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Abstract 

Background:  All-cause mortality is lower with a high substitution volume in predilution (pre) and postdilution (post) 
online hemodiafiltration (OHDF) than with hemodialysis (HD), and mortality does not significantly differ between pre- 
and post-OHDF groups. Despite the improved survival with a high substitution volume, there may be limitations. On 
the other hand, either normoalbuminemia or high albumin leakage in HD can reduce mortality, and super high-flux 
(SHF) membrane dialyzers can reduce mortality compared with low-flux and high-flux membrane dialyzers. Here, we 
investigated the associations of serum albumin concentration (s-Alb), albumin leakage, and substitution volume with 
all-cause mortality in OHDF and SHF-HD.

Methods:  In a 3-year retrospective observational study of patients receiving dialysis from April 1 to July 1, 2017, 
we developed a propensity score-matched model using 783 stable patients (SHF-HD, 355; OHDF, 428). We used the 
log-rank test to compare Kaplan–Meier survival curves and Cox regression analysis to calculate hazard ratio (HR). Cox 
regression analysis was also used to compare the effect of estimated albumin leakage (EAL) and substitution volume 
on 3-year all-cause mortality.

Results:  All-cause mortality was significantly lower with high EAL than with low EAL (SHF-HD: P = 0.012, log-rank 
test; HR, 0.44; 95% confidence interval [CI] 0.23–0.85; OHDF: P = 0.027, log-rank test; HR, 0.41; 95% CI 0.18–0.93). The 
mortality of high EAL was not significantly different between high and low s-Alb in SHF-HD (3.5 ± 0.1 and 3.2 ± 0.2 g/
dL) and OHDF (3.6 ± 0.2 and 3.2 ± 0.1 g/dL), despite significant differences in s-Alb. Mortality did not significantly differ 
between SHF-HD and OHDF with higher EAL ranges or a lower difference in EAL. Mortality in pre-OHDF was signifi-
cantly correlated with EAL (P = 0.007, beta − 0.32) rather than substitution volume, and mortality in post-OHDF was 
not analyzed because of fewer deaths.

Conclusions:  The results suggest that survival is improved more with high EAL than with low EAL in both OHDF and 
SHF-HD patients, that high EAL with mild-to-moderate hypoalbuminemia does not necessarily worsen survival in 
OHDF and SHF-HD patients, and that survival is equivalent between OHDF and SHF-HD patients with a similar level of 
EAL.
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Introduction
Endogenous uremic toxins have recently been classi-
fied as follows: small molecules, < 0.5  kDa; small-middle 
molecules, 0.5–15  kDa; medium-middle molecules, 

Open Access

*Correspondence:  kokada@ckdjapan.jp

1 Department of Nephrology, Kawashima Hospital, 6‑1 Kitasakoichiban‑cho, 
Tokushima‑shi, Tokushima 770‑0011, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41100-022-00440-5&domain=pdf


Page 2 of 14Okada et al. Renal Replacement Therapy            (2022) 8:52 

15–25  kDa; large-middle molecules, 25–58  kDa; and 
large molecules, 58–170  kDa [1]. Although high-flux 
membrane dialyzers generally perform well at remov-
ing small-middle molecules such as β2-microglobulin 
(β2MG), they perform poorly at removing medium-mid-
dle molecules. It is also considered important to remove 
large-middle molecules, which are dependent on convec-
tion and substitution volume. Therefore, online hemo-
diafiltration (OHDF) has been developed. In Europe, 
high-volume (16–26 L) postdilution OHDF (post-OHDF) 
using low-permeability membranes (defined as Euro-
pean-style post-OHDF) has been performed with albu-
min leakage not exceeding 3.4 g/session [2] or 5 g/session 
in a convection volume of 23 L/session/1.73 m2 [3], sug-
gesting that the performance of hemodiafilters is of little 
concern. In contrast, in Japan, either post-OHDF with 
a substitution volume of 6–16 L or predilution OHDF 
(pre-OHDF) with a substitution volume of 24–84 L has 
been performed using moderate- to high-permeability 
membranes (defined as Japanese-style OHDF), and albu-
min leakage has been set at no more than 5 g/session in 
many facilities [4]. However, the acceptable serum albu-
min concentration (s-Alb) varies by institution, and low-
permeability membranes have been used in patients with 
not only hypoalbuminemia (s-Alb ≤ 3.5  g/dL) but also 
normoalbuminemia (s-Alb ≥ 3.6 g/dL) in Japan.

Albumin is a classic nutritional marker associated with 
mortality. s-Alb < 4.0 g/dL is the parameter most strongly 
associated with probability of death, and malnutrition, 
which can trigger hypoalbuminemia, may increase mor-
tality in HD patients [5]. The s-Alb, which comprises 
reduced human mercaptoalbumin (HMA) and oxidized 
human non-mercaptoalbumin, is the most important 
extracellular antioxidant in humans. Either a higher 
HMA level or higher estimated albumin leakage (EAL) 
per HD session has been related to lower mortality in 
HD patients [6, 7]. In addition, an increase in EAL was 
related to an elevated HMA ratio and inversely correlated 
with the s-Alb level [8], suggesting that hypoalbumine-
mia resulting from excessive removal of albumin with 
degraded antioxidant activity may lead to the produc-
tion of new albumin with normal antioxidant activity in 
the liver. However, to our knowledge, there has been no 
report on EAL and survival in OHDF.

The Membrane Permeability Outcome study showed 
that patients with a s-Alb ≤ 4.0 g/dL had better survival 
on high-flux HD than on low-flux HD [9]. Mortality 
adjusted for confounding factors has been reported to 
not be significantly different between hypoalbuminemia 
without inflammation and normoalbuminemia with-
out inflammation [10], suggesting that mild-to-moder-
ate hypoalbuminemia due to albumin leakage without 
malnutrition or inflammation is not an independent 

predictor of mortality. In our facilities, hypoalbumine-
mia is tolerated up to approximately 3.0 g/dL, except in 
dialyzed patients with malnutrition or inflammation, 
because symptoms such as pruritus, restless legs syn-
drome, and fatigue can usually be improved by aggres-
sive albumin leakage. Accordingly, we wondered whether 
European-style post-OHDF leaks enough albumin, 
considering that normoalbuminemia was observed in 
the CONTRAST study, in the Turkish study, and in the 
FRENCHIE study [11–13], which failed to demonstrate a 
survival advantage of post-OHDF over low-flux HD and 
high-flux HD.

In Japan, super high-flux (SHF) membrane dialyzers 
are defined as those with a β2MG clearance ≥ 50  mL/
min, and they can reduce mortality compared with 
low-flux (< 10  mL/min clearance) and high-flux (≥ 10 
and < 50 mL/min clearance) membrane dialyzers [14]. In 
Europe where the blood flow rate (QB) is considerably 
higher than in Japan, low-flux membranes are defined as 
those having a β2MG clearance < 10 mL/min with a siev-
ing coefficient for albumin of 0, and high-flux membranes 
are defined as those having a β2MG clearance ≥ 20  mL/
min and ≤ 40 mL/min clearance with a sieving coefficient 
for albumin of < 0.01 [15].

We therefore hypothesized that high albumin leak-
age in OHDF and SHF-HD improves survival compared 
with low albumin leakage, that high albumin leakage 
with hypoalbuminemia in OHDF and SHF-HD does 
not worsen survival, and that survival is more strongly 
affected by albumin leakage than by substitution volume 
in OHDF. The aim of this study was thus to elucidate the 
associations of s-Alb, albumin leakage, and substitution 
volume with all-cause mortality in OHDF and SHF-HD.

Methods
Patient selection
As shown in Fig. 1, of the 944 patients undergoing main-
tenance dialysis with SHF-HD or OHDF who were reg-
istered in the database from the medical records held 
by our corporation as of July 1, 2017, and were reported 
previously [16], 783 patients, comprising 355 receiving 
SHF-HD and 428 receiving OHDF (pre-OHDF, n = 333; 
post-OHDF, n = 95), were recruited to prepare a pro-
pensity score-matched (PSM) model. The exclusion cri-
teria were age younger than 20 years, blood purification 
methods other than HD or OHDF, dialysis frequency of 
fewer than 3 sessions per week, dialysis time less than 
3 h, substitution volumes for pre-OHDF < 60 L and post-
OHDF < 8 L, missing values of covariates, and pregnancy 
or lactation. We also excluded patients whose dialy-
sis conditions (dialysis method, dilution method, sub-
stitution volume, and membrane material) at the start 
of the study on July 1, 2017, differed from their dialysis 
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conditions on April 1, 2017. Patients receiving HD or 
OHDF were defined as those who received the same 
dialysis method for 3 years (July 1, 2017, to July 1, 2020), 
with the dialysis method confirmed every year. Further-
more, when the two groups were compared, cases for 
which there was movement to another group across the 
median value were censored every year and the transfer 
was censored daily in the Kaplan–Meier survival curve. 
The period before the movement of another group was 
subjected to statistical analysis. The modality was cho-
sen at the physician’s discretion. Blood test results were 
extracted from the medical records.

Preparation of propensity score‑matched pairs
To analyze the effects of EAL at high and low doses on 
survival outcomes, propensity scores were matched in 69 
and 147 pairs of patients receiving SHF-HD and OHDF, 
respectively. To compare the combined effects of EAL 
and s-Alb level on survival outcomes, propensity scores 
were matched in 79 and 81 pairs of patients receiving 
SHF-HD and OHDF for groups A (high EAL and high 
s-Alb) and B (high EAL and low s-Alb), 30 and 75 pairs 
of patients for groups A and C (low EAL and high s-Alb), 
and 19 and 39 pairs of patients for groups A and D (low 
EAL and low s-Alb), respectively. To directly compare 
the effects of the same ranges of the EAL in SHF-HD and 
OHDF patients on survival outcomes, propensity scores 
were matched in 75 pairs of patients with EAL < 2.5 g/ses-
sion, 103 pairs of patients with 2.5 ≤ EAL < 5.0 g/session, 
and 20 pairs of patients with 5.0 ≤ EAL < 7.5 g/session.

Eleven items were used to calculate the propensity 
score for comparing patient survival outcomes in high 
vs. low EAL on SHF-HD and OHDF: age, dialysis vin-
tage, presence or absence of diabetes mellitus, body mass 
index (BMI), normalized protein catabolism rate, s-Alb, 
corrected calcium, phosphorus, hemoglobin (Hb), high-
sensitivity C-reactive protein (hs-CRP), and Kt/V. The 
other analyses were performed using 10 items, without 
s-Alb.

To calculate the propensity score for each patient, 
multivariable logistic regression analysis was performed 
using the treatment group as a dependent variable and 
the covariates as independent variables, followed by logit 
transformation. The propensity scores were calculated to 
a precision of 14 decimal places. Whether the number of 
cases was large or not large, patients in the two groups 
were paired by nearest available matching with a cali-
per (0.099884 for 11 items and 0.088768 for 10 items) of 
0.2 × SD of the logit values of all patients in both groups 
[17].

Estimation of the amount of albumin leakage
The amount of albumin leakage was measured for each 
dialyzer or hemodiafilter by collecting whole dialy-
sis waste liquid for 4  h; the average value was assigned 
according to the substitution volume. QB was 250  mL/
min in HD and 280  mL/min in OHDF, and both the 
dialysate flow rate (QD) in HD and the total QD (QD plus 
the substitution volume) in OHDF were 500 mL/min. The 
substitution volumes were 60, 72, and 84 L for pre-OHDF 
and 8, 10, 12, and 16 L for post-OHDF. The dialyzers and 
hemodiafilters used in this study and the average EAL are 
listed in Additional file 1: Table S1 and Additional file 2: 
Table S2. The albumin level was measured by a turbidi-
metric immunoassay for dialysate and by a photometric 
method using bromocresol green for serum.

Survival analysis and statistics
Survival was analyzed using patients’ medical records, 
which include information on deaths, hospitalizations, 
discharges, transfers to other hospitals, and operations 
and interventions. A daily survival analysis was per-
formed for the two groups with censored cases using the 
Kaplan–Meier method. Statistical significance between 
the groups was determined with the log-rank test. Cox 
regression analysis was used to calculate the hazard 
ratio  (HR) and was performed using all-cause mortality 
as an independent variable and the EAL and substitution 
volume as dependent variables.

All analyses were performed using SPSS Statistics for 
Windows, version 25 (IBM Corporation, Armonk, NY), 
and P < 0.05 (two-tailed) was considered statistically 
significant.

Fig. 1  Flow diagram of participation in effects of high albumin 
leakage on survival between online hemodiafiltration and 
super high-flux hemodialysis: the HISTORY study. SHF-HD, super 
high-flux hemodialysis; OHDF, online hemodiafiltration; pre-OHDF, 
predilution online hemodiafiltration; post-OHDF, postdilution online 
hemodiafiltration; EAL, estimated albumin leakage; and s-Alb, serum 
albumin concentration
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Results
Comparison of SHF‑HD and OHDF patient survival by high 
versus low EAL
A comparison of SHF-HD and OHDF variables between 
high and low EAL and before and after PSM is shown 
in Table  1. After PSM, BMI and Hb levels in SHF-HD 
patients and age and Hb levels in OHDF patients were 
significantly different between the high EAL and low 
EAL groups. The median EAL values were 1.4 g/session 
in SHF-HD patients and 5.0 g/session in OHDF patients. 
As shown in Fig.  2, 3-year all-cause mortality in SHF-
HD and OHDF was significantly lower in the high EAL 
groups than in the low EAL groups (P = 0.012, log-rank 
test; HR, 0.44; 95% confidence interval [CI] 0.23–0.85; 
and P = 0.027, log-rank test; HR, 0.41; 95% CI 0.18–0.93, 
respectively).

Comparison of SHF‑HD and OHDF patient survival by EAL 
and s‑Alb
We compared the 3-year all-cause mortality in group A 
with that in groups B, C, and D. After PSM, the variables 

of group A in SHF-HD and OHDF patients were not sig-
nificantly different from those of the other groups, except 
for Hb and hs-CRP between groups A and D in OHDF 
patients (Tables 2 and 3). The median s-Alb was the same 
(3.4 g/dL) for both SHF-HD and OHDF.

Table 4a shows the mean EAL and s-Alb in each group. 
Three-year all-cause mortality was not significantly dif-
ferent between groups A and B (SHF-HD: HR, 0.35; 95% 
CI 0.11–1.11; P = 0.062, log-rank test; OHDF: HR, 1.01; 
95% CI 0.14–7.19; P = 0.990, log-rank test) (Figs.  3 and 
4), despite a significant difference in mean s-Alb levels 
(SHF-HD: 3.5 ± 0.1 vs. 3.2 ± 0.2 g/dL [P < 0.001]; OHDF: 
3.6 ± 0.2 vs. 3.2 ± 0.1 [P < 0.001]). In SHF-HD patients, 
3-year all-cause mortality was only significantly lower in 
group A than in group D (EAL: 2.2 ± 1.0 vs. 1.1 ± 0.4 g/
session [P < 0.001]; s-Alb: 3.5 ± 0.2 vs. 3.0 ± 0.3  g/dL 
[P < 0.001]) based on a log-rank test (P = 0.034), and the 
HR and 95% CI could not be calculated because there 
were no deaths in group A. Although the EAL and s-Alb 
levels in group A were significantly increased compared 
with those in group D (EAL: 7.1 ± 2.6 vs. 3.5 ± 0.7  g/

Table 1  Comparison of variables before and after propensity score matching in high vs. low estimated albumin leakage (EAL) groups

Item Before matching After matching

High EAL group Low EAL group P value High EAL group Low EAL group P value

(a) Super high-flux hemodialysis

Patients, n 286 69 69 69

Age, years 71.8 ± 10.9 76.3 ± 10.2 0.003 73.1 ± 10.2 76.3 ± 10.2 0.084

Dialysis vintage, months 95.7 ± 92.2 104.7 ± 92.1 0.195 92.6 ± 86.2 104.7 ± 92.1 0.342

Diabetes mellitus, % with/without 32.3/67.7 26.1/73.9 0.019 33.3/66.7 26.1/73.9 0.456

Body mass index, kg/m2 21.9 ± 3.8 19.9 ± 3.5  < 0.001 21.7 ± 4.0 19.9 ± 3.5 0.005

Normalized protein catabolism rate, g/kg/day 0.8 ± 0.2 0.8 ± 0.2 0.326 0.8 ± 0.2 0.8 ± 0.2 0.166

Albumin, g/dL 3.3 ± 0.4 3.3 ± 0.4 0.205 3.4 ± 0.3 3.3 ± 0.4 0.157

Corrected calcium, mg/dL 9.2 ± 0.7 9.3 ± 0.7 0.177 9.1 ± 0.7 9.3 ± 0.7 0.198

Phosphorus, mg/dL 5.0 ± 1.5 4.8 ± 1.5 0.296 5.2 ± 1.5 4.8 ± 1.5 0.093

Hemoglobin, g/dL 11.1 ± 1.1 10.7 ± 1.2 0.014 11.1 ± 1.0 10.7 ± 1.2 0.028

High-sensitivity C-reactive protein, mg/dL 0.520 ± 1.289 0.758 ± 1.700 0.292 0.715 ± 1.605 0.759 ± 1.700 0.633

Kt/V 1.7 ± 0.3 1.8 ± 0.5 0.047 1.7 ± 0.3 1.8 ± 0.5 0.164

(b) Online hemodiafiltration

Patients, n 224 204 147 147

Age, years 60.7 ± 11.3 69.4 ± 10.4  < 0.001 64.1 ± 10.2 67.0 ± 10.4  < 0.001

Dialysis vintage, months 159.2 ± 120.6 129.5 ± 114.7 0.005 144.8 ± 116.6 146.8 ± 124.2 0.904

Diabetes mellitus, % with/without 27.7/72.3 38.7/61.3 0.018 32.0/68.0 32.7/67.3  > 0.999

Body mass index, kg/m2 22.9 ± 3.5 22.5 ± 4.2 0.084 22.8 ± 3.3 22.3 ± 4.3 0.034

Normalized protein catabolism rate, g/kg/day 0.9 ± 0.1 0.8 ± 0.2 0.172 0.9 ± 0.1 0.9 ± 0.2 0.713

Albumin, g/dL 3.4 ± 0.3 3.4 ± 0.3 0.691 3.4 ± 0.3 3.4 ± 0.3 0.495

Corrected calcium, mg/dL 9.2 ± 0.7 9.2 ± 0.7 0.537 9.2 ± 0.7 9.2 ± 0.6 0.728

Phosphorus, mg/dL 5.8 ± 1.5 5.3 ± 1.3 0.001 5.6 ± 1.3 5.4 ± 1.3 0.203

Hemoglobin, g/dL 11.3 ± 1.2 11.0 ± 1.3  < 0.001 11.1 ± 1.1 11.0 ± 1.3 0.217

High-sensitivity C-reactive protein, mg/dL 0.417 ± 1.248 0.398 ± 1.111 0.678 0.360 ± 1.139 0.415 ± 1.135 0.246

Kt/V 1.6 ± 0.3 1.6 ± 0.3 0.210 1.6 ± 0.3 1.6 ± 0.3 0.311
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session [P < 0.001]; s-Alb: 3.6 ± 0.2 vs. 3.2 ± 0.1  g/dL 
[P < 0.001]) in OHDF patients, there was no significant 
difference in all-cause mortality.

Comparison of SHF‑HD and OHDF patient survival by EAL 
range
The EAL in SHF-HD and OHDF patients was divided 
into three groups: < 2.5  g/session, ≥ 2.5 to < 5.0  g/ses-
sion, and ≥ 5.0 to < 7.5  g/session. The variables in each 
SHF-HD and OHDF group before and after PSM are 
shown in Table  5. Although there were significant dif-
ferences in the dialysis vintage and hs-CRP after PSM in 
the EAL < 2.5  g/session group, the other groups showed 
no significant differences in variables. There was a signifi-
cant difference between the two groups in the mean EAL 
level at < 2.5 g/session and ≥ 2.5 to < 5.0 g/session. On the 
other hand, there was no significant difference in s-Alb 
between the two groups for the three ranges (Table 4 (b)). 
Although 3-year all-cause mortality was not significantly 
different between the ≥ 2.5 to < 5  g/session group (mean 
difference in EAL, 0.2  g/session) and ≥ 5 to < 7.5  g/ses-
sion group (mean difference in EAL, 0.5 g/session), it was 

significantly lower in OHDF patients with EAL < 2.5  g/
session group (mean difference in EAL, 1.0  g/session) 
than in SHF-HD patients based on the log-rank test 
(P < 0.001) and a HR of 0.31 (95% CI 0.16–0.61) (Fig. 5).

Direct comparison of pre‑OHDF and post‑OHDF patient 
survival by EAL and substitution volume
Because there were only 3 deaths among the 95 post-OHDF 
patients, this analysis was not performed in these patients. 
In pre-OHDF patients, 3-year all-cause mortality was 

Fig. 2  Comparison of patient survival outcomes for high versus low 
estimated albumin leakage (EAL). a Super high-flux hemodialysis. b 
Online hemodiafiltration. HR, hazard ratio; CI, confidence interval

Fig. 3  Comparison of patient survival outcomes by estimated 
albumin leakage (EAL) and serum albumin concentration (s-Alb) in 
super high-flux hemodialysis patients. a High EAL and high s-Alb 
group vs. high EAL and low s-Alb group. b High EAL and high s-Alb 
group vs. low EAL and high s-Alb group. c High EAL and high s-Alb 
group versus low EAL and low s-Alb group. HR, hazard ratio; CI, 
confidence interval
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significantly correlated with EAL (P = 0.007, beta − 0.32) 
rather than the substitution volume (P = 0.212, beta 0.02).

Discussion
This study is the first to suggest (i) that survival is 
improved more with high EAL than with low EAL in both 
OHDF and SHF-HD patients, (ii) that high EAL with 
mild-to-moderate hypoalbuminemia does not necessarily 

worsen survival in OHDF and SHF-HD, (iii) that sur-
vival is equivalent between OHDF and SHF-HD patients 
with a similar level of EAL, and (iv) that survival in pre-
OHDF patients is influenced by albumin leakage rather 
than substitution volume. In our previous study using a 
similar database [16], QB—which was excluded from the 
PSM items assessed in the present study—was signifi-
cantly higher for OHDF than for SHF-HD (279.5 ± 20.3 

Table 2  Comparison of variables before and after propensity score matching in super high-flux hemodialysis patients by estimated 
albumin leakage (EAL) and serum albumin concentration (s-Alb)

Item Before matching After matching

High EAL and 
high s-Alb group

High EAL and 
low s-Alb group

P value High EAL and 
high s-Alb group

High EAL and 
low s-Alb group

P value

(a) High EAL and high s-Alb group versus high EAL and low s-Alb group

Patients, n 152 134 79 79

Age, years 68.0 ± 11.3 76.0 ± 8.8  < 0.001 72.0 ± 11.1 72.5 ± 8.8 0.917

Dialysis vintage, months 93.4 ± 93.9 98.2 ± 90.6 0.404 98.9 ± 99.0 105.6 ± 90.6 0.417

Diabetes mellitus, % with/without 41.4/58.6 41.8/58.2  > 0.999 41.8/58.2 40.5/59.5  > 0.999

Body mass index, kg/m2 22.6 ± 4.1 21.0 ± 3.3 0.001 22.1 ± 3.6 21.6 ± 3.2 0.285

Normalized protein catabolism rate, g/kg/day 0.9 ± 0.2 0.8 ± 0.2  < 0.001 0.8 ± 0.1 0.8 ± 0.2 0.858

Corrected calcium, mg/dL 9.0 ± 0.6 9.4 ± 0.7  < 0.001 9.2 ± 0.6 9.2 ± 0.7 0.990

Phosphorus, mg/dL 5.3 ± 1.5 4.6 ± 1.3 0.001 5.0 ± 1.5 4.9 ± 1.2 0.580

Hemoglobin, g/dL 11.3 ± 1.1 10.8 ± 1.1  < 0.001 11.0 ± 1.1 10.9 ± 1.0 0.789

High-sensitivity C-reactive protein, mg/dL 0.206 ± 0.313 0.877 ± 1.791  < 0.001 0.262 ± 0.383 0.268 ± 0.279 0.224

Kt/V 1.7 ± 0.3 1.7 ± 0.3 0.378 1.7 ± 0.3 1.7 ± 0.3 0.917

(b) High EAL and high s-Alb group versus low EAL and high s-Alb group

Patients, n 152 31 30 30

Age, years 68.0 ± 11.3 73.9 ± 10.5 0.008 73.3 ± 7.8 73.2 ± 10.0 0.830

Dialysis vintage, months 93.4 ± 93.9 94.9 ± 70.2 0.374 85.7 ± 83.7 96.4 ± 70.9 0.363

Diabetes mellitus, % with/without 41.4/58.6 29.0/71.0 0.230 43.3/56.7 30.0/70.0 0.422

Body mass index, kg/m2 22.6 ± 4.1 21.3 ± 3.6 0.076 21.4 ± 3.9 21.5 ± 3.4 0.965

Normalized protein catabolism rate, g/kg/day 0.9 ± 0.2 0.8 ± 0.1 0.194 0.8 ± 0.2 0.8 ± 0.1  > 0.999

Corrected calcium, mg/dL 9.0 ± 0.6 9.1 ± 0.6 0.482 9.2 ± 0.5 9.1 ± 0.6 0.310

Phosphorus, mg/dL 5.3 ± 1.5 4.9 ± 1.3 0.137 4.7 ± 1.4 4.9 ± 1.3 0.446

Hemoglobin, g/dL 11.3 ± 1.1 11.0 ± 1.2 0.231 10.9 ± 1.0 10.9 ± 1.1 0.756

High-sensitivity C-reactive protein, mg/dL 0.206 ± 0.313 0.281 ± 0.584 0.669 0.170 ± 0.280 0.289 ± 0.592 0.337

Kt/V 1.7 ± 0.3 1.7 ± 0.4 0.461 1.7 ± 0.3 1.7 ± 0.4 0.859

(c) High EAL and high s-Alb group versus low EAL and low s-Alb group

Patients, n 152 38 19 19

Age, years 68.0 ± 11.3 78.2 ± 9.6  < 0.001 74.5 ± 9.8 74.8 ± 9.4 0.918

Dialysis vintage, months 93.4 ± 93.9 112.8 ± 107.1 0.191 97.1 ± 89.8 126.9 ± 105.1 0.286

Diabetes mellitus, % with/without 41.4/58.6 23.7/76.3 0.230 36.8/63.2 26.3/73.7 0.728

Body mass index, kg/m2 22.6 ± 4.1 18.9 ± 3.1  < 0.001 19.3 ± 3.1 20.0 ± 2.8 0.439

Normalized protein catabolism rate, g/kg/day 0.9 ± 0.2 0.8 ± 0.2 0.004 0.9 ± 0.2 0.8 ± 0.2 0.413

Corrected calcium, mg/dL 9.0 ± 0.6 9.5 ± 0.8 0.001 9.4 ± 0.7 9.3 ± 1.0 0.759

Phosphorus, mg/dL 5.3 ± 1.5 4.7 ± 1.6 0.067 5.0 ± 1.3 5.1 ± 1.1 0.965

Hemoglobin, g/dL 11.3 ± 1.1 10.4 ± 1.2  < 0.001 10.6 ± 1.0 10.4 ± 1.3 0.781

High-sensitivity C-reactive protein, mg/dL 0.206 ± 0.313 1.149 ± 2.165  < 0.001 0.285 ± 0.552 0.383 ± 0.641 0.082

Kt/V 1.7 ± 0.3 1.8 ± 0.5 0.018 1.8 ± 0.4 1.9 ± 0.4 0.651
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Table 3  Comparison of variables before and after propensity score matching in online hemodiafiltration patients by estimated 
albumin leakage (EAL) and serum albumin concentration (s-Alb)

Item Before matching After matching

High EAL and high 
s-Alb group

High EAL and low 
s-Alb group

P value High EAL and high 
s-Alb group

High EAL and low 
s-Alb group

P value

(a) High EAL and high s-Alb group versus high EAL and low s-Alb group

Patients, n 120 104 81 81

Age, years 57.3 ± 11.4 64.6 ± 9.8  < 0.001 61.2 ± 8.6 62.7 ± 9.2 0.170

Dialysis vintage, 
months

150.7 ± 112.3 169.0 ± 129.3 0.504 168.6 ± 121.9 168.1 ± 127.1 0.781

Diabetes mellitus, % 
with/without

26.7/73.3 28.8/71.2 0.766 24.7/75.3 24.7/75.3  > 0.999

Body mass index, 
kg/m2

23.3 ± 3.9 22.4 ± 3.0 0.208 22.4 ± 3.6 22.6 ± 2.8 0.332

Normalized protein 
catabolism rate, g/
kg/day

0.9 ± 0.2 0.9 ± 0.1 0.176 0.9 ± 0.2 0.9 ± 0.1 0.773

Corrected calcium, 
mg/dL

9.1 ± 0.7 9.3 ± 0.7 0.115 9.1 ± 0.6 9.1 ± 0.7 0.865

Phosphorus, mg/dL 5.9 ± 1.7 5.6 ± 1.3 0.169 5.6 ± 1.3 5.6 ± 1.4 0.908

Hemoglobin, g/dL 11.4 ± 1.1 11.3 ± 1.3 0.326 11.4 ± 1.1 11.3 ± 1.2 0.371

High-sensitivity 
C-reactive protein, 
mg/dL

0.199 ± 0.425 0.668 ± 1.744 0.002 0.234 ± 0.505 0.245 ± 0.368 0.117

Kt/V 1.5 ± 0.3 1.6 ± 0.3 0.010 1.6 ± 0.3 1.6 ± 0.3 0.855

(b) High EAL and high s-Alb group versus low EAL and high s-Alb group

Patients, n 120 118 75 75

Age, years 57.3 ± 11.4 67.5 ± 10.2  < 0.001 62.2 ± 9.8 64.0 ± 10.2 0.305

Dialysis vintage, 
months

150.7 ± 112.3 132.0 ± 125.1 0.053 157.0 ± 117.3 148.6 ± 131.2 0.365

Diabetes mellitus, % 
with/without

26.7/73.3 44.1/55.9 0.007 29.3/70.7 30.7/69.3  > 0.999

Body mass index, 
kg/m2

23.3 ± 3.9 22.8 ± 3.8 0.270 23.0 ± 4.0 22.8 ± 4.2 0.460

Normalized protein 
catabolism rate, g/
kg/day

0.9 ± 0.2 0.9 ± 0.2 0.992 0.9 ± 0.1 0.9 ± 0.2 0.892

Corrected calcium, 
mg/dL

9.1 ± 0.7 9.1 ± 0.7 0.911 9.2 ± 0.8 9.2 ± 0.7 0.848

Phosphorus, mg/dL 5.9 ± 1.7 5.4 ± 1.3 0.029 5.7 ± 1.3 5.6 ± 1.4 0.550

Hemoglobin, g/dL 11.4 ± 1.1 11.2 ± 1.2 0.039 11.3 ± 1.1 11.3 ± 1.3 0.534

High-sensitivity 
C-reactive protein, 
mg/dL

0.199 ± 0.425 0.144 ± 0.196 0.920 0.156 ± 0.272 0.144 ± 0.211 0.721

Kt/V 1.5 ± 0.3 1.6 ± 0.3 0.330 1.6 ± 0.3 1.6 ± 0.3 0.795

(c) High EAL and high s-Alb group versus low EAL and low s-Alb group

Patients, n 120 86 39 39

Age, years 57.3 ± 11.4 71.9 ± 10.2  < 0.001 65.8 ± 8.8 66.3 ± 10.9 0.653

Dialysis vintage, 
months

150.7 ± 112.3 126.1 ± 99.3 0.137 147.9 ± 120.4 145.9 ± 104.6 0.738

Diabetes mellitus, % 
with/without

26.7/73.3 31.4/68.6 0.532 30.8/69.2 30.8/69.2  > 0.999

Body mass index, 
kg/m2

23.3 ± 3.9 22.1 ± 4.6 0.013 22.4 ± 3.6 23.1 ± 5.6 0.964

Normalized protein 
catabolism rate, g/
kg/day

0.9 ± 0.2 0.8 ± 0.2 0.001 0.8 ± 0.1 0.8 ± 0.2 0.596
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vs. 268.0 ± 19.8 mL/min, P < 0.001). Despite the fact that 
high QB improves survival, survival was found to be 
comparable between SHF-HD and OHDF patients under 
certain conditions.

There are multiple studies of European-style post-
OHDF with different mortality outcomes [11–13, 18–22]. 
The CONVINCE and H4RT definitive trials are there-
fore being conducted to determine whether high-vol-
ume post-OHDF is preferable to high-flux HD [23, 24]. 
In Japan, pre-OHDF has commonly been selected for 
fear of filter clogging and excessive albumin leakage due 
to post-OHDF with a lower QB. In a previous study, we 
found that Japanese-style post-OHDF improves all-cause 
mortality to a level similar to that of pre-OHDF and that 
it improves both all-cause mortality and cardiovascu-
lar events [16], similar to European-style post-OHDF 
[18]. In addition, there was a limited effect of increased 

substitution volume in Japanese-style pre-OHDF on sur-
vival, considering that there was no significant difference 
in 3-year all-cause mortality between the high-volume 
(80.4 ± 5.5 L) and low-volume (58.7 ± 5.1 L) pre-OHDF 
groups [16]. It is therefore likely that there is a limit to 
the substitution volume in post-OHDF as well. In stud-
ies where no difference in mortality was observed, the 
mean levels of s-Alb were from 3.8 to 4.1 g/dL at baseline 
and during follow-up in all groups [11–13]. On the other 
hand, the time effect of s-Alb was significantly decreased 
from 4.1 g/dL at baseline to 3.9 g/dL during follow-up in 
the ESHOL study, which observed a significant difference 
in mortality [19]. Based on this, we consider that HD and 
post-OHDF in Europe does not leak enough albumin.

The mean s-Alb level in both HD and OHDF was 3.7 g/
dL in the Japanese Society for Dialysis Therapy Renal 
Data Registry 2012 database [25]. One of the reasons 

Table 3  (continued)

Item Before matching After matching

High EAL and high 
s-Alb group

High EAL and low 
s-Alb group

P value High EAL and high 
s-Alb group

High EAL and low 
s-Alb group

P value

Corrected calcium, 
mg/dL

9.1 ± 0.7 9.4 ± 0.6 0.011 9.3 ± 0.7 9.2 ± 0.6 0.908

Phosphorus, mg/dL 5.9 ± 1.7 5.1 ± 1.3  < 0.001 5.6 ± 1.3 5.5 ± 1.4 0.656

Hemoglobin, g/dL 11.4 ± 1.1 10.7 ± 1.4  < 0.001 11.2 ± 1.0 10.9 ± 1.6 0.029

High-sensitivity 
C-reactive protein, 
mg/dL

0.199 ± 0.425 0.746 ± 1.638  < 0.001 0.276 ± 0.675 0.307 ± 0.408 0.019

Kt/V 1.5 ± 0.3 1.7 ± 0.3  < 0.001 1.6 ± 0.3 1.7 ± 0.3 0.807

Table 4  Mean estimated albumin leakage (EAL) and serum albumin (s-Alb) values in each group

Group A, high EAL and high s-Alb; Group B, high EAL and low s-Alb; Group C, low EAL and high s-Alb; Group D, low EAL and high s-Alb

Item Group A versus Group B Group A versus Group C Group A versus Group D

A group B group P value A group C group P value A group D group P value

(a) EAL and s-Alb by the median values in super high-flux hemodialysis (SHF-HD) and online hemodiafiltration (OHDF) patients grouped by EAL and 
s-Alb

SHF-HD

EAL, g/session 2.6 ± 1.2 2.7 ± 1.4 0.648 2.2 ± 1.1 1.1 ± 0.4  < 0.001 2.2 ± 1.0 1.1 ± 0.4  < 0.001

s-Alb, g/dL 3.5 ± 0.1 3.2 ± 0.2  < 0.001 3.5 ± 0.1 3.6 ± 0.2 0.246 3.5 ± 0.2 3.0 ± 0.3  < 0.001

OHDF

EAL, g/session 7.1 ± 2.1 6.8 ± 1.7 0.621 6.8 ± 1.9 3.1 ± 0.8  < 0.001 7.1 ± 2.6 3.5 ± 0.7  < 0.001

s-Alb, g/dL 3.6 ± 0.2 3.2 ± 0.1  < 0.001 3.6 ± 0.2 3.6 ± 0.2 0.478 3.6 ± 0.2 3.2 ± 0.1  < 0.001

Item EAL < 2.5 g/session 2.5 ≤ EAL < 5.0 g/session 5.0 ≤ EAL < 7.5 g/session

SHF-HD OHDF P value SHF-HD OHDF P value SHF-HD OHDF P value

(b) EAL and s-Alb in SHF-HD and OHDF patients grouped by EAL

EAL, g/session 1.3 ± 0.4 2.3 ± 0.1  < 0.001 3.6 ± 0.5 3.8 ± 0.4  < 0.001 5.4 ± 0.0 5.9 ± 0.9 0.561

s-Alb, g/dL 3.3 ± 0.4 3.4 ± 0.3 0.514 3.4 ± 0.3 3.4 ± 0.3 0.283 3.4 ± 0.2 3.5 ± 0.3 0.623
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why the annual crude mortality rate in Japan (9.7%) [26] 
is lower than that in other countries is suggested to be 
a higher albumin leakage with a lower s-Alb level. This 
possibility is supported by the fact that the crude mortal-
ity rate in 2020 at our institutions was 7.1% (Additional 
file 3: Figure S1), even though the mean s-Alb level was 
3.3  g/dL in SHF-HD and 3.4  g/dL in OHDF. All-cause 
mortality was significantly correlated with the EAL 
rather than the substitution volume. It is therefore pre-
sumed that the reason why the survival improvement 
depended on the substitution volume in European-style 
post-OHDF was not only the increase in the substitution 
volume itself, but also the higher albumin leakage associ-
ated with the increase in the substitution volume.

The results of the present study suggest that high EAL 
contributes to survival and that high EAL with mild-to-
moderate hypoalbuminemia does not necessarily worsen 
survival in SHF-HD and OHDF. Although all-cause mor-
tality in SHF-HD was significantly lower with high EAL 
and high s-Alb compared with low EAL and low s-Alb, 
there were no significant differences in OHDF patients. 
The reason why only OHDF did not show a significant 
difference may be that a low EAL in OHDF patients 
(3.5 ± 0.7 g/session) was still high compared with that in 
SHF-HD patients (1.1 ± 0.4 g/session).

In a comparison of the survival of SHF-HD and OHDF 
patients in the same EAL ranges, there was a significant 
difference in all-cause mortality in the low range but not 
in the middle and high ranges, despite the significantly 
higher QB in OHDF compared with SHF-HD [16]. EAL 
was significantly different between SHF-HD and OHDF 
patients in the low and middle ranges but not in the 
high range. The mean differences between SHF-HD and 
OHDF patients were 1.0 g/session in the low range, 0.2 g/
session in the middle range, and 0.5 g/session in the high 
range. The levels of hypoalbuminemia were not signifi-
cantly different in all ranges. It is therefore suggested that 
survival in both groups of patients with mild-to-mod-
erate hypoalbuminemia was equivalent when EAL was 
higher or the difference between the two groups in EAL 
was smaller.

Our results suggest that the aggressive albumin leak-
age in both OHDF and SHF-HD may be important 
because high albumin leakage with mild-to-moderate 
hypoalbuminemia can improve survival. Although the 
removal of uremic toxins up to large-middle molecules 
with low albumin leakage can improve survival, the 
removal of uremic toxins with large molecules would be 
more important for avoiding severe hypoalbuminemia. 
Because the removal of protein-bound and large-middle 
molecule uremic toxins by HD using SHF membrane 
dialyzers with high albumin leakage was similar to that 
by high-volume post-OHDF [27], it seems important to 

use SHF membrane dialyzers with high albumin leak-
age in HD patients. Also, because the average serum 
β2MG level is 27.0  mg/L in both HD and OHDF in 
Japan [28], it is suggested that there is no difference in 
the removal of small-middle molecules between the two 
methods. Because high-flux HD does not adequately 
remove medium-middle molecules, high-volume post-
OHDF is considered necessary for removing larger mol-
ecules. However, we believe that SHF-HD with sufficient 

Fig. 4  Comparison of patient survival outcomes by estimated 
albumin leakage (EAL) and serum albumin concentration (s-Alb) in 
online hemodiafiltration patients. a High EAL and high s-Alb group 
versus high EAL and low s-Alb group. b High EAL and high s-Alb 
group vs. low EAL and high s-Alb group. c High EAL and high s-Alb 
group versus low EAL and low s-Alb group. HR, hazard ratio; CI, 
confidence interval
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Table 5  Comparison of variables between super high-flux hemodialysis (SHF-HD) and online hemodiafiltration (OHDF) by the same 
ranges of the estimated albumin leakage (EAL)

Item Before matching After matching

EAL < 2.5 g/session 
in SHF-HD

EAL < 2.5 g/session 
in OHDF

P value EAL < 2.5 g/session 
in SHF-HD

EAL < 2.5 g/session 
in OHDF

P value

(a) EAL < 2.5 g in SHF-HD versus OHDF

Patients, n 217 83 75 75

Age, years 74.8 ± 10.7 72.4 ± 9.5 0.043 73.1 ± 10.2 72.8 ± 9.8 0.959

Dialysis vintage, 
months

89.1 ± 90.2 150.5 ± 138.3  < 0.001 173.3 ± 97.5 121.9 ± 109.9  < 0.001

Diabetes mellitus, % 
with/without

40.1/59.9 34.9/65.1 0.430 32.0/68.0 38.7/61.3 0.495

Body mass index, 
kg/m2

21.0 ± 3.6 21.1 ± 3.0 0.638 20.7 ± 3.4 21.1 ± 3.0 0.551

Normalized protein 
catabolism rate, g/
kg/day

0.8 ± 0.2 0.8 ± 0.2 0.069 0.8 ± 0.2 0.8 ± 0.2 0.762

Corrected calcium, 
mg/dL

9.3 ± 0.7 9.3 ± 0.6 0.798 9.4 ± 0.7 9.3 ± 0.6 0.112

Phosphorus, mg/dL 4.8 ± 1.4 5.2 ± 1.2 0.028 5.0 ± 1.4 5.2 ± 1.2 0.517

Hemoglobin, g/dL 10.9 ± 1.1 10.8 ± 1.1 0.728 10.8 ± 1.1 10.8 ± 1.0 0.873

High-sensitivity 
C-reactive protein, 
mg/dL

0.724 ± 1.684 0.229 ± 0.403 0.007 0.468 ± 1.282 0.236 ± 0.423 0.046

Kt/V 1.7 ± 0.4 1.6 ± 0.3 0.006 1.7 ± 0.4 1.6 ± 0.3 0.147

(b) 2.5 ≤ EAL < 5.0 g/session in SHF-HD versus OHDF

Patients, n 117 121 103 103

Age, years 70.2 ± 9.9 67.3 ± 10.5 0.049 69.5 ± 9.8 69.0 ± 9.6 0.842

Dialysis vintage, 
months

106.0 ± 91.3 115.2 ± 93.2 0.362 116.9 ± 91.5 116.5 ± 94.6 0.835

Diabetes mellitus, % 
with/without

36.8/63.2 41.3/58.7 0.508 38.8/61.2 38.8/61.2  > 0.999

Body mass index, 
kg/m2

22.1 ± 4.1 23.5 ± 4.6 0.006 22.2 ± 4.2 22.5 ± 3.6 0.237

Normalized protein 
catabolism rate, g/
kg/day

0.8 ± 0.2 0.8 ± 0.2 0.799 0.8 ± 0.2 0.9 ± 0.2 0.876

Corrected calcium, 
mg/dL

9.2 ± 0.7 9.2 ± 0.7 0.391 9.1 ± 0.7 9.2 ± 0.7 0.340

Phosphorus, mg/dL 5.0 ± 1.3 5.4 ± 1.4 0.131 5.1 ± 1.4 5.3 ± 1.5 0.465

Hemoglobin, g/dL 11.2 ± 1.1 11.1 ± 1.4 0.155 11.2 ± 1.1 11.1 ± 1.5 0.115

High-sensitivity 
C-reactive protein, 
mg/dL

0.266 ± 0.429 0.514 ± 1.394 0.815 0.289 ± 0.451 0.342 ± 0.838 0.628

Kt/V 1.7 ± 0.3 1.6 ± 0.3 0.038 1.7 ± 0.3 1.6 ± 0.3 0.331

Item Before matching After matching

5.0 ≤ EAL < 7.5 g/
session in SHF-HD

5.0 ≤ EAL < 7.5 g/
session in OHDF

P value 5.0 ≤ EAL < 7.5 g/
session in SHF-HD

5.0 ≤ EAL < 7.5 g/
session in OHDF

P value

(c) 5.0 ≤ EAL < 7.5 g/session in SHF-HD versus OHDF

Patients, n 21 179 20 20

Age, years 64.0 ± 12.2 61.2 ± 11.4 0.312 63.4 ± 12.2 62.1 ± 12.5 0.892

Dialysis vintage, 
months

136.1 ± 106.6 150.5 ± 118.5 0.692 142.0 ± 105.8 136.9 ± 120.7 0.787

Diabetes mellitus, % 
with/without

33.3/66.7 28.5/71.5 0.620 35.0/65.0 25.0/75.0 0.731
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albumin leakage has a similar capacity for removing 
large-middle molecules compared with high-volume 
post-OHDF. Therefore, the results of present study sug-
gest that the prognosis for survival is the same regard-
less of whether OHDF or SHF-HD is used, so long as the 
amount of albumin leakage is similar. In cases with mal-
nutrition, high-volume pre-OHDF using a hemodiafilter 
with less albumin leakage may be a better option in order 
to reduce loss of amino acids. European-style high-vol-
ume post-OHDF with a low-permeability hemodiafilter 
reduces the increase in transmembrane pressure (TMP) 
and filtration fraction (FF), both of which are indicators 
for stabilizing the hemodiafilter environment by increas-
ing the QB. However, if albumin leakage is the same, a 
lower-volume post-OHDF with a higher-permeability 
hemodiafilter is a more physiologic method because it 
reduces TMP and FF to a greater extent.

The main limitation of this study was the accuracy of 
the EAL and its fluctuation, especially for hemodiafil-
ters. Because it is not possible to collect all of the whole 
dialysis waste liquid for 4 h from all patients at the same 
time, we evaluated the average albumin leakage before 
the start of the study in 6 patients. In addition, the aver-
age values of EAL were assigned to each patient based 
on the dialyzers, hemodiafilters, and substitution vol-
ume (Additional file  1: Table  S1 and Additional file  2: 
Table  S2). The EAL of the dialyzers varies little by lot 
number, but that of the hemodiafilters is affected not 
only by the lot number but also by fluctuations in TMP 
and FF, especially in higher-volume post-OHDF. It is 
thus necessary to determine an index for the removal 
rate of large-middle molecules or large molecules that 
can be measured simultaneously in all patients instead 
of the EAL. The Stokes radii of free α1-microglobulin 

(α1MG) and albumin are similar, at 28.6  Å [29] and 
35.5  Å [30], respectively, despite having different 
molecular weights (33–66 kDa, respectively). Although 
α1MG forms complexes with IgA, prothrombin, and 
albumin [31], the Stokes radii of these complexes are 
not known. In our preliminary study, the relationship 
between the removal amount of α1MG and the reduc-
tion rate (RR)  of α1MG corrected by the hematocrit 
level to exclude concentration effects with respect to the 
amount of albumin leakage was depicted by a logarith-
mic regression curve (Additional file  4: Figure S2a, b) 
after obtaining the equation for the logarithmic regres-
sion model using the logarithmic value of the amount 
of albumin leakage. Both equations showed significant 
regression coefficients, and their respective coefficients 
of determination R2 were 0.547 and 0.435, indicating 
a strong relationship between the removal amount of 
α1MG and RR of α1MG with respect to albumin leak-
age. Next, the relationship between the removal amount 
of α1MG and RR of α1MG was depicted by a regression 
line (Additional file  4: Figure S2c) after obtaining the 
equation for the linear regression model. The obtained 
regression coefficient was significant and the coeffi-
cient of determination R2 was 0.507, indicating a strong 
relationship between them. Thus, RR of  α1MG can be 
measured simultaneously in all cases and may there-
fore be a potential replacement for the measurement of 
albumin leakage. It should be noted, however, that this 
strong correlation disappeared when albumin leakage 
exceeded 8.0  g/session or when the removal amount 
of α1MG exceeded 250  mg/session (Additional file  5: 
Figure S3 and Additional file  6: Figure S4). Regarding 
the dilution method, albumin leakage and the removal 
amount of α1MG were significantly correlated in both 

Table 5  (continued)

Item Before matching After matching

5.0 ≤ EAL < 7.5 g/
session in SHF-HD

5.0 ≤ EAL < 7.5 g/
session in OHDF

P value 5.0 ≤ EAL < 7.5 g/
session in SHF-HD

5.0 ≤ EAL < 7.5 g/
session in OHDF

P value

Body mass index, 
kg/m2

23.8 ± 3.4 22.8 ± 3.5 0.162 23.7 ± 3.5 22.6 ± 3.7 0.433

Normalized protein 
catabolism rate, g/
kg/day

0.8 ± 0.2 0.9 ± 0.1 0.346 0.8 ± 0.2 0.8 ± 0.1 0.871

Corrected calcium, 
mg/dL

9.1 ± 0.5 9.1 ± 0.7 0.886 9.1 ± 0.6 9.2 ± 0.5 0.871

Phosphorus, mg/dL 5.5 ± 2.1 5.7 ± 1.5 0.524 5.6 ± 2.0 6.0 ± 1.6 0.440

Hemoglobin, g/dL 11.1 ± 1.3 11.4 ± 1.2 0.498 11.1 ± 1.3 11.3 ± 1.2 0.665

High-sensitivity 
C-reactive protein, 
mg/dL

0.617 ± 1,069 0.330 ± 0.955 0.020 0.411 ± 0.513 0.255 ± 0.263 0.344

Kt/V 1.6 ± 0.2 1.6 ± 0.3 0.632 1.6 ± 0.2 1.6 ± 0.3 0.925
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pre-OHDF and post-OHDF (Additional file 7: Figure S5) 
but were both significantly higher in post-OHDF than 
in pre-OHDF (8.7 ± 5.1 vs. 6.0 ± 3.5 g/session, P < 0.001 
and 199.9 ± 65.7 vs. 173.0 ± 62.2 mg/session, P < 0.001). 
When albumin leakage was aligned at 3.0 to < 5.0  g/
session, there were no significant differences in albu-
min leakage and the removal amount of α1MG between 
pre-OHDF and post-OHDF (3.9 ± 0.5 vs. 4.0 ± 0.5  g/
session, P = 0.579, 141.7 ± 31.4 vs. 143.2 ± 37.9  mg/

session, P = 0.897), meaning that albumin leakage and 
the removal amount of α1MG significantly correlated 
only in pre-OHDF (Additional file  8: Figure S6). The 
patient characteristics were different in 4 of the 11 
groups, even after PSM, because the number of patients 
was small. Our corporation, which includes seven facili-
ties, has created a unified basic healthcare manage-
ment policy that covers dialysis conditions, dry weight, 
chronic kidney disease-related mineral and bone dis-
orders, chronic kidney disease-related anemia, and 
vascular access, with the aim of eliminating any differ-
ences in the healthcare quality provided at our facilities. 
This policy is regularly reviewed by the Blood Purifica-
tion Management Center. In principle, QB should be 
250–300 mL/min, with a QD and total QD constant of 
500 mL/min. There does not appear to be any significant 
differences in unobserved background factors such as 
quality of healthcare management and dialysis condi-
tions. Therefore, even if there are significant differences 
in observed background factors, the results when using 
PSM with caliper values [17] are considered reliable. We 
do not have data on residual kidney function, although 
the dialysis vintage for patients receiving SHF-HD or 
OHDF was more than 3  months. A randomized con-
trolled trial is needed to confirm our findings.

Conclusions
This study is the first to suggest that high albumin leak-
age improves survival equivalently between OHDF and 
SHF-HD, even under mild-to-moderate hypoalbumine-
mia, and that aggressive removal of solutes, includ-
ing large molecules, avoids severe hypoalbuminemia, 
thereby improving survival in patients without malnu-
trition or inflammation.
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