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Abstract
Septic shock-associated mortality in intensive care units (ICUs) remains high, with reported
rates ranging 30–50%. In particular, Gram-negative bacilli (GNB), which induce significant
inflammation and consequent multiple organ failure, are the etiological bacterial agent in
40% of severe sepsis cases. Hemoperfusion using polymyxin B-immobilized fiber (PMX),
which adsorbs endotoxin, is expected to reduce the inflammatory sepsis cascade due to
GNB. However, the clinical efficacy of this treatment has not yet been demonstrated. Here,
we aimed to verify the efficacy of endotoxin adsorption therapy using PMX through a retrospective analysis of 413 patients who received broad spectrum antimicrobial treatment for
GNB-related septic shock between January 2009 and December 2012 in 11 ICUs of Japanese tertiary hospitals. After aligning the patients’ treatment time phases, we classified
patients in two groups depending on whether PMX hemoperfusion (PMXHP) therapy was
administered or not within 24 hours after ICU admission (PMXHP group: n = 134, conventional group: n = 279). The primary study endpoint was the mortality rate at 28 days after
ICU admission. The mean age was 72.4 (standard deviation: 12.6) years, and the mean
Sequential Organ Failure Assessment score at ICU admission was 9.9 (3.4). The infection
sites included intra-abdominal (38.0%), pulmonary (18.9%), and urinary tract (32.2%), and
two thirds of all patients had GNB-related bacteremia. Notably, the mortality at 28 days
after ICU admission did not differ between the groups (PMXHP: 29.1% vs. conventional:
29.0%, P = 0.98), and PMXHP therapy was not found to improve this outcome in a Cox
regression analysis (hazard ratio = 1.16; 95% confidence interval, 0.81–1.64, P = 0.407).
We conclude that PMX-based endotoxin adsorption within 24 hours from ICU admission
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was not associated with mortality among patients with septic shock due to GNB. Trial registration: University Hospital Medical Information Network Clinical Trial Registry (UMIN-CTR
ID: UMIN000012748).

Introduction
The incidence of septic shock (SS), a critical and potentially fatal illness characterized by an
excessive biological reaction against an infections pathogenic microorganism, is increasing
worldwide [1]. Since 2004, international guidelines for the management of severe sepsis and
septic shock (the Surviving Sepsis Campaign) have advanced the standardization of primary
care for sepsis [2], and SS-related mortality rates have decreased steadily in intensive care units
(ICUs) [3]. However, the clinical outcomes of SS vary widely, with reported mortality rates
ranging from 20% to 50% [3,4].
Currently, Gram-negative bacilli (GNB) are the etiological bacterial agent in 40% of SS
cases [1]; these pathogens are known to cause excessive inflammatory reactions that can lead
to multiple organ failure [5,6]. Unfortunately, GNB is also a major causative organism of nosocomial infections, and the resulting increase in drug resistance has led to treatment challenges
[7]. The GNB outer membrane component endotoxin is a well-known, typical pathogen-associated molecular component that can induce inflammation [8], and as early as a few decades
ago, GNB-induced SS was described as endotoxin shock and considered to be a more critical
condition [9,10]. These findings have led to considerable research regarding the potential of
endotoxin as a therapeutic target [11].
In the 1980s, this endotoxin-related research led to the development of a polymyxin Bimmobilized fiber column (PMX: Toraymyxin1; Toray Medical Co., Ltd., Tokyo, Japan),
which utilizes the ability of polymyxin B to bind lipid A within the major endotoxin effector
site. The endotoxin adsorption efficacy of PMX, which has been used in clinical applications in
Japan since 1994, has been demonstrated both in vitro and in vivo, and this material has since
been used with the hope that it could suppress the GNB-related inflammatory cascade [12].
More recently, PMX has been used to treat intra-abdominal infection in several countries.
Although high serum endotoxin levels are associated with organ dysfunction in patients
with SS, there is no clear evidence regarding the clinical effect of endotoxin adsorption therapy
with PMX hemoperfusion (PMXHP) on survival [11,13,14]. In a 2007 systematic review of
PMXHP [15], Cruz et al. reported that the arterial pressure and pulmonary oxygenation
(PaO2/FiO2 ratio) improved and mortality decreased with the implementation of PMXHP
(odds ratio [OR] = 0.53, 95% confidence interval: 0.43–0.65). In contrast, recent publications
by Cruz et al. in 2009 [16] and Payen et al. in 2015 [17] reported no significant decreases in
mortality among patients with abdominal sepsis. Similar results were observed among Japanese patients with lower gastrointestinal perforation in a propensity-matched analysis of
nationwide inpatient insurance data [18]. Recently, the EUPHRATES trail (CrinicalTrial.gov.
identifier NCT01046669) as phase III trial for PMXHP therapy has been initiated in North
America. However, all of these previous reports were limited by a lack of certainty regarding
the GNB infection statuses of all target patients.
We conducted a multi-center study with the intent to verify the following hypothesis: after
achieving infection site control and implementing broad-spectrum antibacterial treatment, the
28-day mortality rate would improve with the addition of PMXHP within 24 hours from ICU
admission as an adjuvant therapy in patients with SS due to GNB.
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Methods
Study setting
We conducted a retrospective study at 11 ICUs of Japanese tertiary hospitals. Before data collection, the study protocol was reviewed and approved by the ethics committee of Nippon
Medical School Hokusoh Hospital. The trial was registered in the University Hospital Medical
Information Network Clinical Trial Registry (UMIN-CTR ID: UMIN000012748).

Data collection
For this study, we enlisted 11 tertiary care facilities with the ability to provide sufficient treatment to critically ill patients, as well as resident education programs. All of those facilities
deployed electronic medical record systems for the collection of information. Each investigator
was provided a comprehensive manual that described the data collection requirements and
definitions of variables. Case report forms were uploaded to the study website via the internet.
Case registration was mandatory to ensure correct alignment of the treatment order and timephase and adjustment of confounding factors. Data management was performed at an independent data center at the University of Tsukuba (CREIL Center, Ibaraki, Japan).
The inclusion criteria were admission to an ICU between January 2009 and December
2012, age 18 years, and SS resulting from GNB, as detected from cultured clinical specimens.
Sepsis was diagnosed according to the 2008 Surviving Sepsis Campaign Guidelines [19]. In
addition, SS was defined as hypotension (systolic blood pressure <90 mmHg) at the start of
the medical intervention or an elevated lactate level (>4 mmol/L). Microbial confirmation of
GNB required the isolation of pathogens from any cultured clinical specimens. This study
excluded patients with a non-resuscitation status.
As a premise, patients received broad-spectrum antimicrobial treatment and, if needed,
surgical intervention for source control before ICU admission. After aligning each patient’s
treatment time phase, we classified patients into two groups depending on the administration
of PMXHP treatment within 24 hours from ICU admission (PMXHP group: n = 134, conventional group: n = 279).
To compare patients’ conditions before PMXHP therapy, the following information was
collected: age, sex, severity of illness (e.g., Acute Physiology and Chronic Health Evaluation II
[APACHE] II score [20], Sequential Organ Failure Assessment [SOFA] score [21]) pre-existing disease, comorbidities upon ICU admission (e.g., all grades of acute respiratory distress
syndrome [ARDS] defined according to the criteria of the Berlin definition [22], all grades of
acute kidney injury [AKI] defined according to the RIFLE criteria [23], disseminated intravascular coagulopathy [DIC] diagnosed using the Japanese Association for Acute Medicine DIC
scores [24], acute coronary syndrome/stroke diagnosed by a vascular lesion specialist, intraperitoneal abscess diagnosed from imaging findings), type of infection (e.g., community
acquired, hospital acquired, healthcare acquired), site of infection (e.g., pulmonary, intraabdominal, urinary, soft tissue), vital signs, and laboratory data at the beginning of the medical
intervention. Details of defined cultures were collected separately from blood and local samples. Information about treatment for comorbidities after ICU admission and specific drug
usage was also collected.

Implementation of PMXHP therapy
Decisions regarding PMXHP therapy were left to each facility. The most common indication
for PMX treatment was SS with suspicion of GNB infection regardless of the site. Japanese
public insurance allows the performance of 2-hour direct hemoperfusion sessions with heparin
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administration as a basic PMXHP protocol. In the current study, this protocol has been
adjusted for anti-coagulant drugs and the duration of direct hemoperfusion at each facility. In
addition, further options could be added to a subsequent session of PMXHP after completing
the initial session. Data regarding the implementation of PMXHP, vital signs, and laboratory
data of the patient before and after the implementation PMXHP therapy were collected.

Outcomes
The primary endpoint was the mortality rate at 28 days after ICU admission, and the secondary endpoints were the mortality rate at hospital discharge, duration of mechanical ventilation,
length of ICU stay, and length of hospital stay. In addition, outcome-free days (e.g., ventilatorfree days, ICU-free days) were determined to minimize survivor bias. Comorbidities after ICU
admission, including ARDS, AKI, DIC, acute coronary syndrome, stroke, and intraperitoneal
abscess, were also recorded as clinical outcomes.

Sample size and statistical methods
Based on previous studies [3–5,16], we assumed that in order to be clinically meaningful, the
assumed mortality rate of 40% at 28 days for the target patient population would need to be
reduced to 25% after implementing PMXHP therapy. Assuming that PMX intervention was
performed in one-third of the target patients, the size needed to test an absolute reduction in
mortality at 28 days of 15% (relative reduction of 37%) would be 390 patients (130 for the
PMXHP group and 260 for the conventional group) to obtain a nominal two-sided p value of
0.05 and power of 85%.
The groups were compared with respect to demographic and clinical parameters. Significant differences in means, medians, and prevalence estimates were determined using the chisquare test for categorical variables, the t test or Mann–Whitney U test for independent continuous variables, and the Wilcoxon signed rank test for paired continuous variables. P values
<0.05 were considered significant. A Cox proportional hazards model adjusted for age, sex,
and pre-treatment status was used for the multivariate analysis. All statistical analyses were
performed using SPSS, version 23.0 (IBM, Armonk, NY, USA).

Results
Patient characteristics
The mean age of patients in this study was 72.4 years (standard deviation: 12.6), and the mean
SOFA score upon ICU admission was 9.9 (3.4). Mechanical ventilation was performed in
72.9% of all patients, and a third of patients underwent surgery for source control. The infection sites were intra-abdominal, pulmonary, and urinary tract in 38.0%, 18.9%, and 32.2%
of patients, respectively, and two-thirds (67%) of all patients had bacteremia due to GNB.
Table 1 compares patient characteristics, clinical data, and treatments of the PMXHP and
conventional groups. Although the PMXHP group was younger than the conventional group,
this difference was not significant (P = 0.06). However, the frequencies of comorbid AKI and
DIC at the time of ICU admission differed significantly between the two groups (P = 0.01 and
<0.01, respectively), and the frequency of mechanical ventilation was significantly higher in
the PMXHP group (87.3% vs. 65.9% for the conventional group).
Although the distribution of infection type was homogenous, the distribution of infection
site was somewhat heterogeneous. For example, a large proportion of patients in the PMXHP
group had intra-abdominal infection, whereas the proportion with pulmonary infection was
relatively small. However, both groups had similar frequencies of bacteremia. The causative
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Table 1. Comparison of Patient Characteristics between PMXHP and Conventional Groups
PMXHP group

Conventional group

n = 134

n = 279

P value

Age, years

70 ± 13

73 ± 12

0.06

Male / female

63 / 71

153 / 126

0.13

Pre-existing disease
Chronic heart failure

11 (8.2%)

27 (9.7%)

0.62

Ischemic heart disease

15 (11.2%)

25 (9.0%)

0.47

Chronic obstructive pulmonary disease

3 (2.2%)

13 (4.7%)

0.23

Liver cirrhosis

9 (6.7%)

13 (4.7%)

0.38

Chronic renal failure

3 (2.2%)

10 (3.6%)

0.46

Diabetes

29 (21.6%)

59 (21.1%)

0.90

Cancer

10 (7.5%)

35 (12.5%)

0.12
0.87

Comorbidities on ICU admission
ARDS

21 (15.7%)

42 (15.1%)

AKI

100 (74.6%)

173 (62.0%)

0.01

DIC

80 (59.7%)

115 (41.2%)

<0.01

Community acquired

100 (74.6%)

197 (70.6%)

0.39

Hospital acquired

30 (22.4%)

63 (22.6%)

0.96

4 (3.0%)

19 (6.8%)

0.11

Type of infection

Healthcare acquired
Site of infection
Pulmonary

13 (9.7%)

65 (23.3%)

0.01

Intra-abdominal

68 (50.7%)

89 (31.9%)

<0.01

Urinary

37 (27.6%)

96 (34.4%)

0.16

6 (4.5%)

12 (4.3%)

0.93

Soft tissue/skin
Other/unknown

10 (7.5%)

14 (5.0%)

0.32

88 (65.7%)

189 (67.7%)

0.67

E. coli

69 (51.5%)

135 (48.4%)

0.55

Pseudomonas aeruginosa

11 (8.2%)

33 (11.8%)

0.26
0.71

Positive blood culture
Causative pathogens

Enterobacter spp.

14 (10.4%)

26 (9.3%)

Klebsiella spp.

37 (27.6%)

64 (22.9%)

0.30

5 (3.7%)

7 (2.5%)

0.48

Serratia spp.
Acinetobacter spp.

3 (2.2%)

5 (1.8%)

0.75

Citrobacter spp.

5 (3.7%)

8 (2.9%)

0.63

Haemophilus Influenzae

1 (0.7%)

10 (3.6%)

0.09
0.35

Other gram-negative rods

20 (14.9%)

52 (18.6%)

Enterococcus spp.

13 (9.7%)

16 (5.7%)

0.14

Other gram-positive cocci

2 (1.5%)

4 (1.4%)

0.96

34 (25.4%)

66 (23.7%)

0.70

Surgery for infection control, total

Multiple pathogens

69 (51.5%)

65 (23.3%)

<0.01

Laparotomy

53 (39.6%)

44 (15.8%)

<0.01

Urological/gynecological surgery

11 (8.2%)

12 (4.3%)

0.10

Extremity/soft tissue surgery

8 (2.9%)

4 (3.0%)

0.94

Vital signs at beginning of treatment
Mean arterial pressure, mmHg

60 ± 21

59 ± 23

0.98

Heart rate, beats/minute

114 ± 24

111 ± 27

0.35

26 ± 7

26 ± 8

0.71

Respiratory rate, breaths/minute

(Continued)
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Table 1. (Continued)

Glasgow coma scale, points

PMXHP group

Conventional group

n = 134

n = 279

11 ± 4

11 ± 3

P value
0.56

Laboratory data
16.5 ± 11.7

15.9 ± 11.8

0.64

Lactate, mmol/L

5.0 ± 3.8

4.7 ± 3.9

0.53

APACHE II score

26 ± 9

25 ± 9

0.31

10.5 ± 3.8

9.5 ± 3.2

<0.01

Mechanical ventilation

117 (87.3%)

184 (65.9%)

<0.01

Continuous hemodiafiltration

100 (74.6%)

63 (22.6%)

<0.01

Intermittent hemodialysis

2 (1.5%)

6 (2.2%)

0.65

ECMO/PCPS

1 (0.7%)

9 (3.2%)

0.12

C reactive protein, mg/mL

SOFA score, total score
Treatment after ICU admission

Data are presented as median values with interquartile range or as number (%). Pathogens were detected from blood cultures and contained duplications.
ARDS: acute respiratory distress syndrome; AKI: acute kidney injury; DIC: disseminated intravascular coagulation; APACHE; acute physiology and chronic
health evaluation; SOFA: sequential organ failure assessment; ECMO: extracorporeal membrane oxygenation; PCPS: percutaneous cardiopulmonary
support.
https://doi.org/10.1371/journal.pone.0173633.t001

pathogens were also similar in both groups. Furthermore, surgery for source control was more
frequently implemented in the PMXHP group relative to the conventional group. In particular, the proportion of laparotomy in the PMXHP group was significantly higher than that in
the conventional group.
Although vital signs and serum lactate level prior to treatment were similar in both groups,
the severity of illness, indicated by the SOFA score, was significantly higher in the PMXHP
group than that in the conventional group. The continuous hemodiafiltration as renal replacement therapy after ICU admission also differed significantly between the two groups.

Outcomes
The primary endpoint, mortality rate at 28 days after ICU admission, did not differ between
the two groups (PMXHP: 29.1% vs. conventional: 29.0%, P = 0.98). For secondary outcomes,
duration of mechanical ventilation and ventilator free days were better in the conventional
group than the corresponding values in the PMXHP group. The groups differed with regard to
additional comorbidities after ICU admission; specifically, ARDS and DIC were more common in the PMXHP group, whereas vascular disease was more common in the conventional
group [Table 2]. Fig 1 demonstrates that PMX treatment (hazard ratio = 1.16; 95% confidence
interval, 0.81–1.64, P = 0.407) did not improve the study outcome measures, according to a
multivariate Cox regression model analysis; in addition, no inter-group differences were
observed at hospital discharge. Fig 2 additionally shows a post-hoc subgroup analysis in which
we again did not observe differences in efficacy and interactions in any PMXHP subgroup.

Hemoperfusion practice
A total of 184 PMXHP sessions were conducted, and the actual median adsorbed time was 144
minutes. The standard 2 hours were not completed in 11 sessions (5.9%), and 10 sessions were
canceled due to solidification in the column; in addition, one patient fell into cardiopulmonary
arrest and died during PMX treatment. The overall mean arterial pressure increased after
PMXHP relative to the pre-treatment value (before PMXHP: 68 [57–80] vs. after PMXHP: 76
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Table 2. Primary and Secondary Outcomes
PMXHP group

Conventional group

n = 134

n = 279

P value

39 (29.1%)

81 (29.0%)

0.98

Primary outcome
Mortality rate: 28 days after ICU admission
Secondary outcomes
Mortality rate: Hospital discharge

51 (38.1%)

69 (34.4%)

0.68

Length of ICU stay, days

8 (4–16)

7 (3–13)

0.11

ICU free days at 28 days

12 (0–20)

15 (0–22)

0.16

Length of hospital stay, days

26 (11–56)

25 (10–43)

0.35

Duration of mechanical ventilation, days

6 (2–13)

3 (0–9)

<0.01

Ventilator free days at 28 days

16 (0–19)

19 (0–24)

0.03

Additional comorbidity after ICU admission
27 (20.1%)

27 (9.7%)

<0.01

AKI

8 (6.0%)

28 (10.0%)

0.17

DIC

31 (23.1%)

37 (13.3%)

0.01

Acute coronary syndrome

1 (0.7%)

9 (3.2%)

0.12

Stroke

1 (0.7%)

12 (4.3%)

0.05

Intraperitoneal abscess

7 (5.2%)

11 (3.9%)

0.55

ARDS

Data are presented as median values with interquartile range or as number (%).
ICU: intensive care unit; ARDS: acute respiratory distress syndrome; AKI: acute kidney injury; DIC: disseminated intravascular coagulation.
https://doi.org/10.1371/journal.pone.0173633.t002

[65–87] mmHg, P < 0.01); however, in the initial session, deterioration in blood pressure with
or without administration of additional catecholamine was observed in 42.5% (57/134) of
patients. No improvements were observed in the PaO2/FiO2 ratio, lactate level, or base deficit
(an indicator of circulatory failure; data not shown).
Patients with a rate of change in mean arterial pressure of 10% or more before and after the
initial PMXHP session and who were administered vasopressors (n = 69) had a significantly
lower mortality rate at ICU discharge than those whose rate of change was less than 10%
(n = 65) (unadjusted OR: 0.29 [95% CI: 0.13–0.66], adjusted OR: 0.29 [0.12–0.71]).

Discussion
In this study, which was conducted in tertiary care hospitals practicing current common procedures for sepsis in Japan, we did not observe an additional clinical benefit of adjuvant
PMXHP therapy on mortality after the administration of broad-spectrum antimicrobial treatment and source control among patients with SS, of whom more than 67% presented with
GNB bacteremia. Moreover, no subgroup-related differences in efficacy were observed in a
post-hoc analysis.
In Japan, PMXHP therapy has been used generally for approximately 20 years [12,15],
and protocols have been developed at a number of large-scale facilities. However, the use of
PMXHP therapy is left to the physician’s preference and facility policy because of its nature as
a special and invasive adjunctive therapy. The present study demonstrates the lack of clinical
efficacy of PMXHP when administered for typical SS caused by GNB. We suggest that the previously observed effect might be attributable to the Abilene paradox.
In 2015, Payen et al. [17] described a non-significant increase in mortality and no improvement in organ failure following PMXHP vs. conventional treatment for peritonitis-induced SS
in the ABDOMIX trial, the latest multicenter randomized control trial in France. Although the
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days
PMXHP

134

106

104

96

95

Conventional

279

227

213

208

195

Fig 1. Multivariate Cox Regression Analysis. Patients in the polymyxin B hemoperfusion (PMXHP) group received at least one
session of direct PMXHP as adjuvant therapy for septic shock.
https://doi.org/10.1371/journal.pone.0173633.g001

results of our study were similar to those of the ABDOMIX trial, the trials differed in terms of
focus, as the latter trial addressed SS due to peritonitis in contrast to our study. We note that
although most previous reports targeted intra-abdominal infections, GNB infections occur at a
much broader range of sites [15,16,25]. In principle, PMXHP is only valid for the treatment of
bacteremia caused by GNB. Accordingly, we selected patients with SS caused by GNB with the
prior expectation of a high probability of efficacy.
In the ABDOMIX trial [17], randomization was performed at 2 hours after surgery to
recruit patients with prolonged SS due to peritonitis. Although we initially confirmed SS, this
classification included patients who had emerged from a state of shock at the time of ICU
admission, according to resuscitation data from this study. However, 66.4% of patients in the
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N

HR

95%CI

PMXHP

over all

279

0.956

0.654 1.398

Blood culture

positive

277

0.853

0.544 1.335

negative

136

1.346

0.653 2.775

yes

134

1.066

0.72

no

279

0.974

0.701 1.354

yes

301

1.064

0.799 1.415

no

112

1.16

0.685 1.965

157

0.998

0.718 1.387

P value for interaction
0.675

Source control surgery

1.578
0.729

Mechanical ventilation

0.665

Intra-abdominal infection yes

0.855

AKI on ICU admission

no

256

1.048

0.715 1.535

yes

273

0.853

0.634 1.148
0.12

no

140

1.32

0.837 2.08

0

1

PMXHP better

2

3

worse

Hazard ratio
Fig 2. Post-hoc Analysis. The mortality rates at 28 days after ICU admission across the indicated subgroups were defined according to several baseline
characteristics. PMXHP: polymyxin B immobilized fiber hemoperfusion, HR: hazard ratio, CI: confidence interval, AKI: acute kidney injury.
https://doi.org/10.1371/journal.pone.0173633.g002

PMXHP group remained in a prolonged state of shock, defined as a mean arterial pressure of
65 mmHg or hyperlactatemia upon ICU admission. As a result, the mortality rate at 28 days
after ICU admission in our intervention group was 29.1%, similar to that of the ABDOMIX
study (27.7%).
We note that serum endotoxin values were not included among the considerations of this
study, largely because few facilities have the ability to routinely measure serum endotoxin levels and because no standard method has been set for such measurements. We also did not
adopt the endotoxin activity assay for diagnosis of endotoxemia [9,26] as an inclusion criterion
because it is not measured in normal practice in Japan. Only patients with bacteriologically
proven GNB infection were included, but even GNB infections do not necessarily indicate
endotoxemia. In particular, the endotoxin-releasing action varies depending on the type of
antibiotics used beforehand. Some classes of β-lactam antibiotics lead to a markedly increased
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level of free endotoxins, while treatment with aminoglycosides and carbapenems, especially
imipenem, produces relatively low amounts of endotoxins [27]. Since we did not specify the
type of broad-spectrum antibiotics in this study, we might have included patients with low
amounts of free endotoxin despite GNB infection. As a result, the effect of PMXHP treatment
might have been diminished. In a clinical trial of anti-endotoxin therapy, the biggest problem
is the difficulty of estimating in advance patients for whom treatment would be effective. Indirect diagnosis of endotoxemia by the endotoxin activity assay method looks promising, but it
has not yet spread to the general setting. Eventually, the hemodynamic response to PMXHP
therapy would have been the only potential prognostic factor in this study.
PMXHP therapy has not been subjected to a randomized trial in Japan or other developed
countries. A fair evaluation has thus far been impossible because previous reports from Japan
have tended to include considerable bias [15], and only the clinical outcomes of intra-abdominal infection from a nationwide insurance database were reported. In 2014, Iwagami et al. [18]
reported the mortality rate at 28 days in the presence or absence of PMXHP using a propensity
score matching analysis. Although that report showed a national trend, biological patient
information was lacking, and it was necessary to add a supplemental study. In contrast, our
study presented clear information about the patients’ medical treatment courses, including
vital signs. Although the distributions of patient characteristics exhibited considerably heterogeneity, similar to the report by Iwagami et al. [18], the time axis of treatment for SS was maintained in a linear manner. In particular, although the initial complications, infection site, and
implementation of surgery varied, we did not observe a causal relationship between the outcomes after adjusting for heterogeneity. Furthermore, we were not able to identify any clinical
efficacy of PMXHP, despite performing various stratified post-hoc analyses.
A previous review [15] described improvements in oxygenation and blood pressure as
short-term effects of PMXHP. In this study, although the mean arterial pressure increased
after the initial PMXHP session relative to the pre-treatment value, the distribution of this
effect was quite heterogeneous. However, the prognostic outcome in patients with elevated
mean arterial pressure without administration of additional vasopressors was significantly better. In contrast, cases with poor hemodynamic reactivity might exhibit a hindrance to the circulation, thus canceling the effect of PMXHP. On the other hand, we did not obtain positive
results regarding the PaO2/FiO2 ratio and blood gas parameters, which raises concerns about
the safety of PMXHP therapy.
This study has some limitations of note. First, the study design was observational, and a
case-control design was adopted. Because PMX treatment is already commonly used for SS in
Japanese healthcare settings, a randomized trial would present ethical challenges. To improve
the quality of clinical research, however, the present study involved data collection and management by an independent clinical research organization to verify the likelihood of our interventions and outcomes. Although this was an observational study, the registration data at each
facility were regularly monitored, and incompatibilities were coordinated via feedback as well
as in a prospective manner. Second, the PMXHP execution rate varied among the participating
institutions and its average rate was 32.4% (standard error: 9.7%; range: 0–100%). Although
PMXHP itself was feasible at the participating hospitals, the policies regarding PMXHP therapy for SS ranged from completely negative to active affirmation. Despite reflecting actual clinical practice in Japan, there was obvious patient selection bias. In previous epidemiological
reports on sepsis [3,4], both mortality rates of intra-abdominal infection and pulmonary infection were high, but urinary tract infections (UTIs) were relatively lower. Although the SS was
caused by GNB, the course of treatment varied considerably. The actual mortality rate at 28
days after ICU admission was 35.9% (28/78) for pulmonary infection and 31.8% (50/157) for
intra-abdominal infection. On the other hand, mortality rate for UTI was 20.3% (27/133).
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Although the proportion of UTIs in the PMXHP group was smaller than that in the conventional group, there was no statistical difference, potentially offsetting the efficacy of PMXHP
therapy. There was no report on the difference in infection site regarding the effect of PMXHP
therapy, and it would not interfere with direct endotoxin removal in circulation in any part of
the intruding gate. However, the difference in infection site was related to the frequency of
complications [3,4]. Because the combination of ARDS and AKI was a typical prognostic factor, the infection site might have influenced the primary outcome indirectly. Second, the mortality rate used to calculate the sample size differed from the actual number. Consequently, the
number of samples in the PMXHP group was smaller than expected, leading to a reduction in
the preferred power. Since the elucidation of the pathophysiology of sepsis, the mortality rate
associated with sepsis has decreased [4], and a magic bullet in the form of a large difference in
mortality might be already out of reach. Accordingly, the hurdles that must be overcome to
prove the efficacy of a single adjuvant therapy have increased in size.
In conclusion, no difference in mortality was observed among patients with SS caused by
GNB, regardless of the implementation of endotoxin adsorption therapy within 24 hours from
ICU admission. Accordingly, reconfirmation of the efficacy and safety of PMX through a multicenter prospective study is essential.

Supporting information
S1 Dataset. This file contains final dataset for SPSS and available with author’s permission.
(SAV)

Acknowledgments
We thank our project manager, Keiko Fujie, and data manager, Satoru Ueno, at the Tsukuba
Clinical Research and Development Organization. We also thank Ms. Sato (medical office secretary) and all staff members at the Shock and Trauma Center, Nippon Medical School Chiba
Hokusoh Hospital.

Author Contributions
Conceptualization: NS KS.
Data curation: NS KS.
Formal analysis: NS YW.
Funding acquisition: NS.
Investigation: NS KS TO TK MN YY YT HA AT KH HK.
Methodology: NS KS.
Project administration: NS YW.
Resources: NS KS TO TK MN YY YT HA AT KH HK.
Software: NS YW.
Supervision: NS YW HM.
Validation: YW HM.
Visualization: NS KS.

PLOS ONE | https://doi.org/10.1371/journal.pone.0173633 March 30, 2017

11 / 13

Efficacy of polymyxin B-immobilized fiber hemoperfusion

Writing – original draft: NS.
Writing – review & editing: NS KS TO YW HM.

References
1.

Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United States from 1979
through 2000. The New England journal of medicine. 2003; 348(16):1546–54. Epub 2003/04/18. https://
doi.org/10.1056/NEJMoa022139 PMID: 12700374

2.

Dellinger RP, Carlet JM, Masur H, Gerlach H, Calandra T, Cohen J, et al. Surviving Sepsis Campaign
guidelines for management of severe sepsis and septic shock. Critical care medicine. 2004; 32(3):858–
73. Epub 2004/04/20. PMID: 15090974

3.

Levy MM, Artigas A, Phillips GS, Rhodes A, Beale R, Osborn T, et al. Outcomes of the Surviving Sepsis
Campaign in intensive care units in the USA and Europe: a prospective cohort study. The Lancet Infectious diseases. 2012; 12(12):919–24. Epub 2012/10/30. https://doi.org/10.1016/S1473-3099(12)
70239-6 PMID: 23103175

4.

Kaukonen KM, Bailey M, Suzuki S, Pilcher D, Bellomo R. Mortality related to severe sepsis and septic
shock among critically ill patients in Australia and New Zealand, 2000–2012. Jama. 2014; 311
(13):1308–16. Epub 2014/03/19. https://doi.org/10.1001/jama.2014.2637 PMID: 24638143

5.

Abe R, Oda S, Sadahiro T, Nakamura M, Hirayama Y, Tateishi Y, et al. Gram-negative bacteremia
induces greater magnitude of inflammatory response than Gram-positive bacteremia. Critical care (London, England). 2010; 14(2):R27. Epub 2010/03/06. PubMed Central PMCID: PMCPMC2887127.

6.

Klein DJ, Derzko A, Foster D, Seely AJ, Brunet F, Romaschin AD, et al. Daily variation in endotoxin levels is associated with increased organ failure in critically ill patients. Shock (Augusta, Ga). 2007; 28
(5):524–9. Epub 2007/06/26.

7.

Peleg AY, Hooper DC. Hospital-acquired infections due to gram-negative bacteria. The New England
journal of medicine. 2010; 362(19):1804–13. Epub 2010/05/14. PubMed Central PMCID:
PMCPMC3107499. https://doi.org/10.1056/NEJMra0904124 PMID: 20463340

8.

Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about danger. Journal of leukocyte biology. 2007; 81(1):1–5. Epub 2006/10/13.

9.

Marshall JC, Foster D, Vincent JL, Cook DJ, Cohen J, Dellinger RP, et al. Diagnostic and prognostic
implications of endotoxemia in critical illness: results of the MEDIC study. The Journal of infectious diseases. 2004; 190(3):527–34. Epub 2004/07/10. https://doi.org/10.1086/422254 PMID: 15243928

10.

Ziegler EJ, Fisher CJ Jr., Sprung CL, Straube RC, Sadoff JC, Foulke GE, et al. Treatment of gram-negative bacteremia and septic shock with HA-1A human monoclonal antibody against endotoxin. A randomized, double-blind, placebo-controlled trial. The HA-1A Sepsis Study Group. The New England
journal of medicine. 1991; 324(7):429–36. Epub 1991/02/24. https://doi.org/10.1056/
NEJM199102143240701 PMID: 1988827

11.

Manocha S, Feinstein D, Kumar A, Kumar A. Novel therapies for sepsis: antiendotoxin therapies. Expert
opinion on investigational drugs. 2002; 11(12):1795–812. Epub 2002/11/30. https://doi.org/10.1517/
13543784.11.12.1795 PMID: 12457439

12.

Shoji H. Extracorporeal endotoxin removal for the treatment of sepsis: endotoxin adsorption cartridge
(Toraymyxin). Therapeutic apheresis and dialysis: official peer-reviewed journal of the International
Society for Apheresis, the Japanese Society for Apheresis, the Japanese Society for Dialysis Therapy.
2003; 7(1):108–14. Epub 2003/08/19.

13.

Opal SM, Gluck T. Endotoxin as a drug target. Critical care medicine. 2003; 31(1 Suppl):S57–64. Epub
2003/01/25. https://doi.org/10.1097/01.CCM.0000042472.07935.9C PMID: 12544978

14.

Kellum JA. A targeted extracorporeal therapy for endotoxemia: the time has come. Critical care (London, England). 2007; 11(3):137. Epub 2007/06/15. PubMed Central PMCID: PMCPMC2206410.

15.

Cruz DN, Perazella MA, Bellomo R, de Cal M, Polanco N, Corradi V, et al. Effectiveness of polymyxin
B-immobilized fiber column in sepsis: a systematic review. Critical care (London, England). 2007; 11(2):
R47. Epub 2007/04/24. PubMed Central PMCID: PMCPMC2206475.

16.

Cruz DN, Antonelli M, Fumagalli R, Foltran F, Brienza N, Donati A, et al. Early use of polymyxin B hemoperfusion in abdominal septic shock: the EUPHAS randomized controlled trial. Jama. 2009; 301
(23):2445–52. Epub 2009/06/18. https://doi.org/10.1001/jama.2009.856 PMID: 19531784

17.

Payen DM, Guilhot J, Launey Y, Lukaszewicz AC, Kaaki M, Veber B, et al. Early use of polymyxin B
hemoperfusion in patients with septic shock due to peritonitis: a multicenter randomized control trial.
Intensive care medicine. 2015; 41(6):975–84. Epub 2015/04/12. PubMed Central PMCID:
PMCPMC4477725. https://doi.org/10.1007/s00134-015-3751-z PMID: 25862039

PLOS ONE | https://doi.org/10.1371/journal.pone.0173633 March 30, 2017

12 / 13

Efficacy of polymyxin B-immobilized fiber hemoperfusion

18.

Iwagami M, Yasunaga H, Doi K, Horiguchi H, Fushimi K, Matsubara T, et al. Postoperative polymyxin B
hemoperfusion and mortality in patients with abdominal septic shock: a propensity-matched analysis.
Critical care medicine. 2014; 42(5):1187–93. Epub 2013/12/25. https://doi.org/10.1097/CCM.
0000000000000150 PMID: 24365858

19.

Dellinger RP, Levy MM, Carlet JM, Bion J, Parker MM, Jaeschke R, et al. Surviving Sepsis Campaign:
international guidelines for management of severe sepsis and septic shock: 2008. Intensive care medicine. 2008; 34(1):17–60. Epub 2007/12/07. PubMed Central PMCID: PMCPMC2249616. https://doi.
org/10.1007/s00134-007-0934-2 PMID: 18058085

20.

Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of disease classification
system. Critical care medicine. 1985; 13(10):818–29. Epub 1985/10/01. PMID: 3928249

21.

Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H, et al. The SOFA (Sepsisrelated Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of the Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive
care medicine. 1996; 22(7):707–10. Epub 1996/07/01. PMID: 8844239

22.

Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E, et al. Acute respiratory
distress syndrome: the Berlin Definition. Jama. 2012; 307(23):2526–33. Epub 2012/07/17. https://doi.
org/10.1001/jama.2012.5669 PMID: 22797452

23.

Hoste EA, Clermont G, Kersten A, Venkataraman R, Angus DC, De Bacquer D, et al. RIFLE criteria for
acute kidney injury are associated with hospital mortality in critically ill patients: a cohort analysis. Critical care (London, England). 2006; 10(3):R73. Epub 2006/05/16. PubMed Central PMCID:
PMCPMC1550961.

24.

Gando S, Saitoh D, Ishikura H, Ueyama M, Otomo Y, Oda S, et al. A randomized, controlled, multicenter trial of the effects of antithrombin on disseminated intravascular coagulation in patients with sepsis.
Critical care (London, England). 2013; 17(6):R297. Epub 2013/12/18. PubMed Central PMCID:
PMCPMC4057033.

25.

Vincent JL, Laterre PF, Cohen J, Burchardi H, Bruining H, Lerma FA, et al. A pilot-controlled study of a
polymyxin B-immobilized hemoperfusion cartridge in patients with severe sepsis secondary to intraabdominal infection. Shock (Augusta, Ga). 2005; 23(5):400–5. Epub 2005/04/19.

26.

Romaschin AD, Klein DJ, Marshall JC. Bench-to-bedside review: Clinical experience with the endotoxin
activity assay. Critical care (London, England). 2012; 16(6):248. Epub 2012/12/05. PubMed Central
PMCID: PMCPMC3672550.

27.

Lepper PM, Held TK, Schneider EM, Bolke E, Gerlach H, Trautmann M. Clinical implications of antibiotic-induced endotoxin release in septic shock. Intensive care medicine. 2002; 28(7):824–33. Epub
2002/07/18. https://doi.org/10.1007/s00134-002-1330-6 PMID: 12122518

PLOS ONE | https://doi.org/10.1371/journal.pone.0173633 March 30, 2017

13 / 13

