
Chapter 193 / Toraymyxin and Other Endotoxin Adsorption Systems    1169

CHAPTER 193 

Toraymyxin and Other Endotoxin 
Adsorption Systems
David Klein and Claudio Ronco

OBJECTIVES
This chapter will:
1.	 Describe the role of endotoxin in sepsis.
2.	 Discuss diagnostic approaches to endotoxin measurement.
3.	 Describe the history of endotoxin-targeted therapy in sepsis, 

from drugs to medical devices.
4.	 Discuss the characteristics of the Toraymyxin endotoxin 

adsorption system as well as other endotoxin removal 
systems.

5.	 Discuss the clinical data on Toraymyxin.
6.	 Discuss the preliminary results of the EUPHRATES trial 

(Evaluating the Use of Polymyxin B Hemoperfusion in a 
Randomized Controlled Trial of Adults Treated for Endo-
toxemia and Septic Shock).

ROLE AND MEASUREMENT OF ENDOTOXIN 
IN SEPTIC PATIENTS

Endotoxin, also known as lipopolysaccharide, is a major cell 
wall constituent of gram-negative bacteria (Fig. 193.1). The 
lipid A portion of endotoxin is conserved across bacterial 
species and is responsible for many of the pathogenic effects 
observed in sepsis. Endotoxin in the blood comes from 
several potential sources, a bacterial infection or transloca-
tion of bacteria that reside normally in the commensal flora 
of the gastrointestinal tract during periods of hypotension 
and impaired gut perfusion in shock.1–3 Endotoxin causes the 
release of cytokines such as interleukin-6 and tumor necrosis 

factor-alpha and activates complement and coagulation 
factors resulting in multiple organ failure and even death. 
High levels of endotoxin in the blood are responsible for 
many of the symptoms seen during sepsis such as fever and 
elevated white blood cell count. Severe sepsis occurs when 
the body is overwhelmed by the inflammatory response and 
body organs begin to fail. Sepsis may develop as a result of 
infections acquired in the community, such as pneumonia, 
or may be a complication that develops during the treatment 
of trauma or cancer or after major surgery. Increased levels 
of endotoxin can be associated with other conditions in 
critically ill patients, such as cardiac surgery and burns.

The historical assay for the detection of lipopolysac-
charide in non–blood-based or non–plasma-based fluids 
has been the limulus amebocyte lysate (LAL) assay. It is 
based on the observation in 1956 that killed gram-negative 
bacteria caused the blood of the horseshoe crab to clot. This 
test performs well in matrices such as crystalloids, food 
products, or solutions such as dialysate. In plasma and in 
whole blood, however, lipopolysaccharide exists in a variety 
of different forms and binds to lipopolysaccharide-binding 
protein and other substances including lipoproteins, so 
various extraction and pretreatment strategies have been 
developed to attempt to release lipopolysaccharide from its 
binding sites in whole blood or plasma and to neutralize 
inhibitors including fungal products and other proteins that 
confound LAL technologies. These changes have not been 
successful in overcoming all issues, however. In fact the 
LAL test has never been approved by regulatory agencies 
in North America for clinical use in humans. Nevertheless, 
some clinical data has been collected with it, demonstrating 
an association between high levels of endotoxin in sepsis 
and mortality.
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THERAPIES AGAINST ENDOTOXINS: FROM 
DRUGS TO MEDICAL DEVICES

Many efforts have been made in the last three decades to 
assess therapies against endotoxin, the primary trigger of the 
inflammatory process, as a drug target.5 The idea started in 
the middle 1970s, when polymyxin B was discovered to be 
protective against endotoxin-induced hemodynamic shock 
but at the same time was demonstrated to be extremely toxic 
to the kidney and the central nervous system.6

A number of anti-endotoxin strategies have been 
tested (e.g., monoclonal antibodies, small molecule 
Toll-like receptor 4 [TLR4] inhibitors, endotoxin binding 
proteins), but all have failed to demonstrate reproducible 
outcomes in septic subjects after early positive results.5 An 
interesting emerging solution is the use of extracorporeal 
therapies by means of devices expressly dedicated to the 
selective removal of endotoxins. In the last three decades, 
different researchers and manufacturers have developed 
different extracorporeal devices.

In 1983 a Japanese scientist named Hisataki Shoji began 
developing a blood endotoxin removal cartridge (Toray-
myxin) that could be applied clinically through direct 
hemoperfusion of blood against a fiber of polystyrene and 
covalently bound polymyxin B.4 Approved first in Japan 
in 1994 and in Europe in 1998, Toraymyxin is the most 
widely available device for the removal of endotoxins from 
blood. It has been used worldwide on more than 100,000 
patients with an excellent safety profile.

In 2001 Ullrich et al. tested a device for in vivo endo-
toxin adsorption based on a cartridge of high-affinity 
polymethacrylate-bound albumin (Endotoxin Adsorber EN 
500, Fresenius Medical Care AG, Bad Homburg, Germany).7 
Results of the pilot study were encouraging, but a large 
multicenter randomized trial reported by Reinhart in 2004 
did not demonstrate a benefit of this device.8

Bengsch et al. in 2005 proposed that the use of an 
apheresis system based on a diethylaminoethyl-cellulose 
absorber could reduce the plasma concentration of endotoxin 
in patients with severe sepsis.9 The treatment is based on 5 to 
10 consecutive apheresis treatments of 1.6 L of plasma. The 
researchers described the experience of a pilot observational 
trial, reporting encouraging results in terms of reduction in 
endotoxins as well as consequent reduction in inflammatory 
mediators. However, this product has not been advanced into 
commercial use. One product that is marketed predominantly 
in Scandinavia is the Alteco LPS adsorber system. It works 
to bind endotoxin through charge-based interactions with 
a polypeptide and has been studied most extensively in 
patients undergoing high-risk cardiac surgery. Its adsorption 
capacity for endotoxin in vitro is substantially less than 
other devices such as Toraymyxin. Another similar device 
called oXiris (Baxter Gambro USA) has been tested in several 
small studies but has not been subjected to rigorous study 
and not adopted widely into broad clinical use.

TORAYMYXIN SYSTEM: CONCEPT AND 
MANUFACTURING PROCESS

Toraymyxin is a device principally made of covalently immo-
bilized polymyxin B fiber (PMX-F) used as an adsorbent 
bed.4 PMX, a polycationic antibiotic, is well known to bind 
endotoxin and neutralize its toxicity with extremely high 
affinity. The binding site of PMX to endotoxin is reported 

The Endotoxin Activity Assay (EAA) was cleared by the 
U.S. Food and Drug Administration for the measurement 
of endotoxin in whole blood in 2004 to assess patients for 
risk of severe sepsis.

The test is done as a rapid assay in whole blood and 
relies on the following factors:
•	 Endotoxin reacts with a high-affinity antibody specific 

to lipid A.
•	 The antibody-antigen complex activates complement 

and is amplified by the patient’s neutrophils in whole 
blood.

•	 The amplification results in an enhanced respiratory 
burst in the presence of zymosan; the burst is detected 
by luminal chemiluminescence.

•	 The magnitude of the priming influence is proportional 
to the concentration of antigen-antibody complex.
The test is feasible, accurate, and reliable, providing in 

less than 40 minutes a measurement of blood endotoxin 
concentration. In a multicenter clinical trial involving 
approximately 1000 patients, the test was shown to have 
excellent test characteristics in critically ill patients with 
suspected sepsis, and its results correlated strongly with 
adverse outcomes, including death and organ dysfunction.4 
Elevations of endotoxin are associated significantly with 
the development of a clinical diagnosis of severe sepsis. 
When endotoxin levels are moderately high, the odds ratio 
for development of severe sepsis is 2.0; when endotoxin 
levels are very high, the odds ratio rises to 3.0. Results of 
this trial suggest that the EAA could be used as a biomarker 
of the risk for development of sepsis as well as a trigger 
for targeted endotoxin-directed therapies.
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FIGURE 193.1  Role of endotoxin in sepsis. Endotoxin triggers the 
release of inflammatory mediators and nitric oxide, a major 
endogenous vasodilator. 
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Several more recent experiments have shown an excel-
lent safety profile for the device with extremely minimal 
amounts of PMX detectable in blood after treatment with 
the column. More recently, Romaschin et al. have performed 
experiments showing potentially bactericidal properties of 
the column using blood samples spiked with whole gram-
negative bacteria. (author communication)

CLINICAL EXPERIENCE WITH  
ENDOTOXIN ADSORPTION

Toraymyxin has been used clinically since 1994 in Japan and 
reimbursed under the Japanese National Health Plan. Patients 
must fulfill the following three conditions simultaneously 
for reimbursement for the use of Toraymyxin:
•	 Endotoxemia or suspected gram-negative infection
•	 Two or more of the following conditions15: fever (oral 

temperature > 38° or < 36°C), tachycardia (heart rate > 
90 beats/min), tachypnea (respirations > 24 breaths/min), 
and leukocytosis/leukopenia (>12,000 leukocytes/mm3, 
<4000 leukocytes/mm3, or 10% band count)

•	 Septic shock necessitating vasopressor therapy
Toraymyxin treatment usually is performed for 2 hours at 

a blood flow rate of 80 to 100 mL/min by direct hemoperfu-
sion. Nafamostat mesylate often is used as the anticoagulant 
in Japan, whereas heparin is used more commonly in other 
countries. Since 1994, more than 100,000 patients have been 
treated with Toraymyxin. The incidence of adverse events is 
reported as less than 1%; the most common adverse events 
are thrombocytopenia and line-related complications. There 
are no known treatment-related deaths reported.

There have been a number of small trials in Japan and 
Western Europe that have tested the clinical value of PMX-F. 
A systematic review was done by Cruz et al. in 2007 to 
describe the published experience with PMX-F.6 The primary 
end points of interest were the effects of PMX-F on blood 
pressure, use of vasopressor drugs, and oxygenation; the 
other end points of interest were the effects on endotoxin 
levels and mortality. Of 118 abstracts identified in the 
literature over the past 10 years, they identified 28 published 
studies reporting relevant end points.16–20 This systematic 
review of the published literature, which involved almost 
1400 patients treated in seven countries, demonstrated 
multiple beneficial effects of direct hemoperfusion with 
PMX-F in comparison with conventional medical therapy for 
patients who had sepsis or septic shock (Table 193.1). Briefly, 
the mean arterial pressure (MAP) increased on average by 
19 mm Hg (95% confidence interval [CI], 16–22 mm Hg; 
p < .001) after PMX-F,16,21 strongly suggesting a clinically 
significant improvement in hemodynamic status. The pooled 
estimate also suggests that PMX-F improves gas exchange, as 
represented by the PaO2/FiO2 ratio (weighted mean difference 
32 units; 95% CI, 23–41 units).17 In addition, there appeared 
to be a beneficial effect on mortality (relative risk [RR], 0.54 
relative to standard medical therapy; 95% CI, 0.44–0.67).

This group went on in 2009 to publish in JAMA the Early 
Use of Polymyxin Hemoperfusion in Abdominal Septic 
Shock (EUPHAS) trial,22 a randomized unblinded study 
of 64 patients in 10 tertiary Italian intensive care units. 
Importantly, this study demonstrated statistically significant 
improvements in the primary end points of hemodynam-
ics and organ dysfunction. Specifically, renal function as 
measured by improvement of serum creatinine, diuresis, 
and the renal component of the SOFA at 72 hours showed 
positive trends. Also, the absolute risk of death at 28 days 

to be the lipid A portion, with binding via ionic and 
hydrophobic interactions. Because primary amino groups 
are positively charged, they appear to play a major role 
in the ionic binding to the lipid A portion of endotoxin 
(Fig. 193.2).

The endotoxin adsorption capacity of PMX-F was evalu-
ated in an in vitro setting and was compared with the carrier 
fiber without immobilized PMX-B.10 One gram of PMX-F 
or carrier fibers without PMX was added to a test tube 
containing 30 mL of calf serum solution with 10 ng/mL 
purified lipopolysaccharide (E. coli 0111 : B4). After 2 hours 
of incubation, the serum endotoxin level of each test tube 
was measured with the LAL assay.11 PMX-F sharply reduced 
the endotoxin level, but the “control” carrier fiber was not 
effective in lowering endotoxin. The endotoxin adsorption 
capacity of Toraymyxin also was evaluated. A calf serum 
solution of purified Escherichia coli lipopolysaccharide 
was circulated through a Toraymyxin cartridge and also a 
“control” carrier fiber cartridge without PMX affixed at a 
flow rate of 100 mL/min. After 2 hours of circulation, the 
endotoxin level was compared; only Toraymyxin could 
reduce the level of endotoxin.

Jaber et al.12,13 evaluated the in vitro efficacy of Toray-
myxin in a model of 10% human plasma after in vitro charac-
terization of the cytokine-inducing potency of gram-negative 
bacterial or endotoxin challenges. Heparinized blood was 
obtained from healthy volunteers. The blood was used to 
harvest peripheral blood mononuclear cells, and a 10% 
plasma solution was prepared from the residue. Cytokine 
production by peripheral blood mononuclear cells incubated 
with 10% plasma before and after in vitro hemoperfusion 
was used as the index of endotoxin removal. After 2 hours 
of hemoperfusion, tumor necrosis factor-alpha production 
by peripheral blood mononuclear cells was decreased in 
both samples. These investigators suggested impressive in 
vitro removal of endotoxin by Toraymyxin.

Various animal studies have been used to assess the 
biocompatibility of the device14 as well as to determine 
the optimal polymyxin concentration, which is 3.0 mg per 
1-g of fiber.3 Biocompatibility was excellent, although a 
slight reduction in platelet count was noted during the 
treatment, as has been observed in other canine models 
of hemodialysis.14
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FIGURE 193.2  An adsorbent compartment of a Toraymyxin cartridge; 
the schema of the cross-section of island-sea type conjugated fiber 
filament shows an electron micrograph of the cross-section of a 
fiber filament. The schematic diagram of the immobilization of 
polymyxin B on the surface of polystyrene-based carrier fiber 
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sessions were completed in only 81 of 119 patients [69.8 
%]), suggesting technical issues in the implementation of 
the therapy protocol. Also, the observed composite mortality 
was substantially less than the estimate included in the 
sample size calculation (37%), thus decreasing the power 
of the study to detect a difference.

Recently, Iwagami et al. from Japan published two 
important retrospective studies using Japanese adminis-
trative data from the Japanese National Health Registry. 
The first evaluated 642 patients with abdominal sepsis 
who received either one or two sessions of PMX-F. This 
study failed to show any significant difference in 28-day 
mortality (17.1% in the treatment group versus 16.3% in 
the control group p = .696).24 A second study evaluated a 
cohort of 1068 patients with septic shock who received 
one or two sessions of PMX-F as well as concomitant 
treatment with renal replacement therapy. In this study, 
an important 28-day mortality difference was noted with 
PMX-DHP therapy (40.2% vs. 46.8%; p = .003).25 Moreover, 
a dose-response relationship was noted with patients who 
received one column having a mortality of 43.6% versus 
34.5% in those patients who received the complete treatment 
of two columns. Taken together, the available evidence 
appears to show an important relationship between the 
potential benefits of PMX-DHP therapy and severity of illness 
with those patients at the highest risk of death most likely 
to benefit from PMX-DHP (Fig. 193.3).

improved significantly from 53% in the conventional therapy 
group to 32% in the PMX-F treated group (p = .03). These 
results, albeit encouraging, are considered controversial 
because the trial was stopped early after an interim analysis 
showed the mortality difference, which was a secondary end 
point. Patients were selected for therapy based on evidence 
of septic shock from an intraabdominal source to hopefully 
enrich the patient population with likely endotoxemic 
patients, but the EAA was not measured. Despite these 
limitations, EUPHAS may have had a comparative advantage 
to other sepsis trials that selected patients for anti-endotoxin 
therapy regardless of source of sepsis or measured levels 
of endotoxin.

The effects of Hemoperfusion With a Polymyxin B Mem-
brane in Peritonitis With Septic Shock (ABDO-MIX)23 is a 
French randomized, controlled, open label multicenter study 
that evaluated 28-day mortality in patients with septic shock 
resulting from peritonitis. Eligible patients were randomized 
to standard of care versus standard care plus PMX-F within 
36 hours of abdominal surgery to repair a hollow viscus 
perforation; 240 patients were enrolled. This study failed 
to show a difference in mortality between the groups (27.7 
vs. 19.5 % in the conventional group [n = 113], p = 0.14), 
but the study had a number of potential limitations that 
may have contributed to this observation. These include 
cartridge clotting and failure rates that are much higher than 
other published trials or clinical experience to date (2 PMX 
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FIGURE 193.3  Association between observed placebo mortality and benefits of PMX-DHP therapy in clinical studies. 

TABLE 193.1 

Summary of Systematic Reviews of the Clinical Effects of Polymyxin B–Immobilized Fiber Column in Sepsis

PARAMETER
NO. OF 
STUDIES

NO. OF 
PATIENTS

EFFECT 
SIZE

95% CONFIDENCE 
INTERVAL

OVERALL EFFECT  
(p VALUE)

Change in mean arterial pressure (mm Hg) 12 275 +19 15, 22 <.001
Change in dopamine/dobutamine dose (µg/kg/min) 4 96 −1.8 −3.3, −0.4 .01
Change in PaO2/FiO2 ratio (units) 7 151 +32 23, 41 <.001
Change in endotoxin level (pg/mL) 17 435 −22 −25.8, −18.1 <.001
Mortality (risk ratio) 15 885 0.54 0.44, 0.67 <.001
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representing a massive endotoxin load that vastly exceeds 
the adsorption capabilities of the column.28 However, other 
contributors may have also played a role.

In conclusion, the use of extracorporeal therapy for 
endotoxin removal in sepsis is biologically plausible and 
supported by the available evidence. Targeted use of this 
therapy using the EAA as a tool to identify those patients 
most likely to benefit should be standard of care when 
applying this therapy. PMX-F is the most effective and 
proven method of extracorporeal endotoxin removal. The 
results of EUPHRATES confirm the unequivocal benefit of 
use of PMX-F in improving hemodynamics in patients with 
endotoxemic septic shock. EUPHRATES also suggests an 
important mortality benefit for this treatment when targeted 
to patients with an EAA 0.6 to 0.9 in endotoxemic septic 
shock, reflecting the growing trend towards a personalized 
medicine approach to disease management. Further trials are 
needed to better evaluate the potential use of this therapy 
in other forms of endotoxin-mediated illness.

Key Points

1.	 The sepsis syndrome generally is caused by circulat-
ing endotoxin and its subsequent biologic cascade.

2.	 Extracorporeal therapy can be recommended only 
after circulating endotoxin has been detected and 
measured and the patient’s clinical status has been 
correlated with the endotoxin level.

3.	 Although drugs have been shown to be rather 
inefficient in removing endotoxin, extracorporeal 
removal is becoming an interesting alternative that 
has displayed some important clinical benefits in 
recent studies.

4.	 The EUPHRATES trial confirms the unequivocal 
benefit of PMX-F therapy in improving hemody-
namics and suggests a potential value for a targeted 
approach to treating endotoxemic septic shock in 
patients with EAA 0.6 to 0.9
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MEASUREMENT AND REMOVAL OF 
ENDOTOXIN: EUPHRATES A THERANOSTIC 
TRIAL OF PMX-DHP FOR ENDOTOXEMIC 
SEPTIC SHOCK

Despite available evidence from Japan and Europe, PMX 
has not yet been considered for inclusion in international 
guidelines for sepsis treatment, neither as a rescue therapy in 
refractory septic shock (for which surviving sepsis guidelines 
suggest to start considering experimental therapies) nor 
as a preventive therapy. Because of this, we and others 
suggested that a definitive randomized trial to assess the 
clinical benefit of PMX was needed.

Therefore in 2010, the EUPHRATES Trial (Evaluating 
the Use of Polymyxin B Hemoperfusion in a Randomized 
Controlled Trial of Adults Treated for Endotoxemia and 
Septic Shock) Study Protocol for a Randomized Controlled 
Trial (ClinicalTrials.gov Identifier: NCT01046669) was 
started, and it was finished in mid-2016.26 EUPHRATES 
enrolled 450 patients with vasopressor-dependent septic 
shock randomized 1 : 1 to receive two sessions of PMX-DHP 
24 hours apart as was done in EUPHAS and consistent with 
current practice in Japan. However, unique to EUPHRATES 
was the requirement that all patients randomized to therapy 
have an Endotoxin Activity Assay (EAA) level > 0.6 and 
are therefore highly endotoxemic. In addition, this trial 
is blinded and uses a facade hemoperfusion event in the 
control group. To ensure an adequate severity of illness after 
the first interim analysis the Data and Safety Monitoring 
Board mandated excluding patients with a MODS score 
of less than 10. Topline results from the EUPHRATES 
trial were presented at the IRRIV International Vincenza 
conference in 2017 by Dr. Massimo Antonelli from Italy. 
The mean APACHEII score in the patients studied was 29.4 
in the treatment group and 28.1 in the control group. There 
were no device-related mortalities noted with an overall 
very good safety profile for the treatment, and the rate of 
cartridge clotting was quite low at 8%. No difference in 
28-day mortality was observed, either in the full cohort 
(PMX-F: 84/223 (one patient lost to follow-up) [37.7%] vs. 
control 78/226 [34.5%]; p=0.49) or in patients with MODS 
>9 (PMX-HP: 65/146 [44.5%] vs. sham: 65/148 [43.9%]; 
p=0.92). There was a rise in MAP for the PMX-F treatment 
arm in both the full cohort and in patients with MODS>9 
([n=450]; rise of 9.4 (17.3) vs. 4.1 (14.4) mmHg; p<0.05) 
and ([n=295] with MODS >9; rise of 8.0 (15.8) vs. 3.9 (14.1) 
mmHg; p<0.03]). There were no differences in any other 
secondary outcomes in these two cohorts.

However, an analysis was done to examine the inter-
action between EAA and mortality. Based on this a loss 
of treatment effect was noted for patients with an EAA 
>0.90. Analyzing the cohort of 194 patients with EAA 0.6 
to 0.9 revealed a 10.7% absolute reduction in mortality for 
patients with EAA 0.6 to 0.9 when treated with PMX-F. 
This was statistically significant in an adjusted analysis. 
Differences were also observed in MAP, [PMX-F versus 
control: increase of 8.9 mmHg (15.0) vs 3.8 mmHg (13.8), 
p < 0.05] and ventilator-free days (PMX-F group median 20 
days vs control median 6 days, p < 0.05).27 The trial leaders 
suggest that this result may be explained in part by a recent 
observation by Romaschin et al. that the EAA becomes 
asymptotic after 0.9 with levels greater than this potentially 



Chapter 193 / Toraymyxin and Other Endotoxin Adsorption Systems    1173.e1

15.	 Bone RC, Balk RA, Cerra FB, et al. Definitions for sepsis and 
organ failure for the use of innovative therapies in sepsis. 
Chest. 1992;101:1644-1655.

16.	 Ueno T, Sugino M, Nemoto H, et al. Effect over time of endotoxin 
adsorption therapy in sepsis. Ther Apher Dial. 2005;9:128-136.

17.	 Follmann D, Elliott P, Suh I, et al. Variance imputation for 
overviews of clinical trials with continuous response. J Clin 
Epidemiol. 1992;45:769-773.

18.	 Tsujimoto H, Ono S, Hiraki S, et al. Hemoperfusion with poly-
myxin B-immobilized fibers reduced the number of CD16+CD14+ 
monocytes in patients with septic shock. J Endotoxin Res. 
2004;10:229-237.

19.	 Kushi H, Miki T, Okamoto K, et al. Early haemoperfusion with 
an immobilized polymyxin B fiber column eliminates humoral 
mediators and improves pulmonary oxygenation. Crit Care. 
2005;9:R653-R661.

20.	 Aoki H, Kodama M, Tani T, et al. Treatment of sepsis by 
extracorporeal elimination of endotoxin using polymyxin B 
immobilized fiber. Am J Surg. 1994;167:412-417.

21.	 Tani T, Hanasaa K, Kodama M, et al. Correlation between plasma 
endotoxin, plasma cytokines, and plasminogen activator inhibi-
tor-1 activities in septic patients. World J Surg. 2001;25:660-668.

22.	 Cruz DN, Antonelli M, Fumagalli R, et al. Early use of polymyxin 
B hemoperfusion in abdominal septic shock: the EUPHAS 
randomized controlled trial. JAMA. 2009;301(23):2445-2452.

23.	 Payen DM, Guilhot J, Launey Y, Lukaszewicz AC, et al. Early 
use of polymyxin B hemoperfusion in patients with septic 
shock due to peritonitis: a multicenter randomized control 
trial. Intensive Care Med. 2015;41(6):975-984.

24.	 Iwagami M, Yasunaga H, Doi K, et al. Postoperative polymyxin 
B hemoperfusion and mortality in patients with abdominal 
septic shock: a propensity-matched analysis. Crit Care Med. 
2014;42(5):1187-1193.

25.	 Iwagami M, Yasunaga H, Noiri E, et al. Potential survival benefit 
of polymyxin B hemoperfusion in septic shock patients on 
continuous renal replacement therapy: a propensity-matched 
analysis. Blood Purif. 2016;42(1):9-17.

26.	 Klein DJ, Foster D, Schorr CA, et al. The EUPHRATES trial 
(Evaluating the Use of Polymyxin B Hemoperfusion in a 
Randomized controlled trial of Adults Treated for Endotoxemia 
and Septic shock): study protocol for a randomized controlled 
trial. Trials. 2014;15:218.

27.	 Antonelli M. Results of the EUPHRATES trial. Presented at 
the IRRIV: International Vincenza Course. June 2017.

28.	 Romaschin AD, Obiezu-Forster CV, Shoji H, et al. Novel 
insights into the direct removal of endotoxin by polymyxin 
B Hemoperfusion. Blood Purif. 2017;44(3):193-197.

References
1.	 Ziegler EJ, Fischer CJ Jr, Sprung CL, et al. the HA-1A Sepsis 

Study Group. Treatment of gram-negative bacteremia and 
septic shock with HA-1A human monoclonal antibody against 
endotoxin. N Engl J Med. 1991;324:429-436.

2.	 Beutler B, Poltrak A. The search for LPS 1993-1998. J Endotoxin 
Res. 2000;6:269-293.

3.	 Shoji H, Tani T, Hanasawa K, et al. Extracorporeal endotoxin 
removal by polymyxin B immobilized fiber cartridge: Designing 
and antiendotoxin efficacy in the clinical application. Ther 
Apher. 1998;2:3-12.

4.	 Marshall JC, Foster D, Vincent JL, et al. Diagnostic and prog-
nostic implications of endotoxemia in critical illness: results 
of the MEDIC study. J Infect Dis. 2004;190:527-534. [Epub 
2004 Jul 2].

5.	 Opal SM, Glück T. Endotoxin as a drug target. Crit Care Med. 
2003;31(suppl 1):S57-S64.

6.	 Cruz DN, Perazella MA, Bellomo R, et al. Effectiveness of 
polymyxin B-immobilized fiber column in sepsis: a systematic 
review. Crit Care. 2007;11:R47.

7.	 Ullrich H, Jakob W, Fröhlich D, et al. A new endotoxin adsorber: 
first clinical application. Ther Apher. 2001;5:326-334.

8.	 Reinhart K, Meier-Hellmann A, Beale R. Open randomized phase 
II trial of an extracorporeal endotoxin adsorber in suspected 
Gram-negative sepsis. Crit Care Med. 2004;32:1662-1668.

9.	 Bengsch S, Boos KS, Nagel D, et al. Extracorporeal plasma 
treatment for the removal of endotoxin in patients with sepsis: 
clinical results of a pilot study. Shock. 2005;23:494-500.

10.	 Shoji H, Minaga M, Sakai Y, et al. Design and development of 
endotoxin detoxifying column (PMX) and its clinical applica-
tion. Jpn J Artif Organs. 1993;22:204-211.

11.	 Oishi H, Takaoka A, Hatayama Y, et al. Automated limulus 
amebocyte lysate (LAL) test for endotoxin analysis using a 
new Toxinometer ET-201. J Parenter Sci Technol. 1985;39: 
194-199.

12.	 Jaber BL, Barrett TW, Neto MC, et al. Endotoxin removal by 
polymyxin-B immobilized polystyrene-derivative fibers in vitro 
hemoperfusion of 10% human plasma. ASAIO J. 1998;44:54-61.

13.	 Jaber BL, Barrett TW, Neto MC, et al. Removal of cytokine 
inducing substances by polymyxin-B immobilized polystyrene-
derivative fibers during in vitro hemoperfusion of 10% human 
plasma containing Staphylococcus aureus challenge. ASAIO 
J. 1998;44:48-53.

14.	 Sugiyama T, Katai T, Okitsu M, et al. Anticoagulant effect of a 
single bolus injection of parnaparin sodium (LHG) on a hemo-
dialysis model in dogs. Folia Pharmacol Jpn. 1994;104:401-412.


	Chapter 000 - Cover.pdf
	a.pdf
	b.pdf
	c.pdf
	d.pdf
	e.pdf

	Chapter 001 - The Critically Ill Patient.pdf
	Chapter 002 - The Pathophysiologic Foundations of Critical Care.pdf
	Chapter 003 - Mechanical Ventilation.pdf
	Chapter 004 - Hemodynamic Support in the Critically Ill Patient.pdf
	Chapter 005 - Monitoring Organ Dysfunction in Critical Care.pdf
	Chapter 006 - Kidney-Specific Severity Scores.pdf
	Chapter 007 - The Physiology of the Glomerulus.pdf
	Chapter 008 - The Physiology of the Loop of Henle.pdf
	Chapter 009 - Glomerular Filtration Rate, Renal Functional Reserve, and Kidney Stress Testing.pdf
	Chapter 010 - Renal Energy Consumption and Metabolism.pdf
	Chapter 011 - Acute Kidney Injury_ From Clinical to Molecular Diagnosis.pdf
	Chapter 012 - Community- and Hospital-Acquired Acute Kidney Injury.pdf
	Chapter 013 - Epidemiology of Acute Kidney Injury in Critically Ill Patients.pdf
	Chapter 014 - Acute Kidney Injury in Patients With Chronic Kidney Disease.pdf
	Chapter 015 - Genetic Predisposition for Acute Kidney Injury (AKI).pdf
	Chapter 016 - Risk Factors and Risk Assessment in Acute Kidney Injury.pdf
	Chapter 017 - Experimental Models of Acute Kidney Injury.pdf
	Chapter 018 - Renal Blood Flow and Perfusion Pressure.pdf
	Chapter 019 - Humoral Mediators in Sepsis.pdf
	Chapter 020 - Cell Death Pathways_ Apoptosis and Regulated Necrosis.pdf
	Chapter 021 - Pathogen-Associated Molecular Patterns, Damage-Associated Molecular Patterns, and Their Receptors in Acute Kidney Injury.pdf
	Chapter 022 - Acute Kidney Disease.pdf
	Chapter 023 - Acute Kidney Disease, Renal Recovery, and Post–Acute Kidney Injury Care.pdf
	Chapter 024 - The Role of Biomarkers in the Diagnosis and Management of Acute Kidney Injury.pdf
	Chapter 025 - Functional Biomarkers.pdf
	Chapter 026 - Damage Biomarkers.pdf
	Chapter 027 - Kidney Stress Biomarkers.pdf
	Chapter 028 - Renal Repair and Recovery.pdf
	Chapter 029 - Maladaptive Repair and Progression to CKD.pdf
	Chapter 030 - Biomarkers of Recovery and_or Repair Following Acute Kidney Injury.pdf
	Chapter 031 - Practical Considerations of Renal Biopsies in Critical Care Patients.pdf
	Chapter 032 - Localization of Injury and Repair Pathways.pdf
	Chapter 033 - Ultrasonography and Doppler Techniques.pdf
	Chapter 034 - Contrast-Enhanced Renal Ultrasound.pdf
	Chapter 035 - Traditional Radiology, Computed Tomography, and Magnetic Resonance Imaging in Critical Care Nephrology.pdf
	Chapter 036 - Radionuclides Diagnostic Techniques.pdf
	Chapter 037 - Multiple Organ Dysfunction.pdf
	Chapter 038 - Acute Kidney Injury in Burns and Trauma.pdf
	Chapter 039 - Drug-Induced Acute Kidney Injury.pdf
	Chapter 040 - Acute Kidney Injury in Pregnancy.pdf
	Chapter 041 - Acute Kidney Injury in Oncology and Tumor Lysis Syndrome.pdf
	Chapter 042 - Acute Kidney Injury in Cardiac Surgery.pdf
	Chapter 043 - Acute Kidney Injury in Major Surgery.pdf
	Chapter 044 - Acute Kidney Injury in Heart Failure.pdf
	Chapter 045 - Acute Kidney Injury in Cirrhosis.pdf
	Chapter 046 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 047 - Acute Glomerulonephritis.pdf
	Chapter 048 - Contrast-Induced Acute Kidney Injury.pdf
	Chapter 049 - Abdominal Compartment Syndrome.pdf
	Chapter 050 - Hemolytic Uremic Syndrome.pdf
	Chapter 051 - Nonpharmacologic Management of Acute Renal Injury.pdf
	Chapter 052 - Novel Drugs for Acute Kidney Injury.pdf
	Chapter 053 - Remote Ischemic Preconditioning.pdf
	Chapter 054 - Blood Biochemistry_ Measuring Major Plasma Electrolytes.pdf
	Chapter 055 - Assessment of Urine Biochemistry.pdf
	Chapter 056 - Disorders of Sodium and Water Balance.pdf
	Chapter 057 - Disorders of Potassium and Magnesium.pdf
	Chapter 058 - Calcium and Phosphate Physiology.pdf
	Chapter 059 - Principles of Fluid Therapy.pdf
	Chapter 060 - Blood Transfusion Therapy.pdf
	Chapter 061 - Loop and Thiazide Diuretics.pdf
	Chapter 062 - Vaptans and the Treatment of Hyponatremia.pdf
	Chapter 063 - Aldosterone Antagonists, Amiloride, and Triamterene.pdf
	Chapter 064 - Laboratory Tests_ Blood Gases, Anion Gap, and Strong Ion Gap.pdf
	Chapter 065 - Acid-Base Physiology and Diagnosis of Disorders.pdf
	Chapter 066 - Metabolic Acidosis.pdf
	Chapter 067 - Hyperlactatemia and Lactic Acidosis.pdf
	Chapter 068 - Renal Tubular Acidosis.pdf
	Chapter 069 - Metabolic Alkalosis.pdf
	Chapter 070 - Respiratory Acid-Base Disorders.pdf
	Chapter 071 - Iatrogenic and Poison-Derived Acid Base Disorders.pdf
	Chapter 072 - Energy Requirement and Consumption in the Critically Ill Patient.pdf
	Chapter 073 - Impact of Renal Replacement Therapy on Metabolism and Nutrient Requirements in the Critically Ill Patient.pdf
	Chapter 074 - Amino Acid Turnover, Protein Metabolism, and Nitrogen Balance in Acute Kidney Injury.pdf
	Chapter 075 - Carbohydrates and Lipids.pdf
	Chapter 076 - Endocrinology of the Stress Response During Critical Illness.pdf
	Chapter 077 - Anemia of Critical Illness.pdf
	Chapter 078 - Management of Nutrition in Acute Kidney Injury and Renal Replacement Therapy.pdf
	Chapter 079 - Blood Glucose Control in Critical Care.pdf
	Chapter 080 - Enteral Nutrition.pdf
	Chapter 081 - Microbiologic Considerations in the Intensive Care Patient.pdf
	Chapter 082 - Innate Immunity and the Kidney.pdf
	Chapter 083 - Adaptive Immunity and Critical Illness.pdf
	Chapter 084 - Spontaneous Bacterial Peritonitis and Hepatorenal Syndrome.pdf
	Chapter 085 - Tropical Infections Causing Acute Kidney Injury.pdf
	Chapter 086 - Sepsis and Septic Shock.pdf
	Chapter 087 - Complement and Its Consequences in Sepsis.pdf
	Chapter 088 - Coagulation Abnormalities in Sepsis.pdf
	Chapter 089 - Endothelial Dysfunction of the Kidney in Sepsis.pdf
	Chapter 090 - Sepsis-Induced Acute Kidney Injury.pdf
	Chapter 091 - Recommendations for Sepsis Management.pdf
	Chapter 092 - Principles of Antimicrobial Prescription in Intensive Care Unit Patients With Acute Kidney Injury.pdf
	Chapter 093 - Renal Replacement Therapy for Septic Acute Kidney Injury.pdf
	Chapter 094 - Blood Purification for Sepsis.pdf
	Chapter 095 - Management of Infection in Patients With Kidney Transplant.pdf
	Chapter 096 - Critical Care Viral Infections.pdf
	Chapter 097 - Principles of Antibiotic Prescription in Intensive Care Unit Patients and Patients With Acute Renal Failure.pdf
	Chapter 098 - Drugs and Antidotes in Acute Intoxication.pdf
	Chapter 099 - Extracorporeal Therapies in Acute Intoxication and Poisoning.pdf
	Chapter 100 - Plasmapheresis in Acute Intoxication and Poisoning.pdf
	Chapter 101 - Poisoning_ Kinetics to Therapeutics.pdf
	Chapter 102 - Bleeding and Hemostasis in Acute Renal Failure.pdf
	Chapter 103 - Gastrointestinal Problems in Acute Kidney Injury.pdf
	Chapter 104 - Cardiovascular Problems in Acute Kidney Injury.pdf
	Chapter 105 - Water and Electrolyte Disturbances in Acute Renal Failure.pdf
	Chapter 106 - Neurologic Problems in Acute Renal Failure.pdf
	Chapter 107 - Immunologic and Infectious Complications of Acute Kidney Injury.pdf
	Chapter 108 - Cellular Response to Acute Kidney Injury.pdf
	Chapter 109 - Heart-Kidney Cross-Talk.pdf
	Chapter 110 - Classification of Cardiorenal Syndrome.pdf
	Chapter 111 - Cardiorenal Syndrome Type 1.pdf
	Chapter 112 - Cardiorenal Syndrome Type 2.pdf
	Chapter 113 - Cardiorenal Syndrome Type 3.pdf
	Chapter 114 - Cardiorenal Syndrome Type 4.pdf
	Chapter 115 - Cardiorenal Syndrome Type 5.pdf
	Chapter 116 - Renal Function During Cardiac Mechanical Support and Artificial Heart.pdf
	Chapter 117 - The Kidney in Diastolic Dysfunction.pdf
	Chapter 118 - Principles of Diuretic Management in Heart Failure.pdf
	Chapter 119 - Management of Overhydration in Heart Failure Patients.pdf
	Chapter 120 - Recent Advances for Stroke Prevention in Patients With Atrial Fibrillation and Advanced Kidney Disease.pdf
	Chapter 121 - Lung-Kidney Cross-Talk.pdf
	Chapter 122 - The Kidney During Mechanical Ventilation.pdf
	Chapter 123 - Extracorporeal Membrane Oxygenation and Renal Function.pdf
	Chapter 124 - Extracorporeal Carbon Dioxide Removal.pdf
	Chapter 125 - Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children.pdf
	Chapter 126 - Pulmonary-Renal Syndrome.pdf
	Chapter 127 - Liver-Kidney Interaction.pdf
	Chapter 128 - Pathophysiology and Management of the Hepatorenal Syndrome.pdf
	Chapter 129 - Kidney Dysfunction After Liver Transplantation.pdf
	Chapter 130 - Extracorporeal Liver Support Devices.pdf
	Chapter 131 - Treatment of Combined Acute Renal Failure and Cerebral Edema.pdf
	Chapter 132 - Renal Protection in the Organ Donor.pdf
	Chapter 133 - Effect of Extracorporeal Therapies on the Brain.pdf
	Chapter 134 - Components of Fluid Balance and Monitoring.pdf
	Chapter 135 - Noninvasive Methods of Fluid Status Assessment in Critically Ill Patients.pdf
	Chapter 136 - Management of Fluid Overload in Cardiorenal Patients_ The Five B Approach.pdf
	Chapter 137 - Mechanical Fluid Removal.pdf
	Chapter 138 - Indications for Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 139 - Principles of Extracorporeal Circulation and Transport Phenomena.pdf
	Chapter 140 - Membranes and Filters for Use in Acute Renal Failure.pdf
	Chapter 141 - Continuous Renal Replacement Therapy Machine Technology.pdf
	Chapter 142 - Principles of Anticoagulation in Extracorporeal Circuits.pdf
	Chapter 143 - Dialysis Solutions and Replacement Fluids.pdf
	Chapter 144 - Starting and Stopping Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 145 - The Concept of Renal Replacement Therapy Dose and Efficiency.pdf
	Chapter 146 - Quantification of Acute Renal Replacement Therapy.pdf
	Chapter 147 - Principles of Pharmacodynamics and Pharmacokinetics of Drugs Used in Extracorporeal Therapies.pdf
	Chapter 148 - Ethical Considerations in Acute Renal Replacement Therapy.pdf
	Chapter 149 - Intermittent Techniques for Acute Dialysis.pdf
	Chapter 150 - Solute and Water Transport in Hemodialysis_ Dialyzers, Flow Distribution, and Cross-Filtration.pdf
	Chapter 151 - Biocompatibility of the Dialysis System.pdf
	Chapter 152 - Composition of Hemodialysis Fluid.pdf
	Chapter 153 - Indications for and Contraindications to Intermittent Hemodialysis in Critically Ill Patients.pdf
	Chapter 154 - Technical and Clinical Complications of Intermittent Hemodialysis in the Intensive Care Unit.pdf
	Chapter 155 - Correction of Water, Electrolyte, and Acid-Base Derangements by Hemodialysis and Derived Techniques.pdf
	Chapter 156 - Urea Kinetics, Efficiency, and Adequacy of Hemodialysis and Other Intermittent Treatments.pdf
	Chapter 157 - Assessment of Fluid Status and Body Composition and Control of Fluid Balance With Intermittent Hemodialysis in the Critically Ill Patient.pdf
	Chapter 158 - Outcomes of Intermittent Hemodialysis in Critically Ill Patients With Acute Kidney Injury.pdf
	Chapter 159 - Hybrid Dialysis Techniques in the Intensive Care Unit.pdf
	Chapter 160 - The Role of Plasmapheresis in Critical Illness.pdf
	Chapter 161 - Cascade Filtration for ABO Incompatible Transplant.pdf
	Chapter 162 - Nursing Issues and Procedures in Continuous Renal Replacement Therapy.pdf
	Chapter 163 - Indications for Continuous Renal Replacement Therapy_ Renal Replacement Versus Renal Support.pdf
	Chapter 164 - Beginning and Ending Continuous Renal Replacement Therapy in the Intensive Care Unit.pdf
	Chapter 165 - Solute and Water Kinetics in Continuous Therapies.pdf
	Chapter 166 - Continuous Renal Replacement Therapy_ Modalities and Their Selection.pdf
	Chapter 167 - Vascular Access for Acute Renal Replacement Therapy.pdf
	Chapter 168 - Anticoagulation Strategies for Continuous Renal Replacement Therapy.pdf
	Chapter 169 - Nursing Strategies to Prevent Coagulation of the Extracorporeal Circuit.pdf
	Chapter 170 - Adequacy of Continuous Renal Replacement Therapy_ Prescription and Delivery.pdf
	Chapter 171 - High-Volume Hemofiltration in the Intensive Care Unit.pdf
	Chapter 172 - Pulse High-Volume Hemofiltration in Management of Critically Ill Patients With Severe Sepsis or Septic Shock.pdf
	Chapter 173 - High Cutoff Membranes for Mediators Removal.pdf
	Chapter 174 - Clinical Effects of Continuous Renal Replacement Therapies.pdf
	Chapter 175 - Antibiotic Adjustment in Continuous Renal Replacement Therapy.pdf
	Chapter 176 - Nomenclature_ Basic Principles.pdf
	Chapter 177 - Nomenclature_ Techniques.pdf
	Chapter 178 - Peritoneal Dialysis System.pdf
	Chapter 179 - Indications, Contraindications, and Complications of Peritoneal Dialysis in Acute Renal Failure.pdf
	Chapter 180 - Solute and Water Transport Across the Peritoneal Barrier.pdf
	Chapter 181 - Choice of Peritoneal Dialysis Technique_ Intermittent or Continuous.pdf
	Chapter 182 - Correction of Fluid, Electrolyte, and Acid-Base Derangements by Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 183 - Feasibility, Efficiency, and Adequacy of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 184 - Clinical Results and Complications of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 185 - Treatment of Peritonitis and Other Clinical Complications of Peritoneal Dialysis in the Critically Ill Patient.pdf
	Chapter 186 - Comparison of Peritoneal Dialysis With Other Treatments for Acute Kidney Injury.pdf
	Chapter 187 - Continuous-Flow Peritoneal Dialysis as Acute Therapy.pdf
	Chapter 188 - Nursing and Procedure Issues in Peritoneal Dialysis.pdf
	Chapter 189 - Sorbents_ From Basic Structure to Clinical Application.pdf
	Chapter 190 - Therapeutic Apheresis in Critically Ill Patients_ Indications, Modalities and Techniques, Clinical Results.pdf
	Chapter 191 - Extracorporeal Blood Purification Techniques Beyond Dialysis_ Coupled Plasmafiltration-Adsorption.pdf
	Chapter 192 - Prometheus System.pdf
	Chapter 193 - Toraymyxin and Other Endotoxin Adsorption Systems.pdf
	Chapter 194 - Plasmafiltration-Adsorption-Dialysis System.pdf
	Chapter 195 - Extracorporeal Membrane Oxygenation for Cardiac Support.pdf
	Chapter 196 - Extracorporeal Membrane Oxygenation for Pulmonary Support.pdf
	Chapter 197 - Cell-Based Therapies.pdf
	Chapter 198 - Cellular and Molecular Mechanisms of Acute Kidney Injury.pdf
	Chapter 199 - Epidemiology of Pediatric Acute Kidney Injury.pdf
	Chapter 200 - Treatment of Acute Kidney Injury in Children_ Conservative Management to Renal Replacement Therapy.pdf
	Chapter 201 - Technical Aspects of Pediatric Continuous Renal Replacement Therapy.pdf
	Chapter 202 - Multiple Organ Dysfunction in the Pediatric Intensive Care Unit.pdf
	Chapter 203 - Drug Dosing in Pediatric Acute Kidney Insufficiency and Renal Replacement Therapy.pdf
	Chapter 204 - Nutrition of Critically Ill Children With Acute Renal Failure.pdf
	Chapter 205 - Outcome of Pediatric Acute Kidney Injury.pdf
	Chapter 206 - Renal Replacement Therapy for the Critically Ill Infant.pdf
	Chapter 207 - Neonatal Hyperammonemia and Continuous Renal Replacement Therapy.pdf
	Chapter 208 - Modified Ultrafiltration in Pediatric Heart Surgery.pdf
	Chapter 209 - Techniques and Machines for Pediatric Renal Replacement Therapy.pdf
	Chapter 210 - Antibiotics in Critically Ill Newborns and Children_ Nephrotoxicity and Management During Renal Replacement Therapy.pdf
	Chapter 211 - Patient Selection and Pretransplantation Care for Kidney Transplant Recipients.pdf
	Chapter 212 - Kidney Support and Perioperative Care in Kidney Transplantation.pdf
	Chapter 213 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 214 - Management of Chronic Kidney Disease and End-Stage Kidney Disease Patients in the Intensive Care Unit.pdf
	Chapter 215 - Management of Patients with Diabetes in the Intensive Care Unit.pdf
	Chapter 216 - Diagnosis and Management of Acute Kidney Injury in the Emergency Department.pdf
	Chapter 217 - Anticancer Drugs and the Kidney.pdf
	Chapter 218 - Antiinflammatory Drugs and the Kidney.pdf
	Chapter 219 - Calcineurin Inhibitors and Other Immunosuppressive Drugs and the Kidney.pdf
	Chapter 220 - Alternative Medicine and Chinese Herbs and the Kidney.pdf
	Chapter 221 - Environment, Smoking, Obesity, and the Kidney.pdf
	Chapter 222 - Lead and Heavy Metals and the Kidney.pdf
	Chapter 223 - Statins and the Kidney.pdf
	Chapter 224 - Erythropoietin Therapy in Critically Ill and Acute Kidney Injury Patients.pdf
	Chapter 225 - Vasoactive Drugs, Renal Function, and Acute Kidney Injury.pdf
	Chapter 226 - End Points for Clinical Trials in Acute Kidney Injury.pdf
	Chapter 227 - Hypothermia and the Kidney.pdf
	Chapter 228 - Renin-Angiotensin System Blockers and Acute Kidney Injury.pdf

