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Abstract

Online hemodiafiltration (OL-HDF) is a blood purification therapy based on diffusion and ultrafiltration and is classified
into two types according to the mode of addition of the substitution fluid: pre-dilution OL-HDF (pre-HDF) and post-dilution
OL-HDF (post-HDF); we previously reported that pre-HDF is more biocompatible. However, we used lower blood and
substitution flow rates in that study and may not have accurately simulated the treatment conditions used in Europe. In this
study, we compared the biocompatibilities of the treatment conditions of pre-HDF, commonly used in Japan, and post-HDF,
commonly used in Europe, to determine the most biocompatible treatment conditions. We compared the biocompatibilities
of pre-HDF and post-HDF using high blood flow rates and high substitution fluid volumes, and also compared the results
with those of our previous study. We enrolled six stable patients undergoing maintenance dialysis at our clinic for this study.
After the patients underwent hemodialysis (HD), post-HDF, and pre-HDF treatment, the biocompatibilities (based on the
serum levels of high-sensitivity C-reactive protein, interleukin-6, pentraxin-3, f-thromboglobulin, and soluble P-selectin,
and the results of the lymphocyte blastogenesis test using phytohemagglutinin and concanavalin A as mitogens) and removal
performances (removal performance for urea, creatinine, ,-microglubulin [MG], and «;-MG, and albumin leakage) were
determined. There were no significant differences in the biocompatibility parameters evaluated among the three treatment
modes. Post-HDF was associated with significantly higher removal rates of ,-MG than HD. Post-HDF was associated with
significantly higher removal rate of a;-MG, and also significantly higher albumin leakage, than HD and pre-HDF.

Keywords Pre-dilution online hemodiafiltration - Post-dilution online hemodiafiltration - Hemodialysis - Biocompatibility -
Removal performance

Introduction

Online hemodiafiltration (OL-HDF) is a blood purification
therapy based on diffusion and ultrafiltration and is classified
into two types: pre-dilution online HDF (pre-HDF), in which
the substitution fluid is added before the filter, and post-dilu-
tion online HDF (post-HDF), in which the substitution fluid
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is added after the filter. In Japan, mainly pre-HDF is used as
OL-HDF. Kikuchi et al. reported that pre-HDF with a high
substitution fluid volumes of >40 L improves the survival
rate as compared to hemodialysis (HD) [1]. In Japan, as of
the end of 2017, 29.4% of all dialysis patients underwent
HDF, and 70.9% of these patients received pre-HDF [2].
HDF is superior to HD in terms of the removal performance
for low-molecular-weight protein (LMWP) solutes such as
f,-microglobulin [B,-MG; molecular weight (MW), 11,800]
and o;-microglobulin (o;-MG; MW, 33,000) on account of
the filtration using high volumes of substitution fluid. p,-
MG is known to cause dialysis-related amyloidosis [3] and
frequently manifests as pruritus [4]. Moreover, a high rate
of removal of a;-MG is associated with a reduction in the
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incidence of complications such as restless legs syndrome
[5]. In contrast, in Europe, OL-HDF is usually performed
with higher blood flow rates (300-400 mL/min [6], 392 mL/
min, mean [7]), in the post-HDF mode, and with higher flow
rates of the substitution fluid than those used in Japan [6, 7].
This could perhaps be attributable to the different types of
hemodiafilters used between Europe and Japan.

Biocompatibilities of different membrane materials [8, 9]
and different treatment methods [10, 11] have been inves-
tigated. We previously evaluated the biocompatibility of
pre-HDF vs. post-HDF, and concluded that pre-HDF was
more biocompatible than post-HDF, based on the levels of
inflammatory markers and responses in the lymphocyte blas-
togenesis test [11]. The treatment conditions used in that
study were a blood flow rate of 200 mL/min and substitution
fluid volume of 50 L/session for pre-HDF and 10 L/session
for post-HDF, all of which were lower than the values used
in Europe. In this study, we compared the biocompatibility
of the treatment conditions of pre-HDF, commonly used in
Japan, and post-HDF, commonly used in Europe. Our objec-
tive was to determine the most biocompatible treatment con-
ditions, because we believe that it is important to administer
the treatment under optimal conditions. Thus, in this study,
we compared the biocompatibilities of the treatment condi-
tions used for HD, pre-HDF, and post-HDF, using higher
blood flow rates and substitution fluid volumes as compared
to those used in our previous study.

Materials and methods
Patients

The patient inclusion criteria for this study were as follows:
*Good vascular access.
*Good hemodynamic stability during treatment.
Patients not scheduled to be hospitalized during the
study period, with preserved ADLs.

Study design

We enrolled stable patients undergoing maintenance
dialysis at our clinic for this study. The study was con-
ducted between May 2014 and July 2014. All the patients
included in this study had been receiving pre-HDF under
individualized treatment conditions for at least 1 month
prior to participation in this study.

After enrollment, each of the patients received one of
the three modes of treatment in the following sequence:
HD (washout period), post-HDF, pre-HDF, post-HDF, and
HD. Each of these treatments was adopted for 2 weeks.
Blood sampling was performed on the day of the final
treatment (Fig. 1). The following filters were used in the
present study: APS-21E (Asahi Kasei Medical Co., Ltd.,
Tokyo, Japan) for HD, ABH-21P (Asahi Kasei Medical)
for pre-HDF, and ABH-21F (Asahi Kasei Medical) for
post-HDF. The filter specifications are shown in Table 1.
ABH-P is currently not available in the market; in its place,
ABH-PA, which is based on ABH-P, and has optimized
hollow fiber and housing, is available. The differences
between ABH-P and ABH-PA are as follows (respec-
tively); membrane thickness, 45 pm vs. 43 pm; hollow
fiber, straight vs. wavy; hollow fiber density, 70% vs. 60%;
in addition, the housing is also improved in ABH-PA.

The three modes of treatment were performed using the
following: HD, a dialyzer used frequently in Japan; pre-
HDF, a recommended hemodiafilter; post-HDF a hemodia-
filter designed for post-HDF, with a thicker inner diameter
than that for pre-HDF; the membrane material used was
the same for all three.

The treatment conditions were as follows: blood flow
rate (Qg), 300 mL/min; total dialysate flow rate (total Qp),
600 mL/min; treatment time, 4 h; substitution fluid vol-
ume, 60 L/session for pre-HDF and 20 L/session for post-
HDF (Table 2). The blood flow rate does not completely
mimic that used in Europe in this study. The vascular

Change Start Change Change Change Finish
Each.c_iialysis l l Sarriplel Sarrl\plel Saﬁiplel Samplel Each dialysis
) | | | TS
smonre) | | L

Fri. Fri. Fri. Fri. Fri. Fri.
or or or or or or
sat. HD St fiterm: S 2term: S 3term: S gvterm: S*

(Washout time) Post-HDF Pre-HDF Post-HDF HD

Fig. 1 Time-course of the parameters evaluated in the present study. During each 2-week treatment period, blood sampling was performed on
Wednesday or Thursday of the second week, followed by changes in the treatment condition on the following Friday or Saturday
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Table 1 Hemodiafilter specifications

APS-21E ABH-21P  ABH-21F

Membrane material PS PS PS
Membrane surface area (m?) 2.1 2.1 2.1
Hollow fiber diameter (um) 200 200 220
Membrane thickness (um) 45 45 45
UFR (mL/mmHg/h)* 59 82 84
Clearance (mL/min)**

Urea 193 196 196

Creatinine 190 196 190

Phosphate 185 188 186

Vitamin B12 157 155 149
SC(—)

f3,-microglobulin 0.88 0.81 0.86

Albumin 0.04 <0.01 £0.02

Filter manufacturer: Asahi Kasei Medical Co., Ltd., Tokyo, Japan

UFR ultrafiltration rate, SC sieving coefficient, Hct hematocrit in
blood, TP total protein concentration in blood, Q blood flow rate,
TMP transmembrane pressure, Q,, dialysis flow rate, Q filtration
flow rate

*Catalog data: measurement condition: bovine blood (Hct=32+2%,
TP=6.0+0.5 g/dL), Oy =200 mL/min, TMP =50 mmHg

**Catalog data: measurement condition: water, Q=200 mL/min,
Op=>500 mL/min

***Catalog data: measurement condition: ABH-21P, ABH-21F:
bovine plasma (TP=6.0+0.5 g/dL), Q=200 mL/min, Q=30 mL/
min/m?, APS-E: bovine plasma (TP =6.5 + 0.5 g/dL), Qg =200 mL/
min, Qp = 10 mL/min/m?

Table 2 Treatment condition

HD Pre-HDF Post-HDF
Filter APS-21E ABH-21P ABH-21F
Qg 300 300 300
Total Qp, 600 600 600
Treatment time 4 4 4
Substitution volume - 60 L/session 20 L/session

Qp blood flow rate, Q, dialysis flow rate, HDF hemodiafiltration, HD
hemodialysis

access used is an arteriovenous fistula in 91.5% of men
and 84.6% of women in Japan [2]; therefore, we consid-
ered that the upper limit of the blood flow rate for stable
treatment is 300 mL/min. If the blood flow rate is in excess
of 300 mL/min, some problems may arise with blood
removal, recirculation may occur, and the venous pressure
may increase. We set the blood flow rate at 300 mL/min in
this study in consideration of the above points.

Parameters

Pre-treatment blood samples were collected using an arte-
rial puncture needle prior to connection to the circuit. Post-
treatment blood samples were collected through the arte-
rial sampling port of the dialysis circuit after completion of
treatment, the dialysate flow was terminated, and the blood
was circulated at a flow rate of 100 mL/min for 1 min.

Biocompatibility was evaluated by measuring the serum
levels of high-sensitivity C-reactive protein (CRP), inter-
leukin-6 (IL-6), the plasma levels of pentraxin-3 (PTX-3),
B-thromboglobulin (B-TG), and soluble P-selectin, and the
lymphocyte blastogenesis response (elicited using phytohe-
magglutinin [PHA] and concanavalin A [Con A] as mito-
gens). High-sensitivity CRP was measured by latex aggluti-
nation assay, IL-6 and p-TG by enzyme immunoassay, and
PTX-3 by enzyme-linked immunosorbent assay. The rate of
change (CR) of each biocompatibility parameter was calcu-
lated using the following formula (Eq. 1) after correction of
the post-treatment values for the hematocrit (Hct).

Het . \ Het
1 _ post pre C o
100 100 POS

CR = x 100 (1)
< 1— Het,, ) Heto, C
100 ) 100 ~Pre
where Het,,, is the pre-treatment Het value, Het, is the

post-treatment Het value, C,. is the pre-treatment sol-
ute concentration, and C, is the post-treatment solute
concentration.

The lymphocyte blastogenesis response was evaluated
by measuring the 3H-thymine uptake by the isolation
culture method. In this test, lymphocytes are incubated
without any stimulation, or with PHA (which particularly
activates CD4 + T cells) or Con A (which particularly acti-
vates CD8 + T cells) stimulation. The Stimulation Index
(SI) was calculated as the ratio of the response to each
stimulation (PHA or Con A) relative to the response in the
absence of stimulation, and the change in SI before and
after treatment was evaluated.

Removal performances for urea and creatinine, as
small-molecule solutes and for ,-MG and «,-MG as
LMWPs, were evaluated. The removal rate of each LMWP
was calculated using the following formula (Eq. 2) after
correction of the post-treatment values of LMWP concen-
tration for the Hct.

1— HctpoSK Hctpre C
100 100 —post

RR=|1- x 100 @)

- Hctpm Hctpml C
100 100 —pre

For measurement of albumin leakage, a part of the
waste dialysate fluid was stored at the rate of 2 L/h [12]
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from the initiation to termination of the treatment; the
entire volume of the stored waste fluid was mixed well,
and a part of it was used for the measurements.

Statistical analyses

For statistical analyses of the biocompatibilities and solute
removal performances, one-way analysis of variance, fol-
lowed by Tukey’s test, was used, with the significance level
set at<5%.

Results

We enrolled six stable patients (five men and one woman)
who were receiving maintenance dialysis at our clinic for
this study. The mean patient age was 54.7 + 14.6 years;
the mean dialysis vintage was 96.8 & 82.6 months, and the

Table 3 Patients’ background characteristics

Patient number Sex Age (years) Dialysis vin- Cause of ESRD
tage (months)

1 M 45 19 DMN

2 M 40 69 DMN

3 M 40 257 VUR

4 M 67 66 DMN

5 M 72 71 CGN

6 F 64 99 DMN
Mean+SD 547+14.6 96.8+82.6

M male, F female, ESRD end-stage renal disease, DMN diabetic
nephropathy, VUR vesicoureteral reflux, CGN chronic glomerulone-
phritis

underlying disease was diabetic nephropathy in four patients,
chronic glomerulonephritis in one patient, and vesicoureteral
reflux in one patient (Table 3).

Biocompatibility

No significant changes were observed in the CRs of inflam-
matory markers (high-sensitivity CRP, IL-6, and PTX-3)
in any of the three modes of treatment. No major changes
of the high-sensitivity CRP level were observed after treat-
ment as compared to the levels before treatment, while the
serum IL-6 levels decreased after the treatment in all the
three treatment modes. In contrast, the plasma PTX-3 levels
increased after the treatments (Fig. 2).

No significant differences were observed in the CRs of the
platelet function parameters (f-TG and soluble P-selectin) in
any of the three treatment modes. The plasma p-TG levels
decreased after the treatment in all three treatment modes,
whereas no significant changes in the P-selectin levels were
observed (Fig. 3).

There was also no significant difference in the SI of
lymphocyte function (PHA and Con A) in any of the three
modes. In contrast, the SI for lymphocyte blastogenesis
response increased after treatment as compared with that
before treatment in all three modes (Fig. 3).

Comparison of the removal performances (Fig. 4)
There were no significant differences in the removal per-

formances for small-molecule solutes among the treatment
modes.

Fig.2 Levels of inflamma- 140 -
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Fig.3 Levels of platelet mark-
ers [p-thromboglobulin (TG)
and soluble P-selectin] and the
lymphocyte function testing
[lymphocyte blastogenesis

test using phytohemagglutinin
(PHA) and concanavalin A
(Con A) as mitogens]. The rates
of change were calculated after
correction of post-treatment
values for the hematocrit (Hct).
The rates of change of the stim-
ulation index (SI) (with stimula-
tion/without stimulation) for
each stimulus (PHA or Con A)
were evaluated. No significant
differences were observed in
any of the parameters evaluated
among the treatment conditions
(n=6, mean+ SD)

Fig.4 Removal rates of urea,
creatinine, f,-microglobulin
(B,-MG), and a;-microglobulin
(®;-MG), and albumin leakage.
Although no significant differ-
ences for the small-molecule
solutes (urea and creatinine)
were observed among the treat-
ment modes, post-hemodiafiltra-
tion (HDF) was associated with
significantly higher removal
rates of low-molecular-weight
proteins (LMWPs) ($,-MG, o;-
MG), and significantly higher
albumin leakage than pre-HDF
and hemodialysis (HD) (n=6,
mean + SD)
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Discussion

Post-HDF was associated with a significantly higher
removal rate of $,-MG than HD. Post-HDF was also associ-
ated with a significantly higher removal rate of a;-MG than
HD and pre-HDF. Furthermore, post-HDF was also associ-
ated with significantly higher albumin leakage than HD and

pre-HDF.

Our previous study is the only one, until date, to have
examined how the difference in the mode of addition of
substitution fluid in pre-HDF and post-HDF affects the
biocompatibility of the treatment [11]. In the present
study, we used higher blood and substitution fluid flow
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rates as compared to those used in our previous study.
The present study is highly novel, given that the number
of patients undergoing online HDF in Japan is increasing
every year, the number of patients opting for post-HDF
is increasing, and higher blood flow rates are being used.
Another important feature of this study was the evalua-
tion of a greater number of markers as compared to that in
our previous study, with a special focus placed on platelet
function and inflammatory markers.

We examined how the mode of dilution might influence
the biocompatibility of online HDF by evaluating various
markers. High-sensitivity CRP (MW: 105,000) is a protein
whose blood concentration increases in association with
inflammation or tissue damage. IL-6 (MW: 21,000) is an
inflammatory cytokine whose concentration increases in
the presence of bio-incompatibility of dialysis membranes.
PTX-3 (MW: 40,000, forming an octamer [13]) is an acute
inflammatory protein expressed in the vascular endothe-
lial cells, macrophages, and other cells, and its expres-
sion increases in a manner dependent on inflammatory
stimuli. B-TG (MW: 35,400) is a platelet-specific protein
present in the alpha granules of platelets and is released
into the circulation in association with platelet activation.
Therefore, B-TG is used as an indicator of platelet acti-
vation. Soluble P-selectin (MW: 137,000) is present in
the plasma and is used as an indicator of platelet acti-
vation and vascular endothelial cell activation [14]. The
lymphocyte blastogenesis test is performed to evaluate
the responses of lymphocytes to stimuli. Among the bio-
compatibility parameters evaluated in this study, IL-6 and
B-TG, based on their molecular weight, are molecules that
can be removed and produced during treatment.

There were no significant differences in any of the bio-
compatibility parameters evaluated in this study between
pre-HDF and post-HDF. In contrast, our previous study
concluded that pre-HDF was preferable to post-HDF based
on the responses in the lymphocyte blastogenesis test, as
well as intercellular adhesion molecule-1 and IL-6 meas-
urements [11].

Under the conditions of the present study, the blood
flow rate at the filter inlet [Qg + substitution fluid flow rate
(Qg)] was 550 mL/min (Qg: 300 mL/min, Qg: 250 mL/
min) for pre-HDF and 300 mL/min for post-HDF. The
corresponding values in the previous study were 410 mL/
min (Qg: 200 mL/min, Qg: 210 mL/min) for pre-HDF and
200 mL/min for post-HDF. The filtration fractions (FF), a
parameter reflecting the blood flow rate calculated using
formula (Eq. 3), of post-HDF were 31.8 + 1.0% (1st post-
HDF) and 32.1+0.9% (3rd post-HDF).

O
0,

FF = 3

@ Springer

where Q. is the filtration flow rate and substitution flow rate.

The increased blood flow rates at the filter inlet in both
pre-HDF and post-HDF as compared to those in the pre-
vious study might have imposed a greater stress on the
blood cells, resulting in poorer biocompatibility. The Euro-
pean Renal Association—European Dialysis and Transplant
Association group (ERA-EDTA) proposed that post-HDF
should be performed at a FF of 20-25% [15], a value that
was exceeded in the present study. In this study, the blood
flow rates were still lower than those used in Europe, and it
is considered that this could explain the higher values of FF
obtained by us [31.8 +1.0% (1st post-HDF) and 32.1+0.9%
(3rd post-HDF)] as compared to the values proposed by the
ERA-EDTA (20-25%). Higher values of FF are associated
with excessive blood concentration and could have adverse
effects on the body. In this study, the blood flow rate, FF,
and filtration volume were higher during post-HDF, and the
blood flow rate at the filter inlet was higher during pre-HDF.
This suggests that there may be a larger number of factors
influencing the biocompatibility of post-HDF as compared
to pre-HDF; nevertheless, the results between pre-HDF and
post-HDF were comparable.

The limitations of this study were that it was a single-
center study, with a small sample size. In addition, post-
HDF was associated with a significantly higher removal rate
of o;-MG than pre-HDF. For comparison of the changes
between IL-6 and B-TG, which are molecules produced and
removed simultaneously during HDF, differential removal
performances could interfere with accurate evaluation of
these parameters.

Conclusion

Under the conditions of the present study, i.e., with increased
flow rates of blood and substitution fluid, there was no dif-
ference in the biocompatibility between pre-HDF and
post-HDF.

Future studies should include flow-cytometric analy-
sis of CD62P, a direct indicator of platelet activation, to
evaluate how the different modes of addition of substitution
fluid and operating conditions, such as the blood flow rate,
might affect the biocompatibilities of pre-HDF and post-
HDF. When performed under appropriate conditions (i.e.,
of blood flow rate, substitution fluid flow rate, membrane
material, and structure of the hemodiafilters), it appears
that pre-HDF and post-HDF may have an equivalent level
of biocompatibility. Increases in blood and/or substitution
fluid flow rates could have a substantial effect on the bio-
compatibility in both modes of HDF. Biocompatibility may
also vary depending on the membrane material and struc-
ture. The present results suggest the need to set appropriate
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treatment conditions in terms of the biocompatibility when
performing HDF and that both pre-HDF and post-HDF can
be performed effectively by comprehensively considering
various factors, including the hemodiafilter types and patient
condition.
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