adjustment for age and sex (β=−0.43, P<0.001) and additional adjustment for GFR 
(β=−0.13, P=0.05) (Table 3).
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Interestingly, in the aforementioned multivariable model, it seemed that U/P urea and 
GFR were significantly associated with TKV. However, when both were entered in the 
model simultaneously, U/P urea was significantly associated with TKV (β=−0.29, P=0.05), 
whereas GFR was not (β=−0.22, P=0.14) (Table 3). This finding suggests that U/P urea may 
be an earlier and more sensitive sign of renal dysfunction in ADPKD than GFR. To further 
explore this finding, we substituted measured GFR with eGFR (Chronic Kidney Disease 
Epidemiology Collaboration), a measure for kidney function often used in clinical practice 
to evaluate disease severity. Again, we found that U/P urea was significantly associated 
with TKV (β=−0.34, P=0.02), whereas eGFR was not (β=−0.15, P=0.33).

kidney function and plasma copeptin levels in healthy kidney donors and adpkd patients
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Figure 4. Significant positive associations between GFR and U/P urea in patients with ADPKD (β=0.84, 
P<0.001) and donors predonation and postdonation (β=0.32, P<0.001; β=0.27, P=0.02). Also shown is the 
association between total kidney volume and U/P urea and total kidney volume and plasma osmolality 
in patients with ADPKD (β=−0.51, P<0.001; β=0.44, P<0.001).
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Because use of diuretics can influence urine concentrating capacity and plasma osmolality 
and consequently, copeptin levels, we performed a sensitivity analysis excluding all 
participants using diuretics (25 patients with ADPKD, six donors predonation, and 
five donors postdonation). No differences were present between participants with or 
without the use of diuretics in copeptin values in donors predonation (P=0.68), donors 
postdonation (P=0.53), and patients with ADPKD (P=0.14). Using logistic regression 
adjusted for age and sex, we found, as may be expected, that patients with ADPKD 
with lower GFR and, thus, more advanced disease, were more likely to use diuretics 
(P<0.01). Importantly, excluding participants using diuretics did not materially change 
our results.

Discussion

In this study, we aimed to gain insight into the role of kidney function and urine 
concentrating capacity in determining plasma copeptin levels in patients with ADPKD. 
We found no association between GFR and copeptin levels in healthy kidney donors 
predonation or postdonation. Most importantly, in these participants, copeptin levels 

Table 3: Multiple linear regression analyses showing the association of GFR, plasma osmolality and the 
urine-to-plasma ratio of urea with total kidney volume (dependent variable) in 122 ADPKD patients.

ADPKD Model 1 Model 2 Model 3

St. β p-value St. β p-value St. β p-value

GFR -0.49 <0.001 -0.45 <0.001

Age 0.02 0.82

Men -0.29 <0.001

Plasma osmolality 0.44 <0.001 0.34 <0.001 0.22 0.009

Age 0.22 0.01 0.05 0.54

Male sex -0.28 0.001 -0.27 0.001

GFR -0.41 <0.001

U/P Urea -0.51 <0.001 -0.46 <0.001 -0.29 0.05

Age 0.03 0.76 -0.001 0.99

Men -0.26 0.002 -0.26 0.001

GFR -0.22 0.14

U/P Urea, urine-to-plasma concentration ratio of urea.

part 1, chapter 4
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did not change after kidney donation, despite a significant decrease in GFR. In contrast, 
in patients with ADPKD, a significant association was found between GFR and copeptin 
levels. Moreover, in these patients, copeptin was associated with U/P urea, and in turn, 
U/P urea was associated with TKV and GFR. These data indicate that GFR, as such, is not 
a determinant of copeptin levels. 

In literature, the association between kidney function and plasma copeptin has been 
described in several studies, with higher copeptin concentrations when kidney function 
is lower.15-18 In our opinion, two mechanisms can underlie the negative association in 
these studies. First, it could be that copeptin is cleared via kidney excretion, leading to an 
increase in copeptin levels when kidney function deteriorates. Second, it could also be 
that in patients with lower kidney function more copeptin is released because the AVP 
system is activated. When patients in these cross-sectional studies have a lower kidney 
function, this is caused by kidney damage, which is known to be associated with an 
impaired urine concentrating capacity.29 Patients with an impaired urine concentrating 
capacity show a compensatory increase in AVP to maintain water homeostasis.30 Our 
study results can distinguish between these two mechanisms. Kidney donors have a 
considerable decrease in GFR after the donation procedure but without a concomitant 
increase in kidney damage. Because in these participants no increase in copeptin levels 
was observed after the donation procedure, it is unlikely that kidney clearance plays a 
predominant role in determining plasma copeptin levels (at least at the range of GFR 
observed here). In line with this assumption are our findings of higher copeptin values in 
patients with ADPKD compared to kidney donors postdonation, despite better kidney 
function in these patients with ADPKD, as well as the significant inverse correlation 
between GFR and copeptin in patients with ADPKD. 

Various studies in patients with ADPKD have shown that, before kidney function 
starts to decline, an impaired concentrating capacity can already be observed.31-33 
Bankir and Bichet suggested that this phenomenon is probably due to a urea-selective 
concentrating defect caused by a cystic distortion of the medullary countercurrent 
mechanism, and they proposed U/P urea as measure of impaired concentrating 
capacity.19 Using data of water deprivation tests in patients with ADPKD with normal 
and impaired kidney function, we found that, indeed, baseline U/P urea was strongly 
associated with maximal urine osmolality during water deprivation (β=0.82, p=0.001, 
Supplementary Figure 1 and Supplementary Table 1 show patient characteristics).30 
These data support U/P urea as a marker for urine concentrating capacity in ADPKD 
patients. In this study, we found a negative association between U/P urea and copeptin 
levels in patients with APDKD. Furthermore, TKV was strongly associated with U/P urea 
and plasma osmolality. We interpret these data as, when disease progresses in patients 
with ADPKD, the cystic kidney develops a concentrating defect with a compensatory rise 
in AVP and copeptin levels. Another possible explanation for the association between 
copeptin, U/P urea, and TKV is that patients with higher copeptin (i.e., AVP) show a 
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more rapid disease progression and therefore, are more likely to have impaired kidney 
function and high TKV. In this explanation, it remains unresolved why many patients 
with ADPKD with relatively preserved GFR have such elevated copeptin levels.

Our data may have an additional consequence. It is generally acknowledged that, in 
patients with ADPKD, GFR remains near normal for a prolonged period of time, whereas 
disease actually progresses, with progressive development of cysts and an increase in 
TKV.34 In a multivariable regression analysis adjusted for age and sex, we found that 
both U/P urea and GFR were associated with TKV. However, when both were entered 
in the model simultaneously, only U/P urea, and not GFR, was associated with TKV. This 
finding implies that the urine concentrating capacity estimated by U/P urea or copeptin 
level may be an earlier and more sensitive marker of disease severity than GFR. This 
finding should be investigated in future longitudinal studies.
We acknowledge that this study has limitations. First, the study design comparing 
predonation and postdonation values has a fixed rather than a random order, and 
consequently, there may be potential time-related confounders. It is theoretically 
possible that adaptive changes postdonation modify the renal handling of copeptin 
beyond influencing GFR. However, we think that this design is the best available with 
the knowledge that we have on this topic. Second, the moment of data collection pre- 
and potsdonation was not standardized. Predonation, this variability is not likely to have 
influenced our results, because all participants involved were healthy and had stable 
kidney function. Postdonation, a period of at least 4 weeks was implemented between 
donation and patient visit to verify that patients reached steady state postdonation. 
Third, fluid and dietary intake was not standardized at the moment that blood was 
drawn for assessing copeptin levels. Urine output in kidney donors predonation was 
high compared with donors postdonation and patients with ADPKD. Because donors 
did not receive advice as to water load, we cannot explain this difference. However, it 
is not of major importance for our main conclusion. In case there was unanticipated 
water loading predonation, it may be expected to have resulted in a lower copeptin 
concentration predonation, which means that our finding that there is no rise in copeptin 
concentration postdonation is not threatened and may only be an underestimation. 
Fourth, living donors as a model for GFR reduction focuses on the upper GFR range. 
Therefore,we cannot draw conclusions about the role of kidney function on copeptin 
levels in the lower GFR spectrum. However, because a significant association was found 
between copeptin and GFR in patients with ADPKD, whereas GFR was significantly 
higher compared with donors postdonation who showed no association between 
copeptin and GFR, we can conclude that, in patients with ADPKD, other disease-related 
factors are of more importance in determining copeptin levels than GFR. Finally, this 
study did not include a control group with non-ADPKD. We, therefore, cannot conclude 
whether an increase in copeptin in more advanced disease is specific for ADPKD, or can 
also be found in other kidney diseases. However, answering this question is beyond 
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the scope of this study and needs additional investigations. Strengths of this study are 
the use of a healthy population that donated a kidney, which offers a unique potential 
to disentangle the role of kidney function per se and urine concentrating impairment 
in determining plasma copeptin levels. The included study group was, furthermore, 
well phenotyped with a gold standard measurement of GFR (constant infusion of 125I- 
Iothalamate) and measurement of TKV by MRI.

In conclusion, our data indicate that kidney function per se is not the main determinant 
of plasma copeptin levels. We hypothesize that, in patients with ADPKD, disease severity 
is reflected by an impaired urine concentrating capacity, which causes disturbances in 
plasma osmolality stimulating AVP and copeptin release.

Disclosure
None.
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Supplementary table 1: Characteristics of 28 ADPKD patients who underwent a water deprivation test.

ADPKD
N=28

Age (y) 42±14

Male (%) 61

eGFR (mL/min/1,73 m2) 74±34

Plasma osmolality (mOsm/kg) 287±6

Plasma urea (mg/dL) 24.4±10.6

24h urine volume (L) 2181 (1813-2958)

24h urine osmolality (mOsm/kg) 455±167

24h urine urea (mg/24h) 1176±328

U/P Urea ratio 23.6 (14.6-36.9)

Maximal urine osmolality (mOsm/kg) 641±172

Supplementary table 1: Data are given as mean ± SD for parametric data or median (IQR) for non- parametric data. 
Abbreviations are: eGFR, estimated glomerular filtration rate; U/P urea, urine-to-plasma concentration ratio of urea.

Supplementary figure 1: Association between 
maximal urine concentrating capacity after water 
deprivation and U/P Urea in 28 ADPKD patients 
(β=0.82, p<0.001).
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Abstract

Background: Interest has grown in the effects of vasopressin on kidney health. Copeptin 
and vasopressin are produced in equimolar amounts when the precursor of vasopressin 
is split. Because it is easier to measure, copeptin is increasingly used in epidemiological 
studies as substitute for vasopressin. The effect of renal function per se on copeptin and 
vasopressin concentrations as well as their ratio have, however, not been well described.
Methods: Copeptin and vasopressin levels were measured in 130 patients with various 
stages of chronic kidney disease, including 44 hemodialysis patients and 16 healthy 
participants. Linear regression analysis and segmental linear regression analysis were 
performed to assess the association between renal function and copeptin, vasopressin 
and their ratio. In addition, clearance of copeptin and vasopressin by hemodialysis was 
calculated.
Results: Both copeptin and vasopressin levels were higher when renal function was 
lower, and both showed associations with plasma osmolality. The copeptin/vasopressin 
ratio (C/V ratio) was stable across renal function in subjects with an eGFR >28 ml/min/1.73 
m2. In contrast, the C/V ratio increased with worsening renal function in patients with 
eGFR ≤28 ml/min/1.73 m2. Predialysis copeptin was strongly associated with vasopressin. 
During hemodialysis, however, the initial decrease in vasopressin levels was greater 
compared with copeptin and, consequently, the C/V ratio increased. This was, at least 
in part, explained by a greater dialytic clearance of vasopressin compared to copeptin.
Conclusion: Our data indicate that copeptin is a reliable substitute for vasopressin 
in subjects with an eGFR above 28 ml/min/1.73m2, whereas below an eGFR of 28 
ml/min/1.73m2, i.e. CKD stages 4 and 5, a correction for renal function is required in 
epidemiological studies that use copeptin as marker for vasopressin. Predialysis 
copeptin concentration can be used as surrogate for vasopressin, but because 
vasopressin clearance by hemodialysis is higher, copeptin levels during hemodialysis 
do not adequately reflect vasopressin levels.
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Introduction

Arginine vasopressin is essential for maintaining fluid homeostasis in the human body. 
Vasopressin is released from the posterior pituitary gland in response to hyperosmolality, 
hypotension and hypovolemia.1 This hormone regulates water balance via V2 receptor 
mediated renal water reabsorption, and increases blood pressure via V1 receptor 
mediated vasoconstriction. In addition to these important physiological effects, evidence 
is emerging that vasopressin also has deleterious effects and may play a role in the 
progression of renal disease2. Experimental data showed that desmopressin, a selective 
V2 receptor agonist, induced transient proteinuria3,4 and worsens progression of CKD.3

Copeptin, a fragment of the vasopressin precursor preprovasopressin, is used as a 
substitute for estimating vasopressin levels since it is easier to measure and allegedly 
more stable ex vivo.5-8 When preprovasopressin is split in the pituitary gland, copeptin 
and vasopressin are secreted in equimolar amounts into the circulation.5,8,9 Several 
studies have investigated the reliability of copeptin as marker for vasopressin and have 
demonstrated a strong correlation between plasma vasopressin and copeptin levels 
in healthy individuals5,10-12 as well as in critically ill patients.5,13,14 In addition, it has been 
shown that the plasma concentration of both peptides responds similarly to changes 
in fluid status and plasma osmolality.6,15,16 Given the recent interest in the effects of 
vasopressin on kidney health, measurement of copeptin in epidemiological studies 
gains popularity.17,18

Vasopressin as well as copeptin are small sized molecules (1 and 5 kDa, respectively)5,19 
and both are therefore theoretically subjected to renal clearance. As yet, it is not clear 
whether renal function affects both analytes to the same extent and therefore whether 
copeptin can be used as marker for vasopressin in patients with impaired renal function. 
Several studies found an inverse association between copeptin and renal function.10,20-24 
However, concurrent measurement of vasopressin is pivotal to understand whether 
increased copeptin levels accurately reflect vasopressin levels in patients with CKD.25 
In case copeptin and vasopressin are cleared similarly, the copeptin to vasopressin ratio 
(C/V ratio) is expected to be stable across the full range of kidney function. 

In hemodialysis patients, differential extracorporal clearance could also result 
in divergent plasma copeptin and vasopressin levels, since copeptin is larger than 
vasopressin and may therefore be cleared less by the artificial kidney. However, copeptin 
removal by hemodialysis has not yet been studied. 

Given these considerations, we investigated in the present study the association of 
copeptin and vasopressin in subjects over a broad range of renal function as well as the 
kinetics of these analytes during hemodialysis.
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Methods

Participants and study protocol
For this study samples were used of subjects that participated in four studies performed 
at the Nephrology Department of the University Medical Center Groningen between 
March 2010 and March 2016.26 In these studies blood samples were drawn according to a 
strict protocol to allow reliable measurement of plasma copeptin and vasopressin levels 
after completion. Blood was collected in chilled EDTA tubes, immediately centrifuged 
in a cooled centrifuge at 4ºC, and the plasma supernatant was stored frozen at -80ºC 
in plastic 2 mL aliquots until measurement that took place within one year of storage. 
Samples were available of healthy subjects (n=15), CKD patients with either autosomal 
dominant polycystic kidney disease (ADPKD, n=55) or IgA nephropathy (n=16), and 
hemodialysis patients (n=44). All participants gave written informed consent. The 
studies were performed in accordance with the principles of the Declaration of Helsinki 
and approved by the Medical Ethical Committee of the University Medical Center 
Groningen.

Measurements
Vasopressin was measured by radio-immunoassay (DRG International Inc., Springfield, 
New Jersy, USA) with a lower limit of detection of 0.25 pmol/L and a functional assay 
sensitivity of 0.5 pmol/L with 2.0 mL of plasma. The inter- and intra-assay coefficients 
of variation were both <7% in the low and high concentration range (i.e. around 4 
and 20 pmol/L, respectively). Copeptin was measured by an automated sandwich 
immunoflorescent assay (CT-proAVP; Thermo Fisher Scientific, B.R.A.H.M.S GmbH, 
Hennigsdorf, Germany) with a lower limit of detection of 0.9 pmol/L and a functional 
assay sensitivity of 2 pmol/L. The inter- and intra-assay coefficients of variation for 
copeptin concentrations >15 pmol/L were <5% and 4% respectively. 

In healthy subjects and in patients with CKD, glomerular filtration rate (GFR) was 
estimated from plasma creatinine concentration, age and gender with the Chronic 
Kidney Disease Epidemiology Collaboration equation (CKD-epi) that expresses GFR 
indexed for 1.73 m2 body surface area.27 In hemodialysis patients, residual renal function 
was assumed to be present when diuresis was ≥200 mL/day and GFR was estimated 
as 0.5 × (24h urea clearance + 24h creatinine clearance) and similarly expressed per 
1.73 m2 body surface area28. Plasma and urine creatinine was measured with the Roche 
enzymatic creatinine assay. Plasma and urine urea were measured with the colorimetric 
method on a Roche Modular analyser. Plasma sodium was measured with the indirect 
method of ion-selective electrode (Roche Modular, Mannheim, Germany) and plasma 
osmolality was measured by freezing-point depression (Osmo Station Osmometer, 
Kyoto, Japan). 
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In hemodialysis patients, blood samples for measurement of plasma copeptin and 
vasopressin were collected from the arterial line at the initiation of hemodialysis and 
at 30 minutes on dialysis. Clearance of copeptin and vasopressin by hemodialysis was 
calculated as described previously using simultaneously collected efferent dialysate 
and pre-dialyzer blood.29 A detailed description is provided as Supplementary material 
(Item S1). At the same time, copeptin and vasopressin were also measured in post-
dialyzer blood samples to evaluate the possible change in plasma concentration over 
the dialyzer.

Hemodialysis was conducted in a three-times weekly 4-hour schedule with a low-flux 
polysulphon dialyzer F8 or F10 (Fresenius Medical Care, Bad Hamburg, Germany). The 
ultrafiltration volume was set to achieve dry weight at the completion of the hemodialysis 
session. Specifications of the dialysis treatment are provided as Supplementary material 
(Item S2). In a subgroup of twenty-nine hemodialysis patients, blood samples were also 
collected during dialysis at 60, 120, 180 and at 240 minutes (just before the end of the 
treatment) intradialysis. Intradialytic copeptin and vasopressin concentrations were 
corrected for hemoconcentration,30 as described in Supplementary material (Item S3). 

Statistical analysis 
Normally distributed variables are presented as mean±SD, and variables with a skewed 
distribution as median and interquartile range (IQR). Categorical data are given as 
number and percentage. For comparison of baseline characteristics, the participants 
were subdivided into 4 subgroups according to kidney function: group 1: eGFR ≥90 
ml/min/1.73m2 (N=16); group 2: eGFR between 45 and 89 ml/min/1.73m2 (N=34); group 
3: eGFR below 45 ml/min/1.73m2 not on hemodialysis (N=36); group 4: eGFR <15 ml/
min/1.73m2 on hemodialysis (N=44). Differences between the four study groups were 
tested for statistical significance with a Chi square test, or One Way ANOVA or Kruskal-
Wallis test with post-hoc testing for multiple comparisons. Univariate and multivariate 
regression analyses were used to assess associations. Non-normally distributed 
variables, (i.e. copeptin, vasopressin and osmolality) were log transformed to fulfill the 
requirements of normal distribution of the residuals for regression analysis. Segmented 
linear regression analysis was used to determine possible breakpoints in the association 
of renal function with the C/V ratio. Differences in copeptin, vasopressin and the C/V ratio 
between hemodialysis patients with and without residual renal function were analyzed 
using the Wilcoxon signed rank test. This same test was used to analyze copeptin and 
vasopressin during hemodialysis, with Bonferroni correction for multiple testing, and to 
study differences in hemodialysis clearance characteristics of copeptin and vasopressin. 
Spearman’s correlation was used to assess correlations between copeptin, vasopressin, 
the C/V ratio and dialysis vintage. Analyses were performed with SPSS version 22.0 and 
GraphPad Prism version 5.0. P-values of <0.05 (two-tailed) were considered statistically 
significant.
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Results 

Participant characteristics
Table 1 shows the characteristics of the entire study group and the subgroups 
stratified according to renal function. Age, plasma osmolality, blood pressure, use 
of antihypertensive medication, and plasma vasopressin and copeptin levels were 
progressively higher in subgroups with lower renal function (Table 1). 

Copeptin and vasopressin 
Average plasma copeptin and vasopressin concentration in the overall group of 
participants was 25.9 pmol/L and 2.2 pmol/L, respectively. As shown in Table 1, plasma 
copeptin and vasopressin levels were significantly higher in subjects with an eGFR <45 
compared to subjects with eGFR ≥90 ml/min/1.73 m2 (p<0.05) and in patients on dialysis 
compared to participants not on dialysis (p<0.001). The C/V ratio in patients on dialysis 
was significantly higher compared to the other three groups (p<0.001), whereas no 
significant differences were observed among the three non-dialysis subgroups. 

Overall, a strong association was found between copeptin and vasopressin (β=0.77; 
p<0.001). The association between copeptin and vasopressin differed between non-
dialysis and dialysis patients. “Dialysis treatment” was, therefore, added to the linear 
regression model, which had indeed a significant effect (β=0.58; p<0.001). Therefore, 
the hemodialysis patient group was analyzed separately. Copeptin and vasopressin 
remained strongly associated in the non-dialysis subjects, including healthy individuals 
and CKD patients (N=86, β=0.75; p<0.001), as well as in the hemodialysis patients (N=44, 
β=0.84; p<0.001) (Figure 1). 

Figure 1. Association of plasma copeptin with vasopressin levels. Grey symbols indicate healthy 
participants and CKD patients not on dialysis. Black symbols indicate hemodialysis patients.
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Table 1.  Characteristics of the overall group of participants and for participants stratified according to 
renal function.

All 
subjects eGFR (ml/min/1.73m2)

N=130
≥90 

N=16
45-89 
N=34

<45 non-
HD 

N=36

HD 
N=44 P-value

Age (years) 51 ± 17 28 ± 10 47 ± 10 51 ± 8 63 ± 18 <0.001*

Males, n (%) 77 (59) 8 (50) 18 (53) 19 (53) 32 (73) 0.17

eGFR (ml/min/1.73 m2) 55 ± 31 103 ± 9 64 ± 15 25 ± 9 NA

RRF (ml/min/1.73 m2) - - - - 0.7 
[0.0 – 2.5] NA

Plasma vasopressin 
(pmol/L)

2.2 
[0.9 – 4.8]

0.7 
[0.3 – 1.5]

1.2 
[0.8 – 2.6]

2.0 
[1.2 – 3.2]

5.0 
[3.3 – 6.8] <0.001**

Plasma copeptin 
(pmol/L)

25.9 
[7.5 – 102.7]

6.1 
[2.7 – 8.3]

9.0 
[6.6 – 18.2]

25.8 
[9.4 – 36.7]

170.0 [102.6 
– 280.5] <0.001**

Copeptin/vasopressin 
ratio

12.8 
[6.3 – 31.6]

5.3 
[3.5 – 8.2]

7.1 
[5.1 – 10.2]

11.4 
[6.7 – 17.5]

42.6 
[31.3 – 57.4] <0.001**

Plasma osmolality 
(mOsm/kg)

294 
[286 – 302]

282 
[279 – 284]

287 
[284 – 290]

300 
[294 – 303]

305 
[296 – 310] <0.001**

Volume 24h urine (ml) 1652 ± 569 2195 ± 936 2150 ± 702 2489 ± 942 386 ± 484 <0.001*

SBP (mmHg) 134 ± 18 128 ± 10 130 ±14 132 ± 12 143 ± 25 <0.01*

DBP (mmHg) 79 ± 15 78 ± 9 84 ± 19 82 ± 9 72 ± 13 <0.01*

Medication
   ACEi or ARB
   Beta-blocker
   CBB
   Diuretic

65 (50)
46 (35)
26 (20)
25 (19)

4 (25)
0 (0)
0 (0)
0 (0)

20 (59)
4 (12)
1 (3)
3 (9)

33 (92)
11 (31)
12 (33)
12 (33)

8 (18)
31 (71)
13 (30)
10 (23)

<0.001
<0.001
<0.01
<0.05

Abbreviations: ACEi: angiotensin converting enzyme inhibitor; ARB: angiotensin receptor blocker; CCB: calcium 
channel blocker; DBP: diastolic blood pressure; eGFR: estimated glomerular filtration rate; HD: hemodialysis; RRF: 
residual renal function; SBP: systolic blood pressure. *ANOVA with post-hoc test Bonferroni: age differed between 
all four groups (p<0.01) except between patients with an eGFR <45 and 45-89. Volume of 24-hour urine was lower 
in HD patients compared to the other three groups (p<0.001). SBP was higher in HD patients compared with the 
three other groups (p<0.05). DBP was lower in HD patients compared to patients with an eGFR between <45 and 
45-89 (p<0.05). ** Kruskal-Wallis with post-hoc test for multiple comparisons: osmolality differed between all four 
groups (p<0.001), except for participants with an eGFR between 45-89 and ≥90 and between patients with an eGFR 
<45 and on HD. Vasopressin and copeptin levels were higher in HD patients compared to the three other groups 
(p<0.01) and in the group with an eGFR <45 compared to ≥90 (p<0.05). The copeptin/vasopressin ratio was higher 
in HD patients compared to the three other groups (p<0.001).

the effect of renal function and hemodialysis treatment on plasma vasopressin and copeptin levels

5



88

Table 2. Associations between plasma copeptin and eGFR in healthy participants and CKD patients not 
on dialysis.

Univariate Multivariate

Model 1 Model 2 Model 3

β P-value β P-value β P-value β P-value

eGFR (ml/min/1.73m2) -0.67 <0.001 -0.32 0.01 -0.31 0.03 -0.31 0.03

Plasma osmolality 
(mOsm/kg) 0.70 <0.001 0.45 <0.001 0.40 <0.01 0.40 <0.01

Age (years) 0.48 <0.001 0.04 0.68 0.04 0.70

Gender* -0.32 <0.01 -0.22 <0.01 -0.22 <0.01

Systolic blood pres-
sure (mmHg) 0.13 0.24 0.02 0.84

Effect of renal function on copeptin and vasopressin and their ratio
In non-dialysis subjects, a significant inverse association between renal function and 
copeptin was found (Table 2 and Figure 2, upper panel). Associations were also observed 
between renal function and plasma osmolality (β=-0.78; p<0.001), and between plasma 
osmolality and copeptin (β=0.70; p<0.001) (Figure 3, upper panel). To investigate the 
association of copeptin with renal function per se, this association was therefore stepwise 
adjusted for plasma osmolality and for other potential confounders (age, gender and blood 
pressure). The final multivariate model shows that, after adjustment for these covariates, 
the association between copeptin and eGFR remained significant (Table 2). Besides eGFR 
and plasma osmolality, also gender contributed significantly to copeptin concentration 
(with women having significantly lower values), whereas age and blood pressure did not. 

In univariate analysis, vasopressin was also significantly inversely associated with renal 
function (Figure 2, lower panel) and also an association between plasma osmolality and 
vasopressin was found (β=0.45; p<0.001) (Figure 3, lower panel). In contrast to copeptin, 
the association between vasopressin and renal function was attenuated after adjustment 
for plasma osmolality, and additional adjustment for age, gender and blood pressure 
(Table 3). 

The C/V ratio was inversely associated with renal function (β=-0.36; p=0.001), 
indicating that copeptin levels rose to a greater extent compared with vasopressin levels 
when renal function declined. Break-point analysis of the association between eGFR and 
the C/V ratio in non-dialysis subjects indicated a change in slope at an eGFR of 28 ml/
min/1.73m2 (Figure 4). Therefore, the association between renal function and C/V ratio 
was analyzed separately for subjects with an eGFR above and below this threshold. In 
subject with an eGFR above 28 ml/min/1.73m2 (N=61), the association between eGFR 
and C/V ratio was not significant (β=-0.10; p=0.46). In contrast, in subjects with an eGFR 
below 28 ml/min/1.73m2 and not on dialysis (N=25), eGFR was inversely associated with 
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Figure 2. Associations of renal function with copeptin (upper panel) and vasopressin (lower panel). 
Grey symbols indicate healthy participants and CKD patients not on dialysis. Black symbols indicate 
hemodialysis patients. 
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Table 3. Associations between plasma vasopressin and eGFR in healthy participants and CKD patients 
not on dialysis.

Univariate Multivariate

Model 1 Model 2 Model 3

β P-value β P-value β P-value β P-value

eGFR (ml/min/1.73m2) -0.45 <0.001 -0.25 0.11 -0.31 0.09 -0.33 0.08

Plasma osmolality 
(mOsm/kg) 0.45 <0.001 0.26 0.10 0.23 0.15 0.21 0.18

Age (years) 0.27 0.01 -0.08 0.58 -0.11 0.42

Gender* -0.16 0.14 -0.10 0.33 -0.10 0.29

Systolic blood 
pressure (mmHg) 0.24 0.03 0.18 0.07

*Men are considered the reference group. Abbreviations: eGFR: estimated glomerular filtration rate. 
Model 1: adjustment for plasma osmolality.
Model 2: as model 1 + adjustment for age and gender.
Model 3: as model 2 + adjustment for systolic blood pressure.
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Figure 3. Associations of plasma osmolality with copeptin (upper panel) and vasopressin (lower panel). 
Grey symbols indicate healthy participants and CKD patients not on dialysis. Black symbols indicate 
hemodialysis patients.

Figure 4. Association of renal function with copeptin/vasopressin ratio in healthy participants and in 
CKD patients not on dialysis. The dotted line indicates the break-point at an eGFR of 28 ml/min/1.73m2. 
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the C/V ratio (β=-0.46; p=0.024). To investigate the separate associations between renal 
function and copeptin and vasopressin in patients with an eGFR >28 and ≤28 ml/min/1.73 
m2, similar multivariate analyses as performed for the overall group, were also performed 
for the two subgroups identified by break-point analysis (Supplementary Tables 1 and 
2). Remarkably, no associations were found between vasopressin and renal function or 
vasopressin and plasma osmolality in patients with an eGFR ≤28 ml/min/1.73 m2 (β=-
0.14; p=0.52 and β=0.14; p=0.50, respectively). In contrast, in subjects with an eGFR >28 
ml/min/1.73 m2 renal function and plasma osmolality were significantly associated with 
vasopressin (β=-0.46; p<0.001 and β=0.54; p<0.001, respectively) and also with copeptin 
(β=-0.57; p<0.001 and β=0.57; p<0.001, respectively). In subjects with an eGFR ≤28 ml/
min/1.73 m2, copeptin, in contrast to vasopressin, was associated with renal function and 
plasma omolality (β=-0.56; p=0.004 and β=0.60; p<0.001, respectively).  

Hemodialysis patients 
Twenty-two of the 44 hemodialysis dialysis patients (50%) had residual renal function. 
There was no difference in age, gender, plasma osmolality, or systolic blood pressure 
between patients with and without residual renal function, but patients without residual 
renal function had a significantly longer dialysis vintage compared to patients with 
residual renal function (Table 4). Patients with residual renal function had significantly 
lower copeptin and vasopressin levels compared with patients without residual renal 
function, but the pre-treatment C/V ratio did not differ between both groups (Table 
4). Of note, there was no significant association between dialysis vintage and plasma 
copeptin (β=0.13; p=0.40), plasma vasopressin (β=0.05; p=0.74) or the C/V ratio (β=0.07; 
p=0.66). 

Table 4. Characteristics of hemodialysis patients with and without residual renal function. 

HD with RRF
N=22

HD without RRF
N=22 P-value

Age (years) 66 ± 18 60 ± 18 0.23

Males, n (%) 19 (86) 13 (59) 0.09

Dialysis vintage (months) 17.5 [8.0 – 25.8] 37.5 [21.3 – 65.5] 0.001

Plasma vasopressin (pmol/L) 4.2 [1.8 – 5.3] 6.0 [4.6 – 8.2] <0.01

Plasma copeptin (pmol/L) 115.9 [55.1-215.7] 221.7 [148.6 – 313.8] 0.01

Copeptin/vasopressin ratio 42.7 [30.1 – 59.3] 40.4 [31.5 – 57.4] 0.99

Plasma osmolality (mOsm/kg) 305 [295 – 307] 307 [299 – 315] 0.20

SBP (mmHg) 144 ± 24 142 ± 27 0.72

Abbreviations: HD: hemodialysis; RRF: residual renal function; SBP: systolic blood pressure.
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Effect of hemodialysis on copeptin, vasopressin and the copeptin/vasopressin ratio 
During hemodialysis, copeptin decreased gradually from 211.0 pmol/L [IQR 102.4-304.3] 
to 195.4 pmol/L [IQR 90.6-311.5] during the first half of the dialysis session (p<0.01) and 
increased again during the second half to 243.3 pmol/L [IQR 100.4-309.0], that was not 
significantly different compared to predialysis (p=0.53). Vasopressin followed a similar 
but more outspoken pattern, with a decrease during the first hours on dialysis (from 5.0 
pmol/L [IQR 2.8-7.2] to 2.3 pmol/L [IQR 1.3-3.9],  p<0.01), also followed by an increase to 
reach a value of 3.1 pmol/L [IQR 1.1-5.3], that was not significantly different compared to 
predialysis (p=0.15). Consequently, the C/V ratio increased significantly during the first 
two hours on hemodialysis and remained higher during the remainder of the dialysis 
session. 
Plasma vasopressin levels decreased significantly while passing through the dialyzer 
from 3.9 pmol/L [IQR 2.0-5.1] pre-dialyzer to 3.2 pmol/L (IQR 2.0-4.3) postdialyzer 
(p<0.01), whereas copeptin levels increased significantly from 169.4 pmol/L [IQR 112.2-
295.1] pre-dialyzer to 176.6 pmol/L [IQR 121.7-348.0] post-dialyzer (p<0.01), presumably 
as a result of ultrafiltration-induced hemoconcentration. Dialysate concentrations of 
vasopressin and copeptin were 0.44 pmol/L [IQR 0.33-0.60; N=44] and 1.04 pmol/L [IQR 
0.90-1.31; N=25], respectively. The vasopressin and copeptin clearances were 61.5 ml/
min [IQR 48.2-81.7; N=37] and 3.5 ml/min [IQR 2.8-6.4; N=24], respectively. The clearance 
of vasopressin was significantly higher than that of copeptin (p<0.001). Figure 5 shows 
the percentage change in plasma levels of vasopressin and copeptin from pre-dialyzer 
to post-dialyzer.
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Discussion

In this study we investigated the effect of renal function and hemodialysis on the 
association between copeptin and vasopressin levels. We showed that copeptin and 
vasopressin were strongly associated in the overall cohort of participants, including 
subjects predialysis. With declining renal function, the C/V ratio remained constant 
until an eGFR of 28 ml/min/1.73m2, whereafter this ratio progressively increased. In 
hemodialysis patients, the C/V ratio was higher compared to non-dialysis patients and 
healthy individuals, with no difference between subjects with and without residual 
renal function. The C/V ratio rose during a hemodialysis session, because vasopressin 
was cleared by dialysis to a greater extent than copeptin. 

One of the two aims of the present study was to assess whether the C/V ratio remained 
stable throughout the full range of renal function to delineate whether copeptin can be 
used as a substitute for vasopressin in patients with impaired renal function. The ratio 
between copeptin and vasopressin was investigated once before in 83 CKD patients 
with an eGFR ranging from 7 to 61 ml/min/1.73m2 by Roussel et al.10 In that study, it 
was observed that both copeptin and vasopressin levels were higher in patients with 
a lower eGFR. The C/V ratio increased across quintiles of decreasing renal function 
and the authors suggested a greater decrease in renal clearance rate of copeptin 
compared to vasopressin when renal function declines10. In our study we investigated 
the association between renal function and C/V ratio more closely using break-point 
analysis. We add that an association between renal function and C/V ratio is only found 
when renal function is severely impaired (i.e. eGFR ≤28 ml/min/1.73 m2). Furthermore, 
we also studied copeptin and vasopressin and their ratio in hemodialysis patients pre-
treatment and during hemodialysis. Another difference with our study is that samples 
were stored frozen during prolonged periods of time (up to 20 years versus maximally 1 
year in our study), which may have affected the concentration of copeptin and especially 
vasopressin, as acknowledged by Roussel et al.

Copeptin and vasopressin are assumed to be produced in equimolar amounts.6,8,9 
Still, in subjects with completely normal renal function, i.e. an eGFR >90 ml/min/1.73m2, 
plasma concentration of copeptin is more than five-fold higher than that of plasma 
vasopressin. This may, at least in part, be caused by a difference in apparent distribution 
volume. Vasopressin binds to the V1 and V2 receptors, and bound vasopressin will 
be sequestrated from plasma. In addition, vasopressin binds to platelets,31,32 that are 
removed by centrifugation during the pre-analytic handling of samples for vasopressin 
measurement. In contrast, copeptin is presumably not bound to platelets and, to our 
knowledge, no copeptin receptor is known. Another explanation for lower vasopressin 
concentration may be that the half-life of vasopressin is shorter than that of copeptin. 
These three mechanisms may explain why even in healthy subjects with normal renal 
function the C/V ratio is higher than one.
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When renal function declines both copeptin and vasopressin increased. This does not 
necessarily imply that these analytes are subject to renal clearance. It is shown that 
patients with lower renal function have impaired urine concentrating capacity.25 Such 
subjects tend to have higher plasma osmolality, and consequently, will also have higher 
vasopressin (and copeptin) concentration.25,26 Indeed we found significant associations 
between eGFR and plasma osmolality, and between plasma osmolality and copeptin 
and vasopressin. In a previous study we found no association between copeptin 
and renal function in 134 healthy kidney donors pre- and post-donation. Copeptin 
levels remained unchanged after kidney donation, despite a decrease in iothalamate 
measured GFR of around 40% (from 105 to 66 ml/min/1.73m2).33 These data suggest 
that not renal clearance per se, but renal disease-induced kidney damage modulates 
vasopressin and copeptin levels.

Importantly, when eGFR decreases progressively below 28 ml/min/1.73m2, copeptin 
levels increased to a greater extent than vasopressin levels, and consequently the 
C/V ratio increased. On one hand, this could be explained by a decreased clearance 
of copeptin compared to vasopressin. The more marked copeptin increase in severe 
renal insufficiency indeed suggests a renal component in the total body clearance of 
copeptin. Partial renal clearance of copeptin has been suggested before, as copeptin has 
been found in urine7. Renal clearance, however, will presumably not be the predominant 
factor in the degradation of copeptin since a fast decrease in copeptin levels has been 
observed within minutes after the start of water loading,5,7 that is more rapid than one 
would expect from renal clearance alsone. On the other hand, no associations between 
renal function and vasopressin and between plasma osmolality and vasopressin were 
observed in patients with an eGFR ≤28 ml/min/1.73 m2. The relatively low vasopressin 
levels in this group may, therefore, be attributable to increased extrarenal clearance of 
vasopressin. This could also result in an increase of the C/V ratio in severely impaired 
renal function. Vasopressin metabolism has been studied more extensively, and it has 
been found that indeed only 5 to 27% of the total body clearance is accounted for by 
the kidneys.34,35 Hepatic vasopressinases36 and endo- and aminopeptidases37 seem to 
play a more important role in vasopressin clearance. One might also speculate that 
accumulation of uremic toxins in severe renal failure may lead to differences in copeptin 
and vasopressin distribution and metabolism. We want to emphasize that investigating 
the exact metabolic fate of copeptin and vasopressin is beyond the scope of the present 
clinical study, as this will necessitate a specific experimental design.

The second aim of the present study was to investigate the kinetics of copeptin and 
vasopressin during hemodialysis. The highest C/V ratio was found in hemodialysis 
patients. During hemodialysis the ratio increased further, indicating that vasopressin 
was removed to a greater extent than copeptin. The higher dialyzer clearance rate of 
vasopressin in comparison to copeptin is in line with these findings. Due to the lower 
clearance rate of copeptin, accumulation may occur in the interdialytic interval, provided 
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that the half-life of copeptin that is associated with extrarenal clearance mechanisms 
is long enough. This could, at least in part, explain the greater increase of copeptin 
relative to vasopressin levels in hemodialysis patients. 

This study has two limitations that need to be acknowledged. First, copeptin and 
vasopressin were measured in samples taken from different studies. However, in 
these studies samples were collected according to the same strict protocol to ensure 
optimal pre-analytic sample handling, and copeptin and vasopressin measurements 
were performed using the same assays. Second, hematocrit levels in the post-dialyzer 
bloodlines were not measured. Therefore, we could not correct the post-dialyzer 
copeptin and vasopressin levels for hemoconcentration over the dialyzer, but this does 
not affect the measurement of copeptin and vasopressin clearance by hemodialysis, 
which was the primary aim of this part of our study. Strengths of this study are that we 
investigated the associations between renal function, copeptin, vasopressin and their 
ratio in detail, and that this study is the first to investigate kinetics of copeptin in relation 
to vasopressin during dialysis.

Conclusion

The C/V ratio was stable across the range of renal function in patients with an eGFR 
above 28 ml/min/1.73m2. Thus, elevated copeptin levels observed in this eGFR range 
seem to accurately reflect vasopressin concentration. Consequently, copeptin seems a 
suitable marker for vasopressin in healthy subjects and patients with CKD stages 1 to 
3. However, in studies that include patients with CKD stages 4 and 5, it is necessary to 
adjust for eGFR when studying copeptin as a marker for vasopressin. In hemodialysis 
patients, predialysis copeptin and vasopressin showed a tight correlation. Copeptin may 
therefore be used as surrogate for vasopressin when assessed in blood samples drawn 
before dialysis. During a dialysis session, however, copeptin and vasopressin show a 
different kinetic profile, implying that copeptin does not adequately reflect vasopressin 
levels during dialysis.
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Supplementary material

Item S1. Calculation of clearance
The clearance of copeptin and vasopressin during hemodialysis was assessed at 30 
minutes on dialysis by simultaneously taking an afferent blood sample and an efferent 
dialysate sample and was calculated as Q

do
 x (C

do
/C

bi
), as described previously29. Q

do
 

denotes the efferent dialysate flow which is calculated as the afferent dialysate flow 
+ the ultrafiltration rate (ultrafiltration volume divided by treatment time). C

do
 and C

bi
 

denote the vasopressin and copeptin concentration in the efferent dialysate sample 
and the concentration in the afferent blood sample, respectively, in which the latter was 
first divided by 0.93 to account for plasma protein content. For the clearance calculation 
of vasopressin, only plasma vasopressin values ≥1 pmol/L were included in the analyses 
considering the possible unreliability of values around the detection limit.    

Item S2. Specifications of the hemodialysis treatments
In all hemodialysis treatments, blood flow and dialysate flow rates were 300–400 ml/
min and 500–700 ml/min, respectively. Dialysate temperature was either 36.0 or 36.5ºC. 
Dialysate composition was sodium 139 mmol/L, magnesium 0.5 mmol/L, chloride 
109 mmol/L, bicarbonate 34 or 36 mmol/L, acetate 3.0 mmol/L and glucose 1.0 g/dL. 
Dialysate potassium concentration varied between 1 and 3 mmol/L and calcium varied 
between 1.25 and 1.50 mmol/L depending on the prevailing plasma potassium and 
calcium concentration. 

Item S3. Hemoconcentration 
Plasma levels of vasopressin (molecular weight ≈1000 Da) and copeptin (molecular 
weight ≈ 5000 Da) during hemodialysis were corrected for hemoconcentration, since 
molecules with a molecular weight between 500 and 6000 Da are presumably only 
partially or not at all removed with hemodialysis, according to criteria proposed by 
the Uremic Toxin Work Group and considering the Sieving characteristics of low-flux 
dialyzers.38,39 Correction was applied by dividing the measured concentration by a 
correction factor, Hp (hemoconcentration for the plasma component). This correction 
factor was calculated using the following formula: Hp = (H

t1
(100-H

t0
))/(H

t0
(100-H

t1
)), were 

H
t0

 and H
t1

 refer to the concentration before and during hemodialysis, respectively.30
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Supplementary Table 1. Associations between plasma copeptin and eGFR in healthy participants and 
CKD patients not on dialysis, stratified for eGFR above or below 28 ml/min/1.73m2.

Univariate Multivariate

Model 1 Model 2 Model 3

β P-value β P-value β P-value β P-value

eGFR >28 (ml/
min/1.73m2), N=61

eGFR (ml/min/1.73m2) -0.57 <0.001 -0.35 0.01 -0.27 0.08 -0.27 0.08

Plasma osmolality 
(mOsm/kg) 0.57 <0.001 0.34 0.01 0.24 0.07 0.24 0.09

Age (years) 0.50 <0.001 0.13 0.34 0.13 0.36

Gender* -0.42 0.001 -0.24 0.03 -0.24 0.03

Systolic blood pressure 
(mmHg) 0.13 0.34 0.03 0.77

eGFR ≤28 
(ml/min/1.73m2), N=25 

eGFR (ml/min/1.73m2) -0.56 0.004 -0.36 0.05 -0.32 0.09 -0.33 0.09

Plasma osmolality 
(mOsm/kg) 0.60 0.001 0.44 0.02 0.40 0.04 0.41 0.04

Age (years) -0.26 0.21 -0.10 0.53 -0.12 0.48

Gender* -0.34 0.10 -0.18 0.27 -0.19 0.27

Systolic blood pressure 
(mmHg) -0.10 0.63 0.10 0.57

*Men are considered the reference group. Abbreviations: eGFR: estimated glomerular filtration rate. 
Model 1: adjustment for plasma osmolality.
Model 2: as model 1 + adjustment for age and gender.
Model 3: as model 2 + adjustment for systolic blood pressure 
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Supplementary Table 2. Associations between plasma vasopressin and eGFR in healthy participants 
and CKD patients not on dialysis, stratified for eGFR above or below 28 ml/min/1.73m2.

Univariate Multivariate

Model 1 Model 2 Model 3

β P-value β P-value β P-value β P-value

eGFR >28 (ml/min/1.73m2), N=61

eGFR (ml/min/1.73m2) -0.46 <0.001 -0.20 0.17 -0.32 0.07 -0.34 0.05

Plasma osmolality 
(mOsm/kg) 0.54 <0.001 0.42 0.005 0.45 0.004 0.41 0.007

Age (years) 0.24 0.06 -0.20 0.19 -0.22 0.15

Gender* -0.18 0.18 0.004 0.97 0.00 0.99

Systolic blood pressure 
(mmHg) 0.23 0.08 0.15 0.18

eGFR ≤28 (ml/min/1.73m2), N=25 

eGFR (ml/min/1.73m2) -0.14 0.52 -0.09 0.71 -0.08 0.74 -0.11 0.66

Plasma osmolality 
(mOsm/kg) 0.14 0.50 0.10 0.67 0.07 0.80 0.09 0.72

Age (years) -0.05 0.81 -0.005 0.98 -0.06 0.81

Gender* -0.18 0.39 -0.15 0.51 -0.16 0.49

Systolic blood pressure 
(mmHg) 0.19 0.37 0.26 0.27

*Men are considered the reference group. Abbreviations: eGFR: estimated glomerular filtration rate. 
Model 1: adjustment for plasma osmolality.
Model 2: as model 1 + adjustment for age and gender.
Model 3: as model 2 + adjustment for systolic blood pressure
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Abstract

Background and objectives. Autosomal dominant polycystic kidney disease (ADPKD) 
is the most prevalent hereditary renal disease, characterized by cyst formation in the 
kidneys leading to end stage kidney failure. It is clinically acknowledged that ADPKD 
patients have impaired urine concentrating capacity, but the mechanism behind this 
observation is unknown.
Design, setting, participants, &measurements. Fifteen ADPKD patients (estimated 
GFR ≥60 ml/min per 1.73m2) and 15 age- and sex-matched healthy controls underwent 
a standard prolonged water deprivation test in which urine and plasma osmolality, 
vasopressin, and copeptin were measured. The effect of a synthetic vasopressin analog 
(desmopressin) injected at the moment of maximal urine concentrating capacity was 
also studied.
Results. After 14 hours of water deprivation, ADPKD patients tended to have higher 
plasma osmolality (P=0.07) and significantly higher vasopressin and copeptin levels 
(both P<0.05), whereas urine osmolality was similar in ADPKD patients and controls 
(710 versus 742 mOsmol/kg; P=0.61). Maximal urine concentrating capacity was lower 
in ADPKD patients (758 versus 915 mOsmol/kg in controls; P<0.001). At maximal urine 
concentrating capacity, plasma osmolality, vasopressin, and copeptin levels were 
significantly higher in ADPKD patients. The median increase in urine osmolality after 
desmopressin administration in ADPKD patients was less than in healthy controls.
Conclusions. Already early in their disease, ADPKD patients have impaired maximal 
urine concentrating capacity brought out upon dehydration, with no evidence of 
impaired hypothalamic response. To maintain fluid balance, vasopressin concentration 
increases, which is hypothesized to play a role in ADPKD disease progression.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is themost common hereditary 
kidney disease, with an estimated prevalence of approximately 1 in 1000. ADPKD is 
characterized by progressive bilateral cyst formation in the kidneys, leading to pain, 
hematuria, and end stage kidney failure that usually occurs in the fourth to sixth decade 
of life.1 

The pathogenetic mechanisms responsible for cyst formation in ADPKD are complex.1 
Due to a genetic defect in the polycystin complex of the primary cilium, intracellular 
calcium concentration is reduced in cells of the collecting tube, which results in 
increased levels of intracellular cAMP.2-4 cAMP is an important player in cyst formation, 
causing proliferation of tubular cells and chloride-driven fluid secretion into cysts.5 

Arginine vasopressin (AVP) is assumed to have a detrimental role in the pathogenesis 
of ADPKD. Production of cAMP by adenylyl cyclase is enhanced when AVP is bound to 
the vasopressin V2 receptor at the basolateral side of collecting tube cells, causing cyst 
enlargement via the aforementioned mechanisms.6 In line with these assumptions are 
experimental studies showing that a vasopressin V2 receptor antagonist decreases the 
rate of cyst formation.7-9 Clinical trials are ongoing to examine the effect of vasopressin 
V2 receptor antagonists in ADPKD patients.10

Despite this alleged pivotal role of AVP in ADPKD, surprisingly little is known about 
AVP levels in ADPKD patients. It is, however, clinically well acknowledged that ADPKD 
patients cannot concentrate their urine well.11 This effect can be observed at a young 
age.12-14 The mechanism behind this decreased urine concentrating capacity is not 
known, but it is suggested to have a renal origin. The impaired ability to reabsorb water 
could be secondary to cyst-induced abnormality in renal architecture, leading to an 
impaired medullary osmotic gradient or to insensitivity to AVP (e.g., due to a receptor 
defect).4,15,16 Theoretically, a lower renal concentrating capacity could also have a central 
cause (i.e., impaired AVP release by the pituitary gland).

Given this background, we hypothesized that ADPKD patients have an impaired renal 
concentrating capacity, leading to an increase in plasma AVP levels as a compensatory 
response. To test this hypothesis, we performed a water deprivation test in ADPKD 
patients early in their disease, and in age- and sex-matched healthy controls, in which 
we measured urine and plasma osmolality as well as plasma concentrations of AVP and 
copeptin (part of the precursor hormone of AVP). In addition, we studied the effect 
of an injection of a synthetic AVP analog, desmopressin (DDAVP), at the moment of 
maximal urine concentrating capacity to determine whether an impaired hypothalamic 
response is involved.

vasopressin, copeptin, and renal concentrating capacity in patients with  
autosomal dominant polycystic kidney disease without renal impairment
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Materials and Methods

Study Population
ADPKD patients with a diagnosis based on the criteria of Ravine et al. and healthy 
controls aged between 18 and 65 years were eligible for this study.17 An additional 
inclusion criterion for both groups was an estimated GFR (eGFR) ≥60 ml/min per 1.73 m2 
to exclude a renal urine concentrating defect that can be observed in participants with 
a low GFR.18 Exclusion criteria were as follows: use of medication that influences renal 
concentration capacity, such as diuretics and postmenopausal hormone therapy; history 
of diseases influencing renal concentration capacity, such as diabetes mellitus, diabetes 
insipidus, adrenal or thyroid deficiencies, or kidney diseases other than ADPKD; other 
factors that can influence renal concentration capacity such as smoking, menstruation, 
urinary tract infection, pregnancy, and consumption of ≥4 alcohol beverages per day; 
and active cardiovascular disease, which is a contraindication for DDAVP administration.

Healthy controls were matched for age (within 5 years) and sex with ADPKD patients. 
A healthy individual was defined according the aforementioned criteria and had no 
evidence of CKD (eGFR ≥60 ml/min per 1.73 m2, albuminuria <30 mg/d, and no plasma 
electrolyte abnormalities).

This study was approved by our institutional review board and was performed in 
adherence to the Declaration of Helsinki. All participants gave written informed consent.

Study Protocol
Before the water deprivation test, urine was collected for 24 hours and blood was drawn 
for measurement of albuminuria, creatinine clearance, AVP, and copeptin. Eligible ADPKD 
patients and healthy controls underwent a standard prolonged water deprivation test, 
based on the protocol originally described by Miller et al.19 The day before the water 
deprivation test, participants were not allowed to smoke or consume caffeine-containing 
products. Participants received a standard meal and were not allowed to eat or drink 
after 6 p.m. During an in-hospital visit the next day, urine specimens were collected 
every hour and blood samples were taken every 2 hours from 8 a.m. onward until urine 
osmolality became constant, defined as an increase in urine osmolality between two 
consecutive urine collections <30 mOsml/kg. After reaching this plateau, participants 
received an intramuscular injection of 2 µg of DDAVP. Two hours after injection, blood 
and urine samples were again collected. Thereafter, participants were allowed to drink 
and eat ad libitum. The stopping criteria during the water deprivation test to ensure 
patient safety were as follows: reaching a body weight reduction >3% compared with 
body weight measured at 6 p.m. the day before, or a plasma sodium >150 mmol/L any 
time during the study. 
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Interpretation of a Water Deprivation Test 
According to the standard criteria, a water deprivation test is considered normal 
when urine osmolality is >800 mOsm/kg at plateau.19,20 Complete central nephrogenic 
diabetes insipidus can be expected in patients with urine osmolality <300 mOsm/kg 
at plateau and a >50% increase in urine osmolality after DDAVP administration. Partial 
central diabetes insipidus is expected in participants with a maximum urine osmolality 
between 300 and 800 mOsm/kg and a 9%–50% increase in urine osmolality after 
DDAVP administration. Complete renal diabetes insipidus is expected in participants 
with urine osmolality <300 mOsm/kg at plateau and a <9% increase in urine osmolality 
after DDAVP administration, whereas partial renal diabetes insipidus is suspected in 
participants with a maximum urine osmolality between 300 and 800 mOsm/kg and a 
<9% increase in urine osmolality after DDAVP administration.

Measurements
Standard biochemical evaluation was performed in fresh urine and plasma samples, 
using a Roche Modular Autoanalyser (Hitachi, Tokyo, Japan). GFR was estimated with 
the Chronic Kidney Disease Epidemiology Collaboration equation.21 Plasma and urine 
osmolality were measured directly via determination of freezing point depression using 
an Osmometer (Arkray, Kyoto, Japan), with a variation coefficient <1.0%. 

Blood for plasma AVP measurement was taken into a chilled syringe, placed in a chilled 
lithium heparin container, and immediately centrifuged at 4°C and stored at -80°C until 
assay. AVP was measured by RIA after an extraction using ODS-silica (DiaSorin, Stillwater, 
MN) in the General Clinical Laboratory of the IJsselland Hospital (Capelle aan de IJssel, 
The Netherlands). The assay range was between 0.2 and 4.7 pg/ml, with a sensitivity of 
0.2 pg/ml with 2.5 ml of plasma. The average duplo coefficients of variation were 4.3% 
for the low range (0.2–0.4 pg/ml), 4.7% for the intermediate range (0.4–1.0 pg/ml), and 
3.5% for the high range (1.0–8.1 pg/ml), respectively. 

Plasma samples for copeptin measurement were taken into EDTA tubes, and the 
peptide was measured using a sandwich immunoassay (B.R.A.H.M.S. AG, Hennigsdorf/
Berlin, Germany). The lower limit of detection was 0.4 pmol/L and the functional assay 
sensitivity (interassay coefficient of variation <20%) was <1 pmol.

Statistical Analyses
A power analysis was performed to determine how many participants were to be included 
in this study. The literature provides no data on AVP levels in ADPKD patients at an early 
stage of their disease, the primary parameter of interest. We therefore powered this 
study based on maximal urine concentrating capacity of 812 ±144 mOsmol/kg in healthy 
individuals and 680 ±186 mOsmol/kg in ADPKD patients (15). These data, adopting a 
5% two-sided a and 80% power, indicated that at least 15 healthy participants and 15 
ADPKD patients were needed to show a significant difference in urine concentrating 
capacity between ADPKD patients and healthy participants. 

vasopressin, copeptin, and renal concentrating capacity in patients with  
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Parametric variables are expressed as mean ± SD, whereas nonparametric variables are 
given as median (interquartile range). P values for differences between ADPKD patients 
and healthy controls were tested using a chi-squared test for categorical data as well as 
a t test for parametrical and a Mann–Whitney U test for nonparametric continuous data. 
To test correlations between AVP and copeptin, both variables were log-normalized 
and Pearson’s regression analysis was used. All analyses were performed using the SPSS 
statistical package (version 18.0; SPSS Inc, Chicago, IL). A two-sided P value <0.05 was 
considered statistically significant.

Results

Characteristics of the participating patients and healthy controls are presented in Table 1. 
Fifteen ADPKD patients and 15 age- and sex-matched healthy controls were studied.

Importantly, ADPKD patients and healthy controls had similar kidney function, but 
albuminuria was higher in ADPKD patients. ADPKD patients had similar BP compared 
with healthy controls, but used antihypertensive medications more often. Per protocol, 
none of the participating participants used diuretics. Lastly, AVP and copeptin levels 
were higher in ADPKD patients compared with healthy controls but not significantly. 
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Table 1: Characteristics of ADPKD patients and age- and gender matched healthy controls.

ADPKD
N=15

Healthy controls
N=15 P value

Age (y) 36±15 35±12 0.93

Male (%) 47 47 1.00

Body mass index (kg/m2) 27±5 25±4 0.33

Mean arterial pressure (mmHg) 100±7 96±21 0.59

Using antihypertensives (%) 53 0 0.001

eGFR (mL/min/1,73 m2) 100±23 104±12 0.62

Creatinine clearance (mL/min/1.73 m2) 116±35 117±19 0.97

Urine volume (L/24h) 2.00±0.65 2.20±0.99 0.63

Urine osmolality (mOsmol/kg/24h) 548±149 495±209 0.45

Urine albumin (mg/24h) 30.0 (16.0-124.0) 3.0 (2.0-5.0) <0.001

Plasma AVP (pgl/mL) 1.34 (0.25-3.07) 0.87 (0.28-2.38) 0.19

Plasma copeptin (pmol/L) 8.92 (0.66-21.86) 6.08 (0.92-10.79) 0.22

Data are given as means ± SD for parametric data or medians (IQR) for non-parametric data. Significance was 
tested using a chi-square test, t test or a Mann-Whitney U test, when appropriate. 
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Table 2: Characteristics of ADPKD patients and age and sex matched healthy controls at 8:00 a.m. 
(after 14 hours of water deprivation), when reaching plateau (increase in urinary osmolality between 
two consecutive urine collections less than 30 mOsmL/kg), and after DDAVP administration during a 
standard prolonged water deprivation test.

ADPKD  
N=15

Healthy controls
N=15 P value

8:00 a.m. (14 hr water deprivation)

Plasma osmolality (mOsmol/kg) 285±5 282±3 0.07

Plasma sodium (mmol/L) 141.2±1.6 141.2±1.0 1.00

Plasma urea (mmol/L) 6.5±1.9 4.7±1.0 0.002

Urine osmolality (mOsmol/kg) 710±103 742±216 0.61

Urine sodium (mmol/L) 111.4±41.0 103.9±41.7 0.75

Urine urea (mmol/L) 333±90 366±143 0.46

Plasma arginine vasopressin (pgl/mL) 1.08 (0.66-3.75) 0.43 (0.40-0.81) 0.03

Plasma copeptin (pmol/L) 14.85 (4.92-18.68) 8.48 (2.90-9.37) 0.04

Plateau (maximal urinary concentrating capacity)

Plasma osmolality (mOsmol/kg) 285±4 282±3 0.02

Plasma sodium (mmol/L) 141.5±1.8 141.0±1.5 0.39

Plasma urea (mmol/L) 6.5±1.9 4.6±0.9 0.002

Urine osmolality (mOsmol/kg) 758±103 915±91 <0.001

Urine sodium (mmol/L) 138.7±46.7 119.4±36.5 0.25

Urine urea (mmol/L) 312±87 400±102 0.02

Plasma arginine vasopressin (pgl/mL) 1.26 (0.94-2.58) 0.47 (0.36-1.06) 0.004

Plasma copeptin (pmol/L) 14.74 (7.47-18.96) 4.62 (3.42-7.84) 0.01

2 hr after demopressin administration

Plasma osmolality (mOsmol/kg) 285±4 282±3 0.03

Plasma sodium (mmol/L) 141.5±1.6 141.9±1.9 0.54

Plasma urea (mmol/L) 6.6±1.8 4.8±0.9 0.002

Urine osmolality (mOsmol/kg) 790±99 1015±114 <0.001

Urine sodium (mmol/L) 141.1±47.5 120.1±45.1 0.76

Urine urea (mmol/L) 280±56 405±110 0.001

Plasma arginine vasopressin (pg/mL) 1.7 (1.13-2.41) 0.92 (0.72-2.15) 0.07

Plasma copeptin (pmol/L) 17.01 (7.94-17.78) 7.75 (3.81-8.80) 0.04

Data are given as means ± SD for parametric data or as medians (IQR) for non-parametric data. Significance was 
tested using t test or a Mann-Whitney U test, when appropriate. ADPKD, autosomal dominant polycystic kidney 
disease.
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Table 2 shows the results of the prolonged water deprivation test. All subjects completed 
the water deprivation test without any complications (i.e., none of the stopping criteria 
were met). 

At 8:00 a.m. (after 14 hours of water deprivation), ADPKD patients tended to have 
higher plasma osmolality (P=0.07) and significantly higher plasma AVP and copeptin 
levels compared with healthy controls (P=0.03 and P=0.04, respectively), whereas urine 
osmolality was not different between the two study groups at this time point (P=0.61). 
The higher plasma osmolality at 8:00 a.m. in ADPKD patients was primarily due to higher 
plasma urea levels (P=0.002), with plasma sodium levels being comparable between 
both study groups (P=1.00). 

Maximal urine concentrating capacity was reached after a median of 16 hours in 
ADPKD patients and 17 hours in healthy controls (P=0.02). Maximal urine concentrating 
capacity was significantly lower in ADPKD patients compared with healthy controls 
(P<0.001) (Table 2, Figure 1). The difference in maximal urine osmolality between ADPKD 
patients and healthy controls was related to a difference in urine urea concentration, 
whereas urine sodium concentration was not different between both study groups 
(P=0.25). Nine of 15 ADPKD patients did not reach a urine osmolality >800 mOsmol/
kg, whereas this was the case in only 2 of 15 healthy controls (60% versus 13%; P<0.03). 
A significant difference was found in maximal urinary concentrating capacity between 
ADPKD patients taking antihypertensive drugs (697±96 mOsmol/kg) and normotensive 
ADPKD patients (826±60 mOsmol/kg; P=0.009). Maximal urinary concentrating capacity 
was significantly lower in normotensive

ADPKD patients (826±60 mOsmol/kg) compared with healthy controls (915±91 
mOsmol/kg; difference P=0.03). At the time point of maximal urine concentrating 
capacity, ADPKD patients had significantly higher plasma osmolality as well as higher 
plasma AVP and copeptin levels (P=0.02, P=0.004, and P=0.01, respectively) (Figure 2). 

After DDAVP injection, median urine osmolality increased slightly in ADPKD patients 
(3.2%; interquartile range, 1.2%–7.7%; P=0.009) as well as healthy controls (12.0%; 
interquartile range, 5.8%–17%; P=0.002), but significantly less in ADPKD patients 
(difference P<0.02). Only two of the nine ADPKD patients that had a maximal urine 
concentrating capacity <800 mOsmol/kg showed a >9% increase in urine osmolality 
after DDAVP injection, whereas such a rise was observed in both healthy controls that 
had not reached a urine osmolality >800 mOsmol/kg on thirsting. Plasma osmolality 
and copeptin concentration were significantly higher in ADPKD patients after DDAVP 
injection compared with healthy controls (P=0.03 and P=0.04, respectively) and AVP 
tended to be higher in ADPKD (P=0.07). Individual responses to the water deprivation 
test are shown in Supplemental Figure 1. 
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Figure 2: Plasma vasopressin (left panel) and copeptin (right panel) in ADPKD patients (N=15, hatched 
boxes) and age and healthy controls (N=15, open boxes) during a standard prolonged water deprivation 
test. Data are given as box plots, showing median values, interquartile ranges and ranges of distribution, 
at 8 a.m. in the morning (i.e. after 14hr of water deprivation), at plateau (i.e. when stable urine osmolality 
was reached, and two hours after DDAVP administration). *, p<0.05.

Measurements of AVP and copeptin yielded similar results during the entire water 
deprivation test (Table 2).Moreover, significant associations were found between plasma 
AVP and copeptin levels at 8:00 a.m. (R2=0.58, P<0.001), plateau (R2=0.58, P<0.001), and 
2 hours after DDAVP administration (R2=0.40, P<0.001). Plots showing the associations 
between AVP and copeptin are given in Figure 3. 

Total kidney volume (TKV) of 10 patients based on magnetic resonance imaging was 
available, with a median of 936 ml (interquartile range, 849–1614). Associations (R2) of TKV 
with AVP and copeptin in these 10 patients were 0.47 (P=0.03) and 0.22 (P=0.17), respectively. 
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Figure 1: Urine osmolality in ADPKD patients (N=15, hatched 
boxes) and healthy controls (N=15, open boxes) during a 
standard prolonged water deprivation test. Data are given as box 
plots, showing median values, interquartile ranges and ranges 
of distribution, at 8 a.m. in the morning (i.e. after 14hr of water 
deprivation), at plateau (i.e. when stable urine osmolality was 
reached), and two hours after DDAVP administration. *, p<0.05.
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Discussion

In this study, we performed a standard prolonged water deprivation test in 15 ADPKD 
patients and 15 age- and sex-matched healthy controls and measured AVP and copeptin 
levels. Our findings of an impaired concentrating mechanism, brought out upon 
dehydration, in ADPKD patients are in agreement with the literature (12–15, 22, 23).12-14,22,23 
It was also emphasized that this impaired concentrating capacity was already present 
early in the disease course (12–14).12-14 Gabow et al. observed that cyst number and size, 
and remaining volume of normal parenchyma were associated with greater impairment of 
urine concentrating capacity;15 thus, the impaired urine concentrating capacity is thought 
to be caused by an impaired medullary osmotic gradient due to distorted renal architecture 
by cyst formation. There are important differences between this study and the previously 
performed studies. All previous studies measured urine osmolality at a fixed time period 
after water deprivation (and concurrent DDAVP administration in most of them), whereas we 
measured urine osmolality in consecutively collected urine samples and studied the effect of 
DDAVP administration when participants had reached maximal endogenous concentrating 
capacity. This procedure allows us to study whether a central component is involved when 
impaired renal concentrating capacity is found. Furthermore, unlike the previous studies, 
we measured AVP and copeptin concentrations under the standardized circumstances of 
dehydration to test the consequences of the impaired concentrating mechanism in view of 
the suggested unfavorable long-term effects of increased AVP concentration.

After 14 hours of water deprivation, plasma osmolality was significantly higher in ADPKD 
patients compared with healthy controls with similar age, sex distribution, and kidney 
function. Plasma AVP was also increased at that time point, whereas urine osmolality in these 
patients was still similar to urine osmolality in healthy controls. AVP seemed to increase to 
maintain fluid balance. Maximal urine concentrating capacity was impaired in the ADPKD 
patients, with 9 of the 15 patients not reaching a urine osmolality >800 mOsmol/kg. At 
the time point of maximal urine concentrating capacity, ADPKD patients again had higher 
plasma osmolality and higher AVP. DDAVP administration increased urine osmolality slightly 
in ADPKD patients, with only two of the nine patients that had a maximal urine concentrating 
capacity <800 mOsmol/kg showing a >9% increase in urine osmolality after DDAVP injection. 
Importantly, the median increase in urine osmolality after DDAVP administration in ADPKD 
patients was less than in healthy controls. These data should be interpreted as an impaired 
renal concentrating capacity with no evidence for a central component (i.e., impaired AVP 
release by the pituitary gland). 

AVP is assumed to have a specific detrimental role in the pathogenesis of ADPKD. Despite 
this alleged pivotal role of AVP, surprisingly little is known about AVP levels in ADPKD patients. 
Data have shown AVP levels to be increased in participants with impaired kidney function 
due to non-ADPKD kidney disease.24 To our knowledge, only two studies have measured 
AVP levels in ADPKD patients and both showed increased AVP levels compared with healthy 
controls.25,26 To note, both studies included ADPKD patients with impaired kidney function. 
We therefore corroborate these findings, but extend the present knowledge on AVP levels 
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in ADPKD by showing that AVP levels are already elevated in the early stages of the disease, 
because ADPKD patients and healthy controls had similar kidney function in our study. The 
increase in AVP levels should be interpreted as a compensatory mechanism to maintain fluid 
balance.

The fact that there are only limited data on AVP in ADPKD may be because AVP is difficult 
to measure due to its small size, binding to platelets, and very short ex vivo t

1/2 
.27,28 An assay 

was recently developed to measure copeptin.29 Copeptin is a part of the precursor of AVP, 
preprovasopressin, and has been suggested to be a relatively easy to measure, more stable 
(ex vivo), and reliable marker of AVP secretion.30 We therefore also measured copeptin in 
this study. Results with respect to copeptin during the water deprivation test closely mimic 
the results with respect to AVP. Moreover, significant associations were found between 
copeptin and AVP concentrations during all three time points on which these variables were 
measured. Copeptin seems therefore a reliable substitute for AVP in participants with ADPKD. 
Interestingly, copeptin has recently been investigated in several epidemiologic studies, 
among others in ADPKD patients (W.E. Boertien et al., unpublished observations).20,31-33 In a 
cross-sectional study in 102 ADPKD patients, we found that copeptin levels were associated 
with various markers of disease severity, among which albuminuria, GFR, renal blood flow, 
and total renal volume.33 In a prospective study in 79 ADPKD patients, we subsequently 
showed that baseline copeptin levels were associated with faster kidney function decline 
when assessed as the change in either iothalamate clearance during short-term follow-up or 
eGFR during long-term follow- up (W.E. Boertien et al., unpublished observations). From these 
studies, it was not clear whether copeptin levels are higher in ADPKD patients compared with 
healthy controls, nor whether a rise in copeptin precedes disease progression or is merely 
a marker of impaired kidney function. This study, in which copeptin levels were measured 
under standardized circumstances, provides this information and shows that copeptin levels 
are already elevated in ADPKD patients with normal kidney function. 

Our findings may help shed light on a pathophysiologic mechanism causing disease 
progression in ADPKD. We previously hypothesized that cysts are formed due to a genetic 
defect, leading to disturbance of medullary architecture and consequently to impaired 
urine concentrating capacity early in the disease when kidney function is still normal.33 As 
compensatory mechanism AVP levels increase to maintain fluid balance, AVP in turn causes 
increased levels of cAMP in collecting tube cells,34 leading to proliferation of tubular cells and 
chloride-driven fluid secretion into cysts.5,35 Thus, a vicious circle may arise leading to further 
cyst formation, cyst growth and kidney function decline. This hypothesis is supported by 
the fact that AVP was found to be increased at normal kidney function in our study and that 
copeptin, a surrogate for AVP, was shown to predict kidney function decline in another study. 

Strengths of this study are that we included ADPKD patients and age- and sex-matched 
healthy controls with similar kidney function. This allowed us to conclude whether differences 
between ADPKD patients and healthy controls were due to the disease process itself, and 
not due to differences in age, sex distribution, or kidney function. These latter factors have 
been shown to influence maximal urine concentrating capacity.24,36-39 Second, we measured 
maximal endogenous urine concentrating capacity as well as the reaction to DDAVP 
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administration. By administering DDAVP, a central component contributing to decreased 
maximal urine concentrating capacity could be made unlikely. Third, in addition to urine and 
plasma osmolality, we also measured AVP and copeptin concentrations. A limitation is that 
a relatively small number of ADPKD patients and healthy controls were included. However, 
we performed a power analysis before the start of the study and we included this number of 
participants. Furthermore, our results showed significant differences for the primary outcome 
variables. It is therefore unlikely that different conclusions would have been reached if more 
participants had been included. Fourth, we did not measure per protocol TKV in this study. 
An association of TKV with AVP and copeptin levels could therefore only be assessed in 10 
patients. TKVs used in our association were measured approximately 3 years before this study. 
However, in a previous study, we showed that a higher TKV was independently associated with 
higher copeptin levels.33 Last, we observed a significant difference in urinary concentrating 
capacity between ADPKD patients taking antihypertensive drugs and normotensive ADPKD 
patients. An extensive literature search did not provide any evidence that antihypertensive 
medication (besides diuretics) can influence maximal urinary concentrating capacity. Per 
protocol, the use of diuretics was not allowed. We interpret this difference therefore as being 
the result of the fact that ADPKD patients that are hypertensive have more severe disease, 
and consequently also have more impaired urinary concentrating capacity. To note, we also 
observed a significant difference in urinary concentrating capacity between normotensive 
ADPKD patients and healthy controls. This strengthens our findings that patients still early in 
their disease have an impaired urinary concentrating capacity. 

In conclusion, ADPKD patients already have impaired urine concentrating capacity, brought 
out upon dehydration, in the early stage of their disease. This study shows that a central 
component in this abnormality is unlikely. Furthermore, we found that AVP and copeptin 
levels are already elevated after 14 hours of dehydration in this early disease stage, and thus 
precede kidney function decline in ADPKD patients. In cases in which AVP is indeed causally 
linked to cyst formation, cyst growth, and kidney function decline, these data provide support 
for a pathophysiologic concept that may help explain disease progression in ADPKD.
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Abstract

Background and objectives. Patients with Autosomal Dominant Polycystic Kidney 
Disease (ADPKD) have an impaired urine concentrating capacity. Increased circulating 
vasopressin (AVP) levels are supposed to play a role in the progression of ADPKD. We 
hypothesized that ADPKD patients have a more severely impaired urine concentrating 
capacity in comparison to other patients with chronic kidney disease at a similar level 
of kidney function, with consequently an enhanced AVP response to water deprivation 
with higher circulating AVP concentrations. 
Design, setting, participants, &measurements. 15 ADPKD (eGFR<60) patients and 15 
age-, sex- and eGFR-matched controls with IgA nephropathy (IgAN), underwent a water 
deprivation test to determine maximal urine concentrating capacity. Plasma and urine 
osmolality, urine aquaporin-2 (AQP2) and plasma AVP and copeptin (a surrogate marker 
for AVP) were measured at baseline and after water deprivation (average 16 hours). 
Results. Maximal achieved urine concentration was lower in ADPKD compared to IgAN 
controls (533±138 vs. 642±148 mOsm/kg, p=0.046), with particularly a lower maximal 
achieved urine urea concentration (223±74 vs. 299±72 mmol/L, p=0.008). Copeptin and 
AVP increased significantly in a similar way in both groups. AVP, copeptin and urine 
AQP2 were inversely associated with maximal urine concentrating in both groups. 
Conclusions. ADPKD patients have a more severely impaired maximal urine 
concentrating capacity in comparison to IgAN controls with similar endogenous 
copeptin and AVP responses. This impairment consists of a nephrogenic component 
with lower urine urea concentrations and possibly a central component with inadequate 
AVP secretion. 
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Introduction

One of the first clinical features in autosomal dominant polycystic kidney disease 
(ADPKD), is an impaired urine concentrating capacity that occurs prior to kidney 
function decline.1-3 The mechanism leading to decreased urine concentrating capacity is 
not fully understood. Probably abnormalities in the renal medullary architecture, due to 
cyst formation and expansion, play an important role. In a previous study, we found that 
already in the early stages of disease there is an impaired maximal urine concentrating 
capacity, which is accompanied by increased plasma osmolality and vasopressin (AVP) 
levels during water deprivation, in comparison to healthy controls.4

AVP is secreted from the pituitary gland when plasma osmolality increases. AVP 
subsequently binds to the vasopressin V2 receptor of the collecting ducts which 
stimulates water reabsorption by migration of aquaporin-2 (AQP2) to the apical cell 
membrane. Besides being important for water hemostasis, AVP has deleterious effects 
in ADPKD. AVP has been shown to increase intracellular cAMP, which promotes cell 
proliferation and cyst formation.5 Indeed, animal models and a large randomized 
controlled trial in ADPKD patients showed that blocking the vasopressin V2 receptor 
reduces the rate of cyst growth and renal function loss.6-9 

In the present study, we hypothesized that in advanced stages of ADPKD, the increase in 
AVP in response to water deprivation is stronger than might be expected from impaired 
kidney function per se.10,11 To study urine concentrating capacity and AVP response in 
ADPKD, we performed water deprivation tests in ADPKD patients with impaired kidney 
function and in a control group of patients with IgA nephropathy (IgAN), matched for 
age, sex and eGFR. In addition to AVP, copeptin was measured as a surrogate marker for 
AVP, since copeptin is more stable than AVP.12-14 

Methods

Study Population
Eligible for this study were patients with ADPKD, as diagnosed using the revised 
Ravine criteria,15 aged between 18-65 years and with an estimated GFR (eGFR) <60 ml/
min/1.73m2. The control group consisted of IgA nephropathy (IgAN) patients, matched 
for eGFR, age and sex. The diagnosis of IgAN was based on renal biopsy or clinical history 
and laboratory values in accordance with clinical practice. IgAN patients were eligible 
when they were in a stable phase of their disease, as defined by proteinuria <1 g/d and 
eGFR loss ≤5 ml/min/1.73m2 in the previous year and without use of immunosuppressive 
medication. Exclusion criteria for both patient groups were: use of medications or 
concomitant diseases that influence urine concentration capacity other than ADPKD 
or IgAN (e.g., diuretics, lithium and diabetes mellitus), factors that may influence urine 
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concentration capacity (e.g. smoking, menstruation, urinary tract infection, pregnancy, 
and consumption of ≥4 units of alcohol per day) or active cardiovascular disease (e.g. 
angina pectoris), which is a contraindication for DDAVP administration. This study was 
approved by our institutional review board and was performed in adherence to the 
Declaration of Helsinki. All participants gave written informed consent. 

Study Protocol
All patients routinely collected a 24-hour urine sample the day preceding the water 
deprivation test. Patients underwent a standard prolonged water deprivation test, 
based on the protocol originally described by Miller et al.16 The day before the water 
deprivation test and during the test, participants were not allowed to smoke, drink 
alcohol or consume caffeine-containing products. At the day of the test, a baseline 
spot urine sample was collected at 5 p.m. and blood was drawn for direct biochemical 
evaluation. Plasma was separated and stored at -80°C for later assessment of copeptin 
and AVP. Thereafter, participants received a standardized meal and were not allowed 
to eat or drink anymore until the end of the water deprivation test. Patients spent the 
evening and the night at home. The following day patients returned to the hospital at 
8 a.m., after 14 hours of thirsting. Patients spent the day in the hospital, with spot urine 
samples being collected every hour until two consecutive measurements showed an 
increase in urine osmolality ≤30 mOsm/kg. After reaching this plateau, participants 
received an intramuscular injection of 2 mcg DDAVP, a synthetic replacement for AVP. 
Two hours after injection, blood and urine samples were collected. Urine osmolality 
that was measured at this time point was used to define maximal urine concentrating 
capacity. Two hours after injection of DDAVP, participants were allowed to drink and eat 
ad libitum. To ensure patient safety during the water deprivation test stopping criteria 
were defined as reaching a body weight reduction >3% or a plasma sodium >150 mmol/L. 

Measurements
Standard biochemical evaluation was performed in fresh urine and plasma samples, 
using a Roche Modular Autoanalyser (Hitachi, Tokyo, Japan). Plasma and urine 
osmolality were measured directly via determination of freezing point depression 
using an Osmometer (Arkray, Kyoto, Japan), with an intra-assay coefficient of variation 
<1.0%). eGFR was calculated with the CKD-EPI (Chronic Kidney Disease Epidemiology 
Collaboration) equation.17

Blood for AVP and copeptin measurement was drawn into a chilled EDTA tube, and 
immediately centrifuged at 4°C and stored at −80°C until assay. AVP was measured by RIA 
after an extraction using ODS-silica (DiaSorin, Stillwater, MN). The lower limit of detection 
was 0.2 pg/ml and the intra-assay coefficient of variation 3.5%. Copeptin was measured 
using a sandwich immunoassay (B.R.A.H.M.S. AG, Hennigsdorf/Berlin, Germany), with a 
lower limit of detection of 0.4 pmol/L and intra-assay coefficient of variation of 4 and 3% 
for the copeptin concentrations of 15 and 50 pmol/L, respectively. Urine aquaporin-2 
(AQP2) concentration was measured by a direct ELISA using rabbit-anti-AQP2 antibody 
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(Santa Cruz Biotechnology, Dallas, TX, USA) with a lower limit of detection of 6.67 ng/mL 
and intra-assay coefficient of variation of 6.1%.18 In all ADPKD patients MR imaging was 
performed, using a standardised abdominal MR imaging protocol without the use of 
intravenous contrast.19 Total kidney volume (TKV) was assessed using Analyze Direct 8.0 
software (AnalyzeDirect, Inc., Overland Park, KS, USA). Total kidney volume was divided 
by height to calculate the height adjusted total kidney volume (hTKV). 

Statistical Analyses
Parametric variables are expressed as mean±SD, non-parametric variables as median 
(IQR). Differences in baseline characteristics between ADPKD and IgAN patients were 
calculated with a Chi-square test for categorical data, and for continuous data with a 
Student’s t-test or a Mann-Whitney U test in case of non-parametric data. Percentage 
change between baseline and maximal urine concentration were tested in the overall 
population and within study groups using a one sample t-test with 0% change as 
reference value. Linear regression analyses were performed to test associations 
between plasma and urine osmolality, AVP, copeptin, AQP2-creatinine ratio, hTKV, 
albumin-creatinine ratio (ACR) and urine-to-plasma urea ratio (U/P Urea). AVP, copeptin, 
AQP2-creatinine ratio, hTKV, ACR and U/P Urea were log (ln) transformed to fulfill the 
requirement of normal distribution of the residuals for regression analysis. To investigate 
differences between the two study groups the categorical variable ‘study group’ (ADPKD 
vs. IgAN) was added to the regression analysis. Furthermore, to investigate whether 
associations between copeptin and other study variables were different between the 
study groups, interaction was tested by adding product terms including ‘study group’ 
and the independent variable to this model. Univariate (crude) linear regression models 
are presented with the correlation coefficient whereas for multiple variable models the 
standardized regression coefficient beta (St. β) is given. 

All statistical analyses were performed using SPSS 22 (SPSS Statistics, Inc., Chicago, 
IL, U.S.A.). A p-value of <0.05 was considered to indicate statistical significance and all 
statistical tests were 2-tailed. 

Results

Before water deprivation at baseline
Baseline characteristics with respect to age, sex and eGFR were similar between ADPKD 
patients and the IgAN controls, indicating that matching was successful (Table 1). Blood 
pressure was slightly higher and 24-hour urine volume was particularly higher in ADPKD 
patients than in IgAN controls. Total solute, urea and creatinine excretion did not differ 
between the groups, indicating that both groups had similar nutritional intake and 
muscle mass. Baseline plasma osmolality, copeptin and AVP were similar in both study 
groups, although plasma osmolality tended to be lower in ADPKD patients than in IgAN 
controls (Table 2). A spot urine sample collected before start of the water deprivation 
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test, showed less concentrated urine with lower urine osmolality, sodium and urea in 
ADPKD patients than IgAN controls (Table 3). 

Table 1: Characteristics of the overall population, and of ADPKD and IgA Nephropathy patients 
separately.

Overall
N=30

ADPKD
N=15

IgAN
N=15 P-value

 
Age (y)

 
49±8

 
49±7

 
49±9

 
0.91

Male (%) 66.7 66.7 66.7 1.00

Body mass index (kg/m2) 28±4 27±3 29±4 0.10

Body surface area (m2) 2.06±0.20 2.00±0.19 2.13±0.18 0.06

Systolic blood pressure (mmHg) 129±13 134±14 123±8 0.02

Diastolic blood pressure (mmHg) 81±9 85±10 78±6 0.03

Using antihypertensives (%) 93.3 93.3 93.3 1.00

eGFR (mL/min/1.73m2) 47±14 46±11 48±17 0.38

Total kidney volume (L) 1.7 (0.9-2.5)

Total kidney volume/height (L/m) 1.0 (0.5-1.3)

24-hour urine

Volume (L) 2.3±0.9 2.8±0.9 1.9±0.5 0.002

Osmolality (mOsmol/kg) 422±144 347±133 496±117 0.003

Osmolality excretion (mOsmol/24h) 431±99 441±88 421±111 0.59

Urea (mmol/L) 190±69 146±53 233±55 <0.001

Urea excretion (mmol/24h) 194±54 201±64 187±43 0.50

Creatinine (mmol/L) 6.7±2.8 5.1±1.9 8.4±2.6 0.001

Creatinine excretion (mmol/24h) 6.7±1.3 6.5±1.2 6.9±1.5 0.39

Albumin excretion (mg/24h) 95 (25-360) 47 (16-288) 148 (68-522) 0.045

Albumin/creatinine ratio (mg/mmol) 9 (2-21) 3 (1-19) 11 (6-39) 0.06

AQP2 excretion (ng/24h) 760 (549-2280) 752 (418-2239) 760 (605-3185) 0.62

AQP2/creatinine ratio (µg/mmol) 62 (45-204) 69 (32-206) 58 (45-204) 1.00

ADPKD and IgA Nephropathy patients were matched for age, sex, and eGFR. Data are given as mean±SD for 
parametric data or median (IQR) for non-parametric data. Significance was tested using a chi-square test, Student’s 
t-test or a Mann-Whitney U test, when appropriate. Osmolality, urea and creatinine excretion were adjusted for BSA. 
Abbreviations: IgAN, IgA Nephropathy; BMI, body mass index; hTKV, height adjusted total kidney volume; AQP2, 
aquaporin-2.
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All patients underwent a standard prolonged water deprivation test. None of the 
patients met the safety stopping criteria during the test. Plasma osmolality increased 
significantly in ADPKD patients but not in IgAN controls. Upon water deprivation, 
copeptin and AVP increased significantly in ADPKD patients and IgAN controls in a similar 
way (Table 2). Urine osmolality increased both in ADPKD patients and IgAN controls 
(Table 3). However, the maximal achieved urine osmolality was significantly lower in 
ADPKD patients in comparison to IgAN controls, especially due to a decreased urine 
urea concentration. AQP2 at maximal urine concentration was similar in both groups 
and decreased in a similar way during water deprivation. After DDAVP administration, 
urine osmolality increased in ADPKD patients with an average of +4.7% (p=0.001). 
However, numerically this increase was small and similar to the increase in the IgAN 
control group (+4.5%, p=0.01, ADPKD vs. IgAN: p=0.4).

Associations between copeptin, AVP, plasma and urine osmolality and AQP2
At baseline and at maximal urine concentration, copeptin and AVP concentrations 
were strongly associated (R=0.72 and R=0.78, respectively, both p<0.001). Furthermore, 
copeptin was associated with plasma osmolality, a stimulus for AVP release, both at 
baseline and at maximal urine concentration (Supplementary table 1 and Figure 1). 
No interactions by study group for the associations between copeptin and plasma 
osmolality were found (Supplementary table 1). The aforementioned associations were 
also tested for AVP instead of copeptin, which rendered essentially similar results, albeit 
that the associations were less strong (Supplementary table 1). 

Urine osmolality was inversely associated with copeptin at maximal urine 
concentration (Figure 1). Addition of the categorical variable study group to the linear 
regression model, with maximal urine osmolality as dependent variable, showed that 
ADPKD patients had a 105 mOsmol/kg lower maximal urine osmolality compared 
with the control group at a similar copeptin value (St. β=-0.35, p=0.01, Table 4). No 
interactions by study group for the association between copeptin and urine osmolality 
was found. AVP was associated with maximal urine osmolality in a similar way, with a 119 
mOsmol/kg lower maximal urine osmolality in ADPKD patients at a similar AVP value (St. 
β=-0.40, p=0.02, Table 4).  

The AQP2 to creatinine ratio at maximal urine concentration was inversely associated 
with maximal urine osmolality. ADPKD patients had a 110 mOsmol/kg lower maximal 
urine osmolality in comparison with the control group at a similar AQP2 level (St. β=-
0.37, p=0.02, Table 4). No interactions by study group for the association between 
AQP2 and the maximal urine concentrating capacity was found. Furthermore, AQP2 
at maximal urine concentration was positively associated with both copeptin and AVP 
(Supplementary table 2). Having ADPKD or IgAN did not affect these associations (i.e., 
no significant interactions with study group). 
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Table 2: Measurements in plasma at baseline (5 p.m.) and at maximal urine concentration during a 
standard prolonged water deprivation test. Data are presented for the overall population, and for ADPKD 
and IgA Nephropathy patients separately. 

Plasma Overall
N=30

ADPKD  
N=15

IgAN
N=15 P-value

At baseline

   Osmolality (mOsmol/kg) 291±8 289±5 294±10 0.14

   Sodium (mmol/L) 140±2.5 141±2.9 140±2.0 0.67

   Potassium (mmol/L) 4.3±0.4 4.3±0.4 4.3±0.5 0.97

   Urea (mmol/L) 11.2±5.3 10.3±3.7 12.1±6.6 0.35

   AVP (pmol/L) 4.4 (1.4-12.0) 2.2 (1.3-14.0) 6.3 (1.4-12.0) 0.49

   Copeptin (pmol/L) 11.9 (7.1-28.3) 14.0 (6.1-30.1) 11.9 (7.3-27.7) 0.98

At maximal urine concentration

   Osmolality (mOsmol/kg) 294±8 293±6 295±10 0.51

   Sodium (mmol/L) 142±1.9 142±2.4 141±1.0 0.10

   Potassium (mmol/L) 4.4±0.5 4.3±0.5 4.5±0.6 0.30

   Urea (mmol/L) 11.0±5.3 10.3±3.5 11.7±6.6 0.47

   AVP (pmol/L) 9.6 (2.4-12.3) 9.2 (1.4-12.0) 10.0 (2.5-13.0) 0.57

   Copeptin (pmol/L) 23.7 (10.6-
44.6) 26.6 (12.7-43.0) 20.7 (10.0-

48.3) 0.84

Change between baseline and maximal urine concentration

   Osmolality (%) 0.8±1.2* 1.1±1.2* 0.5±1.1 0.09

   Sodium (%) 0.8±1.3* 1.0±1.5* 0.7±1.1* 0.32

   Potassium (%) 2.2±6.7 0.1±6.5 4.2±6.5* 0.08

   Urea (%) -3.2±11.6 -0.2±7.4 -6.0±14.1 0.14

   AVP (%) 86±158* 116±208* 35±61* 0.11

   Copeptin (%) 82±89* 94±113* 72±59* 0.51

Data are given as mean±SD for parametric data or as median (IQR) for non-parametric data. Significance between 
groups was tested using Student’s t-test or a Mann-Whitney U test, when appropriate. Percentage change within 
groups was tested using a one-sample t-test, * p<0.05. Abbreviations: IgAN, IgA Nephropathy; AVP, vasopressin; 
AQP2, aquaporin-2.
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Table 3: Measurements in spot urine at baseline (5 p.m.) and at maximal urine concentration during a 
standard prolonged water deprivation test. Data are presented for the overall population, and for ADPKD 
and IgA Nephropathy patients separately. 

Spot urine Overall
N=30

ADPKD  
N=15

IgAN
N=15 P-value

At baseline

Osmolality (mOsmol/kg) 438±160 378±157 498±144 0.04

Sodium (mmol/L) 66±32 55±29 77±32 0.06

Potassium (mmol/L) 46±21 44±20 49±23 0.46

Urea (mmol/L) 207±81 177±80 237±71 0.04

Creatinine (mmol/L) 7.9±3.8 7.2±4.3 8.7±3.3 0.28

Albumin (mg/L) 98 (38-218) 64 (21-127) 137 (64-476) 0.045

Albumin/creatinine ratio (mg/mmol) 14 (7-29) 9 (3-26) 19 (9-51) 0.10

AQP2 (ng/mL) 986 (283-3396) 584 (171-3297) 1562 (293-3693) 0.54

AQP2/creatinine ratio (µg/mmol) 177 (45-361) 106 (28-532) 189 (50-325) 0.87

At maximal urine concentration

Osmolality (mOsm/kg) 587±151 533±138 642±148 0.046

Sodium (mmol/L) 77±31 75±24 80±38 0.65

Potassium (mmol/L) 81±35 78±28 84±41 0.61

Urea (mmol/L) 261±81 223±74 299±72 0.008

Creatinine (mmol/L) 12.8±4.7 11.5±4.2 14.1±5.1 0.14

Albumin (mg/L) 92 (57-245) 64 (26-130) 160 (86-554) 0.01

Albumin/creatinine ratio (mg/mmol) 10 (4-49) 7 (-13) 11 (9-6) 0.045

AQP2 (ng/mL) 676 (343-1444) 410 (274-2844) 833 (425-1274) 0.33

AQP/creatinine ratio (µg/mmol) 52 (31-130) 33 (21-290) 56 (39-109) 0.60

Change between baseline and maximal urine concentration

Osmolality (%) 52±81* 68±107* 36±41* 0.29

Sodium (%) 37±83* 61±93* 12±66 0.11

Potassium (%) 126±266* 171±370 82±73* 0.37

Urea (%) 40±59* 48±73* 33±42* 0.13

Creatinine (%) 98±139* 118±184* 78±75* 0.44

Albumin (%) 122±455 198±641 45±69* 0.09

Albumin/creatinine ratio (%) -10±60 -7±73 -12±47 0.41

AQP2 (%) 8±98 20±122 -4±68 0.32

AQP/creatinine ratio (%) -43±44* -48±22* -37±59* 0.08

Data are given as mean±SD for parametric data or as median (IQR) for non-parametric data. Significance was tested 
using Student’s t-test or a Mann-Whitney U test, when appropriate. Percentage change within groups was tested 
using a one-sample t-test, * p<0.05. Abbreviations: IgAN, IgA Nephropathy; AVP,  vasopressin; AQP2, aquaporin-2.
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Associations between copeptin and kidney damage
Next we investigated whether copeptin was associated with kidney damage. In ADPKD, 
copeptin at baseline was univariately associated with ACR (R=0.88, p<0.001) and this 
held also true at maximal urine concentration (R=0.71, p=0.003, Figure 2). The association 
remained significant after multivariable adjustment for eGFR and hTKV at baseline (St. 
β=0.82, p=0.001) and was of borderline significance at maximal urine concentration (St. 
β=0.58, p=0.06). In the IgAN control group copeptin was not associated with ACR at 
baseline, neither crude (p=0.2) nor after adjustment for eGFR (p=0.7). At maximal urine 
concentration copeptin tended to be associated with ACR in IgAN controls (R=0.50, 
p=0.06), but this association lost significance after adjustment for eGFR (p=0.4). In 
ADPKD, copeptin was furthermore associated with hTKV (R=0.58, p=0.03). Of note, hTKV 
was positively associated with plasma osmolality and inversely with urine osmolality at 
maximal urine concentration (R=0.52, p=0.048, R=-0.54, p=0.04, respectively).

Figure 1. Associations of copeptin and vasopressin concentration with plasma osmolality and urine 
osmolality in ADPKD patients (solid line) and IgA Nephropathy (IgAN, dashed line) patients at maximal 
urine concentration. 
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Table 4: Linear regression analyses of urine osmolality with plasma copeptin, AVP and urine AQP2/
creatinine ratio (all log transformed) at maximal urine concentration, including analyses testing whether 
study group (i.e. having ADPKD) interacts with these associations.

Urine osmolality Crude Model 1 Model 2

R P-value St. β P-value St. β P-value

Plasma copeptin

Plasma copeptin -0.66 <0.001 -0.66 <0.001 -0.61 0.001

Study group (ADPKD vs. IgAN) -0.35 0.01 -0.13 0.81

Plasma copeptin * Study group -0.24 0.67

Plasma AVP

Plasma AVP -0.41 0.03 -0.44 0.01 -0.47 0.06

Study group (ADPKD vs. IgAN) -0.40 0.02 -0.45 0.17

Plasma AVP * Study group 0.06 0.87

Urine AQP2/creatinine

Urine AQP2/creatinine -0.51 0.004 -0.52 0.002 -0.58 0.06

Study group (ADPKD vs. IgAN) -0.37 0.02 -0.53 0.44

Urine AQP2/creatinine * Study 
group 0.17 0.82

Standardized beta coefficients (St. β) and p-values were calculated using linear regression. Dependent 
variable is urine osmolality, independent variables are plasma copeptin (log transformed), plasma 
AVP (log transformed), urine AQP2/creatinine (log transformed), the categorical variable study group 
and the interaction term between plasma copeptin, AVP or urine AQP2/creatinine and study group. 
Abbreviations: IgAN, IgA Nephropathy; AVP, vasopressin; AQP2, aquaporin-2. 

Figure 2. Associations of plasma copeptin concentration with 
urine albumin creatinine ratio in ADPKD (solid line) and IgA 
Nephropathy (IgAN, dashed line) patients at maximal urine 
concentration. 
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Baseline U/P Urea as marker for maximal urine concentration capacity
In a previous study, we suggested that the urine-to-plasma urea ratio (U/P Urea), 
measured routinely in an out-patient clinic setting, may be a marker for maximal urine 
concentrating capacity.20 We therefore tested in this study also the association between 
baseline U/P Urea ratio and maximal urine osmolality. In the two study groups combined 
(R=0.73, p<0.001), as well as in both groups separately, strong associations were found 
(ADPKD: R=0.67, p=0.006; IgAN control: R=0.75, p=0.001, Figure 3). In the total study 
group, the association remained significant after adjustment for age, sex and eGFR (St. 
β=0.62, p=0.003) and showed a trend towards significance in the separate study groups 
(ADPKD: St. β=0.51, p=0.1 and IgAN control: St. β=0.76, p=0.054). In addition, we tested 
whether U/P Urea is a marker for disease severity in ADPKD. Significant associations were 
found for baseline U/P urea with hTKV (R=-0.53, p=0.04) and eGFR (R=0.60, p=0.02), and 
with copeptin at maximal urine concentration (R=-0.58, p=0.03). 

Figure 3. Associations of maximal urine osmolality with baseline 
urine-to-plasma (U/P) urea ratio in ADPKD patients (solid line) and IgA 
Nephropathy (IgAN, dashed line) patients (dashed line).

Discussion

In the present study we found a more severely impaired urine concentrating capacity 
in ADPKD patients with, surprisingly, similar AVP and copeptin responses in comparison 
with IgAN control patients at similar low kidney function. Furthermore, more severe 
ADPKD, assessed as a higher total kidney volume, was positively associated with 
plasma osmolality, copeptin and albuminuria, and with a more severely impaired urine 
concentrating capacity during water deprivation. 

After water deprivation, concentrations of plasma AVP, plasma copeptin and urine 
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AQP2 were similar in both study groups, whereas the maximal urine concentrating 
capacity was significantly more impaired in ADPKD patients. This shows that the 
process of urine concentration is complex and comprises more than solely variation in 
the permeability of collecting duct cells. In addition the medullary osmotic gradient is 
of great importance. This gradient is determined by a complex mechanism involving 
intra-renal urea recycling by urea transporters in the renal medulla. The importance 
of these urea transporters for urine concentration has been confirmed in knock-out 
mouse models.21, 22 Mice with a defect in one or multiple urea transporters were still 
able to concentrate urine, but to a lesser extent than wild-type mice, due to a reduced 
urea clearance, whereas sodium and other electrolytes were cleared in a similar way. 
In APDKD signs of such a urea selective concentrating defect can be observed as well. 
In a previous study we found that ADPKD patients with preserved kidney function 
had at maximal urine concentration markedly lower urine urea levels compared to 
healthy controls (280±56 mmol/L vs. 405±110 mmol/L, p=0.001)4. We hypothesized 
that in ADPKD patients cyst formation disrupts the medullar osmotic gradient and urea 
recycling. The present study suggests that this difference in solute clearance seems 
ADPKD-specific and is not part of kidney damage in general, as urine urea levels at 
maximal urine concentration were lower in ADPKD patients than in the IgAN control 
group despite similar level of impaired kidney function. In addition, when comparing 
urine urea concentrations at the moment of maximal urine concentration in ADPKD 
with preserved kidney function with findings from the present study, it shows that urine 
urea concentration decreases when disease progresses (preserved kidney function: 
280±56 mmol/L, impaired kidney function: 223±74 mmol/L, p=0.03). 23 The fact that 
the U/P urea ratio correlates well with maximal urine concentrating capacity shows the 
importance of urea in the urine concentration process as well. 

After water deprivation, the increase in copeptin and AVP was similar in both study 
groups, even though the maximal urine concentrating capacity was more impaired 
and the increase in plasma osmolality seemed more profound in ADPKD patients in 
comparison to the control group. In both groups plasma osmolality was comparable at 
the end of the water deprivation test, which could be the explanation for similar copeptin 
and AVP levels at the moment of maximal urine concentration. On the other hand, Ho 
et al. have described the possibility of a central component causing the impaired urine 
concentrating capacity in ADPKD. These authors hypothesized that expression of PKD1 
and PKD2 transcripts in hypothalamic nuclei that synthesize AVP could be involved.24 
They found in ADPKD patients a lower maximal urine osmolality in comparison with 
healthy controls, but no AVP response during water deprivation. They also did not find 
an association between AVP and plasma osmolality, and suggested that AVP secretion 
was blunted in ADPKD patients. In our study, a significant response in both copeptin 
and AVP was seen. Nevertheless, we found no association between plasma osmolality 
and AVP as well, suggesting that a central component may play a role. However, an 
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association between plasma osmolality and copeptin was present. The latter suggests 
that copeptin and therefore also AVP secretion responded appropriately to plasma 
osmolality, which makes a central component less likely. The contradictory results 
between AVP and copeptin that are seen in our study may be explained by differences 
in assay sensitivity, as copeptin is more stable than AVP ex-vivo and therefore probably 
more reliable to measure.4,12-14 Based on our results a central component in the impaired 
maximal urine concentration capacity in ADPKD seems unlikely but cannot be excluded. 

In this study ADPKD patients with later stages of disease showed markedly higher 
AVP and copeptin levels at the end of a water deprivation test compared to levels that 
were achieved in our previous study that was performed in ADPKD patients with earlier 
stages of disease (9.2 (1.4-12.0) pmol/L vs. 1.6 (1.13-2.41) pmol/L, p=0.007)4. It is assumed 
that AVP has a detrimental role in ADPKD, because it leads to an increase in intracellular 
cAMP in distal tubular cells, which in turn leads to cell proliferation and increased fluid 
section, the processes that drive cyst formation and growth.25 When cysts are formed 
and expand because of a genetic defect, urine concentrating capacity decreases, leading 
to an increase in AVP and consequently to even more cyst formation and expansion. 
Thus a vicious circle is created that predisposes for kidney growth and loss of kidney 
function. To reduce cyst growth, an increase in AVP levels should be avoided. Our study 
results indicate that thirsting enhances AVP release, also in ADPKD, and suggest that 
dehydration should be avoided in this patient group.

The major strength of our study is the inclusion of a control group of eGFR-, age- and 
sex-matched IgAN patients. This allowed us to conclude whether our observations in 
ADPKD patients are disease specific or due to impaired eGFR, without misinterpreting 
data due to differences in age and sex distribution. These latter factors have been 
shown to be associated with maximal urine concentrating capacity.11, 26, 27 In addition, we 
measured both AVP and copeptin levels. Therefore we were able to confirm outcomes 
with respect to AVP that showed a trend toward significance, with copeptin values that are 
more easy and reliable to measure. Using copeptin levels we indeed were able to detect 
more subtle associations and differences between the two study groups. Limitations 
are the relatively small sample size. No data on urine concentration capacity of IgAN 
patients was available from literature to perform a power calculation a priori. Therefore 
the size of our study population was based on experience obtained in a previous water 
deprivation test4. Although differences between the present study groups were less 
profound compared to the differences between study groups in our previous study, 
our main findings are clear and well powered (i.e., statistically significant). Furthermore, 
our study design may not be optimal to detect a central component causing partial 
diabetes insipidus. We used a standard prolonged water deprivation test, which can 
distinguish between a complete central or nephrogenic origin of diabetes insipidus, but 
is less accurate in detecting partial and especially mixed syndromes.16 Lastly, the control 
group consisted of IgAN patients. We preferred this option over including patients with 
a case mix of diseases with uncertain results. 
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In conclusion, ADPKD patients have a more severely impaired maximal urine 
concentrating capacity in comparison with IgAN control patients with a similar level 
of decreased kidney function. This impaired urine concentrating capacity consists of a 
nephrogenic component, probably due to disruption of the medullary osmotic gradient, 
and perhaps also a central component with inadequate AVP secretion from the pituitary 
gland. Nevertheless, AVP secretion as response to water deprivation increases when 
disease progresses, which can be harmful as AVP is known to enhance cell proliferation 
and cyst formation. This suggests that water deprivation may be deleterious and should 
be avoided by ADPKD patients. 
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Supplementary table 1: Univariate linear regression associations of plasma copeptin and AVP (log 
transformed) with plasma osmolality and multivariable linear regression analyses testing the effect of 
having ADPKD on the associations at baseline and at maximal urine concentration.

Plasma copeptin Crude Model 1 Model 2

R P-value St. β P-value St. β P-value

Baseline

Plasma osmolality 0.60 0.001 0.64 <0.001 0.57 0.004

Study group (ADPKD vs. IgAN) 0.14 0.40 -5.3 0.46

Plasma osmolality * Study group 5.4 0.45

Maximal urine concentration

Plasma osmolality 0.62 <0.001 0.63 <0.001 0.57 0.004

Study group (ADPKD vs. IgAN) 0.10 0.51 -3.8 0.54

Plasma osmolality * Study group 3.9 0.53

Plasma AVP

Baseline

Plasma osmolality 0.32 0.09 0.29 0.14 0.26 0.25

Study group (ADPKD vs. IgAN) -0.10 0.61 -2.77 0.74

Plasma osmolality * Study group 2.66 0.75

Maximal urine concentration

Plasma osmolality 0.34 0.06 0.34 0.08 0.29 0.20

Study group (ADPKD vs. IgAN) -0.03 0.85 -3.35 0.66

Plasma osmolality * Study group 3.31 0.66

Standardized betas (St. β) and p-values were calculated using multivariable linear regression. Dependent variables 
are plasma copeptin and AVP (log transformed), independent variables are plasma osmolality, the categorical 
variable study group (1=ADPKD, 0=IgAN) and the interaction term between plasma osmolality and study group. 
Abbreviations: IgAN, IgA nepghropathy; AVP, vasopressin.
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Supplementary table 2: Univariate linear regression associations of the urine AQP2 to creatinine ratio 
with plasma copeptin or AVP (both log transformed) at maximal urine concentration.and multivariable 
linear regression analyses testing the effect of having ADPKD on these associations.

Urine AQP2/creatinine Crude Model 1 Model 2

R P-value St. β P-value St. β P-value

Plasma copeptin

Plasma copeptin 0.49 0.006 0.49 0.006 0.38 0.09

Study group (ADPKD vs. IgAN) -0.02 0.92 -0.59 0.40

Plasma copeptin * Study group 0.61 0.40

Plasma AVP

Plasma AVP 0.45 0.01 0.46 0.01 0.33 0.20

Study group (ADPKD vs. IgAN) 0.03 0.87 -0.17 0.63

Plasma AVP * Study group 0.25 0.52

Standardized beta coefficients (St. β) and p-values were calculated using multivariable linear regression. Dependent 
variable is urine AQP2/creatinine (log transformed), independent variables are plasma copeptin (log transformed), 
plasma AVP (log transformed), the categorical variable study group (1=ADPKD, 0=IgAN) and the interaction term 
between plasma copeptin or AVP and study group. Abbreviations: AQP2, aquaporin-2; IgAN, IgA Nephropathy; 
AVP, vasopressin.
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Abstract

Background: Besides its essential role for water homeostasis, arginine vasopressin 
(AVP) may have deleterious effects on the kidney. Copeptin, a surrogate marker for AVP, 
has been shown to be related to renal outcome in patients with diabetic nephropathy 
and polycystic kidney disease. We investigated the association of copeptin with disease 
severity and progression in IgA nephropathy (IgAN). 
Methods: We included a prospective cohort of 59 patients with biopsy proven IgAN. 
Urinary excretion of α1m, β2m, KIM-1, NGAL and total protein were measured at 
baseline. Plasma copeptin was determined from stored baseline serum samples. Cox 
regression was performed for the composite renal outcome defined as doubling of 
serum creatinine, end-stage renal disease (ESRD) or start of immunosuppressive therapy 
(IS), and for the individual components during 5 year follow-up.
Results: In IgAN patients (male: 72%, age: 42±13 year, mean arterial pressure (MAP): 101±12 
mmHg, proteinuria: 1.4 (0.7-2.3) g/d, eGFR: 48±21 mL/min/1.73m2) median copeptin was 
9.4 (5.3-18.4) pmol/L. At baseline, copeptin was associated with α1m (St.β=0.34, p=0.009), 
β2m (St.β=0.33, p=0.01) and proteinuria (St. β=0.36, p=0.053), adjusted for sex and eGFR. 
During follow-up the highest tertile of baseline copeptin was positively associated with 
the incidence of the composite renal outcome as well as with the individual components 
of doubling of creatinine, ESRD and start of IS. In Cox regression models copeptin showed 
prognostic value over MAP, proteinuria and eGFR for the composite renal outcome. 
Conclusions: Copeptin is associated with disease severity and prognosis in IgAN 
patients and may have prognostic value over established risk markers.
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Introduction

Immunoglobulin A nephropathy (IgAN) is the most common form of glomerulonephritis 
and is characterized by the presence of predominant IgA1 deposits in the glomerular 
mesangium.1,2 Some patients appear to have a benign disease course and retain normal 
renal function.3,4 Others, however, show progressive renal function loss that leads to 
end-stage renal disease (ESRD) requiring renal replacement therapy.5 In individual 
patients the disease course is difficult to predict as the pathophysiological mechanism 
causing disease progression in IgAN is complex and not yet fully understood. Developing 
biomarkers that add prognostic value beyond established biomarkers would be of 
clinical interest, because these may permit selection of high risk patients to be treated 
more aggressively.

Arginine Vasopressin (AVP), or the anti-diuretic hormone, is of great importance for 
water homeostasis. Secreted by the pituitary gland upon an increase in plasma osmolality 
or a decrease in blood pressure, AVP binds to the V2-receptor in the kidney, regulating the 
permeability of the collecting ducts and thus water reabsorption. Despite this important 
physiological role of AVP, experimental and short-term clinical studies suggest that AVP 
may also have deleterious effects on the kidney. AVP infusion has for instance been shown 
to induce glomerular hyperfiltration, proteinuria and glomerulosclerosis.6-8 

Despite experimental evidence for a role of AVP in kidney damage, longitudinal 
epidemiological studies investigating the role of AVP in progression of chronic 
kidney disease have not been conducted. The assay for AVP is laborious. Moreover, 
AVP has limited ex-vivo stability, making measurement in stored samples unreliable. 
Epidemiological studies are therefore challenging.9 Recently, an easy to perform assay has 
been developed to measure copeptin, which is a reliable stable substitute for circulating 
AVP. Copeptin and AVP are produced in equimolar amounts when the precursor of AVP 
is split.10 Epidemiological studies have shown that copeptin is associated with the rate of 
kidney function decline in renal transplant recipients,11 in patients with type 2 diabetes12,13 
and in patients with Autosomal Dominant Polycystic Kidney Disease.14-16 

In the present study we investigated whether copeptin is associated with disease 
severity and predicts progression in IgAN patients. Furthermore, we studied whether 
copeptin adds prognostic value over the established IgAN risk markers mean arterial 
pressure (MAP), proteinuria and eGFR.

Material and methods

Study population
Since 1995, in the Radboud University Medical Center patients with proteinuria due 
to glomerular diseases are evaluated using a standardized protocol, that has been 
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described previously.17 For this study data were used of patients with biopsy proven IgA 
nephropathy who did not use immunosuppressive therapy at baseline and of whom 
blood samples were available for measurement of copeptin. 

Measurements and definitions
Prior to the baseline visit, patients collected two 24-hour urine samples for measurement 
of electrolytes, urea, creatinine and total protein using standard methods. Excretion 
of α1 microglobulin (α1m), β

2
 microglobulin (β2m), kidney injury molecule-1 (KIM-1) 

and neutrophil gelatinase-associated lipocalin (NGAL) was measured in a timed urine 
sample that was collected at the baseline visit under standardized conditions to ensure a 
urinary pH >6.0, which is necessary for reliable urine β

2
m measurement. Details of these 

measurements have been described previously.17 At the baseline visit, blood pressure was 
measured using an automated device (Dinamap) with six consecutive readings registered 
every five minutes after ten minutes rest, of which the average was taken. Mean arterial 
pressure (MAP) was defined as (2x diastolic blood pressure + systolic blood pressure)/3. 
Blood was drawn for immediate determination of albumin, creatinine, sodium and urea 
using standard laboratory methods. Glomerular filtration rate at baseline and follow-
up was estimated (eGFR) using the CKD-EPI (Chronic Kidney Disease Epidemiology 
Collaboration) equation.18 Furthermore, plasma samples were stored at -80 °C and 
thawed later to measure plasma copeptin levels using a sandwich immunoassay (Thermo 
Fisher Scientific BRAHMS, Hennigsdorf/Berlin, Germany).10 All samples were analyzed for 
copeptin concentration at one single time point to eliminate inter-assay variation. The 
lower limit of detection was 0.4 pmol/L and the intra-assay coefficient of variation was 4 
and 3% for copeptin concentrations of 15 and 50 pmol/L, respectively. 

Our main renal outcome is a composite endpoint defined as the incidence of doubling of 
serum creatinine, end-stage renal disease (ESRD) or start of immuno-suppressive therapy. 
Doubling of serum creatinine was defined as an elevation in serum creatinine of 100% or 
more compared to the baseline value. ESRD was defined as initiation of dialysis, kidney 
transplantation or reaching an eGFR <15 ml/min/1.73 m2. In addition, annual percentage 
change in eGFR was calculated until ESRD or start of immunosuppressive therapy.

Statistical analyses
To display characteristics of participating patients, normally distributed variables 
were described using mean ± standard deviation (SD), whereas skewed variables were 
described with the median (interquartile range). Differences between patients stratified 
according to tertiles of plasma copeptin were tested using a X2 test for frequencies, one-
way ANOVA for continuous variables or Kruskal-Wallis for skewed data.  

Pearson’s correlation and multivariable linear regression analyses were performed to 
describe associations of plasma copeptin with baseline eGFR, proteinuria, α1m, β2m, 
KIM-1 and NGAL. Plasma copeptin, proteinuria, α1m, β2m, KIM-1 and NGAL have a right 
tailed distribution and were therefore log (ln) transformed for both univariate and 
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multivariate analyses. Correlation coefficients were determined for univariate regression, 
and standardised beta’s (St.β) for multivariable regression analyses. Predictors were 
standardized by dividing measured values by the standard deviation of that predictor.    

A follow-up duration of 5 years was chosen as clinical relevant and was available in all 
subjects. Three patients died during follow-up and were censored at their date of death 
as their cause of death was not related to IgAN or impaired kidney function.

To test whether copeptin was associated with disease progression during follow-
up, overall log rank tests were performed using tertiles of copeptin for the composite 
renal outcome and its individual components. Furthermore, we tested the association 
of copeptin with annual percentage chance in eGFR during follow-up. In order to 
test whether copeptin showed predictive value over MAP, proteinuria and eGFR, a 
multivariate Cox regression model for the composite renal outcome was used. In this 
model we tested the third copeptin tertile against the first two tertiles combined. For all 
models the proportional hazard assumptions were tested. Lastly, Harrell’s C values were 
calculated to investigate the performance of copeptin, eGFR, MAP, proteinuria and the 
combination of these variables as prognostic marker for the composite renal outcome. 

All analyses were performed using the statistical package IBM SPSS Statistics version 
20.0 (International Business Machines Corp., Chicago, IL, USA) and Stata 11.2 (StataCorp, 
College Station, TX, USA). A two-sided p<0.05 was considered to indicate statistical 
significance and all statistical tests were 2-tailed.

Results

Characteristics of the 59 IgAN patients are presented for the overall population as well 
as for patients stratified according to tertiles of plasma copeptin in Table 1. Median 
plasma copeptin concentrations in the overall population was 9.4 (5.3-18.4) pmol/L. 
MAP, serum creatinine, and urine excretion of α1m and β2m were significantly higher 
in subjects in the higher tertiles of copeptin, whereas eGFR was significantly lower. 
Serum sodium, 24 hour urine volume (surrogate for fluid intake) and use of diuretics 
are variables that could influence copeptin concentration, but these variables were not 
significantly different between tertiles of copeptin (Table 1).

To test whether at baseline copeptin was associated with markers of disease severity, 
linear regression analyses were performed (Figure 1). eGFR was significantly associated 
with copeptin (R=-0.65, p<0.001) and this association remained after adjustment for sex 
(St. β=-0.65, p<0.001). Proteinuria showed a trend towards a significant association with 
copeptin (R=0.24, p=0.08), also after adjustment for sex and eGFR (St. β=0.36, p=0.05). 
Furthermore, both urinary α1m and β2m were associated with copeptin (R=0.66, 
p<0.001; R=0.63, p<0.001, respectively) and remained associated after adjustment for 
sex and eGFR (St.β=0.34, p=0.009 and St.β=0.33, p=0.01, respectively) (Figure 1). NGAL 
was univariately not associated with copeptin (p=0.15). After adjustment for sex this 
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Table 1: Baseline characteristics of the study population.

Variable
 

Tertiles of copeptin (pmol/L)

P-valueTotal 
cohort first second third

<6.5 6.5-16.8 >16.8

N 59 19 20 20

Male sex 71% 53% 70% 90% 0.04

Age (year) 42±13 40±13 42±12 45±14 0.41

MAP 101±12 95±10 109±13 100±10 0.001

Use of ACEi/ARB 75% 74% 60% 90% 0.09

Use of diuretics 27% 21% 20% 40% 0.28

Use of other BP lowering drugs 22% 0% 25% 40% 0.01

Serum sodium (mmol/l) 140±2 140±2 140±3 140±3 0.95

Serum creatinine (umol/l) 160±73 111±33 145±39 223±83 <0.001

eGFR (ml/min per 1.73m2) 52±24 69±21 52±20 35±18 <0.001

Plasma copeptin (pmol/L) 9.4 (5.3-18.4) 4.3 (3.6-5.3) 9.1 (7.7-11) 25.7 (18.2-
41.1) NA

24h urine volume (mL) 1910±554 1952±807 1809±392 1972±392 0.63

24h urine sodium (mmol) 166±64 162±64 175±80 160±47 0.75

24h urine protein (g) 1.4 (0.7-2.3) 1.2 (0.6-1.8) 1.7 (1.1-2.3) 1.4 (0.6-3.2) 0.34

Urine α1-microglobulin (µg/min) 25.0 
(12.0-48.3) 12.1 (6.1-19.5) 20.7 

(11.7-37.8)
59.3 

(36.0-131.8) <0.001

Urine β2-microglobulin (µg/min) 0.5 (0.2-2.7) 0.2 (0.1-0.4) 1.0 (0.2-2.3) 3.9 (1.0-17.7) <0.001

Urine KIM1 (ng/min) 1.8 (0.8-2.9) 1.8 (0.8-4.0) 1.7 (0.8-2.0) 1.8 (0.7-3.2) 0.66

Urine NGAL (ng/min) 49 (26-103) 55 (28-119) 43 (21-86) 55 (27-163) 0.21

Events during follow-up

Composite renal outcome (%) 32 21 15 60 0.004

- Doubling of serum creatinine (%) 22 21 10 35 0.16

- ESRD (%) 9 0 0 25 0.005

- Start of immunosuppression (%) 14 11 0 30 0.02

Data are given as mean±SD for parametric data or median (IQR) for non-parametric data. Significance was tested 
using a X2 test, one-way ANOVA or Kruskal-Wallis test, when appropriate. Abbreviations: eGFR, estimated glomerular 
filtration rate; 24h, 24 hour; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, 
blood pressure.
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Figure 1. Associations between copeptin and various markers of kidney damage. 

association became significant (St.β=0.34, p=0.02), but after further adjustment for 
eGFR the association lost significance again (St.β=0.29, p=0.11). KIM-1 was not associated 
with copeptin (p=0.86) and this remained after adjustment for sex and eGFR (p=0.18). 

During a follow-up of 5 years, 19 patients (32%) experienced one or more of the 
study outcomes that define the composite renal outcome. Thirteen patients (22%) 
showed progression of renal disease based on a doubling in serum creatinine, five 
patients (9%) developed ESRD and immunosuppressive therapy was initiated in eight 
patients (14%). Kaplan Meier curves were drawn for the composite renal outcome. Log 
rank tests showed clear associations between tertiles of copeptin and the composite 
renal outcome (p<0.001), as well as the individual components doubling of serum 
creatinine (p=0.04), ESRD (p=0.003) and start of immunosuppressive therapy (p=0.003). 
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Figure 3. Kaplan-Meier survival curve for the composite renal outcome 
per tertiles of copeptin. The composite renal outcome is defined as 
incidence of doubling of serum creatinine, end-stage renal disease or 
start of immunosuppressive therapy.

Figure 2. Association between copeptin and annual change in eGFR 
during 5 years of follow-up (calculated until occurrence of end-stage 
renal disease or start of immunosuppressive therapy).
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In addition, copeptin was significantly associated with the annual percentage change in 
eGFR (R=-0.46, p=0.001) and remained so after adjustment for sex (St. β=-0.51, p<0.001) 
and further adjustment for baseline eGFR (St. β=-0.42, p=0.02) (Figure 2).

Figure 4. Kaplan-Meier survival curves for tertiles of copeptin. Because of non-linear associations the 
first two tertiles are shown as one group. Displayed are the incidence of the composite renal outcome 
and the individual components that define the composite outcome (doubling of serum creatinine, end-
stage renal disease (ESRD) and start of immunosuppressive therapy).
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The Kaplan Meier curve displaying tertiles of copeptin versus incidence of the 
composite renal outcome showed a non-linear association, with the first and second 
tertile overlapping (Figure 3). For our further analyses we therefore tested the third 
tertile against the first and second tertile combined. The composite renal outcome, 
as well as its defining components doubling of serum creatinine, ESRD and start of 
immunosuppressive therapy, all occurred significantly more frequent in patients in the 
highest tertile of copeptin as shown in Table 1 and when analysed using Log Rank tests 
(p<0.001, p=0.02, p=0.001 and p=0.001, respectively) (Figure 4).
In order to test whether the association of the highest copeptin tertile with outcome 
was influenced by kidney function and other prognostic variables, multivariate Cox 
regression models were applied. Incidence of the composite renal outcome was used as 
independent variable to allow sufficient power for analyses. First, the variables sex, MAP, 
and eGFR were selected as they differed significantly between the tertiles of copeptin 
(Table 1). Univariate Cox regression showed that eGFR (in ml/min per 1.73m2) was a 
significant predictor for the composite renal outcome (HR: 0.96, p= 0.003), whereas sex 
and MAP were not (HR: 0.94, p=0.91; HR:0.99, p=0.61, respectively) (Table 2). Multivariate 
Cox regression analysis showed that the tertiles of copeptin remained significantly 
associated with outcome after adjustment for sex (model 1, HR: 8.99, p<0.001), MAP 
(model 2, HR: 5.57, p<0.001) or eGFR (model 3, HR: 3.67, p=0.02), and when adjusting 
for sex, MAP as well as eGFR in one model (model 4, HR: 4.62, p=0.02). In this latter 
model sex, MAP and eGFR were not significantly associated with outcome. Second, 
proteinuria is an established predictor for disease progression in IgAN. Therefore 
this variable was tested as well, although not being different between the tertiles of 
copeptin. Proteinuria was indeed associated with incidence of the composite renal 
outcome (HR: 1.95, p=0.02). When copeptin and proteinuria were tested together, both 
were associated with outcome (HR: 4.83, p=0.001; HR: 1.72, p=0.04, respectively (Table 
2, model 5). When all aforementioned variables were entered into one model (model 6), 
none was significantly associated with outcome, but the remaining associations were of 
similar strengths for copeptin, sex, eGFR and proteinuria.

Harrell’s C statistics confirmed the prognostic value of copeptin for the composite 
renal outcome. The highest Harrel’s C value was obtained for the model that combines 
24hr proteinuria and copeptin. When adding to this model eGFR and MAP Harrel’s C 
value did not improve (Tabel 3).

copeptin, a surrogate marker for avp, is associated with disease severity and progression in iga nephropathy patients
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Table 3: Harrell’s C statistics of various predictors for the composite renal outcome (doubling of serum 
creatinine, ESRD or start of immunosuppressive therapy).

Variable C-statistics 95% CI

Copeptin 0.72 0.49-0.94

eGFR 0.72 0.51-0.93

MAP 0.50 0.25-0.75

24h urine protein 0.66 0.40-0.92

eGFR + copeptin 0.75 0.50-0.99

MAP + copeptin 0.68 0.45-0.90

24h urine protein + copeptin 0.79 0.60-0.99

eGFR + MAP + 24h urine protein + copeptin 0.79 0.55-1.04

Abbreviations: ESRD: end-stage renal disease; CI: confidence interval; MAP: mean arterial pressure; eGFR: estimated 
glomerular filtration rate.

Discussion

In this study we found in cross-sectional analyses of baseline data strong associations 
between copeptin and various markers of kidney damage, independent of eGFR. 
Furthermore, baseline copeptin was significantly associated with incidence of the 
composite renal outcome and its individual components, doubling of serum creatinine, 
ESRD and start of immunosuppressive therapy. When investigating copeptin in 
multivariate Cox regression analyses, copeptin added prognostic value over blood 
pressure, proteinuria and eGFR, which was confirmed by Harrell’s C statistics. 

The pathophysiological mechanisms that cause progressive kidney function loss in 
IgAN are not yet fully understood and prognostic markers are limited. In the present 
study copeptin seems to have prognostic potential which could be valuable in clinical 
practice as of today it remains challenging to predict disease progression in IgAN 
patients. These results can be added to a growing body of evidence supporting the 
prognostic role of copeptin in chronic kidney disease. Copeptin has shown to have 
predictive value with respect to renal outcome in several populations, including renal 
transplant recipients,11 patients with type 2 diabetes12,13 and patients with Autosomal 
Dominant Polycystic Kidney Disease.14-16  Furthermore, in a large general population 
cohort, copeptin was independently associated with prevalence of microalbuminuria.19 

AVP may have deleterious effects on the kidney via several mechanisms. AVP influences 
the microcirculation of the kidney and thereby induces hyperfiltration.20 For instance, 
chronic infusion of AVP or dDAVP, a selective vasopressin 2 receptor (V2R) agonist, 
induces an increase in renal blood flow, GFR6 and protein leakage.7,8 A mediator in 
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these AVP driven effects on the kidney has been suggested to be the renin-angiotensin 
system (RAS), activated directly via the V1R at the macula densa 21 and indirectly via 
V2R induced tubuloglomerular feedback.22-24 In addition, stimulation of the V1R by AVP 
constricts the efferent arteriole, leading to a further increase in intraglomerular capillary 
pressure.6The fact that in rats dDAVP induced urine albumin excretion was blunted in 
part by ACEI and ARB treatment confirms the assumed contributory role of the renin-
angiotensin system in AVP induced kidney damage.7 Another damaging effect of AVP 
on the kidney may be by stimulation of proliferation and hypertrophy of mesangial cells 
via the V1R.25-28 

Recently, we performed water deprivation tests in IgAN patients. In these patients we 
found an impaired urine concentrating capacity, suggesting tubular damage, and high 
AVP and copeptin levels (unpublished data). We hypothesize that when in IgAN renal 
disease progresses, urine concentrating capacity declines. As a response, AVP secretion 
is stimulated to maintain water homeostasis. Because AVP levels rise and accelerate 
kidney damage, this may lead to a vicious circle causing progressive renal function loss. 

In order to decrease AVP levels, sufficient hydration could be of importance. In chronic 
kidney disease the medicinal use of water to decrease AVP levels has been described 
several times.29 In 5/6 nephrectomized rats an increase in water intake was protective 
with a less profound increase in urine protein excretion and systolic blood pressure 
as seen in rats with normal water intake.30 Recently, two community-based studies 
investigated the association between water intake and kidney function.31 In a cross-
sectional study the group with a high mean daily fluid intake had a lower prevalence 
of chronic kidney disease. Overall, there was a significant inverse linear association 
between self-reported daily fluid intake volume and prevalence of impaired kidney 
function.32 In the other study, that had a prospective design, study participants with the 
highest 24 hour urine volume at baseline showed the lowest rates of decline in eGFR 
thereafter. These studies suggest that progressive kidney damage can be delayed by 
sufficient hydration. However, large scale randomized controlled trials are needed to 
test this hypothesis. One such study, the Water Intake Trial (WIT), is ongoing.33  

In the present study we measured copeptin (CT-Pro-AVP) instead of AVP. AVP is 
difficult to measure, binds to platelets and is instable ex-vivo.9,34 Because of this 
instability, measurement of AVP in stored samples is unreliable, which makes larger 
epidemiological studies challenging. Copeptin, a more stable substitute, consists of 
the C-terminal portion of Pro-AVP, the precursor of AVP, and has been shown to be a 
relatively easy to measure, stable substitute for circulating AVP concentration.10 However, 
the effect of kidney function on copeptin is yet unclear. Possibly, glomerular filtration 
influences copeptin to a greater extent, making this surrogate marker less reliable in 
patients with impaired kidney function. Previously, we showed that copeptin levels 
remain stable in kidney donors after removal of a healthy kidney and consequently 
an approximately 40% decrease in glomerular filtration rate.35 These data suggest that 
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glomerular filtration is not an important route of elimination for copeptin. However, 
when kidney function deteriorates further, the effect on copeptin levels is not known. In 
the present study, a clear association was seen at baseline between copeptin and eGFR, 
which may be caused by either copeptin being cleared by the kidney or by the fact 
that copeptin has a role in the pathophysiology of IgAN. Importantly, the associations 
between copeptin and disease severity and prognosis were independent of baseline 
eGFR. Furthermore, copeptin was more strongly associated with the composite renal 
outcome when compared to eGFR. Given these data we conclude that copeptin is more 
than merely a filtration marker. 

We acknowledge that this study has limitations. First, our patient population was 
relatively small. However, investigating a composite renal outcome enriched our 
population with events and made multivariate Cox regression possible. Second, 
during our study patients used ACEi and ARB treatment. This may have weakened the 
correlation between copeptin and proteinuria and possibly the correlation between 
copeptin and renal outcome during follow-up. Avoiding treatment with ACEi or ARB, 
however, is not feasible as this is a proven effective treatment in IgAN. Fortunately, we 
were still able to find significant associations between copeptin and disease severity and 
prognosis. Third, as mentioned previously, we measured copeptin instead of AVP. As the 
metabolic fate of copeptin is not yet exactly known, we cannot exclude an interaction 
between GFR and copeptin. Therefore, we corrected all our analyses for eGFR, which 
did not materially affect our findings. Fourth, only one blood sample at baseline 
was available for measurement of copeptin. The availability of several, or even serial 
copeptin measurements could have strengthened our findings..Changes in copeptin 
during disease progression and their effects on renal outcome is an interesting topic for 
future research, yet beyond the scope of the present study. Finally, our results are based 
on a single cohort and need external validation..

Strengths of our study are the novelty of our findings, as we are the first group 
investigating copeptin in IgAN, a study population consisting of a well-defined group 
of patients with biopsy proven disease, a duration of follow-up of 5 years and data 
collection and sample storage according to standardized protocols.    

In conclusion, copeptin is associated with disease severity and progression in IgAN 
patients. Furthermore, in this patient group copeptin adds prognostic value over the 
established risk markers blood pressure, proteinuria and eGFR. Our findings provide 
indications about the pathophysiology of progressive disease in IgAN. Moreover, our 
results suggest that measurement of copeptin could be of clinical value in this patient 
group because it may help to stratify patients according to risk and indication for 
treatment.
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Abstract

Background. Experimental studies have suggested that vasopressin plays a detrimental 
role in autosomal dominant polycystic kidney disease (ADPKD). It is, however, unknown 
whether endogenous vasopressin concentration is associated with kidney function 
decline in subjects with ADPKD.
Methods. We measured plasma copeptin (a marker of vasopressin) in 79 ADPKD subjects 
with renal function assessed during short-term follow-up by inulin clearance measured 
glomerular filtration rate (mGFR) and during long-term follow-up by Modification of 
Diet in Renal Disease (MDRD) equation estimated GFR (eGFR).
Results. In these subjects (43% male, age 36.8 ± 10.1 years, GFR 96.8 ± 18.2 mL/min/1.73 
m2), median copeptin concentration at baseline was 2.71 [interquartile ranges (IQR) 
1.63–5.46] pmol/L. Baseline copeptin concentration was inversely associated both with 
change in mGFR during follow-up for 3.3 (3.1–3.5) years, (R=-0.300, P = 0.01), as well 
as with change in eGFR during follow-up for 11.2 (4.5–14.3) years, (R =-0.302, P < 0.01). 
These associations were independent of age, gender and baseline GFR. Nine subjects 
started renal replacement therapy during follow-up of which eight had at baseline a 
copeptin concentration above the median in this population.
Conclusion. In ADPKD subjects, a higher copeptin concentration is associated with 
kidney function decline during follow-up, suggesting that copeptin may be a new 
marker to predict kidney outcome in ADPKD.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary 
kidney disease. It is characterized by the development of kidney cysts and progressive 
kidney function loss, often leading to end-stage renal disease.1,2 Mutations in two genes, 
PKD1 and PKD2 on chromosome 16 and 4, respectively, can lead to this disease. There is 
no proven treatment available yet, which can attenuate the rate of cyst formation and 
kidney function decline. 

Vasopressin, also known as antidiuretic hormone, regulates water homeostasis in 
the body. It is secreted by the neurohypophysis in response to an increase in plasma 
osmolarity or a decrease in plasma volume. Vasopressin is known to bind to three 
receptors. The V

1A
 receptor is found in several organs, among others the kidney, where 

binding of vasopressin to this receptor results in a decrease in blood flow to the inner 
medulla and stimulation of prostaglandin synthesis.3 The V

1B
 receptor stimulates the 

release of adrenocorticotropin from the anterior pituitary.4 The V
2
 receptor is found in the 

kidney and is located at the interstitial side of the principal cells of the collecting ducts. 
Upon stimulation, these V

2 
receptors induce insertion of the water channel aquaporin-2 

in the luminal membrane of the principal cells, which leads to reabsorption of water from 
the lumen of the collecting duct into the blood, thereby reducing water excretion.3 

In ADPKD, vasopressin is hypothesized to play a role in the pathogenesis of cyst 
formation in the kidneys. In experimental studies, it has been shown that when this 
hormone binds to the V

2
 receptors, production of cyclic adenosine monophosphate 

(cAMP) is stimulated in the principal cells.2,5 In turn, cAMP stimulates cyst production 
by promotion of fluid secretion and activation and proliferation of cyst-derived cells.6 
Furthermore, in animal models for ADPKD, it has been shown that blockade of the effect 
of vasopressin leads to a reduction of cyst formation.7-11

Vasopressin is difficult to measure because of its binding to platelets, short half-
life time and instability in isolated plasma.12-14 Copeptin is a part of the precursor of 
vasopressin (preprovasopressin) and can be measured by a recently developed sensitive 
sandwich immunoassay.15 Copeptin has been shown to be stable in isolated plasma and 
to be a reliable substitute for circulating vasopressin concentration.16,17 

Recently, we found an association between copeptin concentration and various 
markers of disease severity in subjects with ADPKD,18 supporting the results of the 
above-mentioned experimental studies that suggest vasopressin to have a deleterious 
effect in ADPKD. However, this study was cross-sectional in design, thus limiting firm 
conclusions on temporal relationships and a possible causal role for vasopressin 
in kidney function loss. In the present study, we therefore aimed to investigate 
prospectively the association between plasma copeptin concentration at baseline and 
the prognosis with respect to kidney function during follow-up in subjects with ADPKD. 
A priori, we hypothesized that copeptin concentration is associated with the rate of 
decline of kidney function in these subjects.

copeptin, a surrogate marker for vasopressin, is associated with kidney function decline  
in subjects with autosomal dominant polycystic kidney disease

9



164

Materials and methods

Subjects
We included ADPKD subjects who participated in a trial investigating the efficacy of 
angiotensin-converting enzyme (ACE)-inhibition to preserve kidney function that 
was performed between 1994 and 1999.19 In this study, normotensive subjects were 
randomized to enalapril once daily (OD) (5 or 10 mg) or placebo. Hypertensive subjects 
were randomized to a stepup dosage regime with a maximum of 20 mg enalapril OD 
or 100 mg atenolol OD. Inclusion criteria for this trial were ADPKD as defined by the 
ultrasonographic criteria formulated by Ravine,20 age 18–70 years and plasma creatinine 
<2.5 mg/dL. Exclusion criteria were a history of myocardial infarction, cerebrovascular 
accident, presence of other kidney disease, diabetes mellitus, congestive heart failure, 
peripheral vascular disease, hepatic dysfunction, chronic use of immunosuppressants, 
NSAIDS, uricosurics and levodopa, adverse reactions to ACE inhibitors or pregnancy. 
This study found no beneficial effect of ACE inhibition; there was no difference in rate 
of kidney disease progression in both groups. Inclusion and exclusion criteria for the 
present study conform with those in the original trial. In addition, we excluded subjects 
with missing data.

Measurements and definitions
Baseline. At baseline, subjects visited an outpatient department and their medical history 
was taken. Blood pressure was measured three times, of which the average was taken. 
Body mass index (BMI) was calculated using the standard formula: weight (kilogram)/
square of height (metre). Blood was drawn at baseline while patients were fasting; they 
were allowed to drink water ad libitum. Plasma creatinine was measured using the Jaffe 
method. Total cholesterol and glucose concentrations were measured by standard 
methods. Plasma samples were stored at -80°C. All samples were collected between 1994 
and 1996 and have been stored for a similar period of time. Morgenthaler et al. showed 
that frozen storage did not have an effect on concentration of copeptin with recovery 
values of around 100%.15 Copeptin was measured in these samples by a sandwich 
immunoassay (CT-proAVP LIA; ThermoFisher Scientific, B.R.A.H.M.S. Biomarkers, 
Hennigsdorf/Berlin, Germany) as described previously,15,21 with a modification insofar 
that the capture antibody was replaced by a murine monoclonal antibody directed to 
amino acids 137–144 of proAVP. This modification improved the sensitivity of the assay. 
The lower limit of detection was 0.4 pmol/L.22 Copeptin measurements were carried out 
by an employee of B.R.A.H.M.S. (the manufacturer of the copeptin assay), who had no 
access to patient files and was therefore blinded for outcome.

Follow-up. Kidney disease progression during follow-up was assessed in three different 
ways. 
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(i) Short-term follow-up: change in measured glomerular filtration rate (mGFR). At 
baseline and at the end of the 3-year study, GFR was measured after an overnight fast 
by inulin clearance. A loading dose of inulin was given in 10 min, followed by 3 h of 
continuous infusion. During the infusion, subjects stayed in the resting position and 
maintained hydration by oral water intake ad libitum. After 1.5 h, three urine samples 
were obtained over 30-min periods, with blood samples before and at the end of each 
collection period for determination of inulin concentrations. For each urine portion and 
corresponding blood sample, the mGFR was calculated and then averaged. mGFR was 
measured twice at the beginning of the study with a median time between the two 
measurements of 14 (7-26) days. The mean of the two measurements was used. mGFR 
was corrected for body surface area calculated by the Mosteller formula.23 Change in 
mGFR was calculated as the difference between the baseline and last available mGFR 
value divided by follow-up time in years. 

(ii) Long-term follow-up: change in estimated GFR (eGFR). Plasma creatinine was 
measured at baseline, and this value was used to estimate GFR using the abbreviated 
Modification of Diet in Renal Disease (MDRD) equation.24 The Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) equation was not used for our primary analysis 
because the creatinine values obtained at baseline were not standardized to IDMS-
traceable values. Subjects were followed over time and the last available plasma 
creatinine value was obtained for assessment of the most recent eGFR. For subjects who 
started renal replacement therapy (RRT) during follow-up or who died, the last available 
creatinine value before the start date of RRT or death was used as the most recent value. 
The date at which creatinine was measured was used as end of follow-up. Change in 
eGFR was calculated as the difference between the baseline and last available eGFR 
value divided by follow-up time in years. 

(iii) Long-term follow-up: incident RRT. If applicable, the start date of RRT was reported 
and we investigated the association between baseline plasma copeptin concentration 
and the hazard ratio for start of RRT. The hazard ratio should be interpreted as the 
increase of risk in case of a 10-fold higher copeptin level (due to the log transformation 
of copeptin).

Statistical analyses
Analyses were performed with SPSS version 18.0 (SPSS Inc., Chicago, IL). Normality 
was tested with the Kolmogorov–Smirnov test. Parametric variables are expressed as 
means with the standard deviation (±SD). Nonparametric variables are expressed as 
medians with interquartile ranges (IQR). A two-sided P-value of <0.05 was considered 
to indicate statistical significance. For the analyses of copeptin as predictor of change 
in renal function during follow-up, we performed continuous analyses by performing 
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univariate regression analyses with baseline log copeptin as the independent variable 
and change in renal function (mGFR or eGFR) as the dependent variable. To visualize 
these associations, scatter plots were made and a regression line was drawn. Using a 
multivariable regression model, these associations were adjusted for covariates that 
could potentially be confounders in this association. We built multivariable models 
stepwise. Firstly, our association was adjusted for gender and age (Model 2), and 
subsequently also for baseline GFR, use of diuretics, hypertension (defined as systolic 
blood pressure >140 or diastolic blood pressure >90 or use of anti-hypertensive drugs) 
and treatment group (placebo/atenolol versus enalapril) (Model 3). We adjusted for use 
of diuretics because these drugs influence volume status, and therefore vasopressin 
concentration. To investigate the association between plasma copeptin and incident 
RRT (Analysis 3), Cox regression analysis was performed. This analysis was performed 
similarly, first crude and subsequently stepwise with adjustment for gender, age, 
baseline eGFR, use of diuretics, hypertension (defined as systolic blood pressure >140 
or diastolic blood pressure >90 or use of anti-hypertensive drugs) and treatment group 
(placebo/atenolol versus enalapril). Subjects were censored at the date they deceased, 
lost to follow-up, started RRT or at the date of the last available serum creatinine value. 
For regression analyses, logarithmic transformation (Lg10) of copeptin was applied to 
fulfil the requirement of equal distribution of the residuals. Interactions between log 
copeptin concentration and age and gender were tested for change in mGFR, eGFR and 
start of RRT as dependent variables.  

Results

Of 108 available subjects, 29 subjects were excluded because of missing plasma 
samples at baseline or missing data during follow-up (Figure 1). Baseline characteristics 
of the remaining 79 subjects are given (Table 1). Fortythree per cent of these subjects 
were male and mean age was 36.8 ± 10.1 years. Median baseline plasma copeptin 
concentration was 2.71 (1.63–5.46) pmol/L. The 29 subjects that were excluded for the 
present analyses did not differ significantly from the 79 subjects that were included with 
respect to any of the characteristics listed in Table 1, except for baseline GFR (mGFR 71.4 
± 32.5 mL/min/1.73 m2 versus 96.8 ± 18.2 mL/min/1.73 m2, respectively, P < 0.01; eGFR 
59.4 ± 22.7 mL/min/1.73 m2 versus 75.9 ± 18.1 mL/min/1.73 m2, respectively, P < 0.01) and 
systolic blood pressure (145.0 ± 16.7 mmHg versus 136.6 ± 16.4 mmHg, respectively, P = 
0.03). In these 79 patients, 43 patients were randomized to enalapril, 5 to atenolol and 
31 to placebo. The limited size of the subgroup receiving atenolol did not allow formal 
analyses of the efficacy of atenolol versus enalapril.
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Table 1. Baseline characteristics of all 79 subjects analyseda.

 Variables

Male gender, n (%) 34 (43)

Age (years) 36.8 ± 10.1

BMI (kg/m2) 24.4 (21.9 – 26.2)

Systolic blood pressure (mmHg) 136.5 ± 16.4

Diastolic blood pressure (mmHg) 86.5 ± 8.5

Serum glucose (mg/dL) 85 (81 – 92)

Serum total cholesterol (mg/dL) 196 ±34

Serum creatinine (mg/dL) 1.0 (0.87 – 1.9)

mGFR (by inulin clearance in ml/
min/1.73m2) 96.8 ± 18.2

eGFR (by MDRD in ml/min/1.73m2) 75.9 ± 18.1

Copeptin (pmol/l) 2.71 (1.63 – 5.46)

a   Results are given as means ± SD or as median (IQR) in case of non-normal distribution. Abbreviations 
are: BMI, body mass index; mGFR, measured glomerular filtration rate, eGFR, estimated glomerular 
filtration rate. Conversion factors for units: serum gloucose in mg/dL to mmol/L, X 0.05551, serum 
total cholesterol in mg/dL to mmol/L, X 0.02586 and serum creatinine in mg/dL to μmol/L, X 88.4.

Figure 1. Flow diagram with in/exclusion of subjects for the three analyses: 
baseline plasma copeptin concentration versus 1. change in mGFR (inulin 
clearance) during short-term follow-up, 2. change in eGFR (MDRD) during long-
term follow-up and 3. start of RRT during long-term follow-up. Abbreviations are: 
mGFR, measured glomerular filtration rate, eGFR, estimated glomerular filtration 
rate; RRT, renal replacement therapy.
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Figure 2. Baseline plasma copeptin concentration versus 
change in mGFR (inulin clearance) during short-term follow-up 
[n = 71, follow-up 3.3 (IQR 3.1-3.5) years, standardized B -0.300, 
P = 0.01]. Triangles represent patients who started RRT during 
follow-up.

Table 2. Results during short- and long-term follow-up, where mGFR is measured as inulin clearance 
(Analysis 1) and eGFR is estimated by the MDRD equation (Analyses 2)a. 

Variables mGFR (inulin clearance) eGFR (MDRD)

N 71 77

Baseline GFR (ml/min/1.73m2) 97.1 ± 19.2 75.4 ± 18.1

Follow-up (years) 3.3 (3.1 – 3.5) 11.2 (4.5 – 14.3)

GFR end of study (ml/
min/1.73m2) 90.0 ± 23.3 57.7 ± 29.5

Annual change in GFR (ml/
min/1.73m2/year) -2.5 ± 3.7 -1.7 ± 1.8

Died (all cause), n (%) 4 (5.2)

Start of RRT, n (%) 9 (11.7)

aResults are given as means ± SD, or as median (IQR) in case of non-normal distribution. Abbreviations 
are: mGFR, measured glomerular filtration rate, eGFR, estimated glomerular filtration rate; RRT, renal 
replacement therapy.
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Baseline associations
Baseline mGFR and baseline eGFR were significantly associated with each other (std B 
0.776, P < 0.001). Plasma copeptin concentrations were inversely associated with mGFR 
(std B-0.258, P = 0.02) and with eGFR (std B -0.207, P = 0.06). Age was not associated with 
plasma copeptin concentration (std B 0.052, P = 0.64). 

Short-term follow-up: change in mGFR 
For the first analysis of the association between copeptin and kidney outcome in 
ADPKD, inulin clearances assessed at baseline and at the end of the clinical trial in which 
the subjects under analysis participated were used. At the beginning of the trial, mGFR 
was assessed twice, with a coefficient of variation of 4.9%. In eight subjects, mGFR was 
not assessed at the end of the trial. These subjects were therefore excluded from this 

Figure 3. Baseline plasma copeptin concentration versus change in 
eGFR (MDRD) during long-term follow-up [n=77, follow-up 11.2 (IQR 4.5-
14.3) years, standardized B -0.302, p<0.01]. Triangles represent patients 
who started RRT during follow-up.

analysis, leaving 71 subjects, who had a median follow-up of 3.3 (3.1–3.5) years with a 
mean change in mGFR of -2.5 ± 3.7 mL/min/1.73 m2/year (Table 2). Baseline copeptin 
was significantly associated with change in mGFR during the trial (std B-0.300, P = 0.01) 
(Figure 2). When adjusted for gender, age, use of diuretics, baseline mGFR, hypertension 
and treatment group, a significant association remained between baseline plasma 
copeptin concentration and change in mGFR during short-term follow-up (std B-0.345, 
P < 0.01, Table 3). 
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Table 3. Association between baseline plasma copeptin concentration and change in mGFR (n= 71), 
change in eGFR (n = 77) and start of RRT (n = 79) during follow-up (3.3 and 11.2 years, respectively)a. 

Model 1 Model 2 Model 3

Std B p-value Std B p-value Std B p-value

Change in mGFR (inulin clearance)

Lg10[Copeptin] (pmol/L) -0.300 0.01 -0.341 0.004 -0.345 0.006

Gender (female) -0.242 0.04 -0.222 0.07

Age (year) -0.244 0.03 -0.175 0.2

Baseline mGFR (mL/
min/1.73m2) 0.073 0.6

Use of diuretics (yes) NA NA

Hypertension (yes) -0.180 0.1

Treatment group (enalapril) -0.087 0.5

Change in eGFR (MDRD)

Lg10[Copeptin] (pmol/L) -0.302 0.008 -0.272 0.02 -0.254 0.05

Gender (female) 0.114 0.3 0.158 0.2

Age (year) -0.007 0.9 0.090 0.6

Baseline eGFR (mL/
min/1.73m2) 0.105 0.6

Use of diuretics (yes) 0.098 0.4

Hypertension (yes) -0.141 0.2

Treatment group (enalapril) -0.137 0.3

Incidence RRT HR p-value HR p-value HR p-value

Lg10[Copeptin] (pmol/L) 9.88 0.01 10.20 0.02 5.73 0.1

Gender (female) 0.45 0.3 0.02 0.02

Age (year) 1.02 0.5 0.99 0.9

Baseline eGFR (mL/
min/1.73m2) 0.81 0.02

Use of diuretics (yes) 0.00 0.9

Hypertension (yes) 0.12 0.2

Treatment group (enalapril) 15.75 0.09

Abbreviations are: mGFR, measured GFR; eGFR, estimated GFR; RRT, renal replacement therapy, aHR, hazard ratio, 
Std B, standardized beta, NA, not applicable (because none of the patients included in this analysis used diuretics), 
Lg10[copeptin], 10log transformed value of copeptin was used. The hazard ratio should be interpreted as the risk 
increase with a tenfold higher copeptin level.
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Long-term follow-up: change in eGFR 
For the second analysis, the baseline and last available creatinine values were used 
to estimate GFR with the abbreviated MDRD equation [24]. Two subjects were lost to 
follow-up, leaving 77 subjects for analysis, who had a median follow-up of 11.2 (4.5–
14.3) years with a mean change in eGFR during long-term follow-up of -1.7 ±1.8 mL/
min/1.73 m2/year (Table 2). Baseline plasma copeptin concentration was significantly 
associated with the decline in eGFR during long-term follow-up (std B-0.302, P < 0.01, 
Figure 3). Results of the multivariable regression analyses for this end point are shown 
(Table 3). When adjusted for gender, age, use of diuretics, baseline eGFR, hypertension 
and treatment group, the significant association remained between baseline copeptin 
concentration and change in eGFR during long-term follow-up (std B-0.254, P = 0.05).

Long-term follow-up: incident RRT
For the third analysis, the association between baseline copeptin concentration and 
start of RRT during follow-up was investigated. Of the 79 subjects with long-term follow-
up, 4 subjects died, whereas 9 subjects started RRT (11.4%). Eight of those 9 patients had 
a copeptin concentration above the median value of 2.71 pmol/L. Subjects who started 
RRT were compared to subjects who did not start RRT for all characteristics listed in 
Table 1. Those who started RRT had similar characteristics as those who did not, except 
for plasma copeptin concentration [4.10 (3.27–17.6) versus 2.27 (1.55–5.19) pmol/L, P = 
0.01], BMI [22.6 (19.9–24.0) versus 24.7 (22.1–26.2) kg/m2, P = 0.03] and eGFR (60.0 ± 19.9 
versus 77.5 ± 16.9 mL/min/1.73 m2, P = 0.03). Results of the Cox regression analyses are 
given (Table 3). In the crude analyses, a 10-fold higher plasma copeptin concentration 
was associated with a hazard ratio for start of RRT of 9.88 (95% confidence interval: 
1.72–56.88, P = 0.01). When adjusted for age and gender, the hazard ratio was 10.20 
and remained significant (P = 0.02). When additionally adjusted for baseline eGFR, use 
of diuretics, hypertension and treatment group, the hazard ratio for incident RRT was 
lowered and of borderline statistical significance.

Sensitivity analyses
Several sensitivity analyses were performed. Firstly, we investigated in the short-term 
follow-up study the association between baseline copeptin concentration and change 
in eGFR (MDRD) instead of mGFR: crude std B-0.305 (P = 0.01) and Model 3 std B-0.259 
(P = 0.07). Secondly, we used in the long-term follow-up study the CKD-EPI equation 
instead of the MDRD equation to estimate GFR: crude std B-0.312 (P < 0.01) and Model 3 
std B-0.261, P = 0.05. Thirdly, change in the reciprocal of serum creatinine concentration 
over time was used as outcome measure for the short-term follow-up study crude std 
B-0.325 (P = 0.007) and Model 3 std B-0.285 (P = 0.05) as well as the long-term follow-up 
study crude std B-0.335 (P = 0.003) and Model 3 std B-0.298 (P = 0.02). All these analyses 
showed essentially similar results when compared with our primary analyses. In addition, 
we tested whether there was interaction between baseline copeptin and age or gender in 
the association with risk. No significant interactions were found for all the three analyses.
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Discussion

This study shows that in subjects with ADPKD, plasma concentration of copeptin is 
associated with a decline in kidney function, assessed as either change in inulin clearance 
(mGFR) during short-term follow-up or as change in eGFR during long-term follow-up. 
These associations remained significant after adjustment for age, gender, baseline GFR, 
diuretics, hypertension and treatment group. Furthermore, plasma concentration of 
copeptin was found to be associated with need for RRT during long-term follow-up, 
independent of age and sex. 

As far as we know, the present study is the first to prospectively assess the association 
between baseline copeptin concentrations and renal outcome in subjects with ADPKD. 
Interestingly, we previously found a cross-sectional association between copeptin 
concentrations and disease severity in ADPKD,18 copeptin concentration and albuminuria 
in healthy subjects25 and also an association between copeptin and accelerated renal 
function decline during follow-up in kidney transplant recipients.26 Both studies showed 
a positive association, the higher copeptin the worse renal outcome. These studies, in 
combination with the present one, suggest that copeptin is associated with renal outcome 
in ADPKD, but possibly also in other chronic kidney diseases. From other studies, it is 
known that copeptin values can decrease very rapidly suggesting extrarenal clearance as 
predominant clearance mechanism.15 Nevertheless, we took the possibility into account 
that lower renal function may lead to less clearance of copeptin and adjusted therefore 
for baseline GFR in our multivariable models. This adjustment led to only a minor decrease 
in the regression coefficient of the association between baseline copeptin and renal 
outcome. Consequently, this association remained significant. Furthermore, we recently 
found that under standardized conditions, copeptin levels were significantly elevated 
in young ADPKD patients when compared to age- and sex-matched healthy controls. 
Importantly, these young ADPKD patients and healthy controls appeared to have similar 
kidney function (eGFR CKD-EPI 100 versus 104 mL/min/1.73 m2 and 24 h creatinine 
clearance 116 versus 117 mL/min/1.73 m2, respectively).27 These data suggest that in 
ADPKD patients, the association between copeptin level and renal outcome is unlikely to 
be an effect of a lower renal clearance of copeptin at baseline, and indicate that a rise in 
copeptin precedes kidney function decline. We propose that relatively early in the course 
of ADPKD, due to a urinary concentrating defect, vasopressin levels are elevated in order 
to maintain plasma osmolality within the normal range. Unfortunately, plasma osmolality 
was not measured at the start of this study. 

Our results also agree with the possible detrimental role of vasopressin in ADPKD, since 
the rise in vasopressin (measured as copeptin) precedes a decline in GFR. Consequently, 
it may be hypothesized that lowering vasopressin can lead to renoprotection in human 
ADPKD. To lower vasopressin concentration, one of the options is to achieve ample 
hydration. Another way to suppress the effect of vasopressin is to block the V

2
 receptor 

in the kidney with medication. This option has been tested in animal experiments, 
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which showed that vasopressin antagonism indeed prevented cyst growth and kidney 
function decline.9 At this moment, a large-scale randomized controlled trial is ongoing 
that investigates whether these vasopressin V

2
 receptor antagonists are renoprotective 

in ADPKD patients.28

Our data suggest that plasma copeptin concentration may be a promising new, 
relatively easy to measure marker to predict kidney function decline in subjects with 
ADPKD. Nowadays, it is difficult to predict the prognosis of a patient with ADPKD. 
There are risk factors known, such as the type of genetic mutation (PKD1 or PKD2) and 
family history with respect to age at time of need for RRT. Both are, however, not very 
specific at an individual level29 and the genetic mutation is relatively difficult and time-
consuming to measure for routine diagnostics. The same holds true for renal blood flow 
and magnetic resonance imaging-assessed kidney (or cyst) volume.30,31 Measurement of 
GFR is of limited value because it remains for a prolonged period near normal.32 Plasma 
copeptin concentration may therefore be a new prognostic factor to help distinguish 
between patients with a low risk of reaching end-stage kidney disease and patients 
with a higher risk, alone or in combination with other prognostic factors. Replication of 
our findings is, however, necessary before it can be used as such. 

Some limitations of this study should be addressed. Firstly, not all subjects who 
participated in the original study were included in the present analyses. The reason 
to exclude these subjects was, however, due to a random process (missing plasma 
samples) and no bias is therefore to be expected. Secondly, kidney volume was not 
assessed as outcome because at the time of initiation of this study, kidney volume 
measurements were not assessed routinely, nor in the context of clinical trials. Thirdly, 
baseline creatinine measurements were performed in one centre and standardized. 
During follow-up, however, the most recent creatinine was measured at various sites. 
Therefore, differences between assays for creatinine may be present. However, this 
is expected to result in effect dilution bias and therefore in an under- rather than 
an overestimation of the associations that were found. Fourthly, baseline copeptin 
concentration in these patients was measured only once. However, this is again expected 
to result in an under- rather than overestimation of the true effect size. Fifthly, only a 
limited number of incident RRT cases were observed during follow-up. The results of 
the analyses studying this outcome should therefore be interpreted with caution, and 
be regarded primarily as supporting the findings that were obtained in the analyses 
studying the association between baseline copeptin and changes in mGFR and eGFR. 
Lastly, from this study, it cannot be concluded that copeptin predicts outcome because 
of a pathophysiological role of vasopressin in ADPKD specifically or that it is a marker for 
kidney disease progression in general.

Strengths of this study are that this study has a relatively long duration of follow-up 
and that renal outcome was measured in three different ways, among which the gold 
standard for measuring GFR, being inulin clearance. Our findings, showing that baseline 

copeptin, a surrogate marker for vasopressin, is associated with kidney function decline  
in subjects with autosomal dominant polycystic kidney disease

9



174

copeptin concentrations are associated with all three renal outcome measures during 
follow-up, make our data robust and likely to be valid. 

In conclusion, plasma copeptin concentration, a surrogate marker for vasopressin, is 
associated with the rate of kidney function decline in subjects with ADPKD. These results 
suggest that in such subjects, copeptin may be a promising, relatively easy to measure 
new marker to predict renal outcome, alone or in combination with other markers. 
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copeptin, a surrogate marker for vasopressin, is associated with kidney function decline  
in subjects with autosomal dominant polycystic kidney disease
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Abstract

Background: In Autosomal Dominant Polycystic Kidney Disease (ADPKD) renoprotective 
treatment with a vasopressin V2 receptor antagonist (V2RA) is given in a fixed dose. 
Disease progression and drug habituation could diminish treatment efficacy. We 
investigated whether the renoprotective effect of the V2RA can be improved by dose 
titration of the V2RA aiming to maintain aquaresis at a high level.
Methods: The V2RA OPC-31260 was administered to Pkd1-deletion mice in a fixed dose 
(FD, 0.1%) or in a titrated dose (TD, up to 0.8% when drinking volume dropped). Total 
kidney weight (TKW) and cyst ratio were investigated and compared to non-treated 
Pkd1-deletion mice. Treatment was started early or late (21 or 42 days postnatal). 
Results: Water intake was significantly higher throughout the experiment in the TD 
compared to the FD group. Early initiated FD treatment reduced TKW and cyst ratio, but 
lost its renoprotective effect later during the experiment. In contrast, TD treatment was 
able to maintain the renoprotective effect. TD treatment, however, was also associated 
with a higher early termination rate in comparison with FD treatment. Late start of 
treatment (FD or TD) did not show a renoprotective effect. 
Conclusions: Titration of a V2RA aimed to maintain aquaresis at a high level showed 
a better renoprotective effect compared to fixed dose administration. However, 
this treatment regimen was poorly tolerated and did not overcome treatment 
unresponsiveness when started later in the disease.
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Introduction

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a hereditary kidney disease 
with an estimated point prevalence of clinically diagnosed cases of 3 per 10.000 subjects 
in the general population.1 ADPKD is characterized by cyst formation in both kidneys 
and renal function loss, leading to end-stage kidney failure in most affected patients. 

The pathogenesis of ADPKD is complex and not fully understood. However, it is 
generally acknowledged that elevated intracellular levels of adenosine 3’:5’-cyclic 
monophosphate (cAMP), formed by adenylyl cyclase, are part of the pathway leading 
to renal tubular cell proliferation and increased chloride driven fluid secretion by these 
cells. Both processes contribute to cyst formation and growth.2 Studies using in-vitro 
ADPKD cells demonstrated that administration of cAMP, or an adenyl cyclase agonist 
like vasopressin, leads to cell proliferation3 and fluid accumulation.4 Moreover, blocking 
the vasopressin V2 receptor in animal models attenuated disease progression.5-10 In 
line with these reports, a recent multicenter randomized controlled trial showed that a 
vasopressin V2 receptor antagonist (V2RA) slowed the increase in total kidney volume 
and the decline in kidney function over a 3 year period in patients with relatively 
early stage ADPKD.11 The most frequent reported adverse events were polyuria 
and polydipsia. These adverse events can be expected as water reabsorption in the 
collecting duct, enabled by aquaporine-2 (AQP2) water channels, relies on stimulation 
of the V2 receptor.12 The beneficial renoprotective effect of V2RA treatment is therefore 
accompanied by a strong aquaretic response. In addition, potential hepatotoxicity was 
observed in individual cases.

Optimum dosage of the drug is yet debatable. As yet all studies investigated a fixed 
dose treatment regimen. However, it has been suggested that disease severity and 
treatment duration may interfere with treatment efficacy, as indicated by a decline in 
aquaretic response to V2RAs in later stage disease and during prolonged treatment.8,13,14 
We hypothesized therefore that the renoprotective effect of the V2RA can be optimized 
when the dose of the V2RA is increased during treatment, aiming to maintain aquaresis 
at a high level, to overcome drug habituation. We studied this hypothesis in a Pkd1-
deletion mouse model with a high face validity to the human situation, in early and later 
stage disease. 

Material and Methods 

Experimental animals
For this experiment, the tamoxifen-inducible kidney epithelium-specific Pkd1-deletion 
mouse was used. Upon administration of tamoxifen a genomic fragment containing 
exons 2-11 of the Pkd1 gene is specifically deleted in renal epithelial cells and cysts are 
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formed. This inducible Pkd1-deletion mouse model (tam-KspCad-CreERT2;Pkd1lox2-11/

lox2-11) has been described earlier.8,15 We administered tamoxifen per gavage (0.22 mg 
dissolved in ethanol in 0.30 µL sunflower oil; Sigma-Aldrich, St Louis, MO) for three 
consecutive days starting at postnatal day 12. Gene deletion was induced early in 
life to induce cyst formation in collecting ducts and distal tubules and to develop a 
more rapid progressive form of ADPKD. All mice were genotyped using a polymerase 
chain reaction (PCR) method and had a confirmed homozygote Pkd1-deletion. Male 
and female animals were stratified over the study groups and analyzed together as no 
difference in rate of disease progression has been noted in this model across sex.

Experimental design
Figure 1 displays an overview of the experimental design. At 3 weeks of age, tamoxifen 
treated mice were divided into a no treatment group (NT) and 4 treatment groups: fixed 
dose and titrated dose with early start of treatment (FDE and TDE) and fixed dose and 
titrated dose with late start of treatment (FDL and TDL) (Table 1). Mice not treated with 
tamoxifen served as a healthy control group (HC). This time point serves as baseline, i.e. 
as week 0 of the experiment. 

Figure 1. Experimental design. Abbreviations are: ADPKD, Autosomal 
Dominant Polycystic Kidney Disease; HC, healthy controls; NT, no treatment; 
FDE, fixed dose early start of treatment; TDE, titrated dose early start of 
treatment; FDL, fixed dose late start of treatment; TDL, titrated dose late start of 
treatment; V2RA, vasopressin 2 receptor antagonist.
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Table 1. Number of Pkd1-deletion and healthy control mice randomized across the various experimental 
groups and at the time points of sacrifice. Body weight and gender were not different between the 
experimental groups at randomization. However, the early termination rate was higher in the titrated 
dose early start of treatment group.

Week 0 Week 3 Week 6 ET

Groups n n n ET n ET Total 

HC 17 6 4 0 7 0 0/17 0%

NT 37 10 11 0 16 2 2/37   5%

FDE 21 11 0 10 0 0/21   0%

TDE 25 9 0 16 6 6/25    24%

FDL 12 12 1 1/12    8%

TDL 11 11 1 1/11    9%

Total 123 16 35 0 72 10 10/123 8%

Abbreviations are: HC, healthy controls; NT, no treatment; FDE, fixed dose early start of treatment; TDE, titrated dose 
early start of treatment; FDL, fixed dose late start of treatment; TDL, titrated dose late start of treatment; ET, early 
termination.

The vasopressin 2 receptor antagonist (V2RA) OPC-31260 (Mozavaptan) was added to 
ground rodent chow (AB Diets BV, RMH-B starch, 2103) at a starting dose of 0.1% and 
was given to all mice on treatment. This 0.1% dose is equivalent to the dose used in 
literature 6,9 and has been used in this particular Pkd1 mouse model by our research 
group before 8. 

According well fare regulations, it was not possible to house mice individually at 
start of the study because of their small size at 3 weeks of age. Therefore, mice were 
housed with an average of 3 mice per cage. Animals, water and food where weighed 
2 times a week. Water intake of the cage was divided by the number of mice per cage, 
the number of days between two consecutive measurements and weight in order to 
obtain an average water intake per animal per day. Water intake was adjusted for body 
weight because mice grew to maturity during the experiment which is accompanied by 
an increase in water intake.

When water intake of mice in the titrated dose treatment groups decreased with 
more than 10% compared to the average water intake during the first two consecutive 
measurements in the first week, the dose of the V2RA was increased to 0.2%. When 
again drinking volume dropped with 10% compared to the first two consecutive 
measurements in the first week, the dose was again increased, etc. The dose scheme of 
the V2Ra was: 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, respectively (Figure 1). Mice in the fixed dose 
treatment groups continued treatment with 0.1% V2RA. Treatment was started either 
at 21 days postnatal (day 0 of the experiment, “early”) or at 42 days postnatal (week 3 
of the experiment, “late”). At day 0, week 3 and week 6 of the experiment mice were 
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sacrificed. Early termination criteria were weight loss of >20% or change in skin, hair or 
locomotion. When mice were sacrificed > 1 week before the planned sacrifice they were 
counted as early termination and excluded from all analyses (Table 1). 

All experiments were approved by the local animal experiment committee of the 
University Medical Center Groningen and by the Committee Biotechnology in Animals 
of the Dutch Ministry of Agriculture.

Data collection
Twenty-four-hour urine output was obtained for individual mice by placing them 
in metabolic cages before mice were sacrificed at week 3 or 6 of the experiment. 
Subsequently, the animals were weighed and anesthetized with isoflurane gaz (0.5% 
isoflurane with a flow of 0.6 L/min). Blood was obtained by cardiac puncture for 
determination of plasma electrolytes, creatinine, urea, aspartate transaminase (AST), 
alanine transaminase (ALT) and bilirubin. Both kidneys were removed and kidney 
weight was measured on a precision scale. Half of the right kidney was placed into 
formaldehyde and tissues were embedded in paraffin for histomorphometry and 
immunohistochemistry. 

Plasma and urine analysis
Sodium, potassium, urea and creatinine were measured in plasma and urine, using Kodak 
Ektachem dry chemistry (Modular P, Roche, Mannheim, Germany). Urine osmolality 
was calculated as 2 x (urine sodium concentration + urine potassium concentration) 
+ urine urea concentration.16 Plasma osmolality was calculated using the formula: 1.9 
* (plasma sodium concentration + plasma potassium concentration) + plasma glucose 
concentration + plasma urea concentration * 0.5 + 5.17 

Immunohistochemistry and histomorphometric analysis
Transverse tissue sections (4 µm), including cortex, medulla and papilla, were stained 
with periodic acid Schiff (PAS) and hematoxylin-eosin (H&E) to measure cyst ratio6 and 
with Sirius red (SR) collagen stain to measure the extent of fibrosis.18 The total cyst and 
fibrosis areas were quantified using Aperio Image Scope software (version 9.1.772.1570; 
Aperio Technologies Inc., Vista, CA). Kidneys were outlined manually, pyelum not 
included. Cyst ratio  was  calculated by dividing total cysts area by total tissue area and 
multiplied by 100% to obtain a cyst ratio, expressed as percentage. Total intensity of 
fibrosis staining was divided by total intensity on the slide (both positive and negative) 
and multiplied by 100% to obtain a percentage of fibrosis. The investigator performing 
these measurements was blinded to disease and treatment status. To calculate the 
medulla/cortex cyst ratio, five squares in both medulla and cortex were drawn and 
average cyst ratio was determined for both areas separately to calculate the medulla/
cortex ratio. 
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Statistical analyses
Differences between two groups were tested using a non-parametric independent sample 
test (Mann-Whitney) and differences between all groups were tested using a Kruskal 
Wallis test or Pearson’s chi-squared test. Analyses were performed using the statistical 
package IBM SPSS Statistics version 20.0 (International Business Machines Corp., Chicago, 
IL, USA). A two-sided p < 0.05 was considered to indicate statistical significance. 

Results

At the start of the experiment, Pkd1-deletion mice were randomized over the following 
experimental groups: no treatment (NT), fixed dose with early or late start of treatment 
(FDE and FDL) and titrated dose with early or late start of treatment (TDE and TDL). Table 
1 shows the number of mice randomized to the various treatment groups and mice 
that needed to be sacrificed because they met the early termination criterion of weight 
loss >20%. Figure 1 gives an overview of the experimental design. Body weight and 
gender were not different between the experimental groups at randomization (p=0.39 
and p=0.79, respectively). Moreover, at start of the study body weight and total kidney 
weight (TKW), of mice that were sacrificed at week 0, were similar between healthy 
control male and female mice (p=0.17 and p=0.63, respectively) and Pkd1-deletion male 
and female mice (p=0.51 and p=0.53, respectively).

Non-treated ADPKD (NT) 
Pkd1-deletion mice developed cysts and kidney function deterioration during the 
experiment. Study parameters indicative for renal damage (TKW, cyst ratio, fibrosis ratio, 
plasma creatinine and plasma urea) were all significantly increased in Pkd1-deletion 
animals compared to healthy controls at week 3 and 6 of the experiment (Figure 4, 
Supplementary tables 1 and 2).

 Water intake was significantly higher in non-treated Pkd1-deletion mice compared to 
healthy controls throughout the whole experiment, starting already at day 0 (p<0.001, 
Figure 2). Together with a significant lower 24h urine osmolality and an increased 
plasma osmolality at week 3 and 6 of the experiment in these non-treated Pkd1-deletion 
mice group (Figure 3), this suggests an early urine concentrating defect. Although 
bodyweight was similar at randomization, Pkd1-deletion mice showed lower growth 
rates compared to healthy control mice with a significantly lower bodyweight at week 3 
(p=0.001) and 6 (p=0.01) while food intake (adjusted for body weight) was similar both 
at 3 weeks (p=1.00) and 6 weeks (p=0.84) of the experiment. 

Fixed dose early treatment (FDE) 
Water intake increased after initiation of V2RA treatment. However, the aquaretic 

dose titrated vasopressin v2 receptor antagonistimproves renoprotection in a mouse model for adpkd

10



186

response in the fixed dose treatment group waned during the course of treatment. At 
week 3, water intake was still higher in treated compared to non-treated mice (p<0.001), 
but at week 6 this difference did not reach significance anymore (p=0.09, Figure 2). 
In line, the increase in 24h urine volume during treatment lost statistical significance 
(Figure 3). The osmolality of 24h urine, however, remained significantly lower at week 3 
(p=0.005) and 6 (p=0.004) of the experiment (Figure 3). Body weight was higher in the 
fixed dose treatment group during the last weeks of the experiment compared to non-
treated mice (Figure 2). 

TKW was significantly lower in the fixed dose treatment group compared to non-
treated Pkd1-deletion mice at week 3 of the experiment (p=0.02). However, at week 
6 this difference also lost statistical significance (p=0.26, Figure 4). Body weight was 
significantly higher in the fixed dose treatment group compared to non-treated Pkd1-
deletion mice at week 3 and 6 of the experiment (p=0.009 and p=0.001, respectively) 
whereas differences in food intake between these groups did not reach statistical 
significance at 3 nor 6 weeks of study (p=0.06 and p=0.13, respectively). Cyst ratio, 
fibrosis ratio and plasma creatinine did not differ between the two groups at week 3 
and 6 (Supplementary tables 1 and 2).

Figure 2. Mean water intake (left panel) and body weight (right panel) of mice in the various treatment 
groups during the experiment. The arrow indicates the time-point at which dose titration of the V2RA 
was started. Abbreviations are: HC, healthy controls; NT, no treatment; FDE, fixed dose early start of 
treatment; TDE, titrated dose early start of treatment; FDL, fixed dose late start of treatment; TDL, titrated 
dose late start of treatment.
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Figure 4. Total kidney weight (left panel) and cyst ratio (right panel) at week 3 and week 6 of the 
experiment. Data are displayed as mean and SD. Abbreviations are: *, p<0.05 compared to the healthy 
control mice; #, p<0.05 compared to the non-treated Pkd1-deletion mice; HC, healthy controls; NT, no 
treatment; FDE, fixed dose early start of treatment; TDE, titrated dose early start of treatment; FDL, fixed 
dose late start of treatment; TDL, titrated dose late start of treatment.

Figure 3. 24 hour urine osmolality (left panel) and 24h urine volume (right panel) at week 3 and 
week 6 of the experiment. X-axis displays, besides the various treatment groups, the mean dose of the 
vasopressin V2 receptor antagonist administration during 24 hour urine collection. Data are displayed as 
mean and SD. Abbreviations are: *, p<0.05 compared to the healthy control mice; # , p<0.05 compared 
to the non-treated Pkd1-deletion mice; HC, healthy controls; NT, no treatment; FDE, fixed dose early 
start of treatment; TDE, titrated dose early start of treatment; FDL, fixed dose late start of treatment; TDL, 
titrated dose late start of treatment.
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Titrated dose early treatment (TDE)
At start of the experiment (day 0), the dose of the V2RA in the titrated and fixed dose 
treatment groups was the same and both groups showed a similar increase in water 
intake. After one week, water intake decreased by more than >10% in both treatment 
groups. Per protocol, dose titration of the V2RA was started in the titrated dose early 
treatment group, resulting in a higher V2RA dose (average mean dose of 0.75% V2RA 
at week 6 of the experiment, average overall dose of 0.38%, p<0.001) and significantly 
higher water intake (p=0.04) and lower 24h urine osmolality (week 3: p=0.004, week 
6: p=0.04) compared to the fixed dose treatment group that still received 0.1% V2RA 
(Figures 2 and 3). Body weight was lower in the titrated dose treatment group compared 
to the fixed dose treatment group (p=0.002) and non-treated Pkd1-deletion animals 
(p=0.04) at week 6 of the experiment (Figure 2). Food intake at this time point was similar 
in comparison to the fixed dose treatment group (p=0.81) but lower in comparison to 
non-treated Pkd1-deletion mice (p=0.01).
In contrast to mice in the fixed dose treatment group, the renoprotective effect of the V2RA 
was seen throughout the experiment in the titrated dose treatment group with a lower TKW 
at week 3 (p=0.004) and week 6 (p<0.001) and a lower cyst ratio at week 6 in comparison to 
non-treated Pkd1-deletion mice (p=0.04, Figure 4). When comparing the fixed and titrated 
dose treatment groups, TKW was similar at week 3. However, at week 6 of the experiment 
TKW was significantly lower in the titrated dose treatment group compared to the fixed dose 
treatment group (p=0.004, Figure 4). A similar trend was observed for cyst ratio, although 
the difference did not reach formal statistical significance (p=0.17). Fibrosis ratio, plasma 
creatinine and plasma osmolality were similar (Supplementary tables 1 and 2).

Figure 5. Tissue morphology at week 6 of the experiment (left panel) and the medulla/cortex cyst 
ratio at week 0, week 3 and week 6 of the experiment (right panel). Data are displayed as mean and SD. 
Abbreviations are: wk, week; NT, no treatment; FDE, fixed dose early start of treatment; TDE, titrated dose 
early start of treatment. 
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When investigating the medulla/cortex cyst ratio in the non-treated Pkd1-deletion mice, 
in our model, cysts were first mainly located in the medulla. When disease progressed, 
the medulla/cortex ratio decreased significantly, indicating growth of cortical cysts. At 
week 6 of the experiment, the medulla/cortex cyst ratio was higher in the titrated dose 
treated group compared to the non-treatment group (p=0.06). This was not the case 
for the fixed dose treatment group. Furthermore, in the fixed dose treatment group 
the medulla/cortex cyst ratio declined significantly when comparing week 3 and week 
6 (p<0.001) while in the titrated dose treatment group the medulla/cortex cyst ratio 
remained more stable (Figure 5). 

 
The titrated dose treatment regimen was poorly tolerated during the second half of 
the experiment. When the V2RA dose was increased, weight of mice decreased before 
stabilizing after a few days, resulting in a high number of early terminations in the 
second half of the experiment (6 out of 16 mice in the titrated dose treatment group 
versus 0 out of 10 mice in the fixed dose treatment group, Table 1). Mean TKW of early 
terminated mice in the titrated dose treatment group was 0.56 g. In comparison, mean 
TKW of mice in the titrated treatment group and non-treated Pkd1-deletion mice at 
week 6 of the experiment was 0.70 and 1.24 g, respectively. 

As potential hepatotoxicity was observed in human studies involving V2RA 
treatment, several parameters reflecting liver function were investigated. The titrated 
dose treatment regimen did not cause an elevation in aspartate transaminase, alanine 
transaminase or bilirubin compared with non-treated mice  (178 versus 238 U/L, p=0.92; 
83 versus 83 U/L, p=0.44; 6 versus 5 µmol/L, p=0.92, respectively) or fixed dose treated 
mice (178 versus 217 U/L, p=0.89; 83 versus 57 U/L, p=0.27, 6 versus 5 µmol/L, p=0.40, 
respectively). Furthermore, liver histology of mice treated with the titrated dose of the 
V2RA was similar in comparison with non-treated and fixed dose treated mice.

Early versus late start of treatment
When treatment with 0.1% V2RA treatment started late (FDL), i.e. at week 3 of the 
experiment, water intake increased compared to non-treated Pkd1-deletion animals, 
but was significantly lower compared to water intake at start of treatment in the early 
treatment groups (p=0.004). The titrated dose, late start of treatment group (TDL) 
underwent a similar up-titration schedule compared with the titrated dose, early start 
of treatment group during their first 3 weeks of treatment. Nevertheless, the average 
water intake in this group was significantly lower (p=0.01) than that of mice in the early 
start of titration treatment group in their first weeks of the experiment.

Starting treatment later in the disease course, using a fixed or titrated dose treatment 
regimen, did not have an effect on the various parameters for renal damage (TKW, cyst 
ratio, fibrosis ratio, and plasma creatinine and osmolality) in comparison with non-
treated mice (Supplementary table 2 and Figure 4). 

dose titrated vasopressin v2 receptor antagonistimproves renoprotection in a mouse model for adpkd

10



190

Discussion

In this experiment, we studied the effects of titration of a V2RA in an ADPKD mouse 
model. By aiming to maintain water intake at a high level, we tried to overcome 
potential habituation to the V2RA and improve renoprotective efficacy of this drug in 
early and later stage of the disease. During the experiment the aquaretic response to 
dose titration was indisputable. Water intake was significantly higher throughout the 
experiment in mice that received the titrated dose treatment regimen compared to 
the fixed dose treatment regimen. This was associated with a renoprotective effect, 
also later in the disease. In our model, cyst formation starts predominantly in the distal 
tubular segments, whereas later on also cysts arise in the cortex. In comparison to fixed 
dose treatment, titrated dose treatment had an inhibitory effect on cyst formation in 
the cortex as well, indicating the ongoing benefit of titration of the V2RA. Unfortunately, 
the renoprotective effect of V2RA titration was obtained at the cost of a higher early 
termination rate in the titrated treatment group. Moreover, the titrated treatment 
regimen could not overcome the unresponsiveness of the V2RA when started in a later 
stage of the disease.

Previously, we hypothesized that when ADPKD progresses more vasopressin is 
released from the pituitary gland, as a response to the impaired urine concentrating 
capacity that is observed in more severe disease.19 Indeed we have found that copeptin, 
a surrogate marker for vasopressin, is positively associated with disease severity,20,21 
which fits this hypothesis. Furthermore, during V2RA treatment, vasopressin levels 
increase8,22 and it has been suggested that expression of the vasopressin V2 receptor is 
down-regulated, via stimulation of the vasopressin V1 receptor.23,24 Taken together, this 
suggests that in more severe ADPKD, especially when treated with a V2RA, more AVP 
per receptor will be present and thus that a higher dose of the V2RA may be needed to 
result in effective receptor blockade. Indeed, our experiment shows that dose titration 
of the V2RA during disease progression results in a stronger aquaretic response and 
improved renoprotection when compared to a fixed dose treatment regimen. However, 
no effect of V2RA treatment was seen when initiated later in the disease. Dose titration 
(from 0.1 to 0.4%) was not able to overcome this decreased efficacy for the cystic 
phenotype. A possible explanation is that during disease progression other cystogenic 
mechanisms not involving cAMP become more important, for instance pathways 
involving growth factors or macrophages.2 Loss of functioning nephrons may also 
explain the lack of efficacy when treatment is initiated later in the disease and explains 
the less profound aquaretic effect of treatment. Involvement of the vasopressin V2 
receptor itself in treatment unresponsiveness could also explain the lower aquaretic 
response. Mechanisms that can be taken into consideration are for instance loss of 
vasopressin V2 receptors when cysts disconnect from the tubular system or vasopressin 
V2 receptor dedifferentiation. In line with this theory are results from our previous 
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animal experiment that show a decrease in V2-receptor mRNA expression over time in 
non-treated ADPKD animals.8

The reason for the high drop-out rate seen in mice on the high V2RA dose is not 
entirely clear from the present experiment. In contrast to what is found in humans,11 
we did not find elevated liver enzymes indicative for hepatotoxicity of the V2RA in our 
mice. Histology of the liver was not different between the non-treated and treated Pkd1-
deletion mice either. This is in line with experiments in mice reporting no toxicity after 
administration of a single 1000 mg/kg dose, which is equivalent to our 0.8%.25 In the 
present experiment we did, however, observe a decrease in body weight, especially 
in the mice that received the titrated treatment regimen. Kidney weight of these early 
terminated animals was significantly lower compared to the non-treated controls, 
indicating that disease progression per se is not a likely cause of this weight loss. We 
hypothesize that this weight loss is caused by their effort to drink up to 1.5 times 
their bodyweight per day, which may have caused inadequate food intake. Almost a 
quarter of the animals had to be sacrificed because of pre-specified early termination 
criterion regarding weight loss. It is not likely that this is related to the fact that mice had 
polycystic kidney disease, because in healthy rats and dogs similar mortality rates have 
been described on a daily 1000 mg/kg dose, likewise without a clear cause of death.25  

Translating experimental data into clinical practice is difficult and should be done 
with caution. Our experiment shows, however, that a better therapeutic response can 
be achieved when higher doses of the V2RA are used.  This suggests that dose titration 
of a V2RA in clinical practice, when disease progresses and the aquaretic response 
to the V2RA decreases, may be beneficial. However, this renoprotective effect was 
counteracted by significant side effects. Moreover, this rigorous treatment regimen did 
not overcome therapeutic unresponsiveness when started in a later stage of the disease. 
Animal experiments performed by other research groups did not describe a decrease 
in responsiveness during long-term treatment as we observed in our model.6,7,9,10  In 
addition, results of a post-hoc analysis of the TEMPO 3:4 trial showed that a V2RA was 
similarly effective in reducing the rate of total kidney volume increase and eGFR decline 
in ADPKD patients with CKD stages 1 to 3a. Many factors, including the experimental 
model, dosage of the V2RA and disease severity, may explain the differences between 
these studies. Regardless of the variance of the present results and previous data, 
clinical studies are needed to verify the efficacy and safety of long-term V2RA treatment, 
especially in ADPKD patients with more advanced disease (CKD stages 3b and 4).26 

To enhance therapeutic efficacy combination therapy could be of more use. 
Theoretically, somatostatin analogues induce a similar effect on intracellular cAMP 
production as V2RAs, because both drug classes inhibit adenylyl cyclase, the enzyme 
that converts adenosine triphosphate (ATP) into cAMP.27 Interestingly, Hopp et al recently 
showed in a Pkd1 experimental model that combination treatment with a somatostatin 
analogue and a V2RA indeed led to lower cAMP levels and less cyst progression when 
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compared to monotherapy with either of both drugs.28 A combination of these drugs 
may allow to use lower doses of each single drug, thereby limiting adverse events, while 
optimizing renoprotective efficacy. These results are promising and seem a more logical 
direction for future research than applying higher doses monotherapy.

We acknowledge that this experiment has limitations. First, the rapidly progressive 
model used in this experiment does not exactly resemble the clinical situation where 
ADPKD is often a more slowly progressive disease. However, this model allowed us to 
investigate the effect of titration as well as start of treatment in later stage disease. 
Second, it was not possible to house mice individually at start of the study because of 
their small size at 3 weeks of age. We preferred early start of treatment over individually 
housed animals. Therefore, mice were housed with an average of 3 mice per cage and 
titration of the V2RA treatment was based on the average water intake of 3 mice. Third, 
bodyweight of the mice in the titrated dose treatment group was lower compared 
to the other study groups. This was possibly due to decreased food intake. Because 
water intake remained higher in the titrated group compared to the other groups and 
responded to titration steps, a lower food intake and consequently possibly a lower 
dose of the V2RA, is not a concern. Nevertheless, recent studies in mice revealed that a 
lower food intake can also be protective in ADPKD.29,30 Although food intake (adjusted 
for body weight) was similar after six weeks of study, body weight was markedly 
different between the study groups at the end of our experiment. We therefore cannot 
exclude a possible influence of food intake. The strengths of this experiment include 
the unique experimental design that addresses a study question that has not been 
investigated previously, the use of a Pkd1-deletion model with high face validity to the 
human situation where ADPKD is caused by mutations in the PKD1 gene in 85% of cases, 
and the potential clinical relevance of our findings.

In conclusion, titration of a V2RA aimed to maintain aquaresis at a high level, showed 
a better renoprotective effect compared to fixed dose administration in this ADPKD 
mouse model. However, this titrated dose treatment regimen was poorly tolerated and 
did not overcome treatment unresponsiveness when started later in the disease stage.
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Supplementary material

Supplementary table 1. Characteristics of mice sacrificed at week 3 of the experiment. 

Healthy 
controls 

n=4

No
treatment 

n=11

Fixed dose 
early 
n=11

Titrated dose 
early 
n=9

Weight (g) 19.3 ± 2.4 15.0 ± 2.6 13.4 ± 2.7 13.0 ± 2.4

Water intake/body weight (g/g) 0.28 ± 0.03 0.45 ± 0.13 0.79 ± 0.18 1.02 ± 0.13

Water intake (g/day) 4.8 ± 0.6 7.1 ± 2.4 10.9 ± 3.6 13.6 ± 1.6

Food intake/body weight (g/g) 0.16 ± 0.001 0.16 ± 0.009 0.15 ± 0.02 0.10 ± 0.04

Food intake (g/day) 2.3 ± 0.04 2.2 ± 0.2 1.6 ± 0.3 1.1 ± 0.5

Total kidney weight (g) 0.27 ± 0.03 0.82 ± 0.18 0.63 ± 0.13 0.55 ± 0.16

Cyst ratio (%) 5.6 ± 0.6 49.2 ± 6.1 44.6 ± 7.2 38.9 ± 16.7

Fibrosis ratio (%) 2.7 ± 0.6 9.4 ± 4.0 12.3 ± 5.4 7.9 ± 5.5

Medulla/cortex cyst ratio (%) 0.8 ± 0.2 2.3 ± 0.7 3.2 ± 1.3 3.2 ± 1.3

Plasma sodium (mmol/L) 150 ± 2 156 ± 5 156 ± 8 156 ± 3 

Plasma urea (mmol/L) 13.3 ± 4.0 53.0 ± 21.2 34.9 ± 7.4 32.4 ± 14.5

Plasma creat (µmol/L) 20 ± 12 40 ± 14 43 ± 17 45 ± 20

Plasma osmol (mmol/L) 316 ± 5 348 ± 20 337 ± 18 332 ± 8

24h urine volume (g) 1.5 ± 0.6 4.0 ± 2.8 8.3 ± 4.4 10.0 ± 6.0

24h urine urea (mmol/24h) 1305 ± 430 1401 ± 982 1911 ± 786 1746 ± 781

24h urine osmol (mmol/L) 1635 ± 261 649 ± 124 486 ± 127 322 ± 88

Data are displayed as mean ± SD. Abbreviations are: creat, creatinine; osmol, osmolality; 24h, 24 hour.
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Supplementary table 2. Characteristics of mice sacrificed at week 6 of the experiment. 

Healthy 
controls 

n=6

No 
treatment 

n=14

Fixed dose 
early 
n=10

Titrated 
dose early 

n=10

Fixed dose 
late 

n=11

Titrated 
dose 
late 

n=10

Weight (g) 18.1 ± 3.4 14.0 ± 2.6 16.9 ± 3.5 11.9 ± 2.1 14.0 ± 3.7 14.1 ± 3.6

Water intake/
body weight (g/g) 0.19 ± 0.04 0.36 ± 0.10 0.45 ± 0.18 1.11 ± 0.44 0.58 ± 0.09 0.80 ± 0.10

Water intake (g/day) 3.8 ± 0.4 5.8 ± 0.9 9.9 ± 1.9 17.2 ± 8.2 8.7 ± 2.4 12.1 ± 2.3

Food intake/
body weight (g/g) 0.14 ± 0.02 0.14 ± 0.03 0.08 ± 0.04 0.08 ± 0.03 0.12 ± 0.04 0.09 ± 0.03

Food intake (g/day) 2.4 ± 0.25 2.3 ± 0.9 1.5 ± 0.6 1.1 ± 0.5 1.8 ± 0.8 1.4 ± 0.4

Total kidney weight 
(g) 0.26 ± 0.05 1.24 ± 0.26 1.14 ± 0.32 0.70 ± 0.29 1.08 ± 0.21 1.24 ± 0.28

Cyst ratio (%) 5.0 ± 1.3 58.8 ± 4.7 55.7 ± 7.1 43.5 ± 18.8 55.7 ± 4.4 57.6 ± 8.5

Fibrosis ratio (%) 3.7 ± 1.4 18.0 ± 9.2 13.8 ± 8.9 6.1 ± 2.6 10.1 ± 7.9 7.9 ± 4.1

Medulla/
cortex cyst ratio (%) 1.0 ± 0.4 1.5 ± 0.2 1.6 ± 0.4 2.1 ± 1.1 1.6 ± 0.3 1.7 ± 0.8

Plasma sodium 
(mmol/L) 148 ± 2 165 ± 9 160 ± 9 162 ± 6 165 ± 11 167 ± 23

Plasma urea 
(mmol/L) 11.0 ± 1.2 94.8 ± 30.0 78.0 ± 30.4 44.5 ± 29.7 81.4 ± 27.3 71.7 ± 31.0

Plasma creat 
(µmol/L) 17 ± 11 67 ± 16 74 ± 39 58 ± 37 81 ± 17 93 ± 55

Plasma osmol 
(mmol/L) 313 ± 5 385 ± 29 366 ± 34 352 ± 21 376 ± 31 376 ± 57

24h urine volume (g) 1.1 ± 0.3 3.0 ± 3.3 5.5 ± 4.6 6.6 ± 3.6 5.6 ± 5.6 6.1 ± 4.7

24h urine urea 
(mmol/24h) 1874 ± 228 980 ± 945 1394 ± 1076 1291 ± 497 1447 ± 1366 1423 ± 1004

24h urine osmol 
(mmol/L) 3036 ± 403 639 ± 138 480 ± 63 353 ± 95 479 ± 53 421 ± 91

Data are displayed as mean ± SD. Abbreviations are: creat, creatinine; osmol, osmolality; 24h, 24 hour.

part 3, chapter 10



195

References

1.  Neumann HP, Jilg C, Bacher J, et al. Epidemiology of autosomal-dominant polycystic kidney disease: An 
in-depth clinical study for south-western germany. Nephrol Dial Transplant. 2013;28(6):1472-1487.

2.  Harris PC, Torres VE. Genetic mechanisms and signaling pathways in autosomal dominant polycystic kidney 
disease. J Clin Invest. 2014;124(6):2315-2324.

3.  Yamaguchi T, Pelling JC, Ramaswamy NT, et al. cAMP stimulates the in vitro proliferation of renal cyst 
epithelial cells by activating the extracellular signal-regulated kinase pathway. Kidney Int. 2000;57(4):1460-
1471.

4.  Mangoo-Karim R, Uchic ME, Grant M, et al. Renal epithelial fluid secretion and cyst growth: The role of 
cyclic AMP. FASEB J. 1989;3(14):2629-2632.

5.  Gattone VH,2nd, Maser RL, Tian C, Rosenberg JM, Branden MG. Developmental expression of urine 
concentration-associated genes and their altered expression in murine infantile-type polycystic kidney 
disease. Dev Genet. 1999;24(3-4):309-318.

6.  Gattone VH,2nd, Wang X, Harris PC, Torres VE. Inhibition of renal cystic disease development and 
progression by a vasopressin V2 receptor antagonist. Nat Med. 2003;9(10):1323-1326.

7.  Torres VE, Wang X, Qian Q, Somlo S, Harris PC, Gattone VH,2nd. Effective treatment of an orthologous 
model of autosomal dominant polycystic kidney disease. Nat Med. 2004;10(4):363-364.

8.  Meijer E, Gansevoort RT, de Jong PE, et al. Therapeutic potential of vasopressin V2 receptor antagonist in a 
mouse model for autosomal dominant polycystic kidney disease: Optimal timing and dosing of the drug. 
Nephrol Dial Transplant. 2011;26(8):2445-2453.

9.  Wang X, Gattone V,2nd, Harris PC, Torres VE. Effectiveness of vasopressin V2 receptor antagonists OPC-31260 
and OPC-41061 on polycystic kidney disease development in the PCK rat. J Am Soc Nephrol. 2005;16(4):846-
851.

10.  Aihara M, Fujiki H, Mizuguchi H, et al. Tolvaptan delays the onset of end-stage renal disease in a polycystic 
kidney disease model by suppressing increases in kidney volume and renal injury. J Pharmacol Exp Ther. 
2014;349(2):258-267.

11.  Torres VE, Chapman AB, Devuyst O, et al. Tolvaptan in patients with autosomal dominant polycystic kidney 
disease. N Engl J Med. 2012;367(25):2407-2418.

12.  Knepper MA, Kwon TH, Nielsen S. Molecular physiology of water balance. N Engl J Med. 2015;372(14):1349-
1358.

13.  Irazabal MV, Torres VE, Hogan MC, et al. Short-term effects of tolvaptan on renal function and volume in 
patients with autosomal dominant polycystic kidney disease. Kidney Int. 2011;80(3):295-301.

14.  Boertien WE, Meijer E, de Jong PE, et al. Short-term renal hemodynamic effects of tolvaptan in subjects 
with autosomal dominant polycystic kidney disease at various stages of chronic kidney disease. Kidney Int. 
2013;84(6):1278-1286.

15.  Lantinga-van Leeuwen IS, Leonhard WN, van der Wal A, Breuning MH, de Heer E, Peters DJ. Kidney-specific 
inactivation of the Pkd1 gene induces rapid cyst formation in developing kidneys and a slow onset of 
disease in adult mice. Hum Mol Genet. 2007;16(24):3188-3196.

16.  Rose BD, Post TW. Hyperosmolal states, hypernatremia. In: Clinical physiology of acid-base and electrolyte 
disorders. 5th ed. United States: The McGraw-Hill Companies; 2001:770.

17.  Fazekas AS, Funk GC, Klobassa DS, et al. Evaluation of 36 formulas for calculating plasma osmolality. Intensive 
Care Med. 2012.

18.  Junqueira LC, Bignolas G, Brentani RR. Picrosirius staining plus polarization microscopy, a specific method 
for collagen detection in tissue sections. Histochem J. 1979;11(4):447-455.

19.  Zittema D, Boertien WE, van Beek AP, et al. Vasopressin, copeptin, and renal concentrating capacity in 
patients with autosomal dominant polycystic kidney disease without renal impairment. Clin J Am Soc 
Nephrol. 2012;7(6):906-913.

20.  Meijer E, Bakker SJ, van der Jagt EJ, et al. Copeptin, a surrogate marker of vasopressin, is associated with 
disease severity in autosomal dominant polycystic kidney disease. Clin J Am Soc Nephrol. 2011;6(2):361-368.

21.  Boertien WE, Meijer E, Zittema D, et al. Copeptin, a surrogate marker for vasopressin, is associated with 
kidney function decline in subjects with autosomal dominant polycystic kidney disease. Nephrol Dial 
Transplant. 2012;27(11):4131-4137.

22.  Boertien WE, Meijer E, de Jong PE, et al. Short-term effects of tolvaptan in individuals with autosomal 
dominant polycystic kidney disease at various levels of kidney function. Am J Kidney Dis. 2015;65(6):833-841.

23.  Izumi Y, Nakayama Y, Mori T, et al. Downregulation of vasopressin V2 receptor promoter activity via V1a 
receptor pathway. Am J Physiol Renal Physiol. 2007;292(5):F1418-26.

dose titrated vasopressin v2 receptor antagonistimproves renoprotection in a mouse model for adpkd

10



196

24.  Machida K, Wakamatsu S, Izumi Y, et al. Downregulation of the V2 vasopressin receptor in dehydration: 
Mechanisms and role of renal prostaglandin synthesis. Am J Physiol Renal Physiol. 2007;292(4):F1274-82.

25.  Oi A, Morishita K, Awogi T, et al. Nonclinical safety profile of tolvaptan. Cardiovasc Drugs Ther. 2011;25 Suppl 
1:S91-9.

26.  Torres VE, Higashihara E, Devuyst O, Chapman AB, Gansevoort RT, Grantham JJ, et al. Effect of Tolvaptan in 
Autosomal Dominant Polycystic Kidney Disease by CKD Stage: Results from the TEMPO 3:4 Trial. Clin J Am 
Soc Nephrol. 2016 May 6;11(5):803-11.

27.  Hanoune J, Defer N. Regulation and role of adenylyl cyclase isoforms. Annu Rev Pharmacol Toxicol. 
2001;41:145-174.

28.  Hopp K, Hommerding CJ, Wang X, Ye H, Harris PC, Torres VE. Tolvaptan plus pasireotide shows enhanced 
efficacy in a PKD1 model. J Am Soc Nephrol. 2015;26(1):39-47.

29.  Warner G, Hein KZ, Nin V, et al. Food restriction ameliorates the development of polycystic kidney disease. J 
Am Soc Nephrol. 2015.

30.  Kipp KR, Rezaei M, Lin L, Dewey EC, Weimbs T. A mild reduction of food intake slows disease progression 
in an orthologous mouse model of polycystic kidney disease. Am J Physiol Renal Physiol. 2016 Jan 
13:ajprenal.00551.2015.

part 3, chapter 10



197

dose titrated vasopressin v2 receptor antagonistimproves renoprotection in a mouse model for adpkd

10



198



199

11
Urine and plasma osmolality in patients with 

autosomal dominant polycystic kidney disease:
reliable indicators of vasopressin activity and 

disease prognosis?

Niek F. Casteleijn
Debbie Zittema

Stephan J.L. Bakker
Wendy E. Boertien

Carlo A.J.M. Gaillard
Esther Meijer

Edwin M. Spithoven
Joachim Struck

Ron T. Gansevoort

Am J Nephrol. 41:248-56, 2015



200

Abstract

Background: Vasopressin plays an essential role in osmoregulation, but has deleterious 
effects in patients with ADPKD. Increasing water intake to suppress vasopressin activity 
has been suggested as potential renoprotective strategy. This study investigated 
whether urine and plasma osmolality can be used as reflection of vasopressin activity 
in ADPKD patients. 
Methods: We measured urine and plasma osmolality, plasma copeptin concentration, 
total kidney volume (TKV, by MRI) and GFR (125I-iothalamate). In addition, change in 
estimated GFR (eGFR) during follow-up was assessed. 
Results: 94 patients with ADPKD were included (56 males, age 40±10 year, mGFR 77±32 
ml/min/1.73m2, TKV 1.55 (0.99 – 2.40) L. Urine osmolality, plasma osmolality and copeptin 
concentration were 420±195 mOsmol/l, 289±7 mOsmol/l and 7.3 (3.2 – 14.6) pmol/l, 
respectively. Plasma osmolality was associated with copeptin concentration (R=0.54, 
p<0.001), whereas urine osmolality was not (p=0.4). In addition, urine osmolality was 
not associated with TKV (p=0.3), in contrast to plasma osmolality (R=0.52, p<0.001) and 
copeptin concentration (R=0.61, p<0.001). Fifty-five patients were followed for 2.8±0.8 
years. Baseline plasma and urine osmolality were not associated with change in eGFR 
(p=0.6 and p=0.3, respectively), whereas baseline copeptin concentration did show an 
association with change in eGFR, in a crude analysis (St. β= -0.41, p=0.003) and also after 
adjustment for age, sex and TKV (St. β= -0.23, p=0.05).
Conclusions: These data suggest that neither urine nor plasma osmolality are valid 
measures to identify ADPKD patients that may benefit from increasing water intake. 
Copeptin appears a better alternative for this purpose. 
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Introduction

The antidiuretic hormone arginine vasopressin (AVP) is an essential hormone for 
osmoregulation. When plasma osmolality increases, AVP is secreted by the pituitary 
gland, subsequently activating the V2 receptors of renal collecting duct cells,1 which 
results in translocation of aquaporin 2 to the luminal surface of these cells, making them 
permeable for water.2

Besides the physiological stimulation of water reabsorption, AVP appears to have an 
essential role in the pathophysiology of Autosomal Dominant Polycystic Kidney Disease 
(ADPKD).3 Animal models and a large scale phase 3 multicenter randomized controlled 
trial in patients with ADPKD showed that blocking the AVP V2 receptor with a V2 receptor 
antagonist, leads to a reduction in the rate of cyst growth and renal function loss.4,5

Drinking a sufficient volume of water can also reduce AVP concentration. Increasing 
water intake could therefore be an alternative to medical treatment with a V2 receptor 
antagonist to ameliorate disease progression in ADPKD. In a rat PKD model, it was 
indeed shown that increased water intake attenuated disease progression.6 In ADPKD 
patients only one small-scale, non-randomized study has been performed, that was not 
able to show a favorable effect of increasing water intake.7-9 Until other data become 
available, it is, based on theoretical grounds and convincing animal data, still advised 
that ADPKD patients should increase their water intake.7-9 For clinicians, the question 
arises which ADPKD patients should increase their water intake, and what volume of 
fluid they should be advised to drink. In this respect, measuring urine osmolality could 
be of help.3,9-11 It is generally assumed that a urine osmolality below 285 mOsmol/l, or a 
urine osmolality lower than plasma osmolality, reflects adequate suppression of AVP.9,11 

ADPKD patients, however, have an impaired urine concentrating capacity, that 
worsens throughout their disease, presumably because they have an impaired renal 
medullar osmolar gradient due to cyst formation.12 This lack of renal concentrating 
capacity is expected to lead to a lower urine osmolality, a higher plasma osmolality and 
a compensatory high level of AVP. Clinically we observed that in patients with more 
advanced ADPKD, urine osmolality can indeed be low, whereas AVP is high.13 Given this 
observation, urine osmolality might not be a good reflection of AVP concentration in 
ADPKD patients, especially in those with more advanced disease.

The aim of the present study is therefore to cross-sectionally investigate in ADPKD 
patients whether urine osmolality and plasma osmolality are associated with AVP 
concentration (measured by the concentration of its surrogate plasma copeptin), 
and whether these associations are influenced by disease severity. Furthermore, the 
associations of urine and plasma osmolality as well as plasma copeptin concentration 
with the rate of renal function decline during follow-up are investigated.
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Materials and Methods

ADPKD patients
For this study, all consecutive patients with ADPKD, aged 18-70 years, visiting our out-
patient clinic from January 2007 until August 2011 were asked to participate. A diagnosis 
of APDKD was made based upon the revised Ravine criteria.14 Patients were considered 
ineligible to participate if they received renal replacement therapy (including renal 
transplantation), had undergone renal surgery, were unable to undergo magnetic 
resonance (MR) imaging or had other diseases or conditions potentially affecting renal 
function (such as diabetes mellitus, pregnancy or lactation). 

One hundred forty-six patients met these criteria. Thirteen patients did not give 
informed consent, leaving 133 patients that were scheduled for a 1-day outpatient 
clinical evaluation. Thirty six of these patients used diuretics and were excluded from 
the present analysis, because use of diuretics may influence AVP levels and urine 
osmolality. Three patients had plasma copeptin concentrations more than 10 times 
the interquartile range above the third quartile, although their plasma osmolality was 
within normal limits. These patients were considered outliers and their data were not 
taken into consideration.15 leaving 94 patients for the cross-sectional analyses. In 55 of 
these patients at least one year of follow-up was available for longitudinal analyses. This 
study was performed in adherence to the Declaration of Helsinki, and all patients gave 
written informed consent.

Measurements
All patients routinely collected a 24-hour urine sample the day preceding renal function 
measurement. They were advised to refrain from heavy physical exercise during this 
urine collection. Of note, in the time period of the study (2007-2011) ADPKD patients 
did not receive advice on water intake. Just before renal function measurement, fasting 
blood samples were drawn in which creatinine (Roche enzymatic assay), plasma and 
urine osmolality (by freezing point depression using an Osmometer (Arkray, Kyoto, 
Japan), with a variation coefficient <1.0%) and copeptin were measured. Effective plasma 
osmolality (2 x (plasma sodium + plasma potassium) + plasma glucose) was calculated. 
Measurement of endogenous AVP is problematic, because AVP is unstable in isolated 
plasma and the available assays to measure AVP have limited sensitivity.16 Therefore we 
decided to measure copeptin, a precursor of AVP, that has been shown to be a reliable 
marker for endogenous AVP and can be measured more reliably.16-18 Plasma samples for 
copeptin measurement were immediately centrifuged at 4°C and stored at minus 80°C 
until the samples were thawed and measured using a sandwich immunoluminometric 
assay in one run on the same day (Thermo Fisher Scientific, U.S.A). The lower limit of 
detection was 0.4 pmol/L and the functional assay sensitivity (interassay coefficient of 
variation 0.20%) was 0.1 pmol.19 

part 3, chapter 11



203

At the day of renal function measurement blood pressure was assessed during rest in 
supine position with an automatic device (Dinamap® G E Medical Systems, Milwaukee, 
Wis, USA) for 15 minutes during renal function measurement, of which the last 5 values 
were averaged to obtain systolic and diastolic blood pressure values. Furthermore, 
weight and height were determined. Body mass index was calculated as weight 
in kilograms (kg) divided by height in square meters. Body surface area (BSA) was 
calculated according to the DuBois formula.20 

Renal function measurements were performed using the constant infusion method 
with 125I-iothalamate to measure glomerular filtration rate (mGFR).21,22 mGFR was 
normalized for BSA. After renal function measurement, the patients were followed for 
at least 12 months to again assess creatinine concentration to calculate the estimated 
Glomerular Filtration Rate (eGFR) by the Chronic Disease Epidemiology Collaboration 
(CKD-EPI) equation.23 Change in eGFR during follow-up was calculated using linear 
regression slopes through all eGFR values (at least 2) that were available in our database.
MR imaging was performed immediately after renal function measurement, using a 
standardised abdominal magnetic resonance imaging protocol without the use of 
intravenous  contrast.24 Scanning was performed on a 1.5 Tesla MR (Magnetom Avento, 
Siemens, Erlangen, Germany) and in 9 patients on a 3.0 Tesla MR (Intera, Philips, Best, The 
Netherlands). Total kidney volume (TKV) was assessed using Analyze Direct 8.0 software 
(AnalyzeDirect, Inc., Overland Park, KS, USA). Intra- and interreviewer coefficients of 
variation for TKV measurement were 2.4% and 3.1%, respectively.

Statistical Analysis
Because impaired renal function could affect the study results, baseline characteristics 
and all other analyses are given for the overall population as well as for participants with 
an mGFR > 60 ml/min/1.73m2 and ≤ 60 ml/min/1.73m2 separately. Parametric variables 
are expressed as mean ± SD, non-parametric variables as median (IQR). Differences in 
baseline characteristics between the two mGFR subgroups were calculated with a Chi-
square test for categorical data, and for continuous data with Student’s t-test or a Mann-
Whitney U test in case of non-parametric data. 

To investigate whether mGFR and TKV correlated with urine osmolality, plasma 
osmolality and copeptin concentration, the Pearson correlation coefficient was 
calculated. Because TKV, copeptin and urine to plasma osmolality (Uosm/Posm) 
ratio showed a skewed distribution, logarithmic transformation was applied to fulfill 
the requirement for correlation and regression analysis of normal distribution of the 
residuals. To visualize the associations, scatterplots were made showing the associations 
of mGFR and TKV with urine and plasma osmolality and with copeptin concentration. 
For significant associations the Deming fit regression line is depicted. In these plots 
patients with a mGFR > 60 ml/min/1.73m2 and mGFR ≤ 60 ml/min/1.73m2 are shown 
separately. 
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Furthermore univariate and multivariate regression analyses were performed to 
investigate whether plasma copeptin was correlated with urine osmolality, plasma 
osmolality, Uosm/Posm ratio, sex, age and TKV. Univariate and multivariate regression 
analyses were also performed to investigate whether the change in eGFR was associated 
with these variables. For these analyses interactions of baseline mGFR with baseline 
urine osmolality, plasma osmolality, Uosm/Posm and copeptin were tested. 

Various sensitivity analyses were performed. Because sex influences copeptin 
concentration and possibly also the rate of renal function decline, interactions of sex 
with baseline copeptin were investigated, and the analyses were repeated stratified 
for sex. Analyses were also repeated including outliers of copeptin concentration. 
Lastly, because plasma urea concentration may rise with progressive worsening kidney 
function, this could distort the association between measured plasma osmolality and 
copeptin concentration. Therefore also the association between calculated effective 
plasma osmolality and copeptin concentration was investigated.
All statistical analyses were performed using SPSS 22 (SPSS Statistics, Inc., Chicago, IL, 
U.S.A.). A value of p<0.05 was considered significant and all statistical tests were 2-tailed. 

Results

Patient characteristics are presented in Table 1. A total of 94 patients were included, 
aged 40 ± 10 years of which 59.6% were male. Most of the patients used antihypertensive 
medication (75.5%), on average one single class, but per protocol none of the 
participating patients used diuretics. There was a large spread in disease severity, with 
mGFR ranging from 12 to 138 ml/min/1.73m2 and TKV from 0.47 to 10.28 L. Table 1 also 
shows patient characteristics stratified according to mGFR, indicating that patients 
with lower mGFR, as expected, were older, used more antihypertensives and had a 
larger total kidney volume. Furthermore, patients with lower mGFR had a lower urine 
osmolality, a higher plasma osmolality and a higher copeptin concentration compared 
to patients with mGFR > 60 ml/min/1.73m2 (all p<0.001).  mGFR was strongly correlated 
with eGFR (R=0.9, p<0.001).

Figure 1 presents the associations of urine osmolality and Uosm/Posm ratio with 
copeptin concentration (upper and middle panel), and shows that a considerable 
number of patients had a urine osmolality below 285 mOsmol/l (n=14, of which 7 with 
a mGFR > 60 ml/min/1.73m2) and a Uosm/Posm ratio below 1 (n=13, of which 8 with 
a mGFR > 60 ml/min/1.73m2). Table 2 gives the results of univariate and multivariate 
analyses with copeptin concentration as dependent variable. There was no association 
between urine osmolality and copeptin concentration, neither in a crude analysis nor 
after adjustment for age and sex. This was both the case for patients with mGFR > 60 
and for patients with a mGFR ≤ 60 ml/min/1.73m2. (p=0.2 and p=0.2, respectively). Also 
when urine osmolality was expressed as ratio to plasma osmolality (Uosm/Posm ratio), 
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no association was found with plasma copeptin concentration. This correlation again 
was not different in patients with mGFR > 60 compared to patients with mGFR ≤ 60 
ml/min/1.73m2 (R =0.19, p=0.2 and R = 0.26, p=0.2, respectively). Only after adjustment 
for mGFR and TKV, the associations between urine osmolality and Uosm/Posm ratio 
with copeptin concentration reached statistical significance (Table 2). In addition, we 
investigated the association of 24-hour urine volume with urine osmolality and copeptin 
concentration. No significant association was found between 24-hour urine volume and 
copeptin concentration (p=0.7), but 24-hour urine volume was associated with urine 
osmolality (R =-0.66, p<0.001).

urine and plasma osmolality in patients with autosomal dominant polycystic kidney disease: 
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Figure 1. Association of 24-hour urine osmolality, urine to plasma osmolality ratio and plasma 
osmolality with copeptin concentration in ADPKD patients (overall n=94, mGFR > 60 ml/min/1.73m2 
n=64, and mGFR ≤ 60 ml/min/1.73m2 n=30). Dashed line in upper panel represents a urine osmolality = 
285 mOsmol/l, and the dashed line in the middle panel a urine osmolality equal to plasma osmolality. In 
the lower panel the association of plasma osmolality with copeptin concentration is shown separately 
for ADPKD patients with mGFR ≤ 60 ml/min/1.73m2 (solid line) and > 60 ml/min/1.73m2 (dashed line).



206

Table 1. Baseline patient characteristics

All

Stratified according to mGFR
(ml/min/1.73m2)

≤ 60 > 60

N 94 30 64

Age (y) 40 ± 10 47 ± 10 38 ± 9*

Male (%) 59.6 70 54.7

Body mass index (kg/m2) 25.5 ± 3.9 25.7 ± 3.1 25.4 ± 4.2

Body mass surface (m2) 2.05 ± 0.24 2.06 ± 0.25 2.03 ± 0.23

Systolic blood pressure (mmHg) 128 ± 11 130 ± 10 128 ± 12

Diastolic blood pressure (mmHg) 79 ± 9 80 ± 8 79 ± 9

Antihypertensive medication 
use (%) 75.5 96.7 65.6*

Plasma creatinine (umol/l) 123 ± 82 208 ± 97 82 ± 17*

Plasma osmolality (mOsmol/l) 289 ± 7 292 ± 7 289 ± 7*

Plasma copeptin (pmol/l) 7.3 (3.2 – 14.6) 19.4 (12.0 – 34.6) 4.5 (3.1 – 9.1)*

eGFR (ml/min/1.73m2) 72 ± 27 38 ± 12 90 ± 19*

mGFR (ml/min/1.73m2) 77 ± 32 38 ± 15 95 ± 18*

Urine volume (mL/24h) 2350 (1790 – 2755) 2575 (2056 – 3225) 2150 (1650 – 2650)*

Urine osmolality (mOsmol/kg) 420 ± 195 329 ± 79 459 ± 164*

Urine to plasma osmolality ratio 1.4 (1.1 – 1.8) 1.3 (1.0 – 1.3) 1.5 (1.2 – 2.1)

Total kidney volume (L) 1.55 (0.99 – 2.40) 2.20 (1.42 – 3.12) 1.36 (0.08 – 1.84)*

Parametric variables are expressed as mean ± SD, whereas non-parametric variables are given as median 
(interquartile range). *,p<0.05 versus group with mGFR ≤ 60 ml/min/1.73m2. Abbreviations: eGFR, estimated 
glomerular filtration rate; mGFR, measured glomerular filtration rate

part 3, chapter 11

The associations of plasma osmolality with copeptin concentration are also presented 
in Figure 1 (lower panel). Model 1 shows that crude plasma osmolality was positively 
associated with copeptin concentration in the overall population (R =0.54, p<0.001), and 
in ADPKD patients with mGFR > 60 as well as mGFR ≤ 60 ml/min/1.73m2 (R =0.4, p=0.003 
and R=0.56, p=0.002, respectively). Model 2 shows that this association remained 
significant, when adjusted for age and sex. In Model 3, when additionally adjusted for 
TKV and mGFR, this association remained, although it did not reach formal statistical 
significance. Of note, urine osmolality and Uosm/Posm ratio were negatively associated 
with plasma osmolality (R =-0.22, p=0.04 and R =0.97, p<0.001, respectively).
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Figure 2 shows that mGFR was significantly associated with urine osmolality, plasma 
osmolality and plasma copeptin concentration (all p<0.001). TKV was also significantly 
associated with plasma osmolality and plasma copeptin concentration (both p<0.001), 
but not with urine osmolality (R = -0.12, p=0.3). 

Table 3 presents the associations of baseline urine osmolality, plasma osmolality, Uosm/
Posm ratio and copeptin concentration with change in estimated glomerular filtration 
rate (eGFR) during follow-up. Fifty-five patients were followed for 2.8 ± 0.8 years 
and their mean change in eGFR was -3.3 ± 2.9 ml/min/1.73m2 per year. Baseline urine 
osmolality was not associated with change in eGFR, neither crude, nor after adjustment 
for age and sex or additional adjustment for TKV. When urine osmolality was expressed 
as ratio of plasma osmolality, using the Uosm/Posm ratio, similar results were obtained. 

Table 2. Multivariate linear regression analyses investigating the cross-sectional association of baseline 
urine osmolality, urine to plasma osmolality ratio and plasma osmolality with baseline copeptin 
concentration (as dependent variable) in 94 ADPKD patients.

Model 1* Model 2** Model 3***

St. β p-value St. β p-value St. β p-value

Uosm -0.10 0.35 -0.02 0.86 +0.22 0.006

Age +0.26 0.01 -0.12 0.14

Male sex -0.32 0.001 -0.07 0.33

mGFR -0.66 <0.001

TKV +0.33 <0.001

Uosm/Posm ratio -0.09 0.42 -0.01 0.98 +0.21 0.006

Age -0.27 0.002 -0.13 0.13

Male sex -0.31 0.01 -0.08 0.30

mGFR -0.66 <0.001

TKV +0.34 <0.001

Posm +0.54 <0.001 +0.44 <0.001 +0.18 0.07

Age +0.09 0.36 -0.21 0.03

Male sex -0.15 0.13 -0.10 0.26

mGFR -0.46 <0.001

TKV +0.30 0.004

*Model 1: crude; **Model 2: adjusted for age and sex; ***Model 3 adjusted for age, sex, mGFR and TKV. Abbreviations: 
St. β, standardized beta; Uosm, urine osmolality; mGFR, measured glomerular filtration rate; TKV, total kidney 
volume; Uosm/Posm ratio, Urine to plasma osmolality ratio; Posm, plasma osmolality.
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In contrast, plasma osmolality was significantly associated with decline in eGFR. 
However after adjustment for age and sex, only a trend was seen, and after further 
adjustment for TKV, the association was absent. The association of baseline copeptin 
concentration with change in eGFR was significant (St. β = -0.41, p=0.003), also after 
adjustment for age, sex and TKV (St. β = -0.23, p=0.048). In addition, we investigated the 
association between 24-hour urine volume with change in renal function and copeptin 
concentration. No significant associations were found (p=0.6 and p=0.7 respectively). 
Lastly, urinary sodium excretion was not correlated with change in eGFR (R=0.02, p=0.9).

Of note, the results of the sensitivity analyses (i.e. analyses stratified for sex and analyses 
including outliers of copeptin concentration) were essentially similar to the results of 
the primary analyses. In addition, in the multivariate regression analyses with copeptin 
concentration as dependent variable, interaction terms of mGFR with urine osmolality, 

Figure 2. Associations of measured glomerular filtration rate (mGFR) and total kidney volume (log scale) 
with 24-hour urine osmolality, plasma osmolality and copeptin concentration in 94 ADPKD patients. 
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plasma osmolality and Uosm/Posm ratio were not significant (p=0.3, p=0.2 and p=0.6, 
respectively). Furthermore, for baseline copeptin concentration the interactions of sex 
with urine and plasma osmolality and with the Uosm/Posm ratio were not significant 
(p=0.3, p=0.6 and p=0.1, respectively). In addition, no significant interaction terms 
of copeptin with sex and mGFR were found in the analyses with change in eGFR as 
dependent variable (p=0.5 and p=0.4, respectively). Lastly, when calculated effective 
plasma osmolality was studied instead of measured plasma osmolality, essentially 
similar results were obtained. Effective plasma osmolality was independently associated 
with copeptin concentration, but lost significance after adjustment for age, sex, mGFR 
and TKV (St. β = 0.31, p=0.01; St. β = 0.17, p=0.1, respectively). Effective plasma osmolality 
was also independently associated with mGFR and TKV (R =-0.43, p=0.004 and R =0.36, 
p=0.002, respectively).
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Table 3. Multivariate linear regression analyses investigating the association of baseline urine osmolality, 
urine to plasma osmolality ratio, plasma osmolality and plasma copeptin concentration with change in 
eGFR during follow-up (as dependent variable) in 55 ADPKD patients.

Model 1* Model 2** Model 3***

St. β p-value St. β p-value St. β p-value

Uosm +0.11 0.43 +0.17 0.30 +0.14 0.34

Age +0.10 0.54 +0.21 0.18

Male sex +0.18 0.22 -0.06 0.71

TKV -0.53 0.001

Uosm/Posm ratio +0.09 0.53 +0.16 0.37 +0.13 0.40

Age +0.09 0.59 +0.21 0.20

Male sex +0.17 0.26 -0.04 0.78

TKV -0.52 0.002

Posm -0.29 0.04 -0.32 0.06 -0.11 0.55

Age +0.11 0.49 +0.18 0.23

Male sex +0.01 0.93 -0.09 0.56

TKV -0.48 0.007

Copeptin -0.41 0.003 -0.43 0.006 -0.23 0.048

Age -0.34 0.71 +0.14 0.30

Male sex -0.15 0.83 -0.12 0.41

TKV -0.41 0.02

*Model 1: crude; **Model 2: adjusted for age and sex; ***Model 3 adjusted for age, sex and TKV. Abbreviations: St. β, 
standardized beta; Uosm, urine osmolality; TKV, total kidney volume; Uosm/Posm ratio, Urine to plasma osmolality 
ratio; Posm, plasma osmolality.
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Discussion

Given the deleterious role of AVP in ADPKD we tried to address in the present study the 
question how to identify ADPKD patients with high AVP levels.  In healthy persons with 
normal kidney function, it has been shown that AVP concentration correlates positively 
with urine osmolality.18,25 In this situation, urine osmolality seems the perfect marker 
to monitor AVP levels. Consequently it has been suggested that in ADPKD patients a 
urine osmolality under 285 mOsmol/l or a urine osmolality below plasma osmolality 
indicates a water intake appropriate to suppress AVP levels.9,11 However, our findings 
suggest that in such patients both urine osmolality and urine to plasma osmolality ratio 
are not appropriate to monitor AVP levels, measured as plasma copeptin concentration. 
Moreover, we found that urine osmolality was not associated with the rate of renal 
function decline during follow-up. These observations were similar in patients with 
impaired, as well as with relatively preserved kidney function. 

A possible explanation of the fact that urine osmolality did neither correlate with 
copeptin levels nor with decline in renal function during follow-up, is that patients 
with ADPKD, even in a relatively early stage of their disease, can have an impaired urine 
concentration capacity. In a water deprivation test in which 15 ADPKD patients were 
included and 15 healthy controls, matched for sex and age, it was found that ADPKD 
patients had a reduced maximal urine concentration capacity compared to healthy 
controls, despite the fact that their GFR was still normal 26]. Early cyst formation leads 
to destruction of the renal architecture which, in turn, causes a failure to generate 
and maintain a hyperosmotic interstitial milieu, resulting in a low urine osmolality 
independent of vasopressin level.12,27 The fact that the association between copeptin 
and urine osmolality reached significance only after correction for TKV supports this 
hypothesis. 

Another marker to monitor activity of the AVP system might be measuring 
plasma osmolality. It is well known that under normal conditions, secretion of AVP is 
predominantly driven by an increase in plasma osmolality. In healthy persons with 
normal kidney function, plasma osmolality correlates therefore well with AVP levels.18 
In this study we found that in ADPKD patients plasma osmolality was indeed positively 
associated with copeptin concentration, although after adjustment for sex, age, TKV 
and mGFR, this association lost significance.

In addition, in our study plasma osmolality was only weakly associated with change 
in eGFR during follow-up, and this association was also lost after adjustment for 
covariates, indicating that measuring plasma osmolality has limited added value to 
predict prognosis. Again, these observations held true in patients with impaired, as well 
as with relatively preserved kidney function. That plasma osmolality had a limited role 
as marker for disease progression may be caused by the fact that plasma osmolality 
is usually held within narrow ranges (i.e. between 275 to 290 mOsmol/l) as variations 
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of only 1 to 2 percent initiate feed-back mechanisms to return osmolality to normal. 
Of note, measured plasma osmolality could theoretically be less reliable in case of 
impaired kidney function, because increases in urea concentration could influence 
measured plasma osmolality and thereby disturb the association of plasma osmolality 
with copeptin concentration. As a sensitivity analysis we therefore also analyzed the 
association of calculated effective plasma osmolality with copeptin concentration. 
Essentially similar results were obtained. We therefore consider measured plasma 
osmolality reliable, and used this parameter as one of our primary outcome measures. 

In literature, several cohort studies have shown that TKV and AVP (measured as 
copeptin) are good predictors for a decline in renal function during follow-up.28-30 Also 
in the present study TKV was the strongest marker for renal function decline. However, 
measurement of TKV is labor intensive and therefore difficult to operationalize in clinical 
care. In that respect measurement of copeptin concentration might be a more feasible 
alternative. The present study corroborates that higher copeptin is associated with more 
rapid renal function decline and that this associations persists after correction for age, 
sex, and even after additional correction for TKV. These data suggest that measurement 
of copeptin concentration, as alternative for measuring urine or plasma osmolality to 
reflect AVP activity, may be of help to identify ADPKD patients at risk for rapid disease 
progression. 

Patients with impaired renal function had on average higher copeptin levels. However, 
it should be noted that copeptin concentration has a broad distribution. Some patients 
with impaired renal function had lower copeptin levels than the average level in patients 
with normal kidney function. In patients with preserved renal function the opposite can 
be found. Therefore, selecting patients based on GFR will not be similar as selecting 
patients on copeptin concentration.

It should be emphasized that this study did not investigate the role of increasing 
water intake on copeptin or AVP concentration, nor on the rate of disease progression. 
Theoretically, however, an increase in water intake is expected to reduce the rate of 
disease progression in ADPKD by decreasing AVP activity, as has been shown for AVP 
V2 receptor blockade by tolvaptan.3 On the other hand, there may be limitations to 
the efficacy of increasing water intake.8  Medical treatment with tolvaptan leads to 
a long-term pharmacologic suppression of the AVP pathway. It is unknown whether 
long-term increases in water intake can also suppress AVP activity sustainably and what 
volume of fluid would be necessary to achieve this. A cautionary note should be made, 
being that clinicians should monitor ADPKD patients with impaired renal function that 
increase their water intake, because these patients are at risk for overhydration and 
hyponatremia.

We acknowledge that this study has limitations, the main ones being that this is an 
observational study and that most associations are based upon cross-sectional data. 
Our findings should therefore be considered as hypothesis generating. Secondly, a 
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relatively small number of patients was included. That we despite this limitation found a 
significant association between copeptin concentration and change in kidney function 
indicates that our data are robust. Of note, this number of patients did also not allow 
analyses stratified for all CKD stages, and we therefore analyzed our data for participants 
stratified for mGFR > and ≤ 60 ml/min/1.73m2. Lastly, in the participants with a ≤ 60 ml/
min/1.73m2 the majority of patients was male, which potentially could influence the 
study results. However, our study results did not change essentially in sex stratified 
analyses, and sex did not appear to be a significant effect modifier. Strengths of our 
study are that this is the first study that investigates in ADPKD patients the associations 
between plasma copeptin concentration, plasma and urine osmolality at baseline, and 
the associations of these variables with change in kidney function during follow-up. 
Moreover, we investigated whether these associations depend on disease severity 
in ADPKD. Furthermore, we assessed GFR and TKV at baseline using gold standard 
measures. 

In conclusion, our data suggest that plasma and urine osmolality cannot be used 
to identify ADPKD patients with a high copeptin (i.e. vasopressin) concentration that 
are at risk for a more rapid rate of kidney function decline during follow-up. Urine and 
plasma osmolality seem therefore no valid measures to identify ADPKD patients  with a 
worse prognosis. For this purpose measuring copeptin concentration may be a better 
alternative. 
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Summary

Arginine vasopressin (AVP) is an important hormone for water homeostasis of the body. 
Vasopressin is released from the pituitary gland upon an increase in plasma osmolality 
or a decrease in blood volume and blood pressure.1,2 Vasopressin facilitates water 
reabsorption in the collecting ducts of the kidney, leading to concentration of the urine 
in order to restore water balance. Importantly, also detrimental effects of vasopressin 
on the kidney have been described as well. It is suggested that vasopressin influences 
the microcirculation of the kidney and thereby induces hyperfiltration, proteinuria, 
glomerulosclerosis and renal function loss in the long run.3,4 Moreover, in autosomal 
dominant polycystic kidney disease (ADPKD) specific deleterious effects of vasopressin 
have been found. 

ADPKD is the most common hereditary kidney disease and is characterized by 
progressive cyst formation in the kidneys leading to end-stage renal failure in 70% of 
patients usually between the age of 40 and 70 years. In the Netherlands approximately 
6.500 people have ADPKD, of whom 1.500 are dependent on renal replacement 
therapy.5 The pathophysiology of ADPKD is not yet fully understood, but research 
conducted in the last decade acknowledges an important role for vasopressin in cyst 
growth and consequently disease progression.6 Vasopressin stimulates production of 
cyclic adenosine monophosphate (cAMP) by adenylyl cyclase (AC) at the basolateral 
side of the collecting ducts of the kidney. cAMP is needed to facilitate migration of 
aquaporine-2 channels into the apical cell membrane in order to reabsorb water, but 
also stimulates proliferation of tubular cells and chloride driven fluid secretion. These 
latter effects contribute to cyst growth and consequently disease progression.6 The 
concentration range of circulating vasopressin in chronic kidney disease patients, and 
specifically in ADPKD patients, is not clear. Neither has it been investigated whether 
vasopressin levels differ in ADPKD patients when compared to other chronic kidney 
disease patient groups

In this thesis, vasopressin and its surrogate marker copeptin were studied in chronic 
kidney disease and in particular in ADPKD. The central aim was to study to what extent 
vasopressin levels are elevated, and whether elevated vasopressin levels may be a 
causal factor in disease progression. This thesis is subdivided into three parts. In part 1 
copeptin is validated as a surrogate marker for vasopressin, in part 2 the physiological 
role of vasopressin is investigated in chronic kidney disease and ADPKD and, finally, in 
part 3 vasopressin is investigated as possible causal factor in chronic kidney disease 
progression.
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Part 1: Copeptin as surrogate marker for vasopressin

Copeptin is part of the vasopressin precursor hormone pre-pro-vasopressin. Splicing of 
this precursor leads to the release of copeptin and vasopressin in equimolar amounts.7 
It has been demonstrated that copeptin levels correlate well with vasopressin levels 
during physiological changes in plasma osmolality, from water excess to dehydration.8,9 
The studies described in part 1 of this thesis were performed to develop a protocol for 
optimal pre-analytical sample handling for measurement of copeptin and vasopressin in 
clinical and epidemiological studies, and to validate copeptin as marker for vasopressin 
in patients with impaired kidney function. 

In Chapter 3 the effect of centrifugation speed, various short-term storing conditions 
pre- and post-centrifugation, long-term freezer storage, and repeated freeze-thaw cycles 
on both copeptin and vasopressin levels in blood and plasma of 10 healthy volunteers 
was investigated. The stability of vasopressin varied widely between the different study 
conditions. Especially the impact of different centrifugation speeds on vasopressin was 
impressive, whereas copeptin was not affected by centrifugation speed or any of the 
other study conditions. Because of this limited ex-vivo stability of vasopressin, the use of 
a strict sample handling protocol in measurements of vasopressin is advocated. Blood 
samples should be collected on ice and centrifuged at 4°C immediately after collection 
at preferably 2000 g or higher. Short-term storage of plasma samples is preferred at 
4°C for a maximum time span of 24 hours or, if storage for a longer period is inevitable, 
plasma samples should be stored at -80°C. Repeated freeze-thaw cycles should be 
avoided. A far less strict protocol for copeptin is required. This makes measurement of 
copeptin as surrogate for vasopressin an attractive alternative, especially when samples 
are used that have been stored frozen during prolonged periods of time, that have 
undergone freeze-thaw cycles, or that are collected without a strict sample handling 
protocol.

In Chapter 4 and Chapter 5 we aimed to unravel whether increased copeptin levels in 
chronic kidney disease patients accurately reflect vasopressin levels or are the result of 
decreased renal clearance. In Chapter 4 we measured copeptin in 134 healthy kidney donors 
before and after kidney donation and in 122 ADPKD patients. In this study, we found no 
association between glomerular filtration rate (GFR, measured as iothalamate clearance) 
and copeptin levels in healthy kidney donors pre- or post-donation. Moreover, in these 
participants copeptin levels did not change after kidney donation, despite a significant 
decrease in GFR of 40%. In contrast, in ADPKD patients a significant association was 
found between GFR and copeptin levels. These data suggest that copeptin is more than 
merely a filtration marker and that copeptin is associated with disease severity in ADPKD. 
In Chapter 5 we investigated the association between renal function and the copeptin/
vasopressin ratio in 16 healthy volunteers and 114 chronic kidney disease patients with a 
wide range of renal function. We found levels of copeptin and vasopressin to be elevated 
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in patients with impaired renal function when compared to healthy controls. Because 
both analytes were increased to the same extent, the copeptin/vasopressin ratio was 
independent of renal function in these subjects. However, in patients with a glomerular 
filtration rate (eGFR) below 30 ml/min/1.73m2, copeptin increased to a greater extent 
than vasopressin. The results of Chapters 4 and 5 suggest that copeptin is a reliable 
marker for vasopressin, even in patients with impaired renal function, at least when eGFR 
is above 30 ml/min/1.73m2. In literature a role for renal clearance in the metabolism of 
copeptin has been suggested as several studies found an inverse association between 
copeptin and renal function.10-15 Our results show, however, that these elevated copeptin 
levels seem to be an accurate reflection of vasopressin levels and are not the effect of 
reduced renal clearance. Nonetheless, the marked increase in copeptin in severe renal 
insufficiency does imply a modest renal component in the total clearance of copeptin. 
In clinical and epidemiological studies in which patients are included with an eGFR less 
than 30 ml/min/1.73m2, it is therefore advised to adjust associations of copeptin levels 
with markers of disease severity or progression for kidney function. 

Part 2: Urine concentrating capacity and vasopressin in chronic 
kidney disease

The first studies examining the maximal urine concentrating capacity in patients 
with chronic kidney disease were published around sixty years ago. These studies 
found an impaired ability to concentrate urine in patients with decreased kidney 
function.16-19 Two major renal causes were described that could possibly underlie this 
impairment: a decrease in functioning nephrons and a pathological process in the 
residual nephrons.17,20,21 Patients with ADPKD seem to have a specific defect in the 
ability to concentrate urine. The mechanism that causes this concentrating defect is 
not exactly known. Martinez-Maldonado et al. found an impaired urine concentrating 
capacity in ADPKD patients, even in patients with an intact eGFR, implying a defect of 
the tubular function with a sufficient functioning glomerular filtration system.22 Both 
an impaired medullary osmotic gradient due to cysts induced abnormal interstitial 
architecture and an insensitivity to vasopressin e.g. due to a receptor defect have been 
suggested to cause this tubular dysfunction in ADPKD.23-25 Theoretically, a decrease in 
renal concentrating capacity could also have a central cause, i.e. impaired vasopressin 
release by the pituitary gland. A reliable assay for vasopressin was not available at the 
time when these studies were performed and therefore vasopressin was not measured 
in these studies. A definitive conclusion upon a potential central vasopressin deficit in 
ADPKD can therefore not be drawn. Part 2 of this thesis focused on increasing the current 
knowledge of the maximal urine concentrating capacity and vasopressin response in 
chronic kidney disease, in particular in ADPKD. 
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In Chapter 6 water deprivation tests were performed in 15 ADPKD patients in early 
stage of their disease, as reflected by a normal eGFR, and 15 healthy volunteers 
matched for age, sex and eGFR, to determine the maximal urine concentrating capacity 
and vasopressin and copeptin response. The maximal urine concentrating capacity 
was lower in ADPKD patients, with particularly a lower maximal achieved urine urea 
concentration, than in healthy subjects. After reaching maximal urine concentrating 
capacity, plasma osmolality, vasopressin and copeptin levels were significantly higher 
in ADPKD patients in comparison to healthy volunteers. To investigate whether this 
concentration deficit is amplified in ADPKD patients with later stage disease, in Chapter 7 
similar water deprivation tests were performed in ADPKD patients with impaired kidney 
function, and compared with non-ADPKD patients with a similar level of impaired kidney 
function. IgA nephropathy patients were chosen as control group, matched for age, sex, 
and eGFR, to compare the concentrating capacity and vasopressin response in patients 
with predominantly tubulo-interstitial damage (ADPKD) to patients with predominantly 
glomerular dysfunction (IgA nephropathy). This study showed that ADPKD patients had 
a more severely impaired urine concentrating capacity with, again, a lower maximal 
achieved urine urea concentration in comparison to IgA nephropathy patients. Both 
study groups, however, had similar elevated vasopressin and copeptin levels at baseline 
and during water deprivation. Furthermore, more severe ADPKD, assessed as a higher 
total kidney volume, was positively associated with plasma osmolality, copeptin and 
albuminuria, and with a more severely impaired urine concentrating capacity during 
water deprivation. The results of both water deprivation studies indicate that the 
impairment in the ability to concentrate urine in patients with chronic kidney disease 
most likely is not based on a central deficiency to secrete vasopressin levels as the 
vasopressin levels that were found in these studies were high. The fact that a urine 
concentrating impairment was found in ADPKD patients with still a normal kidney 
function, and that this was based on especially an impaired urine urea concentration, 
suggests a role for interstitial damage in the kidney. We hypothesize that destruction of 
the medullary architecture due to the development of cysts leads to disruption of urea 
transporters and the intra-renal urea recycling in the medulla. This in turn leads to a 
decrease in urea excretion and urine concentrating ability. In IgA nephropathy patients 
an impairment of the urine concentrating capacity was seen as well, although less 
profound and with a higher maximal urine urea concentrating capacity in comparison 
to ADPKD patients with similar eGFR. This shows that etiology of the kidney disease is of 
importance to determine the extent and origin of the urine concentrating impairment. It 
should be emphasized that in ADPKD as well as in IgA nephropathy patients circulating 
vasopressin levels during normal conditions and during water deprivation were elevated 
in comparison to healthy controls. Given the possible deleterious effects of vasopressin 
on the kidney, this observation is of importance and further investigated in part 3.
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Part 3: Vasopressin as causal factor in chronic kidney disease 
progression

Elevated vasopressin levels found in part 2 of this thesis are of importance as detrimental 
effects of vasopressin on kidney disease progression have been described. In this thesis 
it was hypothesized that when kidney damage occurs, urine concentrating capacity 
declines, leading to an increase in vasopressin, which in turn causes kidney damage. 
Thus a vicious circle is created that predisposes for progressive kidney function loss. The 
third part of this thesis aims to investigate whether vasopressin is indeed a causal factor 
in chronic kidney disease progression in general and in ADPKD in particular, and how 
patients that may benefit from treatment by vasopressin blockade can be identified.

In Chapter 8 the association of copeptin with disease severity and progression was 
investigated in a prospective cohort of 59 IgA nephropathy patients. In this study strong 
associations were found between copeptin and various markers of kidney damage. 
Baseline copeptin was significantly associated with incidence of the composite renal 
outcome and its individual components doubling of serum creatinine, end stage 
renal failure and start of immunosuppressive therapy during 5 year follow-up. When 
investigating copeptin in multivariate Cox regression analyses, copeptin added 
prognostic value over blood pressure, proteinuria and eGFR. These results can be 
added to a growing body of evidence supporting the independent prognostic role 
of copeptin in chronic kidney disease. Our research group has previously shown that 
copeptin is associated with prevalence of microalbuminuria in a large population-based 
cohort and has predictive value with respect to renal outcome in several populations, 
including renal transplant recipients and patients with type 2 diabetes.11,26,27 These 
studies all support the hypothesis that vasopressin has a pathophysiological role in the 
progression of chronic kidney disease.

Regarding ADPKD, vasopressin may have a specific additional detrimental role, and 
the body of evidence supporting this role is growing since the last decade. Strangely 
enough, studies investigating whether in ADPKD vasopressin is associated with disease 
progression are lacking. This might be caused by the fact that vasopressin is difficult 
to measure. Using copeptin as surrogate (as described in part 1 of this thesis) made 
it possible to investigate this question. In Chapter 9, copeptin was investigated in 79 
ADPKD subjects as prognostic marker for renal function decline. In these patients, 
renal function was assessed during short-term follow-up (3 years) by inulin clearance 
and during long-term follow-up (11 years) by creatinine based estimated GFR. Baseline 
copeptin concentration was inversely associated with change in mGFR during short-term 
follow-up, as well as with change in eGFR during long-term follow-up. These associations 
were independent of age, gender and baseline kidney function (mGFR and eGFR, 
respectively). The findings of this study are in line with intervention studies. Treatment 
with a vasopressin V2 receptor antagonist delayed disease progression in animal models 

chapter 12



223

for polycystic kidney disease.23,28-32 A recent multicenter randomized controlled trial 
corroborated in patients with relatively early stage disease found that the vasopressin 
V2 receptor antagonist tolvaptan slowed the increase in total kidney volume and the 
decline in kidney function over a 3 year period.33 Although a break-through in ADPKD 
treatment, optimal timing and dosage of the drug are yet debated.  All experimental as 
well as clinical studies investigated a fixed dose treatment regimen in relatively early 
stage of disease.34 It has been suggested that disease severity and treatment duration 
may influence treatment efficacy, as indicated by a decline in aquaretic response 
to V2 receptor antagonism in later stage disease and during prolonged treatment. 
Therefore, in Chapter 10 optimal time of start and optimal dosage of V2 receptor 
antagonist treatment was examined in a PKD mouse model. The V2 receptor antagonist 
was administered to Pkd1-deletion mice in a fixed dose or in a titrated dose, based on 
water intake. Treatment was started early or late (21 or 42 days postnatal). In this study, 
water intake was significantly higher throughout the experiment in the titrated dose 
treatment group compared to the fixed dose treatment group. Early initiated fixed dose 
treatment reduced total kidney weight and cyst ratio, but lost its renoprotective effect 
later during the experiment. In contrast, titrated dose treatment was able to maintain 
the renoprotective effect. Titrated dose treatment, however, was also associated with 
a high early termination rate in comparison with fixed dose treatment. Late start of 
treatment, fixed or titrated dose treatment, did not show any renoprotective effect at 
all. Translating experimental data into clinical practice is difficult and should be done 
with caution. This study shows that a better therapeutic response can be achieved when 
higher doses of the V2 receptor antagonist are used. This suggests that dose titration of 
a V2 receptor antagonist in clinical practice, when disease progresses and the aquaretic 
response to the drug decreases, may be beneficial. However, this renoprotective effect 
was counteracted by significant side effects. Moreover, this rigorous treatment regimen 
did not overcome therapeutic unresponsiveness when started in a later stage of the 
disease. Combination therapy, for instance with a somatostatin analogue, may allow to 
use lower doses of each single drug, thereby limiting adverse events, while optimizing 
renoprotective efficacy.35 

At present it is advocated to use urine osmolality as measure for the degree of 
suppression of vasopressin. As such urine osmolality could be used to select patients 
with assumed high vasopressin levels for treatment by vasopressin reduction, either by 
increasing fluid intake or by prescribing a vasopressin V2 receptor antagonist. In healthy 
subjects with normal kidney function, vasopressin levels indeed correlate positively 
with urine osmolality.36,37 In line, it has been suggested that in ADPKD patients a urine 
osmolality under 285 mOsmol/l (i.e., a urine osmolality below plasma osmolality) 
indicates a water intake appropriate to suppress vasopressin levels.38,39 However, the 
impaired urine concentrating capacity in ADPKD patients found in part 2 of this thesis 
raised concerns regarding the usefulness of urine osmolality as marker for vasopressin 
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activity in this specific patient population. In Chapter 11, we therefore investigated 
whether urine osmolality and urine to plasma osmolality ratio are accurate markers for 
circulating vasopressin levels. The findings in this chapter show that in ADPKD patients 
both urine osmolality and urine to plasma osmolality ratio are not appropriate to monitor 
vasopressin levels, measured as plasma copeptin concentration. Patients with advanced 
disease showed low urine osmolality, but high copeptin levels. Most likely, in these 
patients a low urine osmolality does not reflect adequate suppression of vasopressin, 
but merely that these patients have an impaired urine concentrating capacity leading 
to a decrease in urine osmolality as well as an increase in plasma osmolality and an 
increase in vasopressin levels. Our data suggest that plasma and urine osmolality cannot 
be used to identify ADPKD patients with a high copeptin (i.e. vasopressin) concentration 
that are at risk for a more rapid rate of kidney function decline during follow-up. For this 
purpose measuring copeptin concentration may be a better alternative. 

Future perspectives

Part 1
Although the results of part 1 of this thesis show that copeptin is mostly cleared extra-
renal, the exact metabolic fate of copeptin is still unknown. The marked increase in 
copeptin in severe renal insufficiency seen in Chapter 5 does imply at least a modest 
renal component in the total body clearance of copeptin. Experimental studies that 
determine renal clearance, half-life, and tissue deposition of copeptin would greatly 
enhance acceptance of copeptin as a valid marker in epidemiologic studies in kidney 
disease by the scientific community, especially for research in subjects with a GFR <30 
ml/min/1.73m2. Such studies have yet to be performed.

Part 2
The finding of an impaired urine concentrating capacity and subsequently high 
vasopressin levels in both ADPKD and IgA nephropathy patients with impaired kidney 
function described in part 2 of this thesis suggest these findings may be applicable 
to chronic kidney disease in general as ADPKD and IgA nephropathy are two very 
different renal diseases in terms of etiology. However, before this can be concluded, 
water deprivation tests and measurement of vasopressin should also be performed in 
patients with chronic kidney disease other than IgA nephropathy and ADPKD. It will be 
of interest to establish whether patients with chronic kidney disease have an impaired 
urine concentrating capacity and consequently elevated vasopressin levels, especially 
when this will be the case already in early stage of disease. Already in the sixties it was 
shown in patients with hypertension but normal serum creatinine levels that the level 
of urine concentration in early morning urine samples detects patients with early stage 
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renal disease. Tibblin and Vikgren, the authors of this study, advocated to determine the 
urine concentrating capacity as a relatively simple, non-invasive marker for renal disease 
in subjects of the general population.40 Whether the urine concentration of an early 
morning urine sample can indeed select subjects with an impaired urine concentrating 
capacity and detect renal disease in an early stage should be further investigated. 
Such a procedure could identify patients at risk for renal disease progression, that may 
benefit from early start of treatment.

Part 3
The outcomes of part 3 of this thesis, i.e. that copeptin independently predicts renal 
function loss in IgA nephropathy as well as ADPKD patients, are in line with the described 
deleterious effects of vasopressin on the kidney. In order to decrease vasopressin levels, 
sufficient hydration could be of importance. In chronic kidney disease the medicinal 
use of water to decrease vasopressin levels has been described several times.39 In 5/6 
nephrectomized rats an increase in water intake was protective with a less increase 
in urine protein excretion and systolic blood pressure during follow-up as in rats 
with normal water intake.41 Recently, two community-based studies investigated the 
association between water intake and kidney function.42 In a cross-sectional study the 
group with a high self-reported mean daily fluid intake had a lower prevalence of chronic 
kidney disease.43 In the other study with a prospective design, study participants with 
the highest 24 hour urine volume at baseline showed the lowest rates of decline in eGFR 
thereafter. These studies suggest that progressive kidney damage can be delayed by 
sufficient hydration. However, large scale randomized controlled trials are needed to 
test this hypothesis. One such study, the Water Intake Trial (WIT), is ongoing.44  

As shown in the TEMPO 3:4 trial V2 receptor antagonist therapy attenuates disease 
progression in ADPKD. The findings in Chapter 10 suggest that treatment response can 
be optimised by up titration of the dose. However, as also shown in this chapter, adverse 
effects may limit the widespread clinical use of high dose V2 receptor antagonists. 
Adverse effects include thirst, polydipsia, polyuria, and nycturia, which can cause sleep 
disturbance. These side effects, in combination with the variable disease course in ADPKD, 
prompt the need for identification of patients with a high likelihood of rapid disease 
progression that are most likely to benefit from treatment, because in such subjects 
the benefit to risk ratio will be higher. This thesis suggests that copeptin could be such 
a marker, but future research is needed to confirm this before copeptin measurement 
can be used in clinical practice. In addition, even the rigorous treatment regimen in 
Chapter 10 did not overcome therapeutic unresponsiveness when started in a later 
stage of the disease. To enhance therapeutic efficacy, combination therapy could be of 
more use. A number of drugs are under investigation, of which somatostatin analogues 
perhaps seem most promising, because they induce a similar effect on intracellular 
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cAMP production as V2 receptor antagonists. Both drug classes inhibit adenylyl cyclase, 
the enzyme that converts adenosine triphosphate (ATP) into cAMP.45 Interestingly, Hopp 
et al recently showed in a Pkd1 experimental model that combination treatment with a 
somatostatin analogue and a V2 receptor antagonist led to lower cAMP levels and less 
cyst progression when compared to monotherapy with either of both drugs.35 These 
experimental data indicate that in ADPKD patients a combination of these drugs may 
allow to use lower doses of each single drug, thereby limiting the incidence and severity 
of adverse events, while retaining renoprotective efficacy. These experimental results 
are promising and, given the results of Chapter 10, seem a more logical direction for the 
design of future clinical trials than testing the renoprotective efficacy of even higher 
doses monotherapy than those that are used at present. 

Vasopressin, causal factor or innocent bystander in chronic kidney 
disease?

The work presented in this thesis brings us closer to understanding the role of vasopressin 
in chronic kidney disease. It is important to realize that circulating vasopressin levels 
increase in patients with kidney damage, especially when interstitial damage occurs 
as this leads to impairment of urine concentrating ability. The dramatic progression of 
interstitial damage seen in ADPKD patients due to cyst growth is a classic example of 
this mechanism. However, also in other types of chronic kidney disease this impairment 
in urine concentrating capacity and subsequently elevated vasopressin levels can be 
observed, for instance in IgA nephropathy as shown in this thesis. In ADPKD, substantial 
evidence has emerged regarding the effect of vasopressin on cyst growth and kidney 
function deterioration. In the last couple of years, several study groups across the world 
concluded that vasopressin is a causal factor involved with ADPKD progression. The 
results obtained with vasopressin V2 receptor blockade in mice with polycystic kidney 
disease (Chapter 10) are in agreement with this conclusion. Using copeptin as marker 
for risk for rapid disease progression in ADPKD seems therefore promising. The fact 
that copeptin also predicts disease progression in IgA nephropathy, suggests that 
vasopressin is more than just an innocent bystander in this disease as well, and might 
be causally related. However, the evidence for this hypothesis presented in this thesis 
is indirect and further research is needed, in IgA nephropathy in particular, but also in 
chronic kidney disease in general. A randomized controlled trial in which vasopressin 
activity is blocked will provide the evidence that is needed. Increasing water intake to 
supress plasma vasopressin concentration may be the preferred option in a chronic 
kidney disease population. Whether such a dietary intervention is feasible on the long-
term, however, remains to be proven. If not, treatment with a vasopressin V2 receptor 
antagonist can be studied.  
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Samenvatting

Ongeveer een miljoen nefronen zorgen samen voor de werking van de nier. Een 
nefron is grofweg opgedeeld uit een glomerulus en een tubulus die uitmondt in een 
verzamelbuis (Figuur 1). De glomerulus werkt als een filter waar afvalstoffen en water 
doorheen kunnen maar waar essentiële stoffen voor het lichaam zoveel mogelijk 
achterblijven. Een maat voor de werking van het filter is de glomerulaire filtratie snelheid 
(GFR), ofwel de hoeveelheid voorurine die geproduceerd wordt. Bij een gezond persoon 
is dat ongeveer 180 liter per dag. De tubulus bestaat uit een ingewikkeld buizenstelsel 
waar allerlei processen van resorptie en uitscheiding plaatsvinden. Belangrijke stoffen 
die toch door het filter gaan kunnen hier terug de bloedsomloop in. Stoffen die juist 
het lichaam uit moeten maar die niet door het filter kunnen worden hier uitgescheiden. 
De tubulus mondt uit in een verzamelsysteem waar de voorurine geconcentreerd 
wordt tot de ongeveer 1.5 liter urine die uiteindelijk uitgeplast wordt. Onder invloed 
van het hormoon arginine vasopressine (AVP) wordt hier water terug de bloedsomloop 
in gestuurd zodat er geen grote hoeveelheiden water verloren gaan. Als dit niet goed 
werkt, plas je vele liters water uit en heb je de hele dag dorst. Een goede werking van 
de tubulus en het verzamelsysteem samen is van belang om urine goed te kunnen 
concentreren.

Figuur 1. Schematische weergave van een nefron 
met de glomerulus (1), tubulus (2) en verzamelbuis 
(3). Figuur uitkomstig uit Klinische nefrologie van de 
Jong ea.
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Vasopressine wordt afgegeven door de hypofyse (een klier in de hersenen) bij een 
verhoging van het zoutgehalte in het bloed of een verlaging van het totale bloedvolume. 
Naast de belangrijke functie van het reguleren van de waterbalans van het lichaam, zijn 
er ook schadelijke effecten van vasopressine op de nier beschreven. Vasopressine lijkt 
de bloeddruk in de nier te vergroten waardoor eiwitlekkage en verlittekening van de 
nier kan ontstaan. Bij patienten met autosomaal dominante polycysteuze nierziekte, 
lijkt vasopressine nog extra schadelijk te zijn, door het stimuleren van de groei van 
cysten en daarmee nierfunctie-achteruitgang. Autosomaal dominante polycysteuze 
nierziekte, in het Engels autosomal dominant polycystic kidney disease ofwel ADPKD, 
is de meest voorkomende erfelijke nierziekte. De ziekte ontstaat doordat het PKD-
1 dan wel het PKD-2 gen in het DNA beschadigd is. In de nieren van patiënten met 
deze beschadiging ontstaan cysten die gedurende het leven steeds groter worden 
(Figuur 2). Hierdoor gaat de nierfunctie achteruit wat bij veel patiënten uiteindelijk leidt 
tot nierfalen tussen het 40e en 70e levensjaar. In Nederland hebben ongeveer 6500 
mensen ADPKD waarvan 1500 patiënten dialysebehoeftig zijn of een niertansplantatie 
hebben ondergaan. Hoe de niercysten precies ontstaan en waarom ze groeien is nog 
niet helemaal duidelijk. Afgelopen decennium heeft onderzoek wel aangetoond dat 
vasopressine een belangrijke rol speelt bij cystegroei en dus ziekteprogressie bij deze 
patiënten. De hoeveelheid vasopressine in het bloed bij patiënten met een chronische 
nierziekte en in het bijzonder patiënten met ADPKD, is niet bekend. Ook is het niet 
duidelijk of vasopressine spiegels in het bloed verschillen bij ADPKD patiënten in 
vergelijking met andere chronische nierziekte patiënten.

Figuur 2: MRI afbeelding (links) en een foto (rechts) van cystenieren. Het totale volume van beide nieren 
samen is ongeveer 8 liter. Normale nieren hebben gezamenlijk ongeveer een volume van 330 ml.
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In dit proefschrift is vasopressine en de surrogaat marker voor vasopressine, copeptin, 
onderzocht bij patiënten met een chronische nierziekte in het algemeen en specifiek 
bij ADPKD patiënten. Het doel van het proefschrift was om te onderzoeken in 
hoeverre vasopressine spiegels verhoogd zijn bij nierpatiënten en of vasopressine een 
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oorzakelijke verband heeft met ziekteprogressie. Het proefschrift is verdeeld in drie 
delen. In deel 1 is copeptin gevalideerd als surrogaat marker voor vasopressine. In deel 
2 is de fysiologische rol van vasopressine onderzocht bij patiënten met een chronische 
nierziekte, in het bijzonder bij ADPKD patiënten. In deel 3 is onderzocht of vasopressine 
invloed heeft op ziekteprogressie bij nierpatiënten.

Deel 1: Copeptin als surrogaat marker voor vasopressine

Voordat vasopressine door de hersenen wordt afgegeven is het onderdeel van een 
groter molecuul: pre-pro-vasopressine. Copeptin is hier een onderdeel van (Figuur 3). 
Wanneer dit molecuul splitst komen vasopressine en copeptin in gelijke verhouding 
vrij in het lichaam. Uit onderzoek is gebleken dat copeptin spiegels inderdaad goed 
correleren met vasopressine spiegels in het lichaam als de nierfunctie intact is. De 
studies uit deel 1 van dit proefschrift zijn uitgevoerd om een protocol te ontwikkelen 
voor de optimale verwerking van bloed na afname voor de meting van vasopressine en 
copeptin in studieverband. Daarnaast is bekeken of copeptin ook een goede marker is 
voor vasopressine bij patiënten met een verminderde nierfunctie.
In Hoofdstuk 3 is met bloed van 10 gezonde vrijwilligers onderzocht in hoeverre 
centrifugatiesnelheid, verschillende bewaarcondities en het meermalen bevriezen en 
ontdooien van bloedsamples van invloed is op de vasopressine- en copeptinmeting. 
Vasopressine varieerde sterk tussen de verschillende studiecondities. Vooral de 

Figuur 3: Schematische weergave van de vasopressine precursor pre-pro-vasopressine. De nummers 
geven de aminozuren van het humane eiwit weer. AVP staat voor arginine vasopressine. Figuur afkomstig 
van Morgenthaler et al. BMC Med. 2012.

impact van centrifugatiesnelheid was opvallend. Bij een hogere draaisnelheid van 
de centrifuge werd minder vasopressine gemeten in het bloedvocht (plasma) dat na 
centrifugeren overbleef. Copeptin daarentegen, bleef stabiel bij de verschillende 
centrifugatie snelheden en ook bij de andere omstandigheden. Door deze instabiliteit 
van vasopressine buiten het lichaam is het handhaven van een strikt protocol tijdens 
verwerking van de bloedsamples van groot belang. Een veel minder streng protocol is 
nodig voor meting van copeptin. Dit maakt het meten van copeptin als surrogaat marker 
voor vasopressine een aantrekkelijk alternatief. Met name wanneer bloedsamples 
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worden gebruikt die langere tijd in de vriezer opgeslagen hebben gelegen, die 
meerdere keren ontdooid zijn, of die zonder streng protocol zijn verzameld.

Bij nierpatiënten worden verhoogde copeptin spiegels gevonden ten opzichte van 
gezonde mensen. In Hoofdstuk 4 en Hoofdstuk 5 is onderzocht of deze verhoogde 
copeptin spiegels bij nierpatiënten het resultaat zijn van verhoogde vasopressine 
spiegels of dat copeptin wordt beïnvloed door een verstoring van de nierfunctie 
waardoor copeptin niet goed meer kan worden uitgescheiden. Dit laatste zou kunnen 
betekenen dat copeptin geen goede marker is voor vasopressine bij nierpatiënten 
met een verminderde nierfunctie. In Hoofdstuk 4 is copeptin daarom gemeten bij 134 
gezonde nierdonoren voor en na afstaan van een nier en bij 122 ADPKD patiënten. In 
deze studie zagen we geen verandering in copeptin spiegel in het bloed bij de donoren 
voor en na donatie, terwijl bij hen de nierfunctie na het doneren van een nier wel 
duidelijk afnam. Dit suggereert sterk dat copeptin niet wordt beinvloed door klaring. 
Bij ADPKD patiënten werd wel een associatie gevonden tussen nierfunctie en copeptin 
spiegels. Dit laat zien dat copeptin geassocieerd is met ziekte-ernst bij patiënten met 
ADPKD. In Hoofdstuk 5 is gekeken naar het verband tussen nierfunctie en de copeptin/
vasopressine ratio bij 16 gezonde vrijwilligers en 114 chronische nierpatiënten met 
goede en slechte nierfunctie. We zagen dat zowel copeptin als vasopressine verhoogd 
waren bij nierpatiënten met verminderde nierfunctie in vergelijking met gezonde 
vrijwilligers. Omdat de twee moleculen op een zelfde manier verhoogd waren bleef 
de ratio gelijk en deze was dus onafhankelijk van nierfunctie. Bij patiënten met een 
erg lage nierfunctie (GFR onder de 30 ml/min/1.73m2) steeg copeptin wel meer dan 
vasopressine en ging de copeptin/vasopressine ratio omhoog. Deze resultaten laten 
zien dat copeptin een goede surrogaat marker is voor vasopressine, ook bij patiënten 
met een verminderde nierfunctie, althans wanneer de nierfunctie boven de 30 ml/
min/1.73m2 is. Bij patiënten met een nierfunctie onder de 30 ml/min/1.73m2, is het wel 
verstandig associaties met copeptin te corrigeren voor nierfunctie.

Deel 2: Vasopressine en het concentrerend vermogen van urine bij 
patiënten met chronische nierziekten

De eerste studies die het maximaal urine concentrerend vermogen van de nier bij 
patiënten met een chronische nierziekte onderzochten zijn ongeveer 60 jaar geleden 
gepubliceerd. Deze studies vonden een verminderd concentrerend vermogen van de 
nier bij patiënten met een verminderde nierfunctie. De exacte oorzaak hiervoor is niet 
bekend. Bij ADPKD wordt al vroeg in het ziektebeloop gezien dat het concentrerend 
vermogen afneemt. Ten tijden van de bovengenoemde onderzoeken was er nog 
geen betrouwbare meting beschikbaar voor het bepalen van vasopressine. Er is 
daarom weinig bekend over de rol van vasopressine in het verminderd concentrerend 
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vermogen van patiënten met een chronische nierziekte in het algemeen en met ADPKD 
in het bijzonder. Deel 2 van dit proefschrift richt zich op het uitbreiden van kennis over 
het maximaal urine concentrerend vermogen van de nier en de vasopressine afgifte bij 
deze groep patiënten.

Voor Hoofdstuk 6 zijn dorstproeven uitgevoerd bij 15 patiënten met een vroeg 
stadium van ADPKD met een nog normale nierfunctie, en 15 gezonde vrijwilligers 
met een vergelijkbare nierfunctie, leeftijd en geslacht. Deze dorstproeven werden 
uitgevoerd om het maximaal concentrerend vermogen van de nier te bepalen en 
de vasopressine en copeptin respons te onderzoeken. Uit dit onderzoek blijkt dat 
ADPKD patiënten een verminderd urine concentrerend vermogen hebben wat met 
name veroorzaakt wordt door een verminderde maximale urine ureum concentratie. 
Daarbij waren vasopressine en copeptin spiegels tijdens het dorsten significant hoger 
bij ADPKD patiënten in vergelijking met de gezonde vrijwilligers. Om te onderzoeken 
of dit verminderd urine concentrerend vermogen versterkt is bij ADPKD patiënten in 
vergelijking met patiënten met een andere chronische nierziekte zijn in Hoofdstuk 7 
opnieuw dorstproeven uitgevoerd. Dit keer bij 15 ADPKD patiënten met verminderde 
nierfunctie en 15 niet-ADPKD chronische nierpatiënten met een zelfde nierfunctie, 
leeftijd en geslacht. Voor deze laatste patiëntengroep is gekozen voor patienten met 
de nierziekte IgA nefropathie omdat IgA nefropathie bekend staat om glomerulaire 
schade, dus schade aan het filter, terwijl ADPKD patiënten met name schade hebben 
aan de tubulus en het verzamelsysteem. Deze studie laat zien dat ADPKD patiënten 
een sterkere verstoring hebben van het urine concentrerend vermogen van de nier 
dan IgA nefropathie patiënten. Opmerkelijk was echter, dat beide groepen patienten 
vergelijkbare verhoogde vasopressine en copeptin spiegels hadden voor en tijdens 
het dorsten. Daarnaast was een ernstigere vorm van ADPKD, geduidt als patiënten 
met een groter niervolume, geassocieerd met een ernstiger urine concentratie defect, 
verhoogde copeptin spiegels en eiwitlekkage in de urine (een maat voor nierschade). 
De resultaten van deze twee dorstproeven tesamen laten zien dat het verminderd 
urine concentrerend vermogen van de nier bij patiënten met chronische nierziekte 
niet gebaseerd is op een verminderde afgifte van vasopressine in de hersenen omdat 
de vasopressine spiegels, die gemeten zijn in de studies, hoog waren. Het feit dat een 
verminderd urine concentrerend vermogen werd gevonden bij patiënten met een 
normale nierfunctie, suggereert dat niet de klaring belangrijk is, maar iets anders. 
Onze hypothese is dat de groei van cysten zorgt voor een verstoring van de normale 
structuur in de nieren, waardoor de ureum recycling in de nier, wat van belang is voor 
het urine concentrerend vermogen, verminderd wordt. Bij IgA nefropathie patiënten 
werd ook een verminderd urine concentrerend vermogen gezien, maar met een hogere 
maximale urine ureum concentratie capaciteit in vergelijking met ADPKD patiënten 
met een zelfde klaring. Dit laat zien dat de aard van de nierziekte van belang is bij het 
bepalen van de ernst en de oorsprong van het verminderd concentrerend vermogen.
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Deel 3: Vasopressine als oorzakelijke factor van chronische nierziekten

De verhoogde vasopressine spiegels die gevonden werden in deel 2 van dit proefschrift 
zijn van belang omdat negatieve effecten van vasopressine op de nier beschreven zijn. 
In het derde deel van het proefschrift is de volgende hypothese getoetst: wanneer 
nierschade plaatsvindt, verslechterd het concentrerend vermogen van de nier waardoor 
meer vasopressine afgegeven wordt, wat vervolgens leidt tot nierschade. Hierdoor 
ontstaat een vicieuze cirkel die leidt tot progressieve nierfunctie achteruitgang. Dit 
deel van het proefschrift onderzoekt daarom of vasopressine inderdaad zorgt voor 
ziekteprogressie bij chronische nierpatiënten in het algemeen en bij ADPKD patiënten 
in het bijzonder. Daarnaast is gekeken hoe patiënten geïdentificeerd kunnen worden 
die mogelijk voordeel hebben bij het blokkeren van de schadelijke effecten van 
vasopressine.

In Hoofdstuk 8 is de associatie tussen copeptin en ziekte-ernst en progressie 
onderzocht bij 59 IgA nefropathie patiënten. In deze studie vonden we sterke 
verbanden tussen copeptin en markers van nierschade. Patiënten met een hoge 
copeptin spiegel hadden meer kans om gedurende 5 jaar achteruit te gaan met 
hun nierfunctie en nierfunctie vervangende therapie zoals dialyse nodig te hebben. 
Deze resultaten passen bij een groeiend aantal studies die laten zien dat copeptin 
voorspellend is voor nierziekteprogressie. Onze onderzoeksgroep heeft eerder laten 
zien dat copeptin geassocieerd is met eiwitlekkage bij deelnemers aan een groet 
bevolkingsonderzoek. Ook hebben studies laten zien dat copeptin voorspellend is 
voor nierfunctieachteruitgang bij patiënten met verschillende nierziekten, waaronder 
patiënten die een niertransplantatie hebben ondergaan en patiënten met nierschade 
door diabetes type 2. Deze studies ondersteunen de hypothese dat vasopressine een 
rol speelt in het proces van ziekteprogressie van chronische nierziekten.

Bij ADPKD patiënten lijkt vasopressine een extra schadelijk effect op de nier te hebben 
in vergelijking met andere nierziekten. Het bewijs hiervoor is flink gegroeid het laatste 
decennium. Vreemd genoeg ontbreken studies die onderzoeken of vasopressine 
geassocieerd is met ziekteprogressie bij ADPKD. Waarschijnlijk komt dit doordat 
bepaling van vasopressine moeilijk, weinig betrouwbaar en duur is. Door copeptin als 
surrogaat marker te gebruiken (zoals beschreven staat in deel 1 van dit proefschrift) 
kon deze onderzoeksvraag in deel 3 van dit proefschrift alsnog beantwoord worden. 
In Hoofdstuk 9 is daarom copeptin gemeten bij 79 ADPKD patiënten. Copeptin gemeten 
bij aanvang van de studie bleek geassocieerd te zijn met nierfunctieachteruitgang 
gemeten na 3 en 11 jaar. Deze bevindingen sluiten aan bij eerdere studies, waarin het 
blokkeren van vasopressine met het medicament tolvaptan nuttig bleek bij patienten 
met ADPKD.  Al is dit een echte doorbraak in de behandeling van ADPKD, de optimale 
timing en dosering van het medicament ligt nog ter discussie. Er is gesuggereerd dat 
de ernst van de ziekte en de behandelduur het effect van de vasopressine blokker 
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beïnvloeden. Wat deze theorie ondersteunt is het feit dat in een eerder dierexperiment 
van onze afdeling de fysiologische respons op behandeling met tolvaptan, met het 
plassen van grote hoeveelheden urine, verminderde tijdens langdurige behandeling, 
met name in een verder gevorderd stadium van de ziekte. Daarom is in Hoofdstuk 10 
de optimale timing van start van behandeling en de dosering onderzocht. Aan muizen 
waarin de ziekte ADPKD werd opgewekt, werd de vasopressine blokker toegediend 
volgens een optitreerschema gebaseerd op de waterinname van de muizen. 
Behandeling werd gestart in een vroege of late fase van de ziekte. Uit deze studie bleek 
dat vroeg behandelen volgens een optitreerschema een betere bescherming gaf wat 
betreft vorming van cysten dan een vaste dosering. Later starten met behandeling had 
geen therapeutisch effect op de nieren. Dit suggereert dat het optitreren van de dosis 
van de vasopressine blokker in de klinische praktijk, wanneer de nier achteruit gaat 
en de fysiologische respons met veel plassen en veel drinken verminderd, mogelijk 
voordelig is voor de patient. Tijdens de studie werden echter ernstige bijwerkingen 
gezien. Daarnaast kon het intensieve behandelschema de ongevoeligheid voor het 
medicament in een later stadium van de ziekte niet opheffen. Combinatie behandeling, 
met een ander medicament dat de nieren kan beschermen tegen ziekteprogressie, zou 
er mogelijk voor kunnen zorgen dat lagere doseringen van de twee medicamenten 
apart toch het gewenste behandelresultaat laten zien en tegelijkertijd bijwerkingen 
zoveel mogelijk voorkomen kunnen worden.

Omdat uit het bovenbeschreven diermodel bleek dat de vasopressine blokker niet 
te hoog gedoseerd moet worden, is het belangrijk goed te kunnen meten of met 
een lage dosering het vasopressine al adequaat geblokkeerd is. Een alternatief voor 
behandeling met het medicament is dusdanig veel water drinken, dat het lichaam zelf 
het vasopressine onderdrukt. Op dit moment wordt aangeraden om urine osmolaliteit 
(een maat voor hoe geconcentreerd de urine is) te gebruiken als maat voor de 
hoeveelheid vasopressine in het bloed. Bij een urine osmolaliteit onder de 285 mOsm/
kg (oftewel een urine osmolaliteit onder de bloed osmolaliteit) wordt er vanuit gegaan 
dat vasopressine afgifte voldoende onderdrukt is. Bij gezonde vrijwilligers met een 
normale nierfunctie wordt inderdaad een verband gezien tussen vasopressine en urine 
osmolaliteit. Omdat ADPKD patiënten een verminderd urine concentrerend vermogen 
hebben, zoals is onderzocht in deel 2 van dit proefschrift, ontstond de vraag of urine 
osmolaliteit wel een goede maat is voor vasopressine activiteit bij deze specifieke 
patiënten populatie. In Hoofdstuk 11 zijn daarom urine osmolaliteit en copeptin spiegels 
gemeten bij 94 ADPKD patiënten. Uit deze studie bleek dat urine osmolaliteit geen 
goede maat is voor copeptin (en dus vasopressine) spiegels in het bloed. Patiënten in 
een vergevorderd stadium van de ziekte hadden een lage urine osmolaliteit maar juist 
hoge bloed copeptin spiegels. 

 



239

Vasopressine, oorzakelijke factor of onschuldige toeschouwer bij 
chronische nierziekten?

Het werk gepresenteerd in dit proefschrift brengt ons dichter bij het begrijpen van de 
rol van vasopressine in chronische nierziekten. Het is belangrijk om te realiseren dat 
circulerende vasopressine spiegels in het lichaam verhoogd zijn bij patiënten met 
nierschade, met name wanneer er schade in het niermerg is ontstaan, aangezien dit 
leidt tot een verminderd urine concentrerend vermogen van de nier (Hoofdstuk 6 en 7). 
De indrukwekkende schade in het niermerg zoals bij ADPKD patiënten gezien wordt 
is van dit mechanisme een klassiek voorbeeld. Ook bij andere typen van chronische 
nierziekten kan echter een verminderd urine concentrerend vermogen van de nier 
optreden met hierbij verhoogde vasopressine spiegels, bijvoorbeeld bij IgA nefropathie 
patiënten, zoals dit proefschrift laat zien (Hoofdstuk 7). Bij ADPKD is door verschillende 
onderzoeksgroepen bewijs geleverd dat ondersteunt dat vasopressine een oorzakelijk 
factor is die leidt tot cystegroei en nierfunctie achteruitgang bij ADPKD patiënten. De 
resultaten van de studie uit dit proefschrift waarin vasopressine bij ADPKD muizen wordt 
geblokkeerd (Hoofdstuk 10) versterken deze conclusie. Het gebruiken van copeptin als 
marker voor snelle ziekteprogressie bij ADPKD patiënten lijkt daarom veelbelovend 
(Hoofdstuk 9). Door het meten van copeptin zullen we mogelijk in de toekomst ADPKD 
patienten kunnen identificeren die een grote kans hebben op snelle nierfunctie 
achteruitgang. Patienten met een hoog copeptin (en dus een hoog vasopressine) 
zullen mogelijk meer baat hebben van de vasopressine blokker tolvaptan. Het feit dat 
copeptin ook ziekteprogressie voorspelt bij patiënten met IgA nefropathie suggereert 
dat vasopressine meer is dan enkel een onschuldige toeschouwer, ook bij deze ziekte 
(Hoofdstuk 8). Om definitief aan te tonen dat vasopressine oorzakelijk betrokken is bij 
progressief nierfunctieverlies is meer onderzoek nodig, specifiek bij IgA nefropathie, 
maar ook in het algemeen bij chronische nierziekten. Een studie waarbij in de helft van 
de patienten vasopressine geblokkeerd wordt, terwijl de andere helft geen vasopressine 
blokkade krijgt zal het benodigde bewijs kunnen leveren. 

In de traditionele Chinese geneeskunde wordt de helende werking van water al sinds 
mensenheugenis beschreven. In 1578 werd in het het Compendium Materia Medica, 
een verzameld boekwerk over de traditionele Chinese geneeskunde, zelfs gesproken 
over water als beste medicijn tegen een groot aantal kwalen en meer bedreigende 
ziekten. Dat water het antwoord is op alles zou ik niet willen beweren. Wel hoop ik 
dat dit proefschrift de gezonde werking van water op de nier meer onder de aandacht 
brengt en daarmee wetenschappelijk onderzoek naar de beschermende effecten van 
water op de nier stimuleert. En wie weet, misschien kom je in de toekomst wel terug van 
de dokter met het advies om meer water te drinken.
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Tijdens mijn promotietraject heb ik een groot aantal projecten mogen ondernemen 
die uiteindelijk tot dit proefschrift hebben geleid. Zonder de hulp van een groot aantal 
mensen om mij heen had ik nooit tot dit eind resultaat kunnen komen en was daarnaast 
mijn onderzoeksperiode een stuk minder interessant en leuk geweest. Deze mensen wil 
ik daarom graag bedanken.

Als eerste wil ik alle deelnemers aan mijn onderzoek van harte bedanken. Het ondergaan 
van een dorstproef met zo’n 22 uur geen water of voedsel is pittig. De combinatie met 
voorafgaand onthouding van koffie, nicotine en chocola was voor sommigen echter 
onmenselijk. Toch hebben jullie allemaal doorgezet, super! 

Prof. dr. R.T. Gansevoort, beste Ron. Jouw gedrevenheid, enthousiasme en tomeloze 
inzet is aanstekelijk en medeverantwoordelijk voor de start en succesvolle volbrenging 
van mijn promotietraject. De afgelopen jaren heb je altijd voor voldoende uitdaging 
gezorgd waardoor ik me optimaal kon ontwikkelen. Ik voelde me  serieus genomen 
in mijn werk maar er was ook tijd voor reflectie naast de alledaagse gang van zaken. 
Ik vond in jou een mentor en daar ben ik je dankbaar voor. Onze carrières lijken nu uit 
elkaar te lopen gezien mijn nieuwe baan bij de kindergeneeskunde. Toch hoop ik van 
harte in de toekomst weer te mogen samenwerken.

Prof. dr. C.A.J.M. Gaillard, beste Carlo. Halverwege mijn promotietraject ben jij mijn 
promotor geworden. Jij nam nieuwe ideeën mee en verbreedde mijn kijk op het 
onderzoek. Ik kon altijd bij je aankloppen als ik er niet uit kwam en een derde mening 
nodig had. Dit heb ik als een waardevolle toevoeging van mijn promotietraject ervaren. 

Em. prof. dr. P.E. de Jong, beste Paul. Alhoewel maar gedeeltelijk bij mijn onderzoek 
betrokken geweest  door het emeritaat, je analytische blik en gestructureerde aanpak 
heeft mij een goede start van mijn promotietraject gegeven. Gedurende mijn hele 
onderzoek heb ik gepoogd dit vast te houden. Dank voor je inspiratie. 

Dr. E. Meijer, beste Esther. Bij jou kon ik altijd terecht, zowel voor een luisterend oor als 
voor het nemen van moeilijke beslissingen gedurende mijn promotietraject. Jij was de 
praktische blik die ik af en toe miste en je was bewaker van mijn planning. Je bent een 
geweldig mens vol positiviteit en enthousiasme wat je te allen tijde uitstraalt naar je 
omgeving. Bedankt voor je steun.
The members of the reading committee: prof. dr. B.H.R. Wolffenbuttel, prof. dr. P.M.T. 
Deen and prof. dr. H. Birn. I am grateful for the time you took to read and comment upon 
this thesis.
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Graag wil ik alle co-auteurs van mijn manuscripten bedanken voor hun bijdrage en 
de fijne samenwerking. Vanuit het UMCG gaat mijn dank speciaal uit naar de afdeling 
Nefrologie (Stephan Bakker, Casper Franssen en Gerjan Navis), Pathologie (Harry van 
Goor), Klinische chemie (Anneke Muller Kobold) en Endocrinologie (Andre van Beek en  
Robin Dullaart). Uit het Radboud UMC in Nijmegen wil ik graag  Jan van den Brand en 
Jack Wetzels hartelijk bedanken. Ook Lianne Boesten ben ik mijn dank verschuldigd 
voor alle samenwerking. Ik vond het geweldig dat we gebruik mochten maken van jullie 
lab in het IJsselandziekenhuis voor onze proeven. We hebben ons zeer welkom gevoeld. 

Het dierproefonderzoek gepresenteerd in dit proefschrift was voor mij een groot 
avontuur waar veel mensen aan meegeholpen hebben. Prof dr. D.J.M. Peters, best Dorien. 
Bedankt voor de goede samenwerking. Zonder het beschikbaar stellen van de ADPKD 
muizen was dit onderzoek natuurlijk nooit van de grond gekomen. Prof dr. H. van Goor, 
beste Harry. Bedankt voor het wegwijs maken in de wereld van proefdieronderzoek. 
Doordat ik altijd bij jou kon aankloppen heb ik dit project uiteindelijk succesvol weten 
af te ronden. Wouter, bedankt voor alle tips en het beantwoorden van alle vragen. 
Kimberley, bedankt voor het snijden en kleuren van alle coupes, het was een gigantische 
klus. Beste medewerkers van de centrale dienst proefdieren (CDP), met in het bijzonder 
Arie, Juul, Ar en Diana. Bedankt voor alle hulp en gastvrijheid. Natasha en Yasmin, leuk 
dat jullie een studentproject bij mij wilde volgen en bedankt voor het invallen zodat ik 
toch af en toe het dierenlab kon verlaten.

Lieve Esmée, wat bof ik toch dat ik jou tijdens mijn hele promotietraject als goede 
vriendin en collega naast mij mocht hebben. Alweer 6 jaar geleden begonnen wij samen 
in een derdejaars mentorgroep Geneeskunde ter ondersteuning van onze roeicarrière. 
Tijdens ons traject heb ik genoten van onze samenwerking maar ook van de gezelligheid 
met menig koppen thee (later koffie) en chocola. Ik bewonder je om je inzicht, gevoel 
voor detail en boven alles je strakke planning. Jouw pogingen om mij ook wat gevoel 
voor planning bij te brengen heb ik zeer gewaardeerd. Dat wij nu samen deze speciale 
dag mogen vieren vind ik heel bijzonder. Laten we er een geweldig feest van maken!

Mijn paranimfen, Niek en Joost, super dat jullie mij op 2 november willen ondersteunen 
en samen met mij dit bijzondere moment willen vieren. Lieve Niek, de afgelopen jaren 
heb ik veel met je mogen samenwerken en hebben we een hoop lol beleefd. Je harde 
werken en behulpzaamheid zijn bijzonder en hebben me meermalen uit de brand 
geholpen. Ik ga zowel de werkinhoudelijke overlegmomenten als de congresreisjes 
(met als topper Zuid-Afrika) missen! Misschien maar snel weer een een biertje? Lieve 
Joost, je bent mijn kleine maar toch ook grote broer. Je staat altijd voor me klaar 
(inclusief 8 verhuizingen) en je knuffels zijn legendarisch. We zijn zo’n beetje in alles 
het tegenovergestelde en juist daarom waardeer ik je zo. Ik ben trots op je en vind het 
ontzettend leuk dat we dit samen mogen beleven.

dankwoord

D
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Een belangrijk onderdeel van mijn onderzoeksperiode bestond uit de samenwerking 
met mijn mede-onderzoekers en andere collega’s die gepaard ging met een grote 
hoeveelheid gezelligheid en lol. Pubquizen, volleyballen, BBQ-en, sinterklaas vieren 
en natuurlijk de congresreizen tussendoor. Het was geweldig! Als eerste wil ik mijn 
collega cystenierenonderzoekers bedanken. Wendy, met jou voerde ik mijn eerste 
onderzoek uit en schreef ik mijn eerste manuscript. Een beter begin had ik niet kunnen 
wensen. Bedankt! Lucia, jij was de afgelopen 6 jaar een constante factor. Bedankt voor 
je oprechte interesse, tomeloze support en gezelligheid. Je bent een geweldige mens. 
Marieke en Laura (Harskamp), mede MD-PhD’ers, knabbel en babbel, jullie humor en 
energie is aanstekelijk. Lianne, harde werkster en feestganger, jij maakte de congressen 
ook buiten de congresuren interessant. Edwin, bedankt voor een legendarisch Oxford 
weekend. Jacob, thank you for all your help and thinking outside  the box. I am excited 
to see where your career is heading. Irina, top dat je nu ook bij de cystenierenclan hoort, 
dat gaat vast goedkomen. Khadija en Margreeth, leuk dat ik jullie mocht begeleiden 
tijdens jullie stage wetenschap. Judith, dat gaat helemaal goed komen met je MD-
PhD aanvraag, leuk dat ik daarbij ook nog betrokken kan blijven. Ook onderzoekers 
buiten het cystenierenonderzoek bleken heel leuk te zijn! Elise (statistiek wonder), 
Lyanne (volleybalheld), Michel (leverancier van de snoeppot), Lieneke (theaterbuddy), 
Ferdau, Hanneke, Coby (sportmaatje), Maarten en Maryse, ik vond het super dat ik voor 
korte of langere tijd jullie kamergenoot mocht zijn. Laura (de Vries), gezelligheidsmens, 
leuk dat ik je in San Diego nog wat beter heb mogen leren kennen.  Ook dank aan de 
andere onderzoekers die ik nog niet genoemd heb: Willem, Else, Steef, Tsjitske, Arjan, 
Ineke, Dorien, Maartje, Charlotte (Zuid-Afrika was tof), Michèle, Isidor, Janneke, Jelmer 
(avonturier op het gebied van streetfood), Anne Marijn, Solmaz, Harmke, Annet, Gerald, 
Marco, Wouter, Ilse, Ryanne, Arno, Yusof, António, Suzanne, Jacqueline, Sara en Dineke. 
Beste Roelie, Marian en Dirkina, bedankt voor jullie hulp, inzet en gezelligheid op de 
nierfunctiekamer. Winie en Joline, jullie zijn beide met enige regelmaat mijn reddende 
engels geweest. Bedankt voor alles!

Lieve vrienden, jullie hebben voor de nodige ontspanning naast het onderzoek gezorgd. 
Jessica, mijn grootste supporter, of dat nou in Nederland is of in het buitenland. Bedankt 
voor al je positiviteit, ik ben trots op je. Lieve Goovies, mede-theaterfanatiekelingen, 
bedankt voor alle creativiteit en gezelligheid. Stoom afblazen op de vrijdagavond was 
voor mij een belangrijk onderdeel van de week. Puck, lief huisgenootje (Huize Pubbie!), 
bedankt voor je nuchtere blik op de wereld, de avondjes bankhangen met Masterchef 
en natuurlijk de nodige biertjes in de stad, bij voorkeur samen met onze partner in crime 
Jacqueline. Jacq, jouw enthousiasme is aanstekelijk en je knuffels zijn ongeëvenaard. 
Snel weer een Daltons reünie? Marije, Ellen, Laura, Janneke, Jasper, Carst, Marcel en 
Robert, bedankt voor alle diepgaande gesprekken op zaterdagochtend na een paar 
alcoholische versnaperingen.  EJD ’08, bedankt voor de vriendschap die ook na ons 
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wedstrijdjaar is blijven bestaan. Jullie zijn stuk voor stuk mooie sterke vrouwen. Sanja, 
Elze en Kirsten, ik vond de etentjes met de overgebleven Groningse roeidames top.  
Jammer dat ik nu niet meer in Groningen woon!

Natuurlijk wil ik ook mijn familie bedanken. Lieve Tjerck en Jos, papa en mama, jullie 
hebben me gesteund door dik en dun en stonden altijd voor me klaar. Het samen vieren 
van mijn eerste publicatie en de ritjes naar het dierenlab met de kerst zijn mij goed 
bijgebleven. Bedankt voor een gezonde portie relativering op z’n tijd. Lieve Esther, Ik 
wil je bedanken voor alle keren dat ik mijn hart bij je kon luchten en je klaar stond met 
alle grote zussen raad die ik me maar kon wensen. Lieve Joost, het is een eer dat jij mijn 
paranimf wil zijn. Wat een geluk heb ik toch met zo’n familie. My dearest Rehan, thank 
you so much for your never ending support, positivity and your ability to put things into 
perspective. After all the weekends you were willing to spend in Groningen, I cannot 
wait to start our life together in Amsterdam. You mean the world to me and I love you.

dankwoord

D
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