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Abstract: The protein-bound uremic toxins para-cresyl sulfate (pCS) and indoxyl sulfate (IS) are
associated with cardiovascular disease in chronic renal failure, but the effect of different dialysis
procedures on their plasma levels over time is poorly studied. The present prospective, randomized,
cross-over trial tested dialysis efficacy and monitored pre-treatment pCS and IS concentrations
in 15 patients on low-flux and high-flux hemodialysis and high-convective volume postdilution
hemodiafiltration over six weeks each. Although hemodiafiltration achieved by far the highest toxin
removal, only the mean total IS level was decreased at week three (16.6 ± 12.1 mg/L) compared to
baseline (18.9 ± 13.0 mg/L, p = 0.027) and to low-flux dialysis (20.0 ± 12.7 mg/L, p = 0.021). At week
six, the total IS concentration in hemodiafiltration reached the initial values again. Concentrations
of free IS and free and total pCS remained unaltered. Highest beta2-microglobulin elimination in
hemodiafiltration (p < 0.001) led to a persistent decrease of the plasma levels at week three and six
(each p < 0.001). In contrast, absent removal in low-flux dialysis resulted in rising beta2-microglobulin
concentrations (p < 0.001). In conclusion, this trial demonstrated that even large differences in
instantaneous protein-bound toxin removal by current extracorporeal dialysis techniques may have
only limited impact on IS and pCS plasma levels in the longer term.

Keywords: protein-bound uremic toxins; end-stage renal disease; hemodialysis; hemodiafiltration;
dialysis adequacy

Key Contribution: Large differences in protein-bound toxin removal by current extracorporeal
dialysis techniques may have only limited impact on IS and pCS plasma levels in the longer term.

1. Introduction

In chronic renal failure, the progressing accumulation of uremic toxins represents a hallmark
of the uremic syndrome and causes associated morbidity and mortality [1]. Of the different classes
of uremic toxins defined, protein-bound uremic toxins (PBT) are particularly difficult to remove by
current dialysis procedures. Although most of the PBT are small substances, their binding to larger
protein, particularly albumin, restrains them from freely passing through dialysis membranes [2].
Thus, only their much smaller free fraction, which is in equilibrium with the bound toxin, is able to be
readily removed.
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Several recent approaches aimed to increase PBT removal during extracorporeal dialysis therapy,
either by interfering with the protein-binding [3,4] or by adding adsorptive components [5–7]. But also
simply modifying routine dialysis treatment is suited to significantly improve PBT elimination. This can
be achieved for example by longer sessions, by increasing the dialysis membrane surface area and
the blood and dialysate flow rate as well as by enhancing convective forces, i.e., switching from
hemodialysis to highly efficient hemodiafiltration [8–11].

Para-cresyl sulfate (pCS) and indoxyl sulfate (IS) represent prototypical substances of uremic
toxins highly bound to albumin (>90%). Both are associated with all-cause mortality in chronic kidney
disease [12]. While instantaneous and short-term effects of the different routine and experimental
dialysis techniques on pCS and IS plasma levels have been repeatedly investigated, only very few
trials have focused on their longer-term variations [10,13,14]. These studies, which largely differed in
design and execution, showed inconsistent results with regard to the PBT plasma concentrations.

The purpose of the present clinical trial was to demonstrate the effects of three extracorporeal
dialysis forms, differing in treatment efficacy, on pCS and IS plasma levels over a six-week period.

2. Results

Of the 15 patients enrolled, one patient had to be excluded due to being hospitalized. Fourteen
patients (67.7 ± 12.0 years; 10 male, 4 female) terminated the study and were analyzed as per protocol.
All patients had patent arterio-venous fistulae and were on a high-flux dialyzer for at least one year
prior to the trial. Their underlying renal diseases were glomerulonephritis (n = 4), diabetic nephropathy
(n = 4), hypertensive nephropathy (n = 2), urate nephropathy (n = 1), tubulo-interstitial nephritis
(n = 1), renal ischemia due to ruptured aortic aneurysm (n = 1), and unknown (n = 1). The dialysis
vintage was 84.6 ± 28.0 months and only 5 of the 14 patients had residual renal function. At baseline,
none of the patients presented symptoms of ongoing infection, although, microinflammation was
present as indicated by slightly elevated CRP values (refer to Table 1).

Treatment time in each group was identical and lasted 268 ± 17 min. Blood flow rates were not
different, being 381 ± 30, 379 ± 33, and 385 ± 25 mL/min for low-flux hemodialysis (LFHD), high-flux
hemodialysis (HFHD), and hemodiafiltration (HDF), respectively. Ultrafiltration volumes were similar
with 3002 ± 1119, 3033 ± 1180, and 2845 ± 1180 mL, respectively. In HDF, the convective volume
averaged at 24.3 ± 4.9 L.

Table 1. Baseline characteristics of the patients analyzed as per protocol (n = 14).

Characteristic Result

Age—years 67.7 ± 12.0
Female sex—no. (%) 4 (28.6)

Renal disease—no. (%)
Glomerulonephritis 4 (28.6)

Diabetic nephropathy 4 (28.6)
Hypertensive nephropathy 2 (14.3)

Urate nephropathy 1 (7.1)
Tubulo-interstitial nephritis 1 (7.1)

Renal ischemia 1 (7.1)
Unknown 1 (7.1)

Dialysis vintage—months 84.6 ± 28.0
Smoker—no. (%) 3 (21.4)

Residual renal function—no. (%) 5 (35.7)
Diabetes mellitus—no. (%) 5 (35.7)
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Table 1. Cont.

Characteristic Result

History of cardiovascular disease—no. (%)
Myocardial infarction 2 (14.3)

Coronary heart disease 3 (21.4)
Congestive heart failure 1 (7.1)
Cardiac valve disorder 1 (7.1)

Peripheral vascular disease 8 (57.1)
Stroke or transient ischemic attack 2 (14.3)

Body weight—kg 79.5 ± 6.4
Hemoglobin—g/dl 11.4 ± 0.7

Albumin—g/L 34.7 ± 2.7
C-reactive protein—mg/L 6.4 ± 8.9

Calcium—mmol/L 2.34 ± 0.17
Phosphate—mmol/L 1.41 ± 0.41

2.1. Treatment Effects on Study End-Points

2.1.1. Plasma Concentrations of Toxins over Time

During HDF, plasma concentrations of total IS decreased from baseline (t0, 18.9 ± 13.0 mg/L) to
week 3 (t3, 16.6 ± 12.1 mg/L, p = 0.027) (refer to Figure 1a). Total IS levels at t0 and t3 in patients on
HDF were lower compared to LFHD (20.8 ± 14.4 mg/L, p = 0.046, and 20.0 ± 12.7 mg/L, p =0.021, resp.),
but did not differ from HFHD (20.1 ± 12.6 and 19.3 ± 11.6 mg/L). In contrast, plasma levels of free
IS and pCS as well as of total pCS were not different, neither within nor between treatment modes
(refer to Figures 1b and 2).
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Figure 1. Course of mean indoxyl sulfate (IS) plasma levels ± standard deviations over the six-week
study period: (a) Total IS. During hemodiafiltration (HDF), concentrations decreased until week 3.
At t0 and t3, they were lower compared to low-flux hemodialysis (LFHD). * p = 0.046, ** p = 0.021
vs. low-flux hemodialysis (HD). # p = 0.027 vs. t0; (b) Free IS. No significant differences between and
within dialysis treatments were observed.

The differences in beta2-microglobulin (b2M) removal had significant impact on b2M plasma
concentrations. Compared to baseline, the levels in LFHD were increased at week 3 and week 6
(p < 0.001). At these times, they were also much higher compared to both HFHD and HDF (p < 0.001).
Only in HDF, the b2M levels at week 3 and week 6 were reduced (p < 0.05) compared to baseline.
No change was noted in HFHD (refer to Table 2).
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Figure 2. Course of para-cresyl sulfate (pCS) plasma levels over the six-week study period. Data are
mean values ± standard deviations. No differences between and within dialysis treatments were
detected: (a) Total pCS; (b) Free pCS.

Table 2. Time course of C-reactive protein (CRP), albumin, and beta2-microglobulin (b2M) plasma
concentrations. Mean values ± standard deviations are given.

CRP
[mg/L]

Albumin
[g/L]

b2M
[mg/L]

Week 0 Week 3 Week 6 Week 0 Week 3 Week 6 Week 0 Week 3 Week 6

LFHD 7.1 ± 9.0 7.9 ± 9.9 11.4 ± 19.2 36.0 ± 4.0 35.8 ± 3.8 1 38.2 ± 4.9 2 23.7 ± 7.4 34.0 ± 13.5 4 35.7 ± 14.4 4

HFHD 7.1 ± 8.8 9.7 ± 16.5 7.7 ± 10.4 35.5 ± 3.3 34.9 ± 3.4 1 37.1 ± 4.3 27.1 ± 11.9 23.8 ± 7.7 24.5 ± 7.4
HDF 7.1 ± 10.8 7.5 ± 9.2 5.1 ± 7.2 35.5 ± 4.7 33.8 ± 3.8 3 36.7 ± 4.7 28.7 ± 13.1 22.2 ± 6.4 2 22.4 ± 6.2 2

1 p = 0.01 vs. HDF; 2 p < 0.05 vs. Week 0; 3 p < 0.001 vs. Week 0; 4 p < 0.001 vs. Week 0 and vs. high-flux hemodialysis
(HFHD) and hemodiafiltration (HDF).

2.1.2. Instantaneous Treatment Efficacy

Total IS reduction ratios in HDF (t0, 48.1 ± 9.6; t3, 46.0 ± 18.3%) were much higher (p < 0.001)
compared to low-flux (36.5 ± 10.7; 34.3 ± 8.2%) and high-flux HD (35.9 ± 8.7; 37.0 ± 10.5%), as shown
in Table 3. The same trend was observed for the reduction ratios of total pCS. Free IS and free pCS
reduction ratios at week 0 were also significantly higher in HDF compared to LFHD and HFHD
(p < 0.001). At week 3, this difference could only be determined versus LFHD (refer to Table 3).

In HDF, higher dialytic clearances of total pCS and total IS were only noted at week 0 compared
to LFHD, (each p < 0.05) (refer to Table 3). The dialytic clearance of total IS in HFHD was also higher
compared to LFHD at week 0 (p < 0.05). As Table 3 shows, the masses of the protein-bound toxins pCS
and IS in dialysate were not different between treatments.

The reduction ratios of the middle molecular solute b2M in HDF at week 0 and week 3 were
significantly higher (each p < 0.001) compared to HFHD and LFHD. Reduction ratios in HFHD were
also superior compared to LFHD (each p < 0.001). The same differences between the treatment
modes were also determined for the dialytic clearances and removed masses in dialysate of b2M
(refer to Table 3).

Differences in treatment efficacy were also seen with regard to the single pool Kt/V for urea
(spKt/V) as a measure of small solute dialysis dose. Compared to both LFHD and HFHD, HDF achieved
considerably higher spKt/V values at week 0 and week 3 (each p < 0.001). Furthermore, at week 0,
the dialysis dose in HFHD was superior to LFHD (p < 0.001) (refer to Table 3).
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Table 3. Instantaneous treatment efficacy (plasma reduction ratio, dialytic clearance, mass removed
into dialysate, spKt/V) of the dialysis procedures at baseline and week 3. Mean values ± standard
deviations are shown.

Parameter
LFHD HFHD HDF

Week 0 Week 3 Week 0 Week 3 Week 0 Week 3

Reduction Ratio [%]
total IS 36.5 ± 10.7 34.3 ± 8.2 35.9 ± 8.7 37.0 ± 10.5 48.1 ± 9.6 1 46.0 ± 18.3 1

free IS 48.3 ± 11.6 44.0 ± 16.1 49.8 ± 12.7 49.4 ± 20.0 60.8 ± 10.4 1 56.3 ± 23.1 2

total pCS 30.7 ± 11.9 29.4 ± 7.3 29.7 ± 10.8 30.8 ± 10.6 42.8 ± 10.0 1 39.1 ± 20.6 1

free pCS 43.5 ± 13.9 40.0 ± 16.4 47.1 ± 13.6 47.8 ± 18.6 58.9 ± 10.6 1 52.3 ± 25.9 2

b2M −1.9 ± 8.0 −0.3 ± 6.7 60.6 ± 6.0 3 60.6 ± 6.0 3 77.9 ± 4.9 1 78.4 ± 5.1 1

Dialytic Clearance [mL/min]
total IS 20 ± 16 21 ± 14 25 ± 18 4 26 ± 24 30 ± 23 4 23 ± 23

total pCS 18 ± 16 18 ± 16 24 ± 19 23 ± 21 26 ± 18 4 25 ± 19
b2M 8 ± 0 8 ± 1 33 ± 19 3 33 ± 20 3 52 ± 27 1 49 ± 24 1

Mass in Dialysate [mg]
total IS 73 ± 64 76 ± 57 93 ± 72 97 ± 97 110 ± 91 89 ± 90

total pCS 70 ± 65 70 ± 66 92 ± 80 87 ± 84 96 ± 72 92 ± 76
b2M 30 ± 2 30 ± 2 124 ± 78 3 121 ± 78 2 190 ± 108 1 174 ± 87 2

spKt/V
urea 1.53 ± 0.31 1.59 ± 0.29 1.69 ± 0.27 3 1.68 ± 0.35 2.01 ± 0.35 1 2.03 ± 0.33 1

1 p < 0.001 vs. LFHD and HFHD; 2 p < 0.01 vs. LFHD; 3 p < 0.001 vs. LFHD; 4 p < 0.05 vs. LFHD.

2.1.3. Other Laboratory Parameters

No significant differences in CRP levels were detected either within or between treatments (refer to
Table 2), indicating that the dialysis mode had no impact on this parameter.

At week 3, the pre-treatment plasma albumin concentration in patients on HDF was lower
compared to baseline (p < 0.05) as well as to LFHD and HFHD (p < 0.01) (refer to Table 2). The level
recovered until week 6 in the further course of the study. In contrast, a significant increase of the
albumin level from baseline until week 6 was noted for LFHD (p < 0.05).

2.1.4. Associations between Parameters

Levels of free and total PBT correlated with each other. Interestingly, free and total IS concentrations
in plasma were positively associated with CRP (r = 0.383 and 0.532, resp.; each p < 0.001) (refer to
Figure 3), but not with albumin (r = 0.075 and 0.129, resp.; p = 0.401 and 0.149). In contrast, within the
different treatment forms, PBT levels did not correlate with CRP. Furthermore, associations between
albumin and PBT were also absent when analyzed within the different dialysis modes (LF-HD, HF-HD
and HDF; free IS, r = −0.149, 0.018 and −0.115, resp.; p = 0.346, 0.908 and 0.467; total IS, r = 0.104,
0.172 and 0.007, resp.; p = 0.511, 0.275 and 0.946; free pCS, r = 0.016, 0.022 and −0.020, resp.; p = 0.922,
0.888 and 0.901; total pCS, r = 0.068, 0.091 and 0.129, resp.; p = 0.669, 0.566 and 0.417).

Small and particularly middle molecule removal in dialysis was significantly associated with PBT
elimination. The reduction ratios of total pCS (r = 0.620) and total IS (r =0.649) correlated significantly
(p < 0.001) with spKt/V. The reduction ratio of b2M correlated with those of the free and total fractions
of PBT (free pCS r = 0.389, total pCS r = 0.501, free IS r = 0.369, total IS r = 0.530; each p < 0.001).
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Figure 3. Association of IS plasma concentrations with CRP. Both total and free IS highly correlated
with CRP: (a) Total IS vs. CRP; (b) Free IS vs. CRP.

3. Discussion

The present study demonstrated that large differences in the elimination of the highly
protein-bound toxins pCS and IS during dialysis had only very limited impact on their pre-treatment
plasma levels over a six-week period. High convective volume HDF, performed according to the current
recommendations [15], achieved by far higher PBT removal than LFHD and HFHD, both deliberately
executed in a standard manner. The superior elimination of PBT in HDF resulted only in a slight and
transient decrease (−12%) of the total IS level after three weeks of treatment. At this time, the level was
also lower compared to LFHD. However, at week 6, differences between baseline values and therapy
modes had disappeared. For pre-treatment pCS concentrations, no differences were determined at all.

These results only partially match those of previous similar trials. They basically confirm a recent
crossover study by Camacho et al., who also aimed to apply dialysis therapy varying in efficacy for
a limited period of time [10]. In 14 patients on thrice-weekly six to eight hour nocturnal therapy,
hemodialysis was modified to provide one 2-week period of high and another 2-week period of
low PBT clearance separated by a wash-out period of several weeks. Pre-treatment free as well as
total IS levels were slightly decreased (−11 and −4%, respectively) at the end of the high clearance
period, while they were not in the low clearance group. Despite large differences in pCS removal
between therapy groups, no change in pre-treatment free and total pCS plasma levels was achieved.
The different courses of pre-treatment IS and pCS were explained by the short experimental periods of
only two weeks and an increase in intestinal pCS generation in response to higher clearance [10].

An earlier trial was able to show that, compared to HFHD and low-efficient predilution HDF,
two weeks of intensified convective treatment in form of predilution HDF with 60L infusion volume
could reduce pre-treatment para-cresol plasma levels [16]. The same study did not find a change of
para-cresol plasma levels when postdilution HDF, the convective therapy mode of the present testing,
was performed. With 20L of infusion fluid, the total convective volume was slightly lower compared
to that of the present study. Although a randomized, prospective, crossover design was used [16],
the results must be regarded with some caution because para-cresol and not only pCS was measured.
Para-cresol includes pCS and para-cresyl glucuronide, the latter is only little bound to protein and,
therefore, easily removed by dialysis in contrast to pCS [9].

Meert et al. performed a study with a longer observation period, which, unfortunately,
was compromised by a non-randomized study design. They demonstrated a consistent 20% reduction
of pCS over nine weeks after 13 maintenance dialysis patients were switched from HFHD to online
postdilution HDF with a total convective volume of 21.7 L [13]. The results were in line with findings
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from a previous longitudinal study, which did a post hoc analysis on remnant samples after six months
of predilution hemofiltration [17].

The trial with the longest observation period was the recent Italian REDERT study, which compared
six months of randomly assigned LFHD to six months of postdilution HDF in a crossover manner.
A total of 36 patients were analyzed and the mean convective volume in HDF was 23.8 ± 2.3 L, i.e.,
only slightly lower as in the present trial. At the end of the respective six-month periods, pretreatment
levels of free and total pCS and IS were significantly lower in HDF compared to LFHD [14].

Comparing the data generated in the present trial with those of the references raises several
questions. In the present study, the elimination of PBT highly correlated with treatment efficacy,
particularly for small solutes measured as spKt/V for urea, but also for middle molecules with the
well-known lowering impact on the course of the pretreatment b2m levels in plasma over time (refer to
Table 3) [13,18,19]. A correlation of IS and pCS removal with spKt/V has been reported before [11].
In the REDERT study, the difference in spKt/V between LFHD and HDF was not large (1.36 vs.
1.49) [14], suggesting that this could have been also true for PBT elimination, which, however, was not
measured. Furthermore, dialysis dose assessed as Kt/V seems to be no determinant for pre-treatment
PBT concentrations, but other factors, such as residual renal function and dietary protein intake, are
highly associated with the levels [20]. In fact, vegetarian patients on maintenance hemodiafiltration
have lower PBT levels than those on a mixed diet [21], while casual changes in nutrition most likely
cause the spontaneous variations of pre-dialysis uremic toxin concentrations, which are observed
in otherwise stable patients on maintenance hemodialysis [22]. Therefore, it appears obvious that
all studies investigating plasma PBT levels over time, including the present one, may have been
confounded by the patients’ residual renal function and, particularly, diet, as they were not controlled
for either.

Switching a patient from HD to HDF frequently leads to a slight, usually transient reduction in
serum albumin concentrations [19,23], an observation also made in the present trial despite a very
limited mean albumin loss of 1.4 ± 0.5 g into dialysate per session. In LFHD and HFHD, the albumin
loss was below the detection limit of 0.3 g in almost all treatments and serum albumin even increased
in LFHD. The transient serum albumin reduction in HDF at week 3 paralleled the decrease of IS.
Although IS, as well as pCS, is mainly bound to albumin [24], lowering albumin does not fully explain
the reduction of IS because the concentrations of the two substances did not correlate. It is likely that a
reduced albumin level in HDF is compensated by an increase of albumin synthesis, which requires
more protein intake [25]. In fact, such a dietary adjustment may have confounded the beneficial effects
on the PBT plasma levels by the superior elimination in this dialysis mode. In this context, it needs to
be mentioned that inflammation is known to adversely affect albumin synthesis [25], and, in this small
present trial, a positive association of CRP and IS plasma levels has been determined. Although both
IS and inflammation are involved in cardiovascular outcomes in patients with chronic renal failure
stage 3-5 [12], such an association has not been described previously [26].

IS and pCS derive from the metabolism of aromatic amino acids, more specifically the essential
dietary tryptophan and tyrosine and phenylalanine, respectively, after bacterial degradation in the
intestine, from where they are adsorbed [27]. Therefore, modifying the gut microbiom and interfering
with toxin and toxin precursor adsorption represent conclusive therapeutic interventions to reduce
uremic toxin accumulation in chronic renal failure. In this regard, modifications of diet, applications of
prebiotics and/or probiotics, as well as ingestion of oral intestinal sorbents have proven therapeutic
effectiveness [27], emphasizing casual changes in nutrition and PBT resorption from the intestine as
possible confounders in the present trial.

IS and pCS are normally cleared by renal tubular secretion with clearances higher than the
glomerular filtration rate [28]. Therefore, it will also be interesting to study the effects of PBT removal
by future bioartificial kidneys, which add renal tubular functions to dialysis therapy [29]. However,
six weeks are a rather short observation period and in case of longer-term monitoring, a reduction of
the PBT levels, such as in the previous studies [13,14], could have been occurred also in the present trial.



Toxins 2019, 11, 47 8 of 11

4. Conclusions

Extracorporeal dialysis therapies performed according to current guidelines highly differ in
PBT elimination. Despite by far superior removal of pCS and IS in HDF, a sustained effect on PBT
plasma levels after six weeks was not observed. Therefore, differences of current dialysis techniques
in instantaneous PBT removal have only limited impact on their plasma levels in the longer term.
Although more efficient dialysis strategies to increase PBT elimination may be available in the
future [4–7], other determinants of PBT plasma concentrations, such as the intestinal PBT generation
and adsorption, represent important therapeutic targets. In this regard, the oral administration of the
charcoal adsorbent AST-120 has proven as an efficient example of lowering PBT levels in patients on
maintenance hemodialysis [30].

5. Materials and Methods

The study was performed in adherence to the Declaration of Helsinki. Study approval was
given by the Ethics Committee of the University hospital Würzburg (registration no. 66/16, date of
the approval: 31 May 2016). The study was registered at the German Register for Clinical Trials
(DRKS00010788). Written informed consent, which included the approval for publication of the study
data, was obtained from all patients participating in the study.

5.1. Study Design

In a prospective, controlled, cross-over trial, 15 maintenance dialysis patients were enrolled.
Each patient was randomly subjected to thrice weekly LFHD, HFHD, and high convective
volume (study target ≥ 25 L) postdilution HDF, each for six consecutive weeks starting on
a midweek session (refer to Figure 4). Dialysis membrane material was always identical
(polyethersulfone/polyvinylpyrrolidone blend, PUREMA®, 3MTM Deutschland GmbH, Wuppertal,
Germany), but permeability and surface area were adapted to the dialysis mode (LFHD, PUREMA® L
1.4 m2; HFHD, PUREMA® H 1.4 m2; and HDF, PUREMA® H 1.8 m2). Ultrapure dialysate was applied
exclusively. The dialysate was composed as follows: Na+ 138 mmol/L; K+ 2–4 mmol/L, adapted
according to the patients’ requirements; Mg2+ 0.5 mmol/L; Ca2+ 1.75 mmol/L; CH3COO− 3.0 mmol/L;
Cl− 110.5 mmol/L; HCO3

− 32.0 mmol/L; glucose 1.0 g/L. Dialysate flow rates varied between HD and
HDF (500 vs. 700 mL/min). Blood flow rates and treatment time were kept identical for individual
patients, but differed between patients. Anticoagulation with standard (n = 12) or fractionated (n = 2)
heparin was unchanged adopted from the patients’ routinely used regimen.

5.2. Monitoring of Treatment Effects

Plasma levels of free and total pCS and IS were determined at baseline (t0), after three (t3) and
six weeks (t6) of each treatment period. Reduction ratios, dialytic clearances, and mass removed
into dialysate of PBT and b2M as well as spKt/V for urea were measured as reported previously at
the t0 and t3 midweek treatments. Reduction ratios were calculated after correction of the venous
blood value for extracellular volume changes [4]. Single-pool Kt/V was calculated using the second
generation logarithmic estimate by Daugirdas [31]. Serum CRP and albumin were also monitored at t0,
t3, and t6. Blood samples were drawn from the arterial needle before the treatment and, if applicable,
from the venous blood line at the end of dialysis after reducing the blood flow rate to 50 mL/min and
the dialysate flow turned off for 30 s.
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Figure 4. Study flow chart. Two or three patients each were randomly assigned to receiving one of six
possible sequences of three different consecutive dialysis treatment forms each lasting for six weeks.
A total of 15 patients were randomized. Blood and dialysate samples were drawn at the beginning,
after three weeks and at the end of each treatment period. LFHD, low-flux hemodialysis; HFHD,
high-flux hemodialysis; HDF, hemodiafiltration.

5.3. Analytical Methods

IS and pCS were measured by reversed-phase high performance liquid chromatography as
previously described [32]. The purified IS (Sigma, Taufkirchen, Germany) and pCS (kindly provided
by Natalie Meert, University of Ghent) standards equaled coeluting peaks derived from plasma of
uremic individuals by mass spectroscopy (HCT IonTrap LC/MS-system; Bruker Daltronic GmbH,
Bremen, Germany). Albumin, CRP and b2M were measured using laser nephelometry (BN ProSpec,
Siemens, Germany).

5.4. Data Analysis

Descriptive analysis of the results was performed by calculating mean values± standard deviations
(SD). Within-subject between-treatment differences and within-subject within-treatment changes from
baseline were analyzed in series by ANOVA and a Tukey post hoc test for normally distributed samples.
The Kruskal–Wallis and Spearman tests were used if normal distribution did not apply. A p-value of
<0.05 was considered statistically significant. The statistical analysis was performed with the ‘Minitab
17 Statistical Software’ package (Minitab, Inc., State College, PA, USA, 2014).

Author Contributions: Conceptualization, D.H.K., H.-D.L. and C.W.; Methodology, D.H.K., M.R. and H.-D.L.;
Validation, D.H.K. and M.R.; Formal analysis, D.H.K.; Investigation, D.H.K. and S.K.; Resources, D.H.K. and
H.-D.L.; Data curation, D.H.K. and M.R.; Writing—original draft preparation, D.H.K.; Writing—review & editing,
S.K., M.R., H.-D.L. and C.W.; Visualization, D.H.K.; Supervision, D.H.K.; Project administration, D.H.K.; Funding
acquisition, D.H.K.

Funding: This research was funded with a limited grant by 3M Deutschland GmbH, Germany. This publication
was funded by the German Research Foundation (DFG) and the University of Wuerzburg in the funding program
Open Access Publishing.

Acknowledgments: The authors are grateful to the patients at the dialysis center Elsenfeld, Germany,
for participating in the study and to the dialysis staff for their technical support.

Conflicts of Interest: D.H.K. has received consulting fees from 3M Deutschland GmbH. M.R. and H.-D.L. are
employees of eXcorLab GmbH, Obernburg, Germany. The other authors declare no conflict of interest. The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, and in the decision to publish the results.



Toxins 2019, 11, 47 10 of 11

References

1. Vanholder, R.; Fouque, D.; Glorieux, G.; Heine, G.H.; Kanbay, M.; Mallamaci, F.; Massy, Z.A.; Ortiz, A.;
Rossignol, P.; Wiecek, A.; et al. European Renal Association European Dialysis; Transplant Association
(ERA-EDTA) European Renal; Cardiovascular Medicine (EURECA-m) working group. Clinical management
of the uraemic syndrome in chronic kidney disease. Lancet Diabetes Endocrinol. 2016, 4, 360–373. [CrossRef]

2. Vanholder, R.; Pletinck, A.; Schepers, E.; Glorieux, G. Biochemical and Clinical Impact of Organic Uremic
Retention Solutes: A Comprehensive Update. Toxins (Basel) 2018, 10, E33. [CrossRef] [PubMed]

3. Böhringer, F.; Jankowski, V.; Gajjala, P.R.; Zidek, W.; Jankowski, J. Release of uremic retention solutes from
protein binding by hypertonic predilution hemodiafiltration. ASAIO J. 2015, 61, 55–60. [CrossRef] [PubMed]

4. Krieter, D.H.; Devine, E.; Körner, T.; Rüth, M.; Wanner, C.; Raine, M.; Jankowski, J.; Lemke, H.D.
Haemodiafiltration at increased plasma ionic strength for improved protein-bound toxin removal. Acta Physiol.
2017, 219, 510–520. [CrossRef] [PubMed]

5. Pavlenko, D.; van Geffen, E.; van Steenbergen, M.J.; Glorieux, G.; Vanholder, R.; Gerritsen, K.G.; Stamatialis, D.
New low-flux mixed matrix membranes that offer superior removal of protein-bound toxins from human
plasma. Sci. Rep. 2016, 6, 34429. [CrossRef] [PubMed]

6. Sandeman, S.R.; Zheng, Y.; Ingavle, G.C.; Howell, C.A.; Mikhalovsky, S.V.; Basnayake, K.; Boyd, O.;
Davenport, A.; Beaton, N.; Davies, N. A haemocompatible and scalable nanoporous adsorbent monolith
synthesised using a novel lignin binder route to augment the adsorption of poorly removed uraemic toxins
in haemodialysis. Biomed. Mater. 2017, 12, 035001. [CrossRef]

7. Yamamoto, S.; Sato, M.; Sato, Y.; Wakamatsu, T.; Takahashi, Y.; Iguchi, A.; Omori, K.; Suzuki, Y.; Ei, I.;
Kaneko, Y.; et al. Adsorption of protein-bound uremic toxins through direct hemoperfusion with
hexadecyl-immobilized cellulose beads in patients undergoing hemodialysis. Artif. Organs 2018, 42,
88–93. [CrossRef]

8. Luo, F.J.; Patel, K.P.; Marquez, I.O.; Plummer, N.S.; Hostetter, T.H.; Meyer, T.W. Effect of increasing dialyzer
mass transfer area coefficient and dialysate flow on clearance of protein-bound solutes: A pilot crossover
trial. Am. J. Kidney Dis. 2009, 53, 1042–1049. [CrossRef]

9. Cornelis, T.; Eloot, S.; Vanholder, R.; Glorieux, G.; van der Sande, F.M.; Scheijen, J.L.; Leunissen, K.M.;
Kooman, J.P.; Schalkwijk, C.G. Protein-bound uraemic toxins, dicarbonyl stress and advanced glycation end
products in conventional and extended haemodialysis and haemodiafiltration. Nephrol. Dial. Transplant.
2015, 30, 1395–1402. [CrossRef]

10. Camacho, O.; Rosales, M.C.; Shafi, T.; Fullman, J.; Plummer, N.S.; Meyer, T.W.; Sirich, T.L. Effect of a
sustained difference in hemodialytic clearance on the plasma levels of p-cresol sulfate and indoxyl sulfate.
Nephrol. Dial. Transplant. 2016, 31, 1335–1341. [CrossRef]

11. Abad, S.; Vega, A.; Quiroga, B.; Arroyo, D.; Panizo, N.; Reque, J.E.; López-Gómez, J.M. Protein-bound
toxins: Added value in their removal with high convective volumes. Nefrologia 2016, 36, 637–642. [CrossRef]
[PubMed]

12. Lin, C.J.; Wu, V.; Wu, P.C.; Wu, C.J. Meta-Analysis of the Associations of p-Cresyl Sulfate (PCS) and Indoxyl
Sulfate (IS) with Cardiovascular Events and All-Cause Mortality in Patients with Chronic Renal Failure.
PLoS ONE 2015, 10, e0132589. [CrossRef]

13. Meert, N.; Waterloos, M.A.; Van Landschoot, M.; Dhondt, A.; Ledebo, I.; Glorieux, G.; Goeman, J.;
Van der Eycken, J.; Vanholder, R. Prospective evaluation of the change of predialysis protein-bound uremic
solute concentration with postdilution online hemodiafiltration. Artif. Organs 2010, 34, 580–585. [CrossRef]
[PubMed]

14. Panichi, V.; Rocchetti, M.T.; Scatena, A.; Rosati, A.; Migliori, M.; Pizzarelli, F.; Gesualdo, L.; REDERT Study
group. Long term variation of serum levels of uremic toxins in patients treated by post-dilution high volume
on-line hemodiafiltration in comparison to standard low-flux bicarbonate dialysis: Results from the REDERT
study. J. Nephrol. 2017, 30, 583–591. [CrossRef]

15. Canaud, B.; Vienken, J.; Ash, S.; Ward, R.A.; Kidney Health Initiative HDF Workgroup. Hemodiafiltration to
address unmet medical needs ESKD Patients. Clin. J. Am. Soc. Nephrol. 2018, 13, 1435–1443. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S2213-8587(16)00033-4
http://dx.doi.org/10.3390/toxins10010033
http://www.ncbi.nlm.nih.gov/pubmed/29316724
http://dx.doi.org/10.1097/MAT.0000000000000166
http://www.ncbi.nlm.nih.gov/pubmed/25419832
http://dx.doi.org/10.1111/apha.12730
http://www.ncbi.nlm.nih.gov/pubmed/27259463
http://dx.doi.org/10.1038/srep34429
http://www.ncbi.nlm.nih.gov/pubmed/27703258
http://dx.doi.org/10.1088/1748-605X/aa6546
http://dx.doi.org/10.1111/aor.12961
http://dx.doi.org/10.1053/j.ajkd.2009.01.265
http://dx.doi.org/10.1093/ndt/gfv038
http://dx.doi.org/10.1093/ndt/gfw100
http://dx.doi.org/10.1016/j.nefro.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27590718
http://dx.doi.org/10.1371/journal.pone.0132589
http://dx.doi.org/10.1111/j.1525-1594.2010.01005.x
http://www.ncbi.nlm.nih.gov/pubmed/20545662
http://dx.doi.org/10.1007/s40620-017-0381-2
http://dx.doi.org/10.2215/CJN.12631117
http://www.ncbi.nlm.nih.gov/pubmed/29511057


Toxins 2019, 11, 47 11 of 11

16. Bammens, B.; Evenepoel, P.; Verbeke, K.; Vanrenterghem, Y. Removal of the protein-bound solute p-cresol
by convective transport: A randomized crossover study. Am. J. Kidney Dis. 2004, 44, 278–285. [CrossRef]
[PubMed]

17. Meert, N.; Beerenhout, C.; Schepers, E.; Glorieux, G.; Kooman, J.; Vanholder, R. Evolution of protein-bound
uraemic solutes during predilution haemofiltration. J. Nephrol. 2009, 22, 352–357.

18. Grooteman, M.P.; van den Dorpel, M.A.; Bots, M.L.; Penne, E.L.; van der Weerd, N.C.; Mazairac, A.H.;
den Hoedt, C.H.; van der Tweel, I.; Lévesque, R.; Nubé, M.J.; et al. Effect of online hemodiafiltration on
all-cause mortality and cardiovascular outcomes. J. Am. Soc. Nephrol. 2012, 23, 1087–1096. [CrossRef]

19. Jean, G.; Hurot, J.M.; Deleaval, P.; Mayor, B.; Lorriaux, C. Online-haemodiafiltration vs. conventional
haemodialysis: A cross-over study. BMC Nephrol. 2015, 16, 70. [CrossRef]

20. Eloot, S.; van Biesen, W.; Glorieux, G.; Neirynck, N.; Dhondt, A.; Vanholder, R. Does the adequacy parameter
Kt/V(urea) reflect uremic toxin concentrations in hemodialysis patients? PLoS ONE 2013, 13, e76838.
[CrossRef]

21. Kandouz, S.; Mohamed, A.S.; Zheng, Y.; Sandeman, S.; Davenport, A. Reduced protein bound uraemic
toxins in vegetarian kidney failure patients treated by haemodiafiltration. Hemodial Int. 2016, 20, 610–617.
[CrossRef] [PubMed]

22. Eloot, S.; Van Biesen, W.; Roels, S.; Delrue, W.; Schepers, E.; Dhondt, A.; Vanholder, R.; Glorieux, G.
Spontaneous variability of pre-dialysis concentrations of uremic toxins over time in stable hemodialysis
patients. PLoS ONE 2017, 12, e0186010. [CrossRef]

23. Smith, J.R.; Zimmer, N.; Bell, E.; Francq, B.G.; McConnachie, A.; Mactier, R. A Randomized, Single-Blind,
Crossover Trial of Recovery Time in High-Flux Hemodialysis and Hemodiafiltration. Am. J. Kidney Dis. 2017,
69, 762–770. [CrossRef]

24. Viaene, L.; Annaert, P.; de Loor, H.; Poesen, R.; Evenepoel, P.; Meijers, B. Albumin is the main plasma binding
protein for indoxyl sulfate and p-cresyl sulfate. Biopharm. Drug Dispos. 2013, 34, 165–175. [CrossRef]

25. Rippe, B.; Öberg, C.M. Albumin turnover in peritoneal and hemodialysis. Semin. Dial. 2016, 29, 458–462.
[CrossRef] [PubMed]

26. Hsu, H.J.; Yen, C.H.; Wu, I.W.; Hsu, K.H.; Chen, C.K.; Sun, C.Y.; Chou, C.C.; Chen, C.Y.; Tsai, C.J.; Wu, M.S.;
et al. The association of uremic toxins and inflammation in hemodialysis patients. PLoS ONE 2014, 9, e102691.
[CrossRef] [PubMed]

27. Velasquez, M.T.; Centron, P.; Barrows, I.; Dwivedi, R.; Raj, D.S. Gut microbiota and cardiovascular uremic
toxicities. Toxins (Basel) 2018, 10, E287. [CrossRef] [PubMed]

28. Mair, R.D.; Sirich, T.L.; Meyer, T.W. Uremic toxin clearance and cardiovascular toxicities. Toxins (Basel) 2018,
10, E226. [CrossRef]

29. Saito, A.; Sawada, K.; Fujimura, S.; Suzuki, H.; Hirukawa, T.; Tatsumi, R.; Kanai, G.; Takahashi, H.;
Miyakogawa, T.; Sanechika, N.; et al. Evaluation of bioartificial renal tubule device prepared with
lifespan-extended human renal proximal tubular epithelial cells. Nephrol. Dial. Transplant. 2012, 27,
3091–3099. [CrossRef]

30. Yamamoto, S.; Kazama, J.J.; Omori, K.; Matsuo, K.; Takahashi, Y.; Kawamura, K.; Matsuto, T.; Watanabe, H.;
Maruyama, T.; Narita, I. Continuous Reduction of protein-bound uraemic toxins with improved oxidative
stress by using the oral charcoal adsorbent AST-120 in haemodialysis patients. Sci. Rep. 2015, 5, 14381.
[CrossRef]

31. Daugirdas, J.T. Second generation logarithmic estimates of single-pool variable volume Kt/V: An analysis of
error. J. Am. Soc. Nephrol. 1993, 4, 1205–1213. [PubMed]

32. Krieter, D.H.; Hackl, A.; Rodriguez, A.; Chenine, L.; Moragues, H.L.; Lemke, H.D.; Wanner, C.;
Canaud, B. Protein-bound uraemic toxin removal in haemodialysis and post-dilution haemodiafiltration.
Nephrol. Dial. Transplant. 2010, 25, 212–218. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1053/j.ajkd.2004.04.033
http://www.ncbi.nlm.nih.gov/pubmed/15264186
http://dx.doi.org/10.1681/ASN.2011121140
http://dx.doi.org/10.1186/s12882-015-0062-0
http://dx.doi.org/10.1371/journal.pone.0076838
http://dx.doi.org/10.1111/hdi.12414
http://www.ncbi.nlm.nih.gov/pubmed/27044443
http://dx.doi.org/10.1371/journal.pone.0186010
http://dx.doi.org/10.1053/j.ajkd.2016.10.025
http://dx.doi.org/10.1002/bdd.1834
http://dx.doi.org/10.1111/sdi.12534
http://www.ncbi.nlm.nih.gov/pubmed/27525385
http://dx.doi.org/10.1371/journal.pone.0102691
http://www.ncbi.nlm.nih.gov/pubmed/25051062
http://dx.doi.org/10.3390/toxins10070287
http://www.ncbi.nlm.nih.gov/pubmed/29997362
http://dx.doi.org/10.3390/toxins10060226
http://dx.doi.org/10.1093/ndt/gfr755
http://dx.doi.org/10.1038/srep14381
http://www.ncbi.nlm.nih.gov/pubmed/8305648
http://dx.doi.org/10.1093/ndt/gfp437
http://www.ncbi.nlm.nih.gov/pubmed/19755476
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Treatment Effects on Study End-Points 
	Plasma Concentrations of Toxins over Time 
	Instantaneous Treatment Efficacy 
	Other Laboratory Parameters 
	Associations between Parameters 


	Discussion 
	Conclusions 
	Materials and Methods 
	Study Design 
	Monitoring of Treatment Effects 
	Analytical Methods 
	Data Analysis 

	References

