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ABSTRACT
The effects of high-flux dialysis and ultrapure dialysate on survival of hemodialysis patients are incom-
pletely understood. We conducted a randomized controlled trial to investigate the effects of both mem-
brane permeability and dialysate purity on cardiovascular outcomes. We randomly assigned 704 patients
on three times per week hemodialysis to either high- or low-flux dialyzers and either ultrapure or standard
dialysate using a two-by-two factorial design. The primary outcome was a composite of fatal and nonfatal
cardiovascular events during aminimum3 years follow-up.Wedid not detect statistically significant differ-
ences in the primary outcome between high- and low-flux (HR=0.73, 95% CI=0.49 to 1.08, P=0.12) and
between ultrapure and standard dialysate (HR=0.90, 95% CI=0.61 to 1.32, P=0.60). Posthoc analyses
suggested that cardiovascular event-free survival was significantly better in the high-flux group compared
with the low-flux group for the subgroup with arteriovenous fistulas, which constituted 82% of the study
population (adjusted HR=0.61, 95% CI=0.38 to 0.97, P=0.03). Furthermore, high-flux dialysis associated
with a lower risk for cardiovascular events among diabetic subjects (adjusted HR=0.49, 95% CI=0.25 to
0.94, P=0.03), and ultrapure dialysate associated with a lower risk for cardiovascular events among sub-
jects withmore than 3 years of dialysis (adjustedHR=0.55, 95%CI=0.31 to 0.97,P=0.04). In conclusion, this
trial did not detect a difference in cardiovascular event-free survival between flux and dialysate groups.
Posthoc analyses suggest that high-flux hemodialysis may benefit patients with an arteriovenous fistula
and patients with diabetes and that ultrapure dialysate may benefit patients with longer dialysis vintage.
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Cardiovascular mortality is substantially higher in
patients undergoing maintenance hemodialysis
(HD) compared with the nonuremic population.1

Several risk factors unique to uremia are implicated
in the high rates of cardiovascular disease (CVD)
and mortality in these patients (for example, accu-
mulation of medium-sized or large middle mole-
cules and predominance of a chronic inflammatory
state).2 Consequently, use of high-flux synthetic
membranes, providing enhanced removal of
higher-molecular weight uremic toxins coupled
with better biocompatibility, together with ultra-
pure dialysis fluid might be expected to improve
patient outcomes.

Because of proven clinical benefits and a possible
survival advantage reported by several observa-
tional studies,3–5 high-flux HD is increasingly the
most common dialysis treatment modality.6
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Although the Hemodialysis (HEMO) Study was not able to
confirm superiority of high- over low-flux HD,7 a survival
benefit was reported in long-term HD patients in a posthoc
analysis of the study, where high-flux dialyzers showed
reduced cardiovascular mortality.8–11 In the multicenter
European Membrane Permeability Outcome (MPO) Study,
subgroup analyses showed better survival rates with high-
flux HD in patients with hypoalbuminemia and patients
with diabetes.12

Ultrapure dialysis fluid has also been associated with less
inflammation, resulting in clinically relevant improvements,
including amelioration of erythropoietin response,13 better
nutritional status,14,15 and reduction in the incidence of b2-
microglobulin amyloidosis.16 Although preliminary reports
suggested lower cardiovascular morbidity with the use of ultra-
pure dialysis fluid,17 no randomized and controlled trial has
been performed addressing hard clinical outcomes.

This randomized controlled trialwas designed to determine
whethermembranepermeability anddialysate purity affect the
incidence of fatal and nonfatal cardiovascular events and
overall survival in prevalent maintenance HD patients.

RESULTS

Baseline Characteristics
Subjects’ characteristics at baseline did not significantly differ
between the dialyzer groups as well as between the dialysate
groups (Table 1). In the overall population, prevalences of
diabetes mellitus and CVD disease history were each 22.7%.
The majority of the enrolled patients (81.8%) had native ar-
teriovenous fistula (AVF) as vascular access. BP was adequately
controlled in 79.9% of the subjects (systolic BP#140 and di-
astolic BP#90mmHg), 13.9% had hyperphosphatemia (.5.5
mg/dl), and 53.6% had serum albumin levels below 4 g/dl.

During follow-up, duration of dialysis sessions and blood
flow rates did not significantly differ between the randomiza-
tion groups (Table 2). Mean urea reduction ratio and eKt/V
values were similar.

Primary Outcome
Mean follow-up was 35.2616.3 months (1–50 months). Dur-
ing the study, 186 subjects prematurely terminated the study:
46 subjects received a kidney transplant, and 140 subjects
transferred to nonparticipating centers (Table 3). Baseline
characteristics of the patients from treatment arms who left
the study were similar. Mean follow-up time of those patients
was 22.5613.3 months when they left (range=1–45 months).
There were 172 (24.4%) deaths, 92 from cardiovascular
causes.

Fatal andnonfatal cardiovascular event ratewas 5.03per 100
patient years (n=104) in the entire study population. Event-
free survival rates with respect to primary outcome were
83.2% in the high-flux group and 78.2% in the low-flux group
at the end of 48-month follow-up (log-rank=2.41, P=0.12)

(Figure 1A). Primary outcome was 27% less in the high-flux
group (hazard ratio[HR]=0.73, 95% confidence interval [95%
CI]=0.49 to 1.08) compared with the low-flux group, but this
difference did not reach statistical significance (P=0.12).
Event-free survival rates with respect to primary outcome
were 81.3% in the ultrapure dialysate group and 80.1% in
the standard dialysate group (P=0.60) (Figure 1B).

The risk of primary outcome was not significantly different
(HR=0.90, 95% CI=0.61 to 1.32, P=0.60) between dialysate
groups.

In adjusted Cox regression analysis, high-flux HD was
associated with a nonsignificant 24% relative risk reduction in
primary outcome (HR=0.76, 95% CI=0.50 to 1.14, P=0.19).
Age (HR=1.04, 95% CI=1.02 to 1.06, P,0.001), presence of
diabetes (HR=1.64, 95% CI=1.06 to 2.52, P=0.02), CVD his-
tory (HR=1.77, 95% CI=1.15 to 2.70, P=0.008), systolic BP
(HR=1.04, 95% CI=1.02 to 1.06, P,0.001), serum albumin
(HR=0.22, 95% CI=0.10 to 0.48, P,0.001), and hemoglobin
levels (HR=0.72, 95% CI=0.57 to 0.91, P=0.007) were inde-
pendent predictors for primary outcome (model chi-
squared=93.5, P,0.001).

The subjects who prematurely terminated the study were
younger and less likely to have diabetes, CVD history, and
higher serum albumin levels at baseline compared with
the subjects who remained in the study (data not shown).
Additional analysis using the study group excluding patients
who prematurely terminated the study yielded very similar
results to the primary analysis in adjusted models (HR=0.75,
95% CI=0.51 to 1.11, P=0.16 for high-flux HD group and
HR=0.88, 95% CI=0.60 to 1.29, P=0.52 for ultrapure dialysate
group).

Secondary Outcomes
Overall survival rates were 74.1% in the high-flux group and
67.9% in the low-flux group (log-rank=2.76, P=0.09). Overall
mortality rate was 23% lower (HR= 0.77, 95% CI=0.57 to
1.04, P=0.09) in the high-flux group compared with the
low-flux group.

Overall survival rate was equal in the dialysate arms (70.9%
in the ultrapure dialysate group and 70.8% in the standard
dialysate group, P=0.82).

Overall mortality rate was 8.32 per 100 patient years in the
whole study population. In adjusted Cox regression analysis,
age, presence of diabetes, permanent catheter use, and C-reactive
protein (CRP) were shown to be independent predictors for
overall mortality (model chi-squared=96.6, P,0.001).

Mean values of biochemical parameters during follow-up
are listed in the Table 2. Predialysis serum b2-microglobulin
level significantly decreased in the high-flux group compared
with the low-flux group (Db2-microglobulin=25.0613.6
mg/L in the high-flux group versus 2.7614.3 mg/L in the
low-flux group, P,0.001). There was no difference between
the dialysate groups regarding serum b2-microglobulin levels.

Time-averagedCRP levelswere lower in thehigh-fluxgroup
compared with the low-flux group (Table 2). During follow-up,

J Am Soc Nephrol 24: 1014–1023, 2013 High-Flux and Ultrapure Dialysate in Hemodialysis 1015

www.jasn.org CLINICAL RESEARCH



mean hemoglobin level was significantly higher in the high-
flux HD group than the low-flux HD group, despite similar
ferritin levels and prescribed erythropoietin dosage.

In the dialysate arms, mean dialysate endotoxin level
decreased from 0.1660.26 EU/ml (median=0.07 [0.03–
0.21]) to 0.0160.01 EU/ml (P,0.001; median=0.00 [0.00–
0.02]) in the ultrapure dialysate arm and remained stable in
the standard dialysate arm (from 0.1460.23 to 0.1560.22
EU/ml, P=0.87; from median=0.07 [0.03–0.16] to 0.08
[0.04–0.17]).However, time-averagedCRP levelswere not signif-
icantly different between the groups. Prescribed erythropoietin

dosage and erythropoietin resistance index were lower in the
ultrapure dialysate group compared with the standard dialysate
group, despite similar hemoglobin and ferritin levels (Table 2).

Posthoc Analyses
Subjects with AVF
Vascular access was native AVF fistula in 576 of 704 subjects
(81.8%) at the baseline and remained as fistula in 98.1% of
them during follow-up.

The subgroup of subjectswithAVFwas younger,more likely
to be men, had longer time on HD, had lower frequency of

Table 1. Baseline characteristics in the treatment arms

Characteristics
All Patients
(n=704)

High-Flux HD
(n=352)

Low-Flux HD
(n=352)

Ultrapure
Dialysate (n=352)

Standard
Dialysate (n=352)

Demographical and
clinical parameters

Age (yr) 58.6614.2 58.5613.8 58.7614.5 59.1614.3 58.2614.1
Sex (women; %) 46 45 47 44 48
Diabetes (%) 22.7 22.7 22.7 21.9 23.6
CVD history (%) 22.7 23.3 22.1 22.3 23.2
Time on HD (mo) 42.8 (21.4–73.1) 43.6 (22.5–73.0) 42.1 (20.1–74.2) 43.3 (22.1–72.0) 42.2 (20.0–75.9)
Body mass index (kg/m2) 24.164.2 24.264.2 24.064.2 24.064.1 24.264.3
AVF (%) 81.8 82.4 81.3 82.7 81.0
Permanent catheter (%) 12.8 10.9 14.7 12.7 12.9
Systolic BP (mmHg) 125616 126616 125616 125616 125616
Diastolic BP (mmHg) 7569 7569 7569 7568 7569
IDWG (L) 2.3060.93 2.3360.92 2.2760.95 2.2460.87 2.3660.99
IDWG (% body wt) 3.5961.47 3.6661.54 3.5261.41 3.5361.41 3.6561.53

Laboratory data
Urea reduction rate (%) 75.566.8 75.666.6 75.467.0 75.666.6 75.566.9
eKt/V 1.4160.29 1.4160.27 1.4060.31 1.4060.26 1.4160.32
Creatinine (mg/dl) 8.462.0 8.562.1 8.461.9 8.462.0 8.462.0
Calcium (mg/dl) 9.360.8 9.360.8 9.260.7 9.360.8 9.260.8
Phosphate (mg/dl) 4.261.2 4.361.2 4.261.1 4.261.1 4.361.2
Ca-P product (mg2/dl2) 39.4611.5 39.9611.8 38.8611.2 39.1611.3 39.7611.7
Parathormone (pg/ml) 83.3 (34.1–178.2) 85.6 (31.9–189.8) 78.8 (34.8–164.9) 78.0 (30.6–184.4) 91.5 (34.9–172.3)
Albumin (g/dl) 3.9160.32 3.9260.32 3.9060.33 3.9060.31 3.9160.34
Total cholesterol (mg/dl) 183646 182645 184647 181644 185648
Triglyceride (mg/dl) 142 (100–200) 138 (90–196) 146 (107–204) 135 (96–196) 147 (102–205)
Bicarbonate (mEq/L) 23.863.5 23.863.5 23.863.5 23.963.5 23.763.5
Hemoglobin (g/dl) 11.261.5 11.261.4 11.161.5 11.261.5 11.161.4
HDL cholesterol (mg/dl) 39611 39611 39611 39611 39611
LDL cholesterol (mg/dl) 110636 110634 110637 110634 111637
CRP (mg/dl) 0.70 (0.27–1.59) 0.65 (0.28–1.66) 0.71(0.25–1.52) 0.73 (0.28–1.64) 0.67 (0.25–1.57)
Transferrin (mg/dl) 169639 170638 168640 167639 171639
b-2 Microglobulin (mg/L) 30.4611.5 30.2612.0 30.6610.9 30.2611.8 30.5611.2

Medication data
Vitamin D usage (%) 10.5 13 9 13 9
Vitamin D dose (mcg/wk) 0.2460.82 0.2760.82 0.2160.81 0.2860.90 0.1960.72
Phosphate binder dose

(elementary Ca; mg/d)
5526724 5506748 5536699 5266761 5786684

Erythropoietin usage (%) 40 41 40 40 41
Erythropoietin dose (IU/wk) 216263134 212063049 220463221 219663198 212963074
Antihypertensive drug (%) 21 20 22 22 20

P.0.05 between the treatment groups at the time of randomization, and all results were given as mean 6 SD, except time on HD, CRP, parathormone, and tri-
glyceride levels, which were not normally distributed and given as median (interquartile range) values. IDWG, interdialytic weight gain.
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diabetes, had higher serum albumin, and had higher hemo-
globin comparedwith those subjects with permanent catheters
at the baseline (data not shown). Mean blood flow rate was
higher in patients with AVF compared with patients without
(361631 versus 350631 ml/min, respectively, P=0.01).

Baseline characteristics were not significantly different
between the dialyzer arms in the subgroup of subjects with
AVF. Composite cardiovascular event-free survival was
significantly higher in the high-flux compared with the
low-flux group (85.6% versus 77.8%, P=0.02) in subjects

Table 2. Mean clinical, laboratory, and medication characteristics of the treatment arms in the studied period

Parameters
High-Flux
HD (n=352)

Low-Flux
HD (n=352)

P Value
Ultrapure

Dialysate (n=352)
Standard

Dialysate (n=352)
P Value

Clinical parameters
Body mass index (kg/m2) 23.964.1 23.764.4 0.52 23.764.1 24.064.4 0.36
Systolic BP (mmHg) 123613 123612 0.72 123613 123612 0.85
Diastolic BP (mmHg) 7567 7566 0.49 7566 7566 0.83
IDWG (L) 2.0960.71 2.1160.70 0.68 2.0860.69 2.1260.72 0.43
IDWG (% body wt) 3.2561.06 3.2961.06 0.66 3.2661.07 3.2861.05 0.86
Duration of dialysis

session (min)
23664 23665 0.82 23565 23665 0.79

Blood flow rate (ml/min) 360632 359630 0.83 358631 361631 0.45
Biochemical parameters
Urea reduction rate (%) 7565 7664 0.41 7565 7565 0.70
eKt/V 1.4760.21 1.4760.21 0.85 1.4860.22 1.4760.21 0.50
Creatinine (mg/dl) 8.2361.79 8.2561.73 0.85 8.2561.68 8.2461.83 0.92
Phosphate (mg/dl) 4.860.9 4.861.0 0.60 4.861.0 4.860.9 0.78
Albumin (g/dl) 4.060.2 4.060.2 0.29 4.060.2 4.060.2 0.83
Transferrin (mg/dl)) 172639 168638 0.23 168636 171641 0.37
Total cholesterol (mg/dl) 168636 172640 0.15 169638 171638 0.46
Triglyceride (mg/dl) 141 (104––202) 158 (119–209) 0.01 144 (110–199) 156 (111–213) 0.36
Bicarbonate (mEq/L) 22.061.6 21.961.7 0.77 22.061.6 21.961.6 0.83
Hemoglobin (g/dl) 11.261.0 11.061.0 0.02 11.161.0 11.061.0 0.23
Ferritin (ng/ml) 600 (430–737) 601 (467–782) 0.94 587 (441–744) 625 (466–765) 0.05
Transferrin saturation (%) 25.969.7 26.3610.2 0.57 26.2610.4 26.069.5 0.76
HDL cholesterol (mg/dl) 39610 3869 0.19 38610 3869 0.57
LDL cholesterol (mg/dl) 95627 97630 0.47 96629 96628 0.71
CRP (mg/dl) 0.91 (0.58–1.86) 1.12 (0.57–2.15) 0.03 1.07 (0.61–2.06) 1.00 (0.51–1.95) 0.51
b-2 Microglobulina (mg/L) 25.369.9 32.9613.1 ,0.001 29.0611.4 29.2613.0 0.82
Db-2 Microglobulin (mg/L) 25.0613.6 2.7614.3 ,0.001 21.1613.6 21.1615.4 0.96

Medication data
Vitamin D (mcg/wk) 0.3960.54 0.3660.54 0.49 0.3860.52 0.3660.56 0.73
Ca-based P binder
(elementary Ca; mg/d)

5456450 5866503 0.25 5596483 5726472 0.71

Erythropoietin (U/wk) 2087 (537–3523) 2066 (438–3649) 0.97 1914 (331–3348) 2285 (571–3928) 0.04
Erythropoietin resistance index

(U/wk per kg per g/dl)
2.89 (0.59–5.31) 2.92 (0.53–5.58) 0.94 2.62 (0.46–5.04) 3.27 (0.67–5.67) 0.04

Iron (mg/wk) 17.2620.1 18.1619.3 0.56 17.6620.4 17.6619.07 0.97

All results were given as mean6 SD, except triglyceride, ferritin, CRP, erythropoietin dose, and resistance index, which were not normally distributed and given as
median (interquartile range) values. IDWG, interdialytic weight gain.
ab-2 Microglobulin level at the end of the study

Table 3. Outcomes of the treatment arms in the studied period

Outcomes
High-Flux
HD (n=352)

Low-Flux
HD (n=352)

P Value
Ultrapure

Dialysate (n=352)
Standard

Dialysate (n=352)
P Value

Kidney transplantation (n, %) 24 (6.8) 22 (6.3) 0.43 17 (4.8) 29 (8.2) 0.10
Transfer to nonparticipating
centers (n, %)

78 (22.2) 62 (17.6) 0.20 69 (19.6) 71 (20.2) 0.85

Death (n, %) 75 (21.3) 97 (27.6) 0.05 87 (24.7) 85 (24.1) 0.93
Cardiovascular death (n, %) 39 (11.1) 53 (15.1) 0.11 47 (13.4) 45 (12.8) 0.82
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with AVF at the end of 48 months of follow-up (Figure 2A).
In Cox regression analysis adjusted for age, sex, diabetes,
CVD history, and time on dialysis, primary outcome risk was
39% lower in the high- compared with low-flux group
(HR=0.61, 95% CI=0.38 to 0.97, P=0.03). Mean blood
flow rate was similar between the high- and low-flux HD
groups (362632 versus 362630ml/min, P=0.58); there
was no interaction between blood flow and the flux arms
(P=0.42).

Overall survival was also better in the high-flux group
(P=0.04). Of the study population, 75.8% had been treated
with high-flux dialysis at the time of randomization (76.1%
and 74.6% in the high- and low-flux groups, respectively). The
best overall survival was seen in the subjects whowere on high-
flux dialysis before the randomization and remained on high-
flux dialysis during the study period (77.8% in high flux/high
flux, 77.0% in low flux/high flux, 71.9% in high flux/low flux,
and 63.3% in low flux/low flux, P=0.03).

Composite of cardiovascular event-free survivalwas similar
in the dialysate arms (82.7% in the ultrapure dialysate and
80.6% in the standard dialysate group, P=0.45). Overall sur-
vival was also not significantly different between the dialysate
arms (P=0.57).

Among subjects with AVF, composite of
cardiovascular event-free survival rates was
slightly different between the combination
groups of flux and dialysate arms (P=0.11).
In Cox regression analysis, the patients in
the high-flux dialyzer/ultrapure dialysate
group had better cardiovascular event-free
survival compared with the patients in the
low-flux dialyzer/standard dialysate group
(HR=0.50, 95% CI=0.26 to 0.95, P=0.03).
Patients treated with a combination of
high-flux and ultrapure dialysate also had
the highest overall survival rate (P=0.03)
(Figure 3).

In subjects with permanent catheter,
neither primary outcome nor overall

mortality was different between flux and dialysate groups
(data not shown). Subjects with permanent catheters had
slightly higher CRP levels during follow-up (1.39 mg/dl
[0.75–2.21] versus 0.97 mg/dl [0.54–1.88], P=0.001) and
lower overall survival compared with those subjects with
AVF (53.5% versus 74.9%, P,0.001).

Diabetic Subjects
In diabetic subjects (n=160), high-flux dialysis was
associated with better cardiovascular event-free survival
compared with low-flux dialysis (73.9% versus 58.0%, re-
spectively, P=0.05). Also, overall survival (60.5% versus
41.6%, P=0.02) was better in the high-flux group com-
pared with the low-flux group. In adjusted Cox regression
analysis, the relative risk for primary outcome was 0.49
(95% CI=0.25 to 0.94, P=0.03) in the high-flux group.
There were no differences between the dialysate arms
in terms of cardiovascular event-free survival and overall
survival.

Subjects with HD Duration Longer Than 3 Years at Baseline
In this subgroup of 399 subjects, composite of fatal and

nonfatal cardiovascular event-free survival
was slightly higher in the ultrapure dialysate
arm than the standard dialysate arm (86.9%
versus 79.5%, P=0.06); relative risk for pri-
mary outcome was 0.59 (95% CI=0.34 to
1.03, P=0.06) in the ultrapure dialysate arm
(Figure 2B). In adjusted Cox regression
analysis, the risk for primary outcome
was significantly lower in the ultrapure di-
alysate arm compared with the standard di-
alysate arm (HR=0.55, 95% CI=0.31 to
0.97, P=0.04).

In this subgroup, there were no differ-
ences regarding composite cardiovascular
event-free survival and overall survival
between the high- and low-flux groups.

Figure 1. Comparison of fatal and nonfatal cardiovascular event-free survival in
treatment arms. (A) high-flux/low-flux dialyzers and (B) ultrapure/standard dialysate.

Figure 2. Cardiovascular event-free survival in subgroups analysis. (A) patients with
AVF and (B) HD duration longer than 3 years.
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DISCUSSION

Many observational studies have suggested that the use of high-
flux dialyzers improves survival.3–5 However, primary analyses
of the two randomized clinical trials (RCTs) failed to show
improvement in overall survival with the use of high-flux dia-
lyzers.7–12 A nonstatistically significant 8% mortality risk re-
duction with high-flux membrane was reported in the HEMO
Study.7 The study has been criticized because of several con-
founding factors, such as dialyzer reuse, predominance of Af-
rican Americans, and presence of a high CVD history (80.1%).
The MPO Study was started in incident patients with albumin
levels below 4 g/dl, but later, it was expanded to include patients
with albumin levels over 4 g/dl12; the survival advantage with
high-flux dialyzers (24%) was of borderline significance
(P=0.09). The current trial is the third RCT addressing the
topic of membrane flux and the first RCT investigating the
impact of dialysate microbial purity. The primary outcome
was the composite of fatal and nonfatal cardiovascular events,
and the secondary outcome was overall survival.

In regard to the primary end point, the patient population
randomized to high-flux HD showed a risk reduction of 27%
compared with the population on low-flux HD, but this dif-
ference failed to reach statistical significance. Likewise, the 10%
risk reduction with ultrapure dialysate was not statistically
significant. In fact, it has to be noted that the statistical power
was lower thanhypothesizedduring thedesignof the study, and
therefore, a type II error cannot be excluded; it is attributable to
the much lower event rate during the study than estimated: an
event-free survival of 78.2% was observed in the low-flux HD
group compared with the anticipated 72.9%.

Subgroupanalysesof theHEMOStudyrevealed thathigh-flux
dialysis is associated with better overall survival in patients with
HDduration longer than3.7 years.7High-fluxusewas associated
with decreased cardiac mortality and the composite outcome of
first cardiac hospitalization or cardiovascular death in secondary
analyses.10 Subgroup analyses of the MPO Study showed sur-
vival benefit with high-flux membrane in patients with serum
albumin below 4.0 g/dl and patients with diabetes.12

The current study showed, for the first
time, better outcomes with high-fluxmem-
branes in the subgroup of patients dialyzed
withAVF.Although itwas not a prespecified
subgroup analysis, patients with AVF
constitute the majority of the population
(81.8%). Prevalence of patients with AVF
was 33.2% in the HEMO Study and 80.1%
in the MPO Study. Neither the HEMO
Study nor the MPO Study reported the
impact of high-flux membrane on survival
in patients with AVF who have survival
advantage over the patientswith permanent
catheter.18 Catheter-related complications
or patient factors associated with having a
catheter could negatively influence patient

outcome, whichwas also shown in the current study. Thus, the
impact of high-flux membranes on cardiovascular event-free
survival and overall survival was shown in this subgroup that
was free of confounding factors associated with catheter use.
Not surprisingly, achieved blood flow rate was higher in pa-
tients with AVFs compared with patients with catheters. It can
be speculated that higher blood flow rate is a prerequisite to
improve outcomes with use of high-flux dialyzers.

As a result of a strict volume control strategy applied over the
long-term in the studyclinics, our patientpopulationhas aquite
low prevalence of hypertension (20.1%) and hypervolemia,
which strongly affect cardiovascular outcomes and possibly
interactwith assessmentof any therapeutic interventions (in the
HEMO Study, prevalence of hypertension and congestive heart
failure were 96% and 39.7%, respectively). Elimination of these
well known cardiovascular risk factors might facilitate
demonstration of the beneficial effect of high-flux use in this
study, namely a survival advantage in a large proportion of
HD patients (patients with AVFs). Additionally, exclusion of
patients with substantial residual function may have contrib-
uted to amore prominent benefit from high-flux dialysis in the
current study, which is in accordance with the favorable
outcome in patients with longer dialysis duration shown in
theHEMOStudy, suggesting that high-fluxmembrane usemay
have higher importance in patients without significant residual
renal function.

In the secondary analysis restricted to diabetic patients,
high-flux HD was found to have beneficial effects on both the
primary and secondary outcomes. This result is in line with the
38% risk reductionwith highflux reported in theMPOStudy12

and the 59% increase in mortality with low-flux use in the 4D
Study.5 Clearance of circulating advanced glycosylated end
products and oxidized LDLs with high-flux HD may be re-
sponsible for this benefit.19,20 This consistent finding in three
separate studies strongly supports the use of high-flux dia-
lyzers in diabetic patients.

The use of ultrapure dialysis fluid is associated with lower
levels of circulating proinflammatory cytokines and acute-
phase proteins compared with standard dialysate meeting

Figure 3. Cardiovascular event-free survival and overall survival. (A) event-free survival
and (B) overall survival among the combination of treatment arms.
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current quality recommendations. Most of these reports have
shown that ultrapure dialysate use might lead to better out-
comes.14–17 However, no study has investigated the effect on
survival in a randomized, controlled manner. This study
showed no difference between the ultrapure and standard di-
alysate groups in the primary analysis. However, it should be
noted that mean level of endotoxin was 0.1560.22 EU/ml in
the standard dialysate group, which is much lower than rec-
ommended levels for endotoxin by many national authorities
until quite recently.21 Therefore, it is possible that relatively
good quality of standard dialysate in the current study might
blunt the demonstration of a beneficial effect of ultrapure
dialysate.

Despite lower endotoxin levels in the ultrapure group, CRP
levels were similar in the dialysate groups during follow-up.
IL-6 has been shown to be a more sensitive marker for
inflammation than CRP22; therefore, it cannot be excluded
that less source of inflammation is present in the ultrapure
dialysate group. Indeed, lower exposure to endotoxin by di-
alysate may be the reason for the lower erythropoietin
requirement and erythropoietin resistance index, despite
similar hemoglobin levels in the ultrapure dialysate group.
Moreover, in the posthoc analysis, beneficial effects of ultra-
pure dialysate on cardiovascular event-free survival were ev-
ident in patients on dialysis for more than 3 years. This more
prominent beneficial effect of ultrapure dialysate on outcome
in patients on HD for long term suggests a long-standing effect
of inflammation.

In the subgroup of the patients with AVFs, the highest
overall survival was observed in patients treated with the
combinationof high-flux dialyzer andultrapure dialysate. This
result suggests a synergystic effect of these two interventions. In
the HEMO Study and theMPO Study, data on dialysate purity
were not reported. It seems that ultrapure dialysate was not
used routinely in the HEMO Study, and dialysate endotoxin
levels were not available; additionally, recommendations for
endotoxins in dialysate were less strict at that time.11 Use of
ultrapure dialysate in one half of the high-flux group in our
study might contribute to better outcomes with high flux.

Strengths of the current study are absence of dialyzer reuse,
useofsamesyntheticmembranes inbothfluxarms,homogenicity
of treatment procedures in the study clinics, and use of the same
central laboratory for analyses. However, our study has some
important limitations. Although we described better outcomes
with high-flux HD and ultrapure dialysate in some subgroups,
these were not prespecified subgroup analyses. Also, a sub-
stantial proportion of the study population had already been
treated with high-flux dialysis at the time of randomization,
whichmay reduce the effect of the intervention in the follow-up
because of carryover effects of prior treatment. More impor-
tantly, perhaps, is the fact that the study population was rel-
atively healthy (low prevalence of diabetes, hypertension, and
CVD history), yielding a quite lower annual mortality rate of
8.32 per 100 patient years. Therefore, the results may not be
applicable to all HD populations.

In summary, this study showed no statistically significant
benefit in cardiovascular event-free survival with use of high-
over low-flux membranes or use of ultrapure over standard
dialysate. However, in posthoc analyses, high-flux dialysis was
associated with better composite of cardiovascular-event free
survival and overall survival in patients with AVF, which con-
stitutes the majority of the population, as well as patients with
diabetes, which is in keeping with a previous major trial.12

Ultrapure dialysate has favorable effects on survival in long-
term dialysis patients, even compared with dialysate quality
lower than the quality widely recommended. These posthoc
analyses results should be interpreted cautiously and require
additional investigation for confirmation.

CONCISE METHODS

Study Design
The Multiple Interventions Related to Dialysis Procedures in Order

to Reduce Cardiovascular Morbidity and Mortality in HD Patients

was a prospective and randomized clinical trial (Clinical Trials ID

NCT00295191). Maintenance dialysis patients (704) undergoing

three times per week bicarbonate HD were randomized to high-flux/

low-flux dialyzer and ultrapure/standard quality dialysate arms in a

two-by-two factorial design. Primary and secondary outcomes were

evaluated during a minimum 3 years of follow-up period. The study

was completed in March of 2010. The study was conducted in

accordance with the ethical principles of the Declaration of Helsinki

and compliance with Good Clinical Practice Guidelines; all patients

provided written informed consent. The local ethics committee of

Ege University approved the study protocol. Physicians assessed all

subjects three times per week according to national health authority

regulations and clinical practice guidelines. An independent insti-

tution (Data Management Service) at Ege University managed the

collection and database storage of all trial data.

Patient Selection
Based on inclusion and exclusion criteria, 704 patients were enrolled

between December of 2005 and March of 2006 in eight HD centers

operated by FreseniusMedical Care (FMC), Turkey. Enrolled patients

were then randomized centrally in a 1:1 ratio to high- or low-flux

dialyzers and ultrapure or standard dialysate in a two-by-two factorial

design during a period of 3months (Figure 4). Eligibility criteriawere

age over 18 years, three times per week 12 hours/week maintenance

bicarbonate HD for a minimum of 3 months, mean single pool Kt/V

above 1.2, and willingness to participate in the study and sign in-

formed consent. Patients were excluded for recruitment if scheduled

for living donor renal transplantation, known to have serious life-

limiting comorbidities (namely active malignancy, active infection,

end stage cardiac, pulmonary, or hepatic disease), or requiring HD

more than three times per week because of medical comorbid con-

ditions. In addition, patients with urine volume output more than

250 ml/d, patients lacking intellectual capabilities to understand the

study objectives, and patients who were pregnant or lactating were

also excluded.
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Treatment Characteristics
All subjects were prescribed three times per week bicarbonate HD

aiming for a spKt/V over 1.2. Planned dialysis duration was 240

minutes, with a blood flow rate between 250 and 400 ml/min and a

dialysate flow rate of 500ml/min. High-fluxHDwas performed using

FX60 and FX80 synthetic Helixone dialyzers (FMC, Bad Homburg,

Germany), and low-flux HDwas performed using F7HPS and F8HPS

synthetic dialyzers (FMC, Bad Homburg, Germany). All dialyzers

were sterilized by in-line steam sterilization. Dialyzer reuse was not

allowed. Before entry into the study, 76.1%of the subjects in the high-

flux arm and 74.6% of the subjects in the low-flux arm were being

treated with high-flux HD. Ultrapure dialysate was not used at any

clinic before the study was launched, whichmeans that all study cases

had been treated with standard dialysate before study entry. In the

ultrapure dialysate arm, ultrapure dialysate (,0.1CFU/ml; endotoxin

level,0.03 EU/ml) was produced online using a polysulfone-based

dialysate filter (Diasafe; FMC, Bad Homburg, Germany) placed next

to the dialyzer in Fresenius 4008S dialysis machines. The Diasafe

filters were changed every 3 months to ensure that operation time

not exceed 1000 hours (in practice, approximately 750 hours of op-

eration were typical). The dialysate was regularly tested for levels of

colony-forming units and endotoxins just before change of ultrafil-

ters. Water treatment systems were the same in the study clinics.

Water and dialysate quality had to comply with criteria specified by

the Association for the Advancement of Medical Instrumentation in

both dialysate arms.23 Determination of microbial count was carried

out by standard agar tests and expressed as colony-forming units per

milliliter dialysate. Endotoxin concentration was quantified with the

Limulus amoebocyte lysate assay (Coatest Endotoxin Chromogenix,

Mölndal, Sweden) and expressed as Limulus amoebocyte lysate ac-

tivity (EU/ml).

Study Outcomes
Primary outcome was the composite of fatal and nonfatal cardiovas-

cular events (myocardial infarction, stroke, unstable angina pectoris

requiring hospitalization, and revascularization). Diagnosis of myo-

cardial infarction and unstable angina pectoris was based on clinical

symptomsandelectrocardiographyfindingsaswell asmarkersofcardiac

muscle damage, including creatine kinase and creatine kinase-heart

specific isoenzyme. Sudden death was considered as cardiovascular in

nature unless a noncardiovascular cause could be identified. Defini-

tion of stroke was based on neurologic symptoms caused by an ische-

mic or hemorrhagic event detected by radiologic methods. The main

secondary outcome was overall mortality.

Follow-up visits were performed monthly during the study

period, and all clinical data of the precedingmonthwere documented.

A history of CVD was defined as history of chronic stable angina or

unstable angina, prior myocardial infarction, coronary stent or

Figure 4. Flow chart of the study.
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angioplasty, prior coronary bypass grafting, carotid artery disease,

transient ischemic attack, ischemic cerebral vascular accident, periph-

eral artery disease, or peripheral artery angioplasty or stent.

Biochemical parameters were measured monthly using standard

automated techniques (Architect C 8000 autoanalyzer and Axsyme

third-generation immunoassay system; Abbott, IL) unless otherwise

stated. Iron, iron binding capacity, and ferritin were analyzed every

2 months; lipids and high-sensitivity CRP were analyzed every

3 months, and b2-microglobulin was analyzed at baseline and the

18th and 36th months of follow-up (Axsyme third-generation im-

munoassay system; Abbott, IL). Intact parathormone was measured

with an immunoradiometric assay (Roche Elecsys 2010) every

3 months. Blood samples were obtained under fasting conditions

immediately before the subjects’ scheduled midweek HD session;

blood samples were studied within 2 hours after centrifugation, or

sera samples were stored at 270°C until measurement. All analyses

were carried out at a central laboratory (DIALAB) registered accord-

ing to external quality control programs.

Statistical Analyses
Sample size estimation was based on the hypothesis to increase

cardiovascular event-free survival with high-flux HD by 15% at the

end of the minimum 3-year follow-up if 3-year event-free survival in

the control group was 72.9%with annual rate of primary end point of

10% (a bilateral a-risk equal to 5% and power of 90%). The required

sample size was a total of 598 study subjects. Expecting a of 15%

dropout rate, 704 patients were enrolled and randomly assigned

during a period of 3 months.

Data are reported as mean 6 SD or median with interquartile

range depending on their distribution unless otherwise stated. All

repeatedmeasures of each subject during the study periodwere time-

averaged. Between-group comparisons were made with t tests or

Wilcoxon rank sum tests as appropriate. Categorical variables were

compared with chi-squared tests. Survival analysis was performed

using the Kaplan–Meier method testing for statistical significance

using the log-rank test. Subjects who were transferred to another

treatment modality or other dialysis centers were censored at the

time of premature study termination. For independent predictors

associated with primary outcome, adjusted forward stepwise Cox

regression analyses were performed including those variables statis-

tically significant in the univariate analysis (age, diabetes, CVD his-

tory, systolic BP, serum albumin, CRP, and hemoglobin) and those

variables that could have an effect on primary outcome (sex and time

on HD). Additionally, sensitivity analysis for primary outcome was

performed in the study group after excluding subjects who termi-

nated the study prematurely. For independent predictors associated

with overall mortality, adjusted Cox regression analysis was per-

formed including variables statistically significant in the univariate

analysis.

The impact of high-flux HD and ultrapure dialysate usage on the

primary and secondary end points was also examined in unspecified

subgroups as posthoc analyses: subjects with AVF, diabetic subjects,

and subjects with HD duration longer than 3 years. Statistical signif-

icance was defined as P,0.05. All analyzes were performed using

SPSS software version 13.0 (SPSS Inc., Chicago, IL).
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