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Abstract

Objectives

Plasma levels of copeptin, a surrogate marker for the vasoconstrictor hormone arginine va-
sopressin (AVP), are increased in hemodialysis patients. Presently, it is unknown what
drives copeptin levels in hemodialysis patients. We investigated whether the established
physiological stimuli for copeptin release, i.e. plasma osmolality, blood volume and mean
arterial pressure (MAP), are operational in hemodialysis patients.

Methods

One hundred and eight prevalent, stable hemodialysis patients on a thrice-weekly dialysis
schedule were studied during hemodialysis with constant ultrafiltration rate and dialysate
conductivity in this observational study. Plasma levels of copeptin, sodium, MAP, and blood
volume were measured before, during and after hemodialysis. Multivariate analysis was
used to determine the association between copeptin (dependent variable) and the physio-
logical stimuli plasma sodium, MAP, excess weight as well as NT-pro-BNP immediately
prior to dialysis and between copeptin and changes of plasma sodium, MAP and blood vol-
ume with correction for age, sex and diabetes during dialysis treatment.

Results

Patients were 63+15.6 years old and 65% were male. Median dialysis vintage was 1.6
years (IQR 0.7-4.0). Twenty-three percent of the patients had diabetes and 82% had hyper-
tension. Median predialysis copeptin levels were 141.5 pmol/L (IQR 91.0—244.8 pmol/L).
Neither predialysis plasma sodium levels, nor NT-proBNP levels, nor MAP were associated
with predialysis copeptin levels. During hemodialysis, copeptin levels rose significantly

PLOS ONE | DOI:10.1371/journal.pone.0127116 May 14,2015

1/12


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0127116&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.nierstichting.nl
http://www.nierstichting.nl

@’PLOS ‘ ONE

Stimuli for Copeptin in Hemodialysis Patients

(p<0.01) to 163.0 pmol/L (96.0-296.0 pmol/L). Decreases in blood volume and MAP were
associated with increases in copeptin levels during dialysis, whereas there was no signifi-
cant association between the change in plasma sodium levels and the change in
copeptin levels.

Conclusions

Plasma copeptin levels are elevated predialysis and increase further during hemodialysis.
Volume stimuli, i.e. decreases in MAP and blood volume, rather than osmotic stimuli, are
associated with change in copeptin levels during hemodialysis.

Introduction

Arginine vasopressin (AVP) is as vasoconstrictor hormone involved in blood pressure regula-
tion [1,2]. In hemodialysis patients, interdialytic plasma AVP levels are higher compared with
healthy individuals [3-6]. However, during hemodialysis, little or no increase in AVP levels
has been reported despite decreases in blood pressure and blood volume during most hemodi-
alysis sessions [7]. In the literature it has been speculated that deficient or inadequate release of
AVP could play a role in the pathogenesis of intradialytic hypotension [2,6,8].

Routine measurement of AVP is hampered by preanalytical variability and instability in
plasma, leading to short ex-vivo half-life [9,10]. Copeptin, the C-terminal part of the AVP pre-
cursor, is a more stable analyte and considered to be a good surrogate marker of AVP [11-13].
Like AVP, plasma levels of copeptin are increased in patients with chronic kidney disease and
in patients on hemodialysis compared with healthy individuals [14-16], in whom copeptin
ranges between 1 and 12 pmol/L [10]. Interestingly, higher copeptin concentration has been
identified as a strong risk marker for cardiovascular disease and mortality in hemodialysis pa-
tients [14-16].

Currently, it is unknown why hemodialysis patients have elevated AVP and copeptin levels.
It has been suggested that elevated predialysis plasma copeptin levels originate from the hemo-
dialysis treatment itself as a consequence of intradialytic volume depletion [14]. However, the
course of plasma copeptin levels during hemodialysis has not been studied before. Not only
hypovolemia, but also changes in blood pressure and plasma osmolality during hemodialysis
may influence the intradialytic course of copeptin levels [10]. The goal of this study was to ex-
plore whether the physiological stimuli for copeptin release as a surrogate marker of AVP, i.e.
changes in osmolality, blood volume and blood pressure, are operational in hemodialysis pa-
tients. We hypothesized that intradialytic decreases in blood volume and blood pressure and
an increase in plasma sodium concentration are associated with increases in copeptin. Know-
ing and understanding the course of copeptin levels during hemodialysis may help to elucidate
the mechanisms that lead to increased plasma copeptin levels in hemodialysis patients and un-
derstand the role of AVP during hemodialysis with respect to hemodynamic stability.

Methods
Patients

Included were patients from the University Medical Center Groningen and the Dialysis Center
Groningen who participated in an observational study on the prevalence and determinants of
hemodialysis-induced regional left ventricular systolic dysfunction [17]. Patients were eligible
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for study inclusion when they were 18 years or older, were on a thrice-weekly 4 hour hemodial-
ysis schedule and had been treated with hemodialysis for more than three months.

The study was performed in accordance with the principles of the Declaration of Helsinki
and was approved by the Medical Ethics Committee (METc) of the University Medical Center
Groningen. All patients gave written informed consent to the study, which was performed be-
tween March of 2009 and March of 2010.

Study protocol

Patients were studied at the first hemodialysis treatment of the week after the longest interdialytic
interval. Blood pressure and heart rate were measured using an automatic oscillometric monitor
that was incorporated in the hemodialysis apparatus at 30 minutes predialysis, every 30 minutes
during hemodialysis until 210 minutes on dialysis and post-dialysis after termination of the he-
modialysis session, including the return of the blood and removal of the dialysis needles.

Mean arterial blood pressure (MAP) was calculated as ((2xdiastolic blood pressure) + systol-
ic blood pressure)/3.

Blood samples for the analysis of plasma levels of copeptin, sodium and NT-proBNP were
collected from the arterial line at the initiation of hemodialysis, after 60 and 180 minutes on he-
modialysis and at the end of the hemodialysis treatment just before the return of the blood
from the extracorporeal circuit to the patient to exclude dilution by saline. Plasma samples
were stored at -80°C until analysis.

Excess weight at the start of hemodialysis was calculated as predialysis weight minus dry
weight of the individual patient. Prescriptions regarding dry weight were made by the nephrol-
ogists during their weekly visit to the participating patients. Dry weight was evaluated clinically
(peripheral edema, signs of pulmonary congestion, intradialytic and interdialytic blood pres-
sure course, muscle cramps) in combination with the cardio-thoracic ratio on chest radiogra-
phy, which is performed twice yearly as standard of care.

Hemodialysis treatment

All patients were on bicarbonate dialysis with a low-flux polysulfone hollow-fiber dialyser F8
(Fresenius Medical Care, Bad Hamburg, Germany). Blood flow and dialysate flow rates were
250-350 ml/min and 500 ml/min, respectively. Dialysate temperature was 36.0°C. Dialysate
composition was sodium 139 mmol/L, potassium 1.0 or 2.0 mmol/L, calcium 1.5 mmol/L,
magnesium 0.5 mmol/L, chloride 108 mmol/L, bicarbonate 34 mmol/L, acetate 3.0 mmol/L,
and glucose 1.0 g/dl.

Dialysate conductivity and ultrafiltration rate were kept constant during the dialysis session.

Patients received a light meal at 60 minutes on hemodialysis. Patients were dialyzed in su-
pine position which excluded an effect of posture changes on blood volume.

Laboratory procedures and definitions

Blood samples for the determination of copeptin were collected in ethylenediaminetetraacetic
acid (EDTA) tubes and copeptin was measured by a sandwich immunoassay (CT-proAVP
LIA; ThermoFisher Scientific, B.R.A.H.M.S. Biomarkers, Henningsdorf/Berlin, Germany) as
described previously [11,18]. Blood samples for the determination of sodium were collected in
heparin-coated tubes and measured with the indirect method of ion-selective electrode on a
Roche Modular (Hitachi, Tokyo, Japan). NT-proBNP was measured by the electrochemilumi-
nescence immunoassay (Roche Diagnostics, Mannheim, Germany). The change in blood vol-
ume was calculated from the change in hematocrit ([(Hto/Ht;)-1]x100) with Ht, representing
the hematocrit at the start of hemodialysis and Ht; representing the hematocrit during
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hemodialysis. Ultrafiltration rate was calculated by dividing ultrafiltration volume by dialysis
session length and target weight.

Diabetes mellitus was defined as fasting blood glucose >6 mmol/l or the use of antidiabetic
drugs. Hypertension was defined as a predialysis systolic blood pressure >140 mmHg and/or a
diastolic blood pressure >90 mmHg or the use of antihypertensive drugs. Cardiovascular histo-
ry was defined as any history of ischemic heart disease, congestive heart failure, coronary artery
bypass grafting, percutaneous coronary intervention, stroke or peripheral vascular disease. The
presence of residual renal function was indicated by urinary volume >200 ml/day.

Statistical analysis

Normally distributed variables are reported as mean + SD. Variables with a skewed distribution
are presented as median and interquartile range (IQR). Categorical data is reported as number
and percentage. Continuous variables were analyzed with One Way ANOVA (post-hoc test with
Bonferroni correction), paired t-test, Wilcoxon Signed Rank test and Wilcoxon Ranked Sum
(Mann-Whitney U) test when appropriate. Categorical variables were analyzed with the Kruskal-
Wallis test. Non-normally distributed variables were transformed to achieve normality.

Baseline characteristics are given for the overall population and according to tertiles of
copeptin concentration. Plasma copeptin tertiles were stratified for gender since gender is
known to affect plasma copeptin levels [11]. Correlations were calculated using Spearmans’
rho for skewed data.

Multiple regression analysis was used to analyze the association between the putative stimuli
of copeptin release and (changes in) plasma copeptin levels. In these analyses, postdialysis val-
ues of copeptin, MAP and sodium were corrected for the baseline value. Effects of these vari-
ables were corrected for factors selected from the univariate comparison, based on a p-value
<0.157 using backward stepwise selection as advised in literature [19]. To test the robustness
of our findings various sensitivity analyses were performed. First, we investigated the intradia-
lytic course of copeptin with a correction for hemoconcentration. Second, we tested whether
changes in copeptin levels differed between diabetic and non-diabetic patients and between pa-
tients with and without residual diuresis by inserting an interaction term for diabetes and resid-
ual diuresis, respectively, and the stimuli of copeptin in the multivariable models. Analyses
were performed with SPSS version 20.0 and GraphPad Prism version 5.0. P-values of <0.05
(two-tailed) were considered statistically significant.

Results
Patients

Characteristics of participating patients are shown in Table 1. The mean (+SD) age was

63 * 15.6 years and 65% were male (Table 1). The median dialysis vintage was 1.6 years (IQR
0.7-4.0) and 41% of the patients had residual diuresis. Twenty-three percent of the patients
had diabetes mellitus and 82% of the patients had hypertension. Causes of renal failure were
hypertension (n = 18), diabetes mellitus (n = 14), autosomal dominant polycystic kidney dis-
ease (n = 14), glomerulonephritis (n = 13), focal segmental glomerulosclerosis (n = 10), chronic
obstructive nephropathy (n = 6), IgA nephropathy (n = 4), chronic pyelonephritis (n = 3) and
miscellaneous causes (n = 17) or unknown etiology (n = 9).

Predialysis copeptin levels and physiological stimuli

The median predialysis plasma copeptin level was 141.5 pmol/L (IQR 91.0-244.8). Males had
significantly higher plasma copeptin levels than females (161.5 (IQR 104.8-254.3) pmol/L
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Table 1. Patient characteristics according to sex-stratified tertiles of predialysis copeptin levels.

All patients 1st tertile; M: <127.7 2nd tertile; M: 3rd tertile; M: >233.3 *P-value between
pmol/L; F: <59.5 >127.7 to <233.3 pmol/L; F: >161.0 tertiles
pmol/L pmol/L; F: >59.5 to pmol/L
<161.0 pmol/L
N N N N

Age, years 63 +15.6 108 69+ 14.9 35 5915 37 60%15 36 0.01**
Male 70 (65) 108 23/12(65.7/34.3) 35 24/13(64.9/35.1) 37 23/13(63.9/36.1) 36 0.9
Dialysis vintage, years 1.6 [0.7-4.0] 108 1.8[0.7-4.1] 35 1.2[0.4-3.5] 37 2.0[0.9-4.2] 36 0.11
Residual diuresis 39 (40.6) 96 14 (46.7) 30 17 (50.0) 34 8(25.0) 32 0.09
BMI, kg/m? 259144 108 254 +4.1 35 26.6+4.9 37 25.6t4.1 36 045
Diabetes mellitus 25 (23.1) 108 4 (11.4) 35 10(27.0) 37 11 (30.6) 36 0.13
HbA1c, % 5.4 [5.0-6.0] 89 5.4[5.1-5.7] 28 5.4[5.2-5.9] 34 5.6[4.9-6.4] 27 0.63
Hypertension 89 (82.4) 108 30 (85.7) 35 32(86.5) 37 27 (75.0) 36 0.36
Cardiovascular history 25 (23.1) 108 10 (28.6) 35 5(13.5) 37 10 (27.8) 36 0.23
Ultrafiltration volume, mL 2549 + 779 108 2396 + 796 35 2679 + 641 37 2565 + 882 36 0.31
Ultrafiltration rate (mL/kg/ 8.5+2.6 108 85+29 35 84+21 37 87+28 36 0.82
h)
Medication

ACEi 10 (9.4) 108 2 (1.9) 34 3(2.8) 36 5(4.7) 36 0.50

ARB 14 (13) 7 (6.8) 35 3(2.5) 37 4(3.7) 36 0.30

Beta blocker 62 (57.4) 21 (19.4) 35 19(17.6 37 22(20.4) 36 0.66

CCB 14 (13.2) 7 (6.6) 34 5(4.7) 36 2(1.9) 36 0.18

Diuretics 8 (7.5) 3(2.8) 34 5(4.7) 36 0(0) 36 0.08

Statins 20 (18.9) 7 (6.5) 34 5(4.7) 36 8(7.5) 36 0.64

Aspirin 58 (54.7) 22 (20.8) 34 18(17.0) 36 18(17.0) 36 0.37
Excess weight, kg 2.2[1.3-3.3] 108 1.9[1.0-2.9] 35 2.4[1.9-3.6] 37 24[1.2-3.3] 36 0.10
SBP, mmHg 140 £ 25 107 144 +24 35 143+22 36 134+28 36 0.15
DBP, mmHg 80+ 16 107 78+15 35 8315 36 79%19 36 0.49
MAP, mmHg 100 £ 18 107 100+ 15 35 103+ 16 36 9721 36 0.41
Plasma sodium, mmol/I 138+ 3 106 1383 35 138+4 37 1392 34 044
NT-proBNP, pg/ml 3906 [1708— 108 4029 [1594— 35 2889 [1136- 37 4457 [2689— 36 0.14

8388] 10187] 6425] 9918]

Continuous variables are represented as mean + SD, skewed variables as median and interquartile range (IQR) and categorical variables as number and
percentage within tertile. The number of the included patients is indicated.

* P-value indicates differences between tertiles.

** Post-hoc test of age showed a significant difference between tertile 1 and 2 (p = 0.02) and between tertile 1 and 3 (p = 0.03).

Abbreviations: BMI: body mass index; DBP: diastolic blood pressure; F: females; M: males; MAP: mean arterial blood pressure; NT-proBNP: N-terminal
pro-brain natriuretic peptide; SBP: systolic blood pressure.

doi:10.1371/journal.pone.0127116.t001

versus 107.0 (IQR 34.9-182.8) pmol/L, respectively; p = 0.02). Patients in the first (lowest) ter-
tile of copeptin levels were significantly older than the patients in the second and third (high-
est) tertile (Table 1) and there was a significant correlation between predialysis copeptin levels
and age (Spearman’s r = -0.261; p = 0.01).

When adjusted for age, sex and diabetes, there was no association of predialysis copeptin
levels with predialysis plasma sodium concentration, MAP, excess weight at the start of hemo-
dialysis and NT-proBNP levels. If associations of plasma sodium concentration, MAP, excess
weight at the start of hemodialysis and NT-proBNP levels were also adjusted for each other
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Table 2. Predialysis association between putative determinants and plasma copeptin levels.

Determinants

Predialysis sodium (mmol/l)
Predialysis MAP (mmHg)

Excess weight at start of dialysis (kg)

Predialysis NT-proBNP (ng/l)

Multivariate linear regression

Model 1 Model 2
Betagiandardized  Cl P-value B Betagiandardizea  Cl P-value
0.134 0.098 -0.121;0.390  0.30 0.183 0.131 -0.081;0.448 0.17
-0.022  -0.086 -0.071;0.027  0.37 -0.045 -0.165 -0.098; 0.008  0.09
0.062 0.006 -1.989;2.113 0.9 0.464 0.044 -1.691;2.618  0.67
0.525 0.152 -0.120; 1.170  0.11 0.612 0.177 -0.049; 1.273  0.07

Model 1: adjustment for age, sex and diabetes.
Model 2: as model 1 and additionally adjusted for the other determinants included in this model.
Abbreviations: Cl: confidence interval of B; MAP: mean arterial pressure; NT-proBNP: N-terminal pro-B type natriuretic peptide.

doi:10.1371/journal.pone.0127116.t002

(fully adjusted model), a trend was seen for an association of predialysis plasma copeptin levels
with predialysis MAP and levels of NT-proBNP (Table 2).

Intradialytic change of plasma copeptin levels and physiological stimuli

The courses of the intradialytic change in copeptin, MAP, blood volume, and plasma sodium
are shown in Fig 1. During hemodialysis, systolic blood pressure decreased from 140425 mmHg
predialysis to 12625 mmHg at 210 minutes on dialysis and to 132+26 mmHg postdialysis. Dia-
stolic blood pressure decreased from 80+16 mmHg predialysis to 71+16 mmHg at 210 minutes
on dialysis and to 73+14 mmHg postdialysis and MAP decreased from 101+18 mmHg predialy-
sis to 90+17 mmHg at 210 minutes on dialysis and to 93+16 mmHg postdialysis (all p<0.01).
There was only a modest, but significant, increase in heart rate during hemodialysis (from 74+
14 to 77414 bpm at 210 minutes on dialysis and to 80+16 bpm postdialysis, both p<0.01). Rela-
tive blood volume decreased significantly during hemodialysis (to -4.4+5.3%; p<0.01). Plasma
sodium levels increased slightly but significantly during hemodialysis (from 138.2+3.3 mmol/L
predialysis to 138.8+1.9 mmol/L postdialysis; p<0.05).

Plasma copeptin levels increased significantly during hemodialysis: from 141.5 pmol/L
(IQR 91.0-244.8) to 148.0 pmol/L (93.0-254.0) at 60 minutes intradialysis, to 155.0 pmol/L
(93.9-279.0) at 180 minutes intradialysis and to 163.0 pmol/L (96.0-296.0) at the end of dialy-
sis (p<0.01 for the overall change).

Multivariate analysis showed a significant association of the intradialytic change in copeptin
and the change in MAP and blood volume when adjusted for age, sex, diabetes and predialysis
copeptin levels. These associations remained significant when we additionally adjusted for
plasma sodium concentration and MAP (Table 3). In contrast, change in plasma sodium was
not associated with change in copeptin during hemodialysis.

Sensitivity analyses

To exclude a possible effect of ultrafiltration-induced intravascular volume change on the
intradialytic change in plasma copeptin levels, we corrected the intradialytic course of plasma
copeptin levels for hemoconcentration according to Schneditz et al [20]. Despite this, the in-
crease in plasma copeptin levels during hemodialysis remained significant (p<0.01). When the
change in relative blood volume was calculated based on the change in albumin as an alterna-
tive marker of hemoconcentration, results of the multivariate analysis remained similar (data
not shown).
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Fig 1. Intradialytic course of the change in copeptin, mean arterial pressure, blood volume and plasma sodium levels (%). Depicted are median and
interquartile range (IQR) for copeptin and sodium and mean and 95% confidence intervals for MAP and blood volume. #Denotes p<0.05 compared with the
predialysis value. *Denotes p<0.01 compared with the predialysis value.

doi:10.1371/journal.pone.0127116.9001

The results of the multivariate analyses remained similar for the intradialytic change in
MAP (Bgandardized = -0.051, p = 0.04) and plasma sodium (Bgandardizea = -0.007, p = 0.80), but,
as to be expected, the change in blood volume was no longer significantly associated with
change in copeptin levels (Bstandardizea = 0.021, p = 0.31).

Although predialysis plasma copeptin levels were higher in diabetic patients in comparison
with non-diabetic patients (188.0 pmol/L (IQR 119.5-284.0) versus 131.0 pmol/L (IQR 85.0-
242.0), respectively (p = 0.06), plasma copeptin levels increased significantly and to the same
extent in both diabetic (+12.8%) and non-diabetic (+13.0%) patients to 212.0 pmol/L (IQR
125.5-319.5) and 148.0 pmol/L (IQR 82.7-283.3), respectively. To assess whether diabetic and
non-diabetic patients respond in a similar fashion to the physiological volume, pressure and os-
motic stimuli, we also tested whether there was an interaction between the determinants of
copeptin during hemodialysis and diabetes. No statistically significant interactions for diabetes
status with plasma sodium concentration, MAP or blood volume were found.

PLOS ONE | DOI:10.1371/journal.pone.0127116 May 14,2015

7/12



el e
@ ) PLOS ‘ ONE Stimuli for Copeptin in Hemodialysis Patients

Table 3. Association between the intradialytic change in the putative stimuli and the change in plasma copeptin levels during hemodialysis.

Determinants Multivariate linear regression
Model 1 Model 2
B Betagtandardized Cl P-value B Betagtandardized Cl P-value
A sodium (mmol/l) -0.028 -0.010 -0.157; 0.100 0.66 -0.003 -0.001 -0.157; 0.150 0.9
A MAP (mmHg) -0.025 -0.083 -0.045; -0.005 0.02 -0.015 -0.051 -0.030; 0.000 0.04
A RBV (%) -0.049 -0.050 -0.085; -0.014 0.01 -0.057 -0.057 -0.098; -0.016 0.01

Model 1: adjustment for age, sex, diabetes and predialysis copeptin levels.

Model 2: as model 1 and additionally adjusted for the other determinants included in this model.

A: from predialysis to postdialysis for sodium and RBV, for predialysis to 210 minutes intra-dialysis for MAP, with correction for predialysis sodium and
predialysis MAP.

Abbreviations: Cl: confidence interval of B; MAP: mean arterial pressure; RBV: relative blood volume.

doi:10.1371/journal.pone.0127116.t003

Thirty-nine patients had residual diuresis. Plasma copeptin levels tended to be higher in pa-
tients without residual diuresis compared with patients with residual diuresis (167.0 pmol/L
(IQR 95.3-261.0) versus 134.0 pmol/L (IQR 85.2-187.0); p = 0.09) and predialysis copeptin
levels correlated significantly with residual diuresis; the higher daily residual urinary produc-
tion, the lower predialysis plasma copeptin levels (Spearman’s r = -0.246; p = 0.02). On the
other hand, there was no correlation between predialysis copeptin levels and dialysis vintage
(Spearman’s r = 0.071; p = 0.47). To assess whether patients with and without residual diuresis
respond similarly to the physiological volume, pressure and osmotic stimuli, we also tested
whether there was an interaction between the determinants of copeptin during hemodialysis
and residual diuresis. No statistically significant interactions were found between for residual
diuresis and plasma sodium concentration, MAP and blood volume. Results were similar when
residual renal clearance instead of residual diuresis was used in the analyses (data not shown).

Discussion

The present study shows that plasma copeptin levels are elevated predialysis and rise during
hemodialysis. Volume stimuli, i.e. decreases in blood pressure and blood volume, rather than
the change in plasma sodium level as an osmotic stimulus, were significantly associated with
the intradialytic change in plasma copeptin levels.

In this study, predialysis plasma copeptin levels were markedly elevated in comparison with
healthy persons [11,21]. This is in agreement with the findings of other studies in hemodialysis
patients [14,16]. In our cohort, predialysis plasma copeptin levels were even higher than in
these previous studies [14,16]. This could be explained by differences in patient characteristics,
in particular a longer dialysis vintage in our study as compared with previous studies in hemo-
dialysis patients [14,16]. In these studies, a significant association between higher predialysis
plasma copeptin levels and a longer dialysis vintage was found. If the in-vivo half life of copep-
tin is long enough, the dialysis procedure itself could lead to accumulation since copeptin in-
creased during hemodialysis, as is shown in this study, resulting in gradually increasing
copeptin levels in the long-term. This could especially be the case with low-flux hemodialysis,
as was used in the present study since one would expect less removal of copeptin with low-flux
hemodialysis in comparison with high-flux hemodialysis [16]. In addition, it has been sug-
gested that the high predialysis copeptin levels are attributable to accumulation due to impaired
renal clearance [14,16]. Our finding of an inverse correlation between predialysis copeptin and
residual diuresis and residual clearance supports this assumption. In non-dialysis patients with
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chronic kidney disease [15] and healthy men [21] also an inverse correlation between eGFR
and copeptin was found. It is not clear if AVP is also affected by renal function and to what ex-
tent in comparison with copeptin. The higher proportion of males in our study as compared
with the other two studies probably also contributed to the higher copeptin levels. It has previ-
ously been shown in healthy individuals that males have higher copeptin levels than females
[11,21]. To our knowledge, our study is the first to show that this is also the case in
hemodialysis patients.

We observed a trend for the association between predialysis copeptin levels and NT-
proBNP levels and MAP. In previous studies, a significant association between copeptin and
NT-proBNP was found [14,16]. In contrast, the finding of a trend for the association between a
lower MAP and higher copeptin concentrations is not in line with previous studies, in which a
weak but significant correlation was observed between higher systolic blood pressure and
higher copeptin levels by Fenske et al [14], while Artunc et al did not find any association be-
tween predialysis copeptin levels and blood pressure [16]. These divergent associations could
be explained by differences in predialysis blood pressure, volume status and the proportion of
patients with diabetes mellitus.

The suggestion that the dialysis procedure itself could contribute to the markedly elevated
copeptin levels that are observed in hemodialysis patients has been proposed previously by
Fenske et al. This group suggested that volume depletion during hemodialysis might be respon-
sible for the elevated AVP levels in hemodialysis patients [14]. Notably, such a hemodialysis-
associated increase in copeptin levels can only contribute to elevated predialysis copeptin levels
if the half-life of copeptin is relatively long. Unfortunately, data on the in-vivo half-life of
copeptin are lacking in hemodialysis patients. If future studies would confirm that the in-vivo
half life of copeptin is long enough, allowing the hemodialysis procedure to significantly con-
tribute to elevated predialysis copeptin levels in hemodialysis patients, this might explain, at
least in part, the association between elevated plasma copeptin levels and adverse outcome.
Large reductions in blood pressure during hemodialysis [22,23] and higher ultrafiltration rates
[24], probably translating in more pronounced hypovolemia, are associated with a greater risk
of all-cause mortality and cardiovascular events. As this study shows, intradialytic reductions
in blood pressure and blood volume are also associated with a rise in copeptin levels and
copeptin, in turn, is associated with an increased risk for cardiovascular events and all-cause
mortality in hemodialysis patients [14]. It remains to be studied whether copeptin is merely a
marker of hemodynamic stress induced by hemodialysis, or contributes to the increased risk
for adverse events in hemodialysis patients.

This is the first study that measured copeptin levels not only before but also during and at
the end of hemodialysis. We noted that plasma copeptin levels rose significantly during hemo-
dialysis and that the increase remained significant with correction for hemoconcentration as a
result of ultrafiltration. The significant association between decreases in blood pressure and
blood volume and a rise in copeptin levels indicates that the physiological pressure and volume
stimuli for the release of copeptin and thus of AVP are active in hemodialysis patients. Thus, it
is unlikely that deficient or inadequate AVP release during hemodialysis is explained by a lack
of stimuli during hemodialysis or by insensitivity of the hypothalamus-pituitary-axis, at least
not in this cohort. Since copeptin behaves similarly to AVP in the circulation [10], one would
expect AVP also to increase during hemodialysis. However, the intradialytic increase of plasma
AVP as well as plasma copeptin could well be underestimated as copeptin and AVP are proba-
bly removed by dialysis [25] considering its molecular weights of about 5 kDa (11,15] and 1
kDa [26], respectively. Presently, there are no data on the dialyzability of copeptin nor AVP
and future studies should investigate whether copeptin and AVP are indeed removed by
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hemodialysis and if so to what extent. Whether the intradialytic courses of copeptin and AVP
are similar also remains to be studied.

In this study, plasma sodium levels increased slightly but significantly during hemodialysis
with a dialysate sodium concentration of 139 mmol/l. Remarkably, we found no significant as-
sociation between the change in copeptin levels and changes in plasma sodium during hemodi-
alysis. Under normal physiological conditions, the secretion of AVP, and thus copeptin, is
mainly regulated by changes in plasma osmolality [27-30]. However, in hypotensive states,
plasma AVP release is thought to be mainly controlled by the baroreceptorreflex [27] and, in
such situations, changes in blood volume may play a more important role in AVP release [28].
On the other hand, we should be cautious with conclusions on the absence of a significant asso-
ciation between the change in plasma sodium concentration and copeptin levels. First, the
overall change of plasma sodium concentration was modest. Second, since we did not measure
plasma glucose levels, we could not calculate the effective plasma osmolality and, thus, could
not relate changes in plasma osmolality with changes in copeptin levels. However, when we an-
alyzed diabetic and non-diabetic patients separately, we found that plasma copeptin levels rose
significantly and to the same extent in both groups. Furthermore, there was no statistically sig-
nificant interaction between diabetes status and plasma sodium concentration, MAP and blood
volume in their associations with the change in copeptin concentration. A drawback of the
present study is that an objective marker of volume status, like bioimpedance analysis, is lack-
ing. It is intriguing that higher copeptin levels prior to dialysis tended to be associated with
higher plasma levels of the volume marker NT-proBNP, whereas during hemodialysis a de-
crease in relative blood volume was associated with a significant increase in plasma copeptin
levels. The former was also found previously: the more volume overloaded patients were, the
higher plasma copeptin levels were [14]. We have no explanation for this apparent paradox.
Copeptin might also be a volume marker in steady state situations, i.e. before hemodialysis and
in the interdialytic interval. More studies on the course of copeptin in the intra- and interdialy-
tic interval are needed.

Conclusion

Plasma copeptin levels are increased predialysis and show a significant increase during hemo-
dialysis. Intradialytic decreases in blood pressure and blood volume were associated with an in-
crease in plasma copeptin. Thus, volumetric stimuli for copeptin release, i.e. decreases in blood
pressure and blood volume are active in hemodialysis patients.

Supporting Information

S1 Dataset. PONE-D-14-58216.
(XLSX)

Author Contributions

Conceived and designed the experiments: CFMF SA JK. Performed the experiments: SA JK.
Analyzed the data: EME CFMF HG. Contributed reagents/materials/analysis tools: SJLB HG.
Wrote the paper: EME CEMF RTG CAJMG RW.

References

1. YamadaK, Nakayama M, Miura Y, Nakano H, Mimura N, Yoshida S. Role of AVP in the regulation of
vascular tonus and blood pressure in patients with chronic renal failure. Regul Pept 1993 Apr 29; 45(1—
2:91-95. PMID: 8394594

PLOS ONE | DOI:10.1371/journal.pone.0127116 May 14,2015 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127116.s001
http://www.ncbi.nlm.nih.gov/pubmed/8394594

@’PLOS ‘ ONE

Stimuli for Copeptin in Hemodialysis Patients

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Nakayama M, Yamada K, Nakano H, Miura Y, Tuchida H, Kawaguchi Y. Stimulated secretion of argi-
nine vasopressin during hemodialysis in patients with hemodialysis hypotension. Nephron 1998 Aug;
79(4):488-489. PMID: 9689174

Martinez-Vea A, Botey A, Montoliu |, Lopez Pedret J, Revert L. Vasopressin response in hemodialysis
patients. Clin Nephrol 1985 Dec; 24(6):316. PMID: 4075603

litake K, Kimura T, Matsui K, Ota K, Shoji M, Inoue M, et al. Effect of haemodialysis on plasma ADH lev-
els, plasma renin activity and plasma aldosterone levels in patients with end-stage renal disease. Acta
Endocrinol (Copenh) 1985 Oct; 110(2):207—213. PMID: 3904290

Zoccali C, Mallamaci F, Ciccarelli M, Parlongo S, Salnitro F, Curatola A. The reflex control of vasopres-
sin in haemodialysis patients. Nephrol Dial Transplant 1991; 6(9):631-636. PMID: 1745386

Cernaro V, Lacquaniti A, Lorenzano G, Loddo S, Romeo A, Donato V, et al. Apelin, plasmatic osmolali-
ty and hypotension in dialyzed patients. Blood Purif 2012; 33(4):317-323. doi: 10.1159/000337104
PMID: 22699819

Ettema EM, Zittema D, Kuipers J, Gansevoort RT, Vart P, de Jong PE, et al. Dialysis hypotension: a
role for inadequate increase in arginine vasopressin levels? A systematic literature review and meta-
analysis. Am J Nephrol 2014; 39(2):100—109. doi: 10.1159/000358203 PMID: 24503523

van der Zee S, Thompson A, Zimmerman R, Lin J, Huan Y, Braskett M, et al. Vasopressin administra-
tion facilitates fluid removal during hemodialysis. Kidney Int 2007 Feb; 71(4):318-324. PMID:
17003815

Morgenthaler NG, Struck J, Jochberger S, Dunser MW. Copeptin: clinical use of a new biomarker.
Trends Endocrinol Metab 2008 Mar; 19(2):43—49. doi: 10.1016/j.tem.2007.11.001 PMID: 18291667

Morgenthaler NG. Copeptin: a biomarker of cardiovascular and renal function. Congest Heart Fail 2010
Jul; 16 Suppl 1:S37-44. doi: 10.1111/1.1751-7133.2010.00177.x PMID: 20653710

Morgenthaler NG, Struck J, Alonso C, Bergmann A. Assay for the measurement of copeptin, a stable
peptide derived from the precursor of vasopressin. Clin Chem 2006 Jan; 52(1):112—119. PMID:
16269513

Dabla PK, Dabla V, Arora S. Co-peptin: Role as a novel biomarker in clinical practice. Clin Chim Acta
2011 Jan 14; 412(1-2):22-28.

Balanescu S, Kopp P, Gaskill MB, Morgenthaler NG, Schindler C, Rutishauser J. Correlation of plasma
copeptin and vasopressin concentrations in hypo-, iso-, and hyperosmolar States. J Clin Endocrinol
Metab 2011 Apr; 96(4):1046-1052. doi: 10.1210/jc.2010-2499 PMID: 21289257

Fenske W, Wanner C, Allolio B, Drechsler C, Blouin K, Lilienthal J, et al. Copeptin levels associate with
cardiovascular events in patients with ESRD and type 2 diabetes mellitus. J Am Soc Nephrol 2011 Apr;
22(4):782-790. doi: 10.1681/ASN.2010070691 PMID: 21415158

Li X, Yang XC, Sun QM, Chen XD, Li YC. Brain natriuretic peptide and copeptin levels are associated
with cardiovascular disease in patients with chronic kidney disease. Chin Med J (Engl) 2013 Mar; 126
(5):823-827. PMID: 23489784

Artunc F, Nowak A, Mueller C, Breidthardt T, Twerenbold R, Wagner R, et al. Plasma concentrations of
the vasoactive peptide fragments mid-regional pro-adrenomedullin, C-terminal pro-endothelin 1 and
copeptin in hemodialysis patients: associated factors and prediction of mortality. PLoS One 2014 Jan
22;9(1):e86148. doi: 10.1371/journal.pone.0086148 PMID: 24465926

Assa S, Hummel YM, Voors AA, Kuipers J, Westerhuis R, de Jong PE, et al. Hemodialysis-induced re-
gional left ventricular systolic dysfunction: prevalence, patient and dialysis treatment-related factors,
and prognostic significance. Clin J Am Soc Nephrol 2012 Oct; 7(10):1615-1623. doi: 10.2215/CJN.
00850112 PMID: 22822014

Struck J, Morgenthaler NG, Bergmann A. Copeptin, a stable peptide derived from the vasopressin pre-
cursor, is elevated in serum of sepsis patients. Peptides 2005 Dec; 26(12):2500-2504. PMID:
15922490

Sauerbrei W. The use of resampling methods to simplify regression models in medical statistics. Jour-
nal of the Royal Statistical Society: Series C (Applied Statistics) 1999; 48(3):313-329.

Schneditz D, Putz-Bankuti C, Ribitsch W, Schilcher G. Correction of plasma concentrations for effects
of hemoconcentration or hemodilution. ASAIO J 2012 Mar-Apr; 58(2):160—-162. doi: 10.1097/MAT.
0b013e318243660f PMID: 22370687

Bhandari SS, Loke |, Davies JE, Squire IB, Struck J, Ng LL. Gender and renal function influence plasma
levels of copeptin in healthy individuals. Clin Sci (Lond) 2009 Feb; 116(3):257—263. doi: 10.1042/
CS20080140 PMID: 18647134

Shoji T, Tsubakihara Y, Fuijii M, Imai E. Hemodialysis-associated hypotension as an independent risk
factor for two-year mortality in hemodialysis patients. Kidney Int 2004 Sep; 66(3):1212—1220. PMID:
15327420

PLOS ONE | DOI:10.1371/journal.pone.0127116 May 14,2015 11/12


http://www.ncbi.nlm.nih.gov/pubmed/9689174
http://www.ncbi.nlm.nih.gov/pubmed/4075603
http://www.ncbi.nlm.nih.gov/pubmed/3904290
http://www.ncbi.nlm.nih.gov/pubmed/1745386
http://dx.doi.org/10.1159/000337104
http://www.ncbi.nlm.nih.gov/pubmed/22699819
http://dx.doi.org/10.1159/000358203
http://www.ncbi.nlm.nih.gov/pubmed/24503523
http://www.ncbi.nlm.nih.gov/pubmed/17003815
http://dx.doi.org/10.1016/j.tem.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18291667
http://dx.doi.org/10.1111/j.1751-7133.2010.00177.x
http://www.ncbi.nlm.nih.gov/pubmed/20653710
http://www.ncbi.nlm.nih.gov/pubmed/16269513
http://dx.doi.org/10.1210/jc.2010-2499
http://www.ncbi.nlm.nih.gov/pubmed/21289257
http://dx.doi.org/10.1681/ASN.2010070691
http://www.ncbi.nlm.nih.gov/pubmed/21415158
http://www.ncbi.nlm.nih.gov/pubmed/23489784
http://dx.doi.org/10.1371/journal.pone.0086148
http://www.ncbi.nlm.nih.gov/pubmed/24465926
http://dx.doi.org/10.2215/CJN.00850112
http://dx.doi.org/10.2215/CJN.00850112
http://www.ncbi.nlm.nih.gov/pubmed/22822014
http://www.ncbi.nlm.nih.gov/pubmed/15922490
http://dx.doi.org/10.1097/MAT.0b013e318243660f
http://dx.doi.org/10.1097/MAT.0b013e318243660f
http://www.ncbi.nlm.nih.gov/pubmed/22370687
http://dx.doi.org/10.1042/CS20080140
http://dx.doi.org/10.1042/CS20080140
http://www.ncbi.nlm.nih.gov/pubmed/18647134
http://www.ncbi.nlm.nih.gov/pubmed/15327420

@’PLOS ‘ ONE

Stimuli for Copeptin in Hemodialysis Patients

23.

24,

25.

26.

27.

28.

29.

30.

Park J, Rhee CM, Sim JJ, Kim YL, Ricks J, Streja E, et al. A comparative effectiveness research study
of the change in blood pressure during hemodialysis treatment and survival. Kidney Int 2013 Oct; 84
(4):795-802. doi: 10.1038/ki.2013.237 PMID: 23783241

Flythe JE, Kimmel SE, Brunelli SM. Rapid fluid removal during dialysis is associated with cardiovascu-
lar morbidity and mortality. Kidney Int 2011 Jan; 79(2):250-257. doi: 10.1038/ki.2010.383 PMID:
20927040

Ronco C, Bowry S. Nanoscale modulation of the pore dimensions, size distribution and structure of a
new polysulfone-based high-flux dialysis membrane. Int J Artif Organs 2001 Oct; 24(10):726—735.
PMID: 11817320

Santoro A. Infusing vasopressin to prevent intradialytic hypotension. Nat Clin Pract Nephrol 2007 Jul; 3
(7):362-363. PMID: 17502885

Mutlu GM, Factor P. Role of vasopressin in the management of septic shock. Intensive Care Med 2004
Jul; 30(7):1276-1291. PMID: 15103461

Nord E, Danovitch GM. Vasopressin response in haemodialysis patients. Proc Eur Dial Transplant
Assoc 1979; 16:238-243. PMID: 398493

Barrett LK, Singer M, Clapp LH. Vasopressin: mechanisms of action on the vasculature in health and in
septic shock. Crit Care Med 2007 Jan; 35(1):33—40. PMID: 17133186

Sharman A, Low J. Vasopressin and its role in critical care. Contin Educ Anaesth Crit Care Pain 2008;
8(4):134-137.

PLOS ONE | DOI:10.1371/journal.pone.0127116 May 14,2015 12/12


http://dx.doi.org/10.1038/ki.2013.237
http://www.ncbi.nlm.nih.gov/pubmed/23783241
http://dx.doi.org/10.1038/ki.2010.383
http://www.ncbi.nlm.nih.gov/pubmed/20927040
http://www.ncbi.nlm.nih.gov/pubmed/11817320
http://www.ncbi.nlm.nih.gov/pubmed/17502885
http://www.ncbi.nlm.nih.gov/pubmed/15103461
http://www.ncbi.nlm.nih.gov/pubmed/398493
http://www.ncbi.nlm.nih.gov/pubmed/17133186

