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Abstract
Background
All-cause mortality can be reduced in patients receiving European-style high-volume post-dilution online hemodiafiltration (post-OHDF) compared with hemodialysis (HD). Japanese-style high-volume pre-dilution online hemodiafiltration (pre-OHDF) can also decrease all-cause mortality. No studies have investigated survival in patients receiving Japanese-style post-OHDF, and directly compared survival between pre-OHDF and post-OHDF. This study sought to clarify these issues.

Methods
We conducted this retrospective observational study at multiple facilities of our medical corporation, which have similar quality of healthcare management, from July 1, 2017 to July 1, 2020. Japanese-style OHDF included pre-OHDF and post-OHDF. Pre-OHDF and post-OHDF were each divided into high-volume and low-volume subgroups. We compared 3-year all-cause mortality and cardiovascular events between OHDF and high-flux HD using propensity score matching. In addition, we examined the effects of different modalities through comparisons between high-volume and low-volume pre-OHDF and between pre-OHDF and post-OHDF.

Results
Post-OHDF was associated with significantly lower all-cause mortality (P = 0.004, log-rank test; hazard ratio [HR] 0.257, 95% confidence interval [CI] 0.094–0.701) and cardiovascular events during all 3 years (P < 0.05) compared with HD. High-volume post-OHDF was associated with lower all-cause mortality compared with hemodialysis (log-rank test P = 0.022) but low-volume post-OHDF was not. Pre-OHDF was also associated with lower all-cause mortality (P < 0.001, log-rank test; HR 0.316; 95% CI 0.212–0.472) compared with HD but was not associated with cardiovascular events. All-cause mortality did not significantly differ between post-OHDF and pre-OHDF.

Conclusions
These findings suggest that Japanese-style post-OHDF may improve all-cause mortality to a level similar to that of pre-OHDF and that post-OHDF, particularly high-volume post-OHDF may reduce cardiovascular events.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s41100-021-00385-1.
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Background
Online hemodiafiltration (OHDF) has two different modes, pre-dilution OHDF (pre-OHDF) and post-dilution OHDF (post-OHDF), depending on where the substitution fluid is administered in the extracorporeal circuit. The dialysate flow rate (QD) in OHDF is reduced because part of the dialysate is used as the substitution fluid. The convection volume (CV) is the sum of the substitution volume and ultrafiltration volume. The removal characteristics of solutes differ according to the dilution method used and the performance of the hemodiafilter. In post-OHDF in Europe, the CV is approximately 16–26 L (66.7–108.3 mL/min) with low-permeability hemodiafilters, and substitution volumes greater than 20 L require increasing the blood flow rate (QB) to greater than 380 mL/min in order to control the transmembrane pressure and filtration fraction [1]. Because QB of 300 mL/min or higher is rarely obtained in Japan, Japanese-style OHDF has become widely used. In Japanese-style pre-OHDF and post-OHDF, the substitution volumes are approximately 24–84 L (100–350 mL/min) and 6–16 L (25.0–66.7 mL/min), respectively, with moderate- to high- permeability of the hemodiafilter. Pre-OHDF has been selected over post-OHDF to prevent clogging of the hemodiafilter and excessive albumin leakage due to hemoconcentration induced by the low QB. Given that the movement of lower molecular weight solutes depends mainly on diffusion, Kt/V decreases in pre-OHDF with a reduction of QD due to the large substitution volume. Therefore, some facilities increase the total QD (QD including substitution volume) from 500 to 600–700 mL/min to compensate for the decrease in QD or keep the total QD constant at 500 mL/min to stabilize the environment in the hemodiafilter as in hemodialysis (HD), depending on the facility policy. On the other hand, the difference in substitution volume in post-OHDF between Japan and Europe is mainly due to the permeability of the hemodiafilter.
The purpose of OHDF and HD is to improve clinical symptoms and extend patient survival by removal of uremic toxins. Hemodiafilters and dialyzers that are permeable to solutes have been developed in order to remove a large amount of uremic toxins. A high-flux dialyzer can remove uremic toxins with a molecular weight cutoff of 25 kDa. The ability to remove larger uremic toxins depends primarily on the convection and substitution volumes. Therefore, OHDF has been developed mainly for removal of a wide range of middle to high molecular weight solutes that are not sufficiently removed by HD. Given the evidence showing that β2-microglobulin (β2MG) is a uremic toxin, it is now routine practice to increase the removal of β2MG, which has a molecular weight of 11.8 kDa, and some cytokines by post-OHDF. However, sufficient removal of high molecular weight solutes using low-permeability hemodiafilters requires a considerable increase in the substitution volume (defined as European-style post-OHDF). Japanese-style OHDF has been also performed using low-permeability hemodiafilters in cases of hypoalbuminemia.
The number of patients treated by Japanese-style post-OHDF has been too small to study using the Japanese Society for Dialysis Therapy Renal Data Registry (JRDR) database with propensity score matching (PSM). Our medical corporation owns multiple facilities at which 1,010 patients received maintenance dialysis in 2021 (HD 40.6%, pre-OHDF 39.7%, post-OHDF 18.9%, intermittent infusion hemodiafiltration 0.8%). These facilities were considered suitable for investigating Japanese-style OHDF because they all provide similar healthcare quality and use similar dialysis conditions, including the same total QD of 500 mL/min, and there seems to be no significant between-center difference in unobserved background factors. This study compared all-cause mortality between Japanese-style post-OHDF, pre-OHDF and HD, examined whether pre-OHDF would provide results similar to those reported previously [2], and investigated whether OHDF would decrease the number of hospitalizations and cardiovascular events in comparison with HD.
Methods
Ethics
This study was approved by the Research Ethics Committee of Kawashima Hospital and all clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki. All patients provided informed consent for their data to be included in the study.
Patient selection
Of the 944 patients undergoing maintenance dialysis with HD or OHDF at our facilities as of July 1, 2017, this study analyzed 797 patients, including 356 who were receiving HD and 441 who were receiving OHDF. The patients treated with OHDF were further divided into a pre-OHDF group (n = 345) and a post-OHDF group (n = 95). Then, we compared survival between the HD group and the pre-OHDF and post-OHDF groups using PSM. The pre-OHDF and post-OHDF groups were each further divided into low-volume and high-volume subgroups by the median and by the weighted average. We compared survival between each subgroup and the HD group, and between pre-OHDF and post-OHDF using PSM. The exclusion criteria were age under 20 years, blood purification methods other than HD or OHDF, dialysis frequency of less than three sessions per week, dialysis time less than 3 h, and pregnancy or lactation. We excluded patients whose dialysis conditions (dialysis method, dilution method, substitution volume, and membrane material) at the start of the study on July 1, 2017 were different from their dialysis conditions used on April 1, 2017. Patients receiving HD, pre-OHDF, or post-OHDF were defined as those who received the same dialysis method for 3 years (July 1, 2017 to July 1, 2020). Patients who continued the same dialysis conditions during this 3-year period were included. The modality was chosen at the physician’s discretion. The variables related to dialysis conditions to be censored every year differed depending on the combinations analyzed. Furthermore, cases that moved from one group to the other across the median or weighted average were censored every year in comparisons between groups, and such cases were censored daily in the Kaplan–Meier survival curve. The period before the change in dialysis conditions and movement to another group was subjected to statistical analysis. The results of blood tests were extracted from the medical records.
Preparation of propensity score-matched pairs
To analyze the effects of OHDF and HD on survival outcomes, propensity scores were matched in 336 pairs of patients receiving OHDF or HD. To analyze the effects of pre-OHDF and HD on survival outcomes, propensity scores were matched in 288 pairs of patients receiving pre-OHDF or HD. Propensity scores were matched to compare the effects of low-volume (less than the median or weighted average) and high-volume (at least the median or weighted average) pre-OHDF versus HD on survival outcomes. There were 144 matched patients receiving low-volume pre-OHDF and 190 matched patients receiving high-volume pre-OHDF by both the median and the weighted average. Propensity scores were also matched in 88 pairs of patients receiving post-OHDF or HD to analyze the effects of post-OHDF and HD on survival outcomes. To compare the effects of low-volume and high-volume post-OHDF vs. HD on survival outcomes, propensity scores were matched in 23 matched patients receiving low-volume post-OHDF and 65 matched patients receiving high-volume post-OHDF by the median and in 64 matched patients receiving low-volume post-OHDF and 27 matched patients receiving high-volume post-OHDF by the weighted average.
Propensity scores were also matched to compare the direct effects of low-volume and high-volume pre-OHDF on survival outcomes. The number of pairs was the same (n = 144) in both groups according to the median and weighted average. Moreover, low-volume and high-volume post-OHDF and low-CV and high-CV post-OHDF according to the median (25 pairs and 28 pairs) and those according to the weighted average (27 pairs and 28 pairs) were also compared. In addition, propensity scores were matched in 96 pairs of patients receiving pre-OHDF or post-OHDF to analyze the effects of pre-OHDF and post-OHDF on survival outcomes.
The incidence of hospitalization and cardiovascular events in the HD, OHDF, pre-OHDF, and post-OHDF groups were evaluated according to total number of occurrences per year. A cardiovascular event was defined as any of the following conditions requiring intervention or surgery regardless of whether hospitalization was required or treatment was provided on an outpatient basis: angina/myocardial infarction, arteriosclerosis obliterans/peripheral arterial disease, or stenosis/occlusion of vascular access.
PSM was performed for 27 items, as in the previous study that confirmed the effects of pre-OHDF [7]. If the number of cases was less than 30, matching was performed with nine variables. Missing variables were filled with the average value. If the percentage of missing values was 10% or more of all cases, that variable was excluded from PSM.
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. Regardless of whether the number of cases was large or not, patients in the two groups were paired by nearest available matching with a caliper (0.23456) of 0.2 × SD of logit values for all patients in both groups [3].
Survival analysis, cardiovascular events analysis, and statistics
Survival and total number of cardiovascular events requiring intervention or surgery per year were analyzed using the medical records, which included information on deaths, hospitalizations, discharges, transfers to other hospitals, and details of operations and interventions. A daily survival analysis was performed for the two groups with censored cases using the Kaplan–Meier method. The statistical significance of differences between groups was determined using the log-rank test. Cox proportional hazard model was used to calculate the hazard ratio between treatment groups, and to evaluate the relationship between mortality and patients’ backgrounds. Mann–Whitney U-test was used to compare the total number of hospitalization and cardiovascular events, and multiple regression analysis was used to evaluate the relationship between annual hospitalizations or cardiovascular events and patients’ backgrounds in each treatment group.
All analyses were performed using SPSS Statistics for Windows, version 25 (IBM Corporation, Armonk, NY). A P-value < 0.05 (two-tailed) was considered statistically significant.
Results
Patient selection
In total, 944 patients were selected from the medical records held by our corporation according to the flow diagram shown in Fig. 1. A total of 797 patients, including 356 who were receiving HD and 441 who were receiving OHDF (pre-OHDF, n = 345; post-OHDF, n = 96) were included in the propensity score-matched model.[image: ../images/41100_2021_385_Fig1_HTML.png]
Fig. 1Diagram showing the patient enrollment process. HD, hemodialysis; OHDF, online hemodiafiltration; pre-OHDF, pre-dilution online hemodiafiltration; post-OHDF, post-dilution online hemodiafiltration


Comparison of patient characteristics before and after PSM
The variables in the HD, OHDF, pre-OHDF, and post-OHDF groups before PSM are shown in Table 1. Because the ferritin- value was missing at the start of the study for 1 case, the average ferritin value for the same case in 2018, 2019, and 2020 was substituted.Table 1Background factors in the HD, OHDF, pre-OHDF, and post-OHDF groups


	Item
	HD
	OHDF
	p-value1)
	pre-OHDF
	post-OHDF
	p-value2)

	Total (n)
	356
	441
	 	345
	96
	 
	Sex, male/female (%)
	64.0/36.0
	66.4/33.6
	0.528
	66.1/33.9
	67.7/32.3
	0.746

	Underlying disease
	 	 	 < 0.001
	 	 	 < 0.001

	Chronic nephropathy (%)
	26.7
	39.5
	 	36.5
	50.0
	 
	Diabetic nephropathy (%)
	34.4
	30.8
	 	32.5
	25.0
	 
	Nephrosclerosis (%)
	17.4
	7.9
	 	8.7
	5.2
	 
	Other (%)
	21.6
	21.8
	 	22.3
	19.8
	 
	Diabetes mellitus, yes/no (%)
	38.5/61.5
	33.1/66.9
	0.133
	34.5/65.5
	28.1/71.9
	0.148

	History of myocardial infarction, yes/no (%)
	1.7/98.3
	2.0/98.0
	0.916
	2.0/98.0
	2.1/97.9
	0.943

	History of intracerebral bleeding, yes/no (%)
	0.6/99.4
	0.9/99.1
	0.882
	0.9/99.1
	1.0/99.0
	0.842

	History of cerebral infarction, yes/no (%)
	4.8/95.2
	3.4/96.6
	0.423
	3.2/96.8
	4.2/95.8
	0.562

	History of quadruple amputation, yes/no (%)
	0.8/99.2
	1.1/98.9
	0.958
	1.2/98.8
	1.0/99.0
	0.915

	Use of antihypertensive agents, yes/no (%)
	40.2/59.8
	37.0/63.0
	0.394
	37.4/62.6
	35.4/64.6
	0.613

	Age (years)
	72.6 ± 10.9
	64.6 ± 11.7
	 < 0.001
	65.4 ± 11.7
	61.8 ± 11.3
	 < 0.001

	Dialysis vintage (months)
	98.2 ± 93.1
	145.2 ± 118.4
	 < 0.001
	144.8 ± 118.7
	146 ± 118.0
	 < 0.001

	Blood flow rate (mL/min)
	268.0 ± 19.8
	279.5 ± 20.3
	 < 0.001
	279.0 ± 19.7
	281.3 ± 22.4
	 < 0.001

	Duration of dialysis session (h)
	4 ± 0
	4 ± 0
	 > 0.999
	4 ± 0
	4 ± 0
	 > 0.999

	Systolic BP, predialysis (mmHg)
	142 ± 23
	144 ± 25
	0.334
	143 ± 26
	146 ± 21
	0.461

	Diastolic BP, predialysis (mmHg)
	74 ± 13
	77 ± 14
	 < 0.001
	77 ± 15
	79 ± 13
	 < 0.001

	Body mass index (calculated as kg/m2)
	21.5 ± 3.8
	22.7 ± 3.8
	 < 0.001
	22.7 ± 3.8
	22.8 ± 4.1
	 < 0.001

	Albumin, predialysis (g/dL)
	3.3 ± 0.4
	3.4 ± 0.3
	0.001
	3.4 ± 0.3
	3.3 ± 0.3
	 < 0.001

	High-sensitivity CRP, predialysis (g/dL)
	0.566 ± 1.377
	0.404 ± 1.168
	0.072
	0.403 ± 1.122
	0.406 ± 1.326
	0.199

	Corrected calcium, predialysis (m/dL)
	9.2 ± 0.7
	9.2 ± 0.7
	0.767
	9.2 ± 0.7
	9.2 ± 0.6
	0.793

	Phosphorus, predialysis (m/dL)
	4.9 ± 1.5
	5.5 ± 1.4
	0.000
	5.5 ± 1.4
	5.5 ± 1.6
	 < 0.001

	Hemoglobin, predialysis (m/dL)
	11.0 ± 1.2
	11.2 ± 1.2
	0.023
	11.2 ± 1.3
	11.2 ± 1.1
	0.069

	Ferritin (ng/mL)
	75.4 ± 89.8
	72.7 ± 134.5
	0.753
	75.7 ± 147.4
	61.5 ± 70.1
	0.546

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

	Creatinine, predialysis (mg/dL)
	9.39 ± 3.04
	11.34 ± 2.93
	 < 0.001
	11.21 ± 2.86
	11.82 ± 3.12
	 < 0.001

	Blood urea nitrogen, predialysis (mg/dL)
	54.6 ± 16.0
	58.8 ± 14.1
	 < 0.001
	59.0 ± 14.3
	58.0 ± 13.1
	 < 0.001

	Substitution volume (L)
	 	 	 	 	 	 
	Mean
	 	 	 	71.3 ± 12.0
	10.4 ± 2.2
	 
	Median (quartile range)
	 	 	 	72 (60–84)
	10 (8–12)
	 

HD, hemodialysis; OHDF, online hemodiafiltration; pre-OHDF predilution online hemodiafiltration; post-OHDF, postdilution online hemodiafiltration; BP, blood pressure; CRP, C-reactive protein
1) Test between HD and OHDF (Chi squared test or t-test); 2) Test among OHDF, pre-OHDF and post-OHDF (Chi squared test or One-way ANOVA)



The variables before and after PSM in the OHDF, pre-OHDF, and post-OHDF groups versus HD, and those in the pre-OHDF group vs. the post-OHDF group are shown in Additional files 1–10: Tables S1–S10.
Comparison of patient survival in the OHDF, pre-OHDF, and post-OHDF groups versus the HD group
Three-year all-cause mortality was significantly lower in the OHDF group than in the HD group (P < 0.001, log-rank test; hazard ratio [HR] 0.276; 95% confidence interval [CI] 0.189–0.404; Additional file 11: Figure S1). When the caliper value was reduced to 0.001, all significant differences in background factors disappeared but the significant difference in all-cause mortality remained (P = 0.001, log-rank test). Three-year all-cause mortality was significantly lower in the pre-OHDF group than in the HD group (P < 0.001, log-rank test; HR 0.316; 95% CI 0.212–0.472; Fig. 2a) and the difference of mortality between pre-OHDF and HD was 26% in 3 years.[image: ../images/41100_2021_385_Fig2_HTML.png]
Fig. 2Comparison of patient survival outcomes in the pre-OHDF group and the HD group. a pre-OHDF versus HD. b High-volume pre-OHDF (median) versus HD. c Low-volume pre-OHDF (median) versus HD. HD, hemodialysis; HR, hazard ratio; OHDF, online hemodiafiltration; pre-OHDF, predilution online hemodiafiltration; post-OHDF, post-dilution online hemodiafiltration; HR, hazard ratio; CI, confidence interval


When the two groups were divided by the median (72 L), all-cause mortality was significantly lower in both the high-volume (80.4 ± 5.5 L) and low-volume (58.7 ± 5.1 L) pre-OHDF groups compared with the HD group (high-volume pre-OHDF: P < 0.001, log-rank test; HR 0.418, 95% CI 0.254–0.690; Fig. 2b; low-volume pre-OHDF: P < 0.001, log-rank test; HR 0.264; 95% CI 0.138–0.507; Fig. 2c). The result was the same when the two groups were divided by the weighted average (71.3 L).
Three-year all-cause mortality was significantly lower in the post-OHDF group than in the HD group (P = 0.004, log-rank test; HR 0.257; 95% CI 0.094–0.701; Fig. 3a). Although the median (10 L) was not significantly different in the high-volume ≥ 10 L (11.2 ± 1.8 L) post-OHDF group (P = 0.051; Fig. 3b), the weighted average (10.4 L) was significantly lower in the high-volume ≥ 12 L (13.2 ± 1.7 L) post-OHDF group than in the HD group (P = 0.022, log-rank test; Fig. 3c). However, the HR and 95% CI could not be calculated according to the weighted value because there were no deaths. There was no significant difference in mortality between the low-volume post-OHDF group by the median or weighted average and the HD group.[image: ../images/41100_2021_385_Fig3_HTML.png]
Fig. 3Comparison of patient survival outcomes between the post-OHDF group and the HD group. a Post-OHDF (median) versus HD. b High-volume post-OHDF (median) versus HD. c High-volume post-OHDF (weighted average) versus HD. HD, hemodialysis; post-OHDF, post-dilution online hemodiafiltration. HR, hazard ratio; CI, confidence interval


Comparison of patient survival between the pre-OHDF and post-OHDF groups
There was no significant difference in any of the variables (Additional file 10: Table S10) or in 3-year all-cause mortality (Fig. 4) between the pre-OHDF and post-OHDF groups.[image: ../images/41100_2021_385_Fig4_HTML.png]
Fig. 4Comparison of patient survival outcomes between the pre-OHDF group and the post-OHDF group. Pre-OHDF, pre-dilution online hemodiafiltration; post-OHDF, post-dilution online hemodiafiltration; HR, hazard ratio; CI, confidence interval


Comparison of patient survival for the high-volume versus low-volume pre-OHDF and post-OHDF groups
There was no significant difference in any variable between the high-volume and low-volume pre-OHDF groups divided by the median or weighted average (Table 2). There was also no significant difference in 3-year all-cause mortality between the high-volume and low-volume pre-OHDF groups (Fig. 5). Moreover, there was no significant difference in mortality between the high-volume and low-volume post-OHDF groups divided by the median or weighted average of the substitution volume (Additional file 12: Figure S2) and of the CV corrected body surface area (P = 0.980 and P = 0.540, log-rank test).Table 2Results of PSM in the high-volume versus low-volume pre-OHDF groups divided by the median


	Item
	Before matching
	After matching

	Low volume
	High volume
	P-value
	Low volume
	High volume
	P-value

	Total (n)
	144
	201
	 	144
	144
	 
	Sex, male/female (%)
	61.8/38.2
	69.2/30.8
	0.167
	38.8/31.2
	67.4/32.6
	0.388

	Underlying disease
	 	 	0.429
	 	 	0.700

	Chronic nephropathy (%)
	34.7
	35.8
	 	37.5
	36.1
	 
	Diabetic nephropathy (%)
	32.5
	30.8
	 	34.7
	31.9
	 
	Nephrosclerosis (%)
	9.7
	8.0
	 	9.7
	8.3
	 
	Other (%)
	18.1
	25.4
	 	18.1
	23.6
	 
	Diabetes mellitus, yes/no (%)
	37.5/62.5
	32.3/62.7
	0.359
	37.5/62.5
	33.3/66.7
	0.538

	History of myocardial infarction, yes/no (%)
	1.4/98.6
	2.5/97.5
	0.704
	1.4/98.6
	2.8/97.2
	0.684

	History of intracerebral bleeding, yes/no (%)
	0.7/99.3
	1.0/99.0
	 > 0.999
	0.7/99.3
	0.7/99.3
	 > 0.999

	History of cerebral infarction, yes/no (%)
	4.2/95.8
	2.5/97.5
	0.536
	4.2/95.8
	2.8/97.2
	0.750

	History of quadruple amputation, yes/no (%)
	2.1/97.9
	0.5/99.5
	0.312
	2.1/97.9
	0.7/99.3
	0.622

	Use of antihypertensive agents, yes/no (%)
	37.5/62.5
	37.3/62.7
	 > 0.999
	37.5/62.5
	38.9/61.4
	0.904

	Age (years)
	66.1 ± 11.7
	64.9 ± 11.8
	0.316
	66.1 ± 11.7
	65.1 ± 10.9
	0.266

	Dialysis vintage (months)
	139.8 ± 124.2
	148.4 ± 114.7
	0.212
	139.8 ± 124.2
	157.8 ± 116.0
	0.052

	Blood flow rate (mL/min)
	277.9 ± 18.9
	179.7 ± 20.2
	0.155
	270.0 ± 19.3
	176.6 ± 19.7
	0.136

	Duration of dialysis session (h)
	4 ± 0
	4 ± 0
	 > 0.999
	4 ± 0
	4 ± 0
	 > 0.999

	Systolic BP, predialysis (mmHg)
	141 ± 25
	145 ± 27
	0.354
	141 ± 25
	143 ± 27
	0.650

	Diastolic BP, predialysis (mmHg)
	75 ± 14
	78 ± 15
	0.096
	75 ± 14
	77 ± 14
	0.473

	Body mass index (calculated as kg/m2)
	22.6 ± 3.9
	22.8 ± 3.7
	0.353
	22.6 ± 3.9
	22.7 ± 3.7
	0.622

	Albumin, predialysis (g/dL)
	3.4 ± 0.3
	3.4 ± 0.3
	0.681
	3.4 ± 0.3
	3.4 ± 0.3
	0.910

	High-sensitivity CRP, predialysis (g/dL)
	0.403 ± 1.109
	0.403 ± 1.134
	0.265
	0.403 ± 1.109
	0.360 ± 1.098
	0.103

	Corrected calcium, predialysis (m/dL)
	9.2 ± 0.7
	9.2 ± 0.7
	0.354
	9.2 ± 0.7
	9.2 ± 0.7
	0.500

	Phosphorus, predialysis (m/dL)
	5.6 ± 1.5
	5.5 ± 1.3
	0.768
	5.6 ± 1.5
	5.6 ± 1.3
	0.787

	Hemoglobin, predialysis (m/dL)
	11.2 ± 1.4
	11.1 ± 1.2
	0.324
	11.2 ± 1.4
	11.0 ± 1.2
	0.128

	Ferritin (ng/mL)
	68.1 ± 77.1
	81.2 ± 181.8
	0.462
	76.6 ± 96.3
	75.3 ± 157.7
	0.650

	Kt/V
	1.6 ± 0.3
	1.5 ± 0.3
	 < 0.05
	1.6 ± 0.3
	1.5 ± 0.3
	0.069

	Creatinine, predialysis (mg/dL)
	10.86 ± 2.95
	11.46 ± 2.78
	 < 0.05
	10.86 ± 2.96
	11.29 ± 2.80
	0.143

	Blood urea nitrogen, predialysis (mg/dL)
	58.5 ± 15.3
	59.4 ± 14.3
	0.303
	58.5 ± 15.3
	59.4 ± 13.8
	0.334


PSM, propensity score matching; pre-OHDF, pre-dilution online hemodiafiltration; BP, blood pressure; CRP, C-reactive protein
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Fig. 5Comparison of patient survival outcomes between the high-volume and low-volume pre-OHDF groups. Pre-OHDF, predilution online hemodiafiltration; HR, hazard ratio; CI, confidence interval


Comparison of total annual number of hospitalizations and cardiovascular events in the OHDF, pre-OHDF, and post-OHDF groups versus the HD group
The OHDF group had a significantly lower number of hospitalizations and cardiovascular events in some years, and the post-OHDF group in particular had a significantly lower number of cardiovascular events in all 3 years compared with the HD group (Table 3).Table 3Comparison of annual hospitalizations and cardiovascular events in OHDF, pre-OHDF, and post-OHDF groups versus the HD group


	Comparison group
	Annual hospitalizations
	Annual cardiovascular events

	2017–2018
	2018–2019
	2019–2020
	2017–2018
	2018–2019
	2019–2020

	HD versus OHDF
	P < 0.05
	P < 0.05
	P = 0.685
	P = 0.566
	P < 0.05
	P = 0.102

	HD versus pre-OHDF
	P = 0.291
	P = 0.193
	P = 0.906
	P = 0.083
	P = 0.083
	P = 0.126

	HD versus post-OHDF
	P < 0.05
	P = 0.119
	P = 0.558
	P < 0.05
	P < 0.01
	P < 0.01


HD, hemodialysis; OHDF, online hemodiafiltration; post-OHDF, post-dilution online hemodiafiltration; pre-OHDF, pre-dilution online hemodiafiltration
The p-value was calculated using the Mann–Whitney U test



Discussion
Our corporation, which includes one hospital and six clinics, has created a unified basic policy for healthcare management with regard to dialysis conditions, dry weight, chronic kidney disease-mineral and bone disorders, renal anemia, and vascular access to eliminate any differences in healthcare quality at each facility. Furthermore, the Blood Purification Management Center regularly controls blood pressure levels before dialysis, the cardiothoracic ratio, fluid replacement times for dialysis-induced hypotension, serum albumin, phosphorus, corrected calcium, intact-parathyroid hormone, hemoglobin, ferritin, and transferrin saturation, Kt/V, and β2MG values. The center checks that the control status is within the standard range. The QB level is 250–300 mL/min in principle, and the total QD level is 500 mL/min. There seems to be no significant difference in unobserved background factors, such as quality of healthcare management and dialysis conditions. Because the average QB at our facilities is approximately 280 mL/min, both pre-OHDF and post-OHDF are options. If patients have symptoms such as pruritus, restless legs syndrome, fatigue, or osteoarticular pain, pre-OHDF or post-OHDF is selected at the physician's discretion. If the patient has dialysis hypotension or cramps during dialysis, pre-OHDF is often selected because it is expected to improve them. We select the hemodiafilter based on the serum albumin level. Then, we determine the substitution volume based on the albumin leakage of the selected hemodiafilter. Switching from pre-OHDF to post-OHDF is considered when Kt/V falls below 1.4 during pre-OHDF. If symptoms do not improve, we increase the substitution volume, change the hemodiafilter, or change the dilution method, depending on the serum albumin level. Additionally, in our experience, aggressive albumin leakage according to the serum albumin level is important because many patients have improvement in symptoms with increasing albumin leakage.
A meta-analysis of six randomized controlled trials (RCTs) indicated that all-cause mortality was significantly lower in post-OHDF than in HD and that the risk of mortality was lower in post-OHDF with a CV greater than 20 L per session [4]. Another meta-analysis of four RCTs demonstrated that all-cause mortality was reduced when CV was higher, regardless of whether it was standardized to body surface area and total body water [5]. On the other hand, two prospective randomized studies [6, 7] and a prospective observational study of substitution volume > 20 L [8] failed to demonstrate a survival advantage of post-OHDF over HD.
In recent years, data from the JRDR database have demonstrated that all-cause mortality is improved by pre-OHDF compared with HD and that the optimal substitution volume is 50.5 L with a range of 39.0–63.5 L [2]. However, the JRDR database contains little data on QD and total QD and cannot capture differences in the quality of healthcare management between institutions, all of which affect prognosis. It should be noted that differences in unobserved background factors (quality of healthcare management and some dialysis conditions) cannot be adjusted for even if all observed background factors are adjusted by PSM. Moreover, there has been no report on the clinical effects of Japanese-style post-OHDF.
Recently, in the context of evidence-based medicine, focus has been placed on the reliability of studies requiring a large number of patients without significant differences in observed background factors at baseline, as in the JRDR database. However, the JRDR database cannot evaluate the quality of healthcare management or QD or total QD [2]. Therefore, we believe that our results using PSM with caliper values [3] would not be inferior to the evidence from the JRDR database even if there were significant differences in observed background factors. Indeed, the observed background factors in the OHDF, pre-OHDF, and post-OHDF groups were significantly different after PSM using reliable caliper values. However, there was a significant improvement in all-cause mortality in the OHDF group, which contained a relatively large number of patients in this study, even though significant differences in background factors disappeared when the caliper value was lowered.
Three-year all-cause mortality was significantly lower in the OHDF, pre-OHDF, and post-OHDF groups compared with the HD group. This study is the first to show that Japanese-style post-OHDF as well as European-style post-OHDF [1] improves survival by reduction of cardiovascular events to a greater degree than HD. Mortality was not significantly different between the low-volume post-OHDF group and the HD group but was significantly lower in the high-volume post-OHDF group compared with the HD group. The ESHOL study showed that post-OHDF with a mean substitution volume of 21.8 L had a 33% lower risk (P = 0.06) of cardiovascular mortality and a Turkish study found that mortality was significantly lower with post-OHDF with a median substitution volume greater than 17.4 L compared with HD [1, 7].
In an earlier JRDR database study, the mean substitution volumes in pre-OHDF and post-OHDF were 39.9 L and 10.2 L, respectively [9]. Our finding regarding the effect of pre-OHDF substitution volume on survival is different from that in a previous dose–response study [2] because the substitution volume in pre-OHDF was ≥ 60 L in 97.1% of cases.
This paper suggests that survival outcomes are better because of decreased cardiovascular events in patients who receive Japanese-style post-OHDF, particularly with a substitution volume over 12 L, compared with those who receive HD, that pre-OHDF with a substitution volume of 72–84 L can similarly improve survival as compared with a substitution volume of 60 L, and that pre-OHDF and post-OHDF can also improve survival to the same degree. The major limitation of this study was the significant differences in some observed background factors after PSM, which can be attributed to the small number of cases. We do not have data on residual kidney function, although the dialysis vintage for patients receiving HD or OHDF was more than 3 months. An RCT is needed in the future to confirm our findings.
Conclusions
This study is the first to suggest that Japanese-style post-OHDF, particularly high-volume post-OHDF, may improve all-cause mortality by suppressing cardiovascular events, and high-volume of 72 L to 84 L pre-OHDF may not worsen all-cause mortality.
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