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Abstract
Background
In Japan, the most commonly used hemofilters for patients with acute kidney injury (AKI) treated with continuous renal replacement therapy (CRRT) are made of polysulfone membranes. The aim of this study was to compare the efficacy of two commercially available polysulfone membranes for the removal of solutes.

Methods
This single-institution, prospective cross-over study was conducted between December 2010 and January 2012. Two polysulfone membranes, Hemofeel SHG (Toray) and Excelflo AEF (Asahi Kasei Medical), were compared in eight intensive care unit patients (median age, 80 years; seven men) who had severe sepsis that required CRRT and who required vasopressor treatment to maintain their mean blood pressure above 65 mmHg. The primary outcome measure was the efficacy of solute removal, evaluated for high-mobility group protein 1 (HMGB-1) and myoglobin.

Results
The main cause of sepsis was abdominal infection (50%); the mortality was 62.5%. Blood clearance of myoglobin in 1 h was significantly greater with SHG (p = 0.02), particularly at 24 h (p = 0.17). Blood creatinine clearance did not differ significantly between the two membranes after 1 h, but SHG demonstrated slightly greater appearance at 24 h. There were no significant differences between the two membranes in the clearance of other solutes including HMGB-1.

Conclusions
This preliminary study compared the use of two polysulfone membranes in patients with sepsis requiring CRRT and showed that the polysulfone membrane SHG was capable of removing myoglobin with greater efficacy.
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Background
In Japan, the most commonly used hemofilters for patients with acute kidney injury (AKI) who are undergoing treatment for continuous renal replacement therapy (CRRT) are made of polysulfone membranes [1]. Sepsis is a life-threatening condition with a prevalence of 288 hospital-treated sepsis cases per 100,00 person years; in-hospital mortality has been reported as 17% for sepsis and 26% for severe sepsis [2]. The progression of AKI stage and newly developed AKI after hospital admission in patients with severe sepsis and septic shock increased 28-day mortality [3]. CRRT is used not only for hemodynamically unstable patients with AKI and chronic kidney disease (CKD), such as for correcting electrolyte and acid–base balance abnormalities or removing solutes and extra fluid, but also for patients suffering from severe sepsis and septic shock, to remove various inflammatory cytokines [4, 5]. However, CRRT is often performed under more limited treatment conditions than those for intermittent renal replacement therapy (IRRT) in critically ill patients [4, 6–8]. Unlike IRRT, there are restrictions on blood and dialysate flow rates in CRRT, and its efficiency is often influenced by the dialysis membrane used.
The solute removal efficacy during renal replacement therapy depends not only on blood flow rate, dialysate flow rate, and solute concentration, but also on the dialysis membrane used [9]. Several types of CRRT dialysis membranes have been developed over the history of hemodialysis therapy, and these differ in their ability to remove solutes [10–16]. This depends on the membrane’s composition and morphology, such as its inner diameter, the pore size (either radius or diameter), thickness of the skin layer, and the surface porosity of membrane. These differences may affect the blood concentrations of several drugs, including antibiotics, and so clinical outcome can be influenced by both the type of dialysis and the dialysis membrane used [17, 18]. There is one study on the removal of solutes by membranes such as high flux membranes [19], but, as yet, differences in dialysis efficacy between different polysulfone membranes have not been reported. The aim of this study was to compare the efficacy of solute removal of two commercially available polysulfone membranes mostly used in Japan.

Methods
Study design and setting
This prospective cross-over study was conducted in an eight-bed intensive care unit (ICU) at a single center of the Advanced Emergency Medical Center in Japan (Japanese Red Cross Musashino Hospital, Tokyo, Japan) between December 2010 and January 2012. This study protocol was approved by the local ethics committee, and the study was conducted in accordance with the principles of the Helsinki Declaration. Informed consent was obtained from all the participants or their surrogate decisionmakers. This study is described according to the Strengthening the Reporting of Observational Studies (STROBE) guidelines.

Subjects
Patients were eligible for inclusion in this study if they were in severe sepsis or septic shock, in need of CRRT, admitted to ICU, and needing a vasopressor to maintain their mean blood pressure at over 65 mmHg (within a suitable range). The definitions of sepsis, severe sepsis, and septic shock followed those of the American College of Chest Physicians and the Society of Critical Care Medicine [20]. The criteria for the initiation of CRRT were the following: (1) uncontrolled acidosis, (2) uremia, (3) uncontrolled hyperkalemia, and (4) volume overload. Patients were excluded from this study if they were younger than 15 years, pregnant, their physician decided they should be excluded, or they did not agree to participate.
During the study period, eight patients who met these criteria were included in the study. Seven were men and the median age was 80 years (interquartile range (IQR) 76–81 years).

Operational conditions for CRRT
Two polysulfone membranes, Hemofeel SHG 1.3 m2 (SHG; Toray, Tokyo, Japan) and Excelflo AEF 1.3 m2 (AEF; Asahi Kasei Medical, Tokyo, Japan) were used for CRRT in this study (Table 1). To create the vascular access, ICU physicians inserted a 12-Fr flexible triple-lumen catheter (GamCath Catheter, Baxter, Japan) into the internal jugular or the femoral vein, if the patient did not have shunt for hemodialysis. The operation of the hemodiafiltration system was monitored with a personal bedside console (ACH-10 Asahi Kasei Medical, Tokyo, Japan). The CRRT mode used was continuous veno-venous hemodiafiltration as follows: blood flow, 100 mL/min; dialysate, substitution solution and filtrate flow rates, all 400 mL/h. We used nafamostat mesilate for anticoagulation, with a protocol that maintained the activated partial thromboplastin time (APTT) at 60–80 s. The decision about whether to remove water by CRRT was left to the discretion of the individual physicians.Table 1Comparison of SHG and AEF


	 	SHG
	AEF

	Membrane manufacturer
	Toray Medical Co. Ltd., Tokyo, Japan
	Asahi Kasei Medical, Tokyo, Japan

	Hemofilter
	Polysulfone membrane
	Polysulfone membrane

	Membrane surface area, m2
	1.3
	1.3

	Inside diameter, μm
	200
	225

	Thickness of membrane, μm
	40
	45





Study protocol and data collection
The study protocol is shown in Fig. 1. In this cross-over protocol, the patients underwent CRRT with either the SHG or the AEF hemofilter for 24 h, and this was then replaced with the other type for a further 24 h. Blood and effluent samples were drawn from the inlet and outlet of the hemofilter at the start of CRRT and after 1, 24, 25, and 48 h. The following data were recorded for each time point: vital signs (Glasgow Coma Scale score, mean arterial pressure, heart rate, respiratory rate, body temperature, and urine volume), the vasopressor dose (dopamine, dobutamine, noradrenaline, adrenaline, and vasopressin), blood sample results (white and red blood cell counts, hematocrit, platelet count, sodium, potassium, bilirubin, urea, creatinine, creatine kinase, myoglobin, and HMGB-1), and arterial blood gas analysis results (fraction of inspiratory oxygen, pH, PaO2, HCO3, and lactate). The following data were obtained for each subject: age, sex, comorbidity, date of hospital admission, date of ICU admission, acute physiology, and chronic health evaluation (APACHE) II score, sequential organ failure assessment (SOFA) score on the day of ICU admission, and primary diagnosis at the time they were included in this study. In addition, the date of ICU discharge and the patient’s outcome (discharge alive or death in hospital) were recorded.[image: A41100_2018_148_Fig1_HTML.gif]
Fig. 1Study protocol





Calculations
Blood clearance (Kb) and effluent clearance (KE) were calculated for each solute using the following formulas:[image: $$ \mathrm{Kb}=\left\{\left(\mathrm{QBin}\times \mathrm{CBin}\right)\hbox{--} \left(\mathrm{QBin}\hbox{--} \mathrm{QF}\right)\times \mathrm{CBout}\right\}/\mathrm{CBin} $$]


[image: $$ \mathrm{KE}=\left(\mathrm{CE}/\mathrm{CBin}\right)\times \left(\mathrm{QDin}+\mathrm{QF}\right) $$]



where QBin, QDin, and QF are the inlet blood flow rate, inlet dialysate flow rate, and filtration rate of the hemofilter, respectively, CBin and CBout are the plasma concentrations of the solute in inlet and outlet blood of the hemofilter, and CE is the concentration of the effluent dialysate of the hemofilter.

Outcome measures
The primary outcome measure was the removal efficacy for the medium-sized solute molecules myoglobin and HMGB-1 between two membrane types. The secondary outcome was its efficacy for removing small and other medium-sized solute molecules.

Statistical analysis
The data are presented as mean and standard deviation (SD) or median with interquartile range (IQR) for continuous variables and as number and percentages for categorical variables. Paired t tests and the mixed-effect model were used for comparisons between the membranes for the clearance of solutes and to investigate the possible carry-over effect of the hemofilter, using Holm’s procedure. Mean differences with 95% confidence intervals were also calculated. No missing data were imputed; if any cases were lost to follow-up, they were to be excluded. The significance level for all tests was two-sided 5%. All statistical analyses except for the mixed-effect model were performed using JMP software, version 11 (SAS Inc., Cary, NC); the mixed-effect model was performed using SAS (SAS Inc., Cary, NC).


Results
The demographic characteristics of the eight patients are shown in Tables 2 and 3. In four patients (50%), the cause of sepsis was abdominal infection; five of the patients (63%) died. There was no case of loss to follow-up.Table 2Patient characteristics


	 	Total (n = 8)
	SHG → AEF (n = 4)
	AEF → SHG (n = 4)

	Age, median (IQR), years
	80 (76–81)
	80 (78–83)
	78 (74–81)

	Gender, male (number, %)
	7 (87.5%)
	3 (75%)
	4 (100%)

	Height, median (IQR), cm
	167 (153–170)
	167 (149–172)
	166 (153–170)

	Weight, median (IQR), kg
	56 (46–71)
	51 (44–58)
	65 (48–82)

	Body mass index, median (IQR), kg/m2
	20.5 (15.1–25.6)
	17.1 (14.4–20.9)
	25.2 (19.1–28.5)

	Source of sepsis, n, (%)

	 Intrathoracic
	2 (25%)
	1 (25%)
	1 (25%)

	 Intraabdominal
	4 (50%)
	3 (75%)
	1 (25%)

	 Urogenital
	1 (25%)
	0 (0%)
	1 (25%)

	 Skin/soft tissue/bone/joint
	1 (25%)
	0 (0%)
	1 (25%)

	 APACHE II score, median (IQR)
	21 (16–26)
	23 (14–28)
	19 (16–25)

	 SOFA score, median (IQR)
	11 (9–13)
	12 (10–14)
	10 (8–13)

	 ICU stay, median (IQR), day
	4.5 (4.0–27.8)
	7 (4.3–30.8)
	4.0 (4.0–26.5)

	 Hospital mortality, n, (%)
	5 (62.5%)
	3 (75%)
	2 (50%)

	 Acute kidney injury, n, (%)
	3 (37.5%)
	1 (25%)
	2 (50%)

	 Lactate, median (IQR), mg/dL
	34.7 (19.0–65.7)
	45.7 (27.3–65.7)
	22.0 (15.0–181.1)

	 Procalcitonin, median (IQR), ng/mL
	5.2 (3.8–17.2)
	12.8 (4.8–46.7)
	4.2 (1.5–8.3)

	 Glasgow Coma Scale, median (IQR)
	13 (6–15)
	10 (4–15)
	14 (8–15)

	 Noradrenaline, median (IQR), μg/kg/min
	0.3 (0.2–0.35)
	0.28 (0.20–0.47)
	0.30 (0.11–0.4)


Data are presented as median (IQR) or n (%)
APACHE acute physiology and chronic health evaluation, SOFA sequential organ failure assessment, ICU intensive care unit, IQR interquartile range


Table 3Baseline serum parameters in each homofilter


	Serum parameters
	Total (n = 8)
	SHG → AEF (n = 4)
	AEF → SHG (n = 4)

	PaO2/FiO2 ratio, Torr
	260 (180–375)
	260 (191–273)
	309 (171–456)

	pH
	7.38 (7.26–7.44)
	7.40 (7.31–7.50)
	7.32 (7.22–7.43)

	Bicarbonate
	18.9 (16.7–23.7)
	18.7 (16.7–21.3)
	21.0 (12.1–35.9)

	Bilirubin, mmol/L
	0.8 (0.2–1.6)
	1.1 (0.3–1.6)
	0.5 (0.2–2.7)

	Creatinine, mg/dL (μmol/L)
	2.3 (1.3–3.3)
	1.8 (0.9–2.5)
	2.9 (1.5–4.8)

	Urea, mg/dL
	66 (33–76)
	51 (23–79)
	70 (41–76)

	Sodium, mEq/L
	142 (136–147)
	142 (137–142)
	143 (136–150)

	Potassium, mEq/L
	4.0 (3.1–4.6)
	3.5 (3.1–4.4)
	4.3 (3.3–5.6)

	Creatine kinase, IU/L
	618 (117–1319)
	871 (203–3717)
	512 (100–974)

	Myoglobin, ng/ml
	3059 (478–6528)
	3609 (1242–11,901)
	1745 (389–6253)

	HMGB-1, ng/ml
	6.9 (5.6–13.0)
	9.2 (6.4–13.0)
	5.7 (4.8–85.4)

	Hematocrit, %
	30.8 (25.1–36.4)
	34.0 (26.5–37.6)
	28.0 (25.1–33.3)

	Plate count, 103/μL
	9.8 (7.6–16.3)
	9.2 (6.9–14.5)
	13.2 (7.8–21.0)


Data are presented as median (IQR) or n (%)
HMGB-1 high mobility group box-1, IQR interquartile rang



Figures 2 and 3 show the results for each of the two membranes for blood clearance and effluent clearance of each solute at 1 and 24 h after the start of CRRT using the SHG and AEF membranes. There were no significant differences in the blood clearance of blood urea, creatine kinase, and HMGB-1 in 1 or 24 h. However, the blood clearance of myoglobin in 1 h was significantly higher when using the SHG membrane (mean difference, 8.0 ml/min; 95% CI 1.8 to 14.1 ml/min; p = 0.02). Over 24 h, blood clearance with the SHG membrane tended to be higher, but the difference did not achieve statistical significance (mean difference, 7.4 ml/min; 95% CI − 4.1 to 18.7 ml/min; p = 0.17). The blood clearance of creatinine showed the opposite tendency, with no significant difference in 1 h (mean difference, − 2.0 ml/min; 95% CI − 6.2 to 2.2 ml/min; p = 0.29) but slightly higher clearance with SHG in 24 h (mean difference 3.6 ml/min; 95% CI 0.6 to 6.6 ml/min; p = 0.02). Effluent clearance showed similar results to blood clearance: the effluent clearance of myoglobin in 1 h was significantly higher with SHG than that with AEF (mean difference, 1.0 ml/min; 95% CI 0.60 to 1.41 ml/min; p < 0.01).[image: A41100_2018_148_Fig2_HTML.gif]
Fig. 2Comparison between the two membranes (SHG and AEF) of the blood clearance of various solutes. a Myoglobin, b HMGB-1, c creatinine, d urea, and e creatine kinase



[image: A41100_2018_148_Fig3_HTML.gif]
Fig. 3Comparison between the two membranes (SHG and AEF) of the effluent clearances of various solutes. a Myoglobin, b HMGB-1, c creatinine, d urea, and e creatine kinase




No significant difference was found between the SHG and AEF membranes in the change of clearance between 1 and 24 h after the start of CRRT, except for the blood clearance of creatinine (mean difference, 5.6 ml/min; 95% CI 1.7 to 9.5 ml/min, p = 0.01) (Table 4). However, although there was a significant difference in the change of blood clearance for creatinine from 1 to 24 h after the start of CRRT between the two types of membrane, the difference was negligible.Table 4Change of clearance in 24 h


	 	SHG
	AEF
	Mean difference
	95% CI
	p value

	Blood clearance

	 Myoglobin, median (IQR), ml/min
	0.3 (− 9.0, 9.6)
	1.0 (− 5.1, 7.0)
	− 0.63
	− 12.8, 11.6
	0.91

	 HMGB-1, median (IQR), ml/min
	− 7.0 (−27.0, 13.1)
	2.8 (− 18.3, 23,9)
	− 9.7
	− 38.7, 19.3
	0.45

	 Creatinine, median (IQR), ml/min
	2.2 (− 4.6, 9.0)
	− 3.4 (− 9.8, 3.1)
	5.6
	1.7, 9.5
	0.012

	 Urea, median (IQR), ml/min
	− 1.3 (− 2.5, − 0.2)
	− 2.4 (− 7.9, 3.2)
	1.1
	− 4.5, 6.6
	0.67

	 Creatine kinase, median (IQR), ml/min
	6.2 (− 7.7, 20.1)
	− 8.9 (− 24.1, 6.3)
	15.1
	− 13.4, 43.6
	0.25

	Effluent clearance

	 Myoglobin, median (IQR), ml/min
	− 1.55 (− 2.59, − 0.52)
	− 1.18 (− 1.63, − 0.73)
	− 0.38
	− 1.65, 0.90
	0.51

	 HMGB-1, median (IQR), ml/min
	0.13 (− 0.07, 0.33)
	0.12 (− 0.03, 0,27)
	0.01
	− 1.57, 0.18
	0.90

	 Creatinine, median (IQR), ml/min
	− 0.81 (− 1.96, 0.35)
	− 0.80 (− 1.06, 0.35)
	− 0.01
	− 0.29, 0.28
	0.97

	 Urea, median (IQR), ml/min
	− 0.16 (− 0.42, 0.10)
	− 0.31 (− 0.86, 0.24)
	0.15
	− 0.44, 0.74
	0.56

	 Creatine kinase, median (IQR), ml/min
	0.17 (− 0.14, 0.48)
	− 0.06 (− 0.05, 0.17)
	0.11
	− 0.15, 0.36
	0.36


HMGB-1 high mobility group box-1, IQR interquartile range, CI confidence interval



There was no carry-over effect due to the difference in membrane in any solute, except for the effluent clearance of creatinine in 24 h (Table 5).Table 5Carry-over effect


	 	 	p value

	Blood clearance

	 Clearance 1 h
	Myoglobin
	0.56

	HMGB-1
	0.30

	Creatinine
	0.60

	Urea
	0.99

	Creatine kinase
	0.54

	 Clearance 24 h
	Myoglobin
	0.56

	HMGB-1
	0.81

	Creatinine
	0.61

	Urea
	0.69

	Creatine kinase
	0.71

	Effluent clearance

	 Clearance 1 h
	Myoglobin
	0.67

	HMGB-1
	0.72

	Creatinine
	0.84

	Urea
	0.07

	Creatine kinase
	0.23

	 Clearance 24 h
	Myoglobin
	0.77

	HMGB-1
	0.99

	Creatinine
	0.01

	Urea
	0.26

	Creatine kinase
	0.23


HMGB-1 high mobility group box-1




Discussion
The results of this study showed that the use of the SHG membrane resulted in higher blood clearance of myoglobin and creatinine than using the AEF membrane. There was no difference between the two types of membrane in the clearance of other solutes, and no carry-over effect was observed for any solute.
Few such studies involving CRRT have been reported. One study in critically ill patients with acute renal failure treated with CRRT investigated solute clearance and compared different kinds of membranes [11]. It reported that some dialysis membranes produced high creatinine and bicarbonate clearance, but it did not statistically verify the differences in clearance. In general, though, most studies of dialysis membranes so far have reported results obtained during IRRT with maintenance dialysis patients. The results of such studies cannot be applied to the membranes used during CRRT for patients in the acute phase. Unlike CRRT, the solute removal during IRRT depends not only on the dialysis membrane but also on the blood and dialysate flow rates. However, in Japan, the dialysate flow rate during CRRT is less than 5% of that during IRRT [21], and so the dialysis membrane makes a greater difference to dialysis efficiency with CRRT. Thus, the results of comparisons of dialysis membranes made during IRRT cannot be directly applied to membranes used in CRRT.
However, there have not previously been any studies that compared the solute removal efficacy of dialysis membranes, particularly polysulfone membranes, during CRRT. The present study, for the first time, compared the use of two dialysis membranes with patients and showed that SHG had a significantly higher ability than AEF to remove myoglobin and creatinine. However, because there has been no other study that compared polysulfone membranes in patients, these differences cannot yet be concluded. Nor is it possible to clarify the mechanism underlying the differences between the two membranes from the results of this study. All commercial polysulfone membranes include different amounts of and different kinds of polyvinylpyrrolidon as a hydrophilic agent. One possible explanation is structural differences between the two types of membrane, such as inside diameters of the hollow fiber, effective length of the module, thickness of the skin layer, the pore size (either radius or diameter), and the surface porosity of the membrane, as well as the difference in chemical composition between them [22, 23]. The physicochemical heterogeneity provided by the hydrophilic–hydrophobic microdomains present at the surface of the SHG membrane impedes the formation of stable hydrophobic interactions between the various solutes and the membrane surface. Medium-sized molecules may be more susceptible than small molecules to this physicochemical heterogeneity, which may explain why there were no differences between the two membranes in this study in the clearance of small-molecule solutes. However, this is no more than a hypothesis, and a future study is needed to confirm it.
According to the results of the present study, SHG may provide better dialysis efficiency for the removal of medium-sized molecules, which may result in a decrease in the number of dialyzers needed and the dialysis time; this in turn may lead to a reduction in dialysis costs. This may be advantageous not only for health care workers but also for patients and stakeholders.
This study had several limitations. First, it included only eight patients and 16 dialysis membranes and was conducted in single center; the sample size was therefore not optimal for comparing solute clearance between two membranes. It is possible that a large difference in solute removal could not be recognized between the two dialysis membranes. Second, in this study, statistically significant differences in myoglobin clearance were observed between the two membranes, but it is unclear whether this difference was clinically important. It may be possible to evaluate the effectiveness of the membrane by verifying how much the solute concentration has decreased after a certain time has elapsed. However, rather than basing the evaluation on the change in solute concentration before and after using the membrane, one problem with this method is that the solute concentration may be influenced by the patient’s residual renal function and underlying disease. It would therefore not be possible to estimate the performance of the dialysis membrane unconditionally. Finally, the types of solute examined in this study may not have been sufficient to verify the difference in clearance between the two membranes. For example, we did not consider solutes such as β2 microglobulin or inflammatory cytokines, which have been well validated in recent years [24–26]. However, we examined the difference in the clearance of HMGB-1, which has been the focus of attention in recent years, and reported a difference between the two polysulfone membranes in its clearance. There has been no previous report on the clearance of HMGB-1 in polysulfone membranes, and so the usefulness of HMGB-1 is not known. Because the clearance of this solute is also influenced by the protein binding rate, its clearance is not necessarily constant. Thus, there is a possibility that the differences between the membranes may be underestimated.

Conclusions
In conclusion, this preliminary study comparing the use of two polysulfone membranes in patients with sepsis requiring CRRT and showed that the SHG membrane was capable of removing myoglobin with greater efficacy then the AEF membrane. However, it remains unclear whether the differences were clinically meaningful, and further study is needed.
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