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Objective: Several studies have reported a survival benefit for
polymyxin B hemoperfusion treatment in patients with severe sep-
sis and septic shock. However, recently, a propensity-matched
analysis and a randomized controlled trial reported no survival
benefit for polymyxin B hemoperfusion treatment. We performed
an up-to-date meta-analysis to determine the effect of polymyxin
B hemoperfusion treatment on mortality in patients with severe
sepsis and septic shock.

Data Sources: PubMed, Embase, and Cochrane Library were
searched from inception to May 2016.

Study Selection: Studies investigating the effect of polymyxin
B hemoperfusion on mortality were considered eligible. We
searched for terms related to severe sepsis and septic shock and
terms related to polymyxin B hemoperfusion.

Data Extraction: The following data were extracted from the origi-
nal articles: the name of the first author and publication year, sub-
jects and setting, inclusion and exclusion criteria, mean age and
size of the study population, male percentage, mortality, blood

pressure, Sequential Organ Failure Assessment score, pulmonary
oxygenation, and levels of endotoxin and humoral cytokines.

Data Synthesis: A total of 17 trials were included. The pooled risk
ratio for overall mortality was 0.81 (95% ClI, 0.70-0.95), favoring
polymyxin B hemoperfusion (p = 0.007). Disease severity sub-
group meta-analysis revealed a significant reduction of mortality
in the intermediate- and high-risk groups (risk ratio, 0.84; 95% ClI,
0.77-0.92 and risk ratio, 0.64; 95% CI, 0.562-0.78, respectively),
but not in the low-risk group (risk ratio, 1.278; 95% ClI, 0.888-
1.839). The nonlinear meta-regression with restricted cubic spline
showed an almost linear inverse association between the baseline
mortality rate and reduction in the risk of mortality.

Conclusion: The present study demonstrated that polymyxin B
hemoperfusion treatment may reduce mortality in patients with
severe sepsis and septic shock in specific disease severity sub-
groups. (Crit Care Med ; 45:¢858-¢864)
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ince the first definition of sepsis and septic shock was

established (1), mortality and morbidity have remained

high in patients with severe sepsis and septic shock
despite decades of medical advances. Lipopolysaccharide,
a bacterial endotoxin, is thought to play a key role in the
pathogenesis of sepsis (2). Danner et al (3) found that mul-
tiple organ failure and left ventricular depression occurred
more frequently in endotoxemic septic shock patients than in
endotoxin-undetectable septic shock patients, and that endo-
toxemia was associated with high mortality. Polymyxin B is
a cyclic cationic polypeptide antibiotic derived from Bacillus
polymyxa; it exhibits antimicrobial activity against Gram-neg-
ative bacteria and can bind and neutralize endotoxin (4). An
endotoxin removal cartridge has been developed using poly-
myxin B as an immobilized adsorbent for polymyxin B hemo-
perfusion (PMX-HP) (5).
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After the introduction of PMX-HP, several studies have
determined its clinical efficacy for patients with severe sep-
sis and septic shock (6-8). Nemoto et al (6) reported that
PMX-HP treatment significantly improved the overall sur-
vival compared with that of the control group (41% vs 11%;
p = 0.002). The Early use of polymyxin B hemoperfusion in
abdominal septic shock (EUPHAS) trial also showed reduced
mortality and improved hemodynamics and pulmonary oxy-
genation (7). A meta-analysis published in 2011 confirmed
these beneficial effects (8). However, two recent studies have
shown controversial results. The first study by Iwagami et al
(9) did not show any survival benefit for PMX-HP treatment
in patients with abdominal septic shock. The second study, a
randomized controlled trial (RCT), showed a nonsignificant
increase in mortality after PMX-HP treatment in patients with
peritonitis-induced septic shock (10).

The discrepancy in the results of studies may be attributed
to the severity of severe sepsis and septic shock. In the present
study, we hypothesized that PMX-HP treatment improves clini-
cal outcomes only in the target population of patients with high
disease severity. We performed a systematic review and meta-
analysis and a disease severity subgroup meta-analysis and a
meta-regression analysis of the effects of PMX-HP treatment
on mortality in patients with severe sepsis and septic shock.

METHODS

Search Strategy and Study Selection

We searched for the following terms in the databases of
PubMed, Embase, and Cochrane Library from inception to
May 2016: “PMX” or “polymyxin B hemoperfusion” and “sep-
tic shock.” We did not apply any language restriction when
searching for these terms. For study selection, we initially
screened the titles and abstracts. We included studies that met
the following criteria: 1) adult patients with septic shock; 2)
RCT, propensity-matched cohort study (prospective or retro-
spective), or historically controlled study; 3) patients received
at least one course of PMX-HP treatment; and 4) studies
reporting the outcomes of the investigation of the prognos-
tic and hemodynamic variables of PMX-HP treatment in
patients with sepsis. The exclusion criteria were as follows: 1)
inadequate study type or modality; 2) animal studies; 3) tri-
als involving neonates or pediatric patients; and 4) data on
mortality could not be obtained. Two reviewers (T.C., C-T.L.)
independently performed screening, and disagreements were
resolved by consensus. If an agreement could not be reached,
the opinion of a third reviewer (Y-C.Y.) was considered at the
conclusion of the screening process.

Data Extraction and Quality Assessment

We extracted data into one file modified from the data extrac-
tion template of the Cochrane Consumers and Communica-
tion Review Group. The following data were extracted from
original articles: name of the first author and publication year,
subjects and setting, grouping strategy, enrollment period,
mean age of the study population, sample size, male percentage,
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clinical results before and after intervention (including mor-
tality and blood pressure, either as systolic blood pressure
or mean arterial pressure [MAP]), Sequential Organ Failure
Assessment (SOFA) score, pulmonary oxygenation (Pao,/Fio,
ratio), and blood levels of endotoxin and cytokines. Any con-
comitant intervention was also extracted and recorded.

For RCTs, the quality of eligible trials was assessed using
the tool of risk of bias summary according to Review Manager
software, version 5.3 (Review Manager; The Nordic Cochrane
Centre, Copenhagen, Denmark). For non-RCTs, the risk of
bias was assessed using the assessment tool of Risk Of Bias in
Non-randomized Studies of Interventions (11) and was fur-
ther graphically summarized using Review Manager software,
version 5.3 (The Nordic Cochrane Centre). Publication bias
was assessed by visual inspection of a funnel plot and by using
Egger test. Two investigators independently performed extrac-
tion and risk of bias assessment.

Data Synthesis and Analysis

Study characteristics, the timing of mortality assessment of
each study, and the reported mortality of the PMX-HP and
conventional treatment groups were summarized. In addition,
pre/posttreatment change in MAP, Pao,/Fio, ratio, SOFA score,
and levels of endotoxin and humoral cytokines of PMX-HP
and conventional treatment groups were summarized. The
outcomes were analyzed using the DerSimonian-Laird ran-
dom effect models, concerning potential high heterogeneity
among studies. Risk ratios (RRs) for overall mortality, with a
95% CI, for the PMX-HP and conventional treatment groups
were calculated and presented as summary statistics.

Disease severity subgroup random effect meta-analysis was
performed to assess the effects of PMX-HP treatment on mor-
tality in patients with different disease severities. The included
studies were stratified into three groups based on the mortal-
ity rates of the conventional treatment group: low-risk group
(mortality rate < 0.3), intermediate-risk group (0.3-0.6), and
high-risk group (> 0.6). RRs with a 95% CI for the mortal-
ity-stratified analysis between the PMX-HP and conventional
treatment groups were calculated and presented as summary
statistics. Furthermore, studies reporting 28- or 30-day mor-
tality rates were selected specifically for disease severity sub-
group meta-analysis. RCTs and non-RCTs were separated and
compared by subgroup meta-analysis using random effects
analysis. In addition, inverse variance method was also used to
determine if there is heterogeneity between the two subgroups.
The RCTs and non-RCTs were specifically divided into two
individual disease severity subgroup meta-analyses.

Both linear and restricted cubic splines nonlinear meta-
regression analyses were performed to test the relationship
between the baseline mortality rate in the conventional treat-
ment group on the mortality ratio between PMX-HP group
and conventional treatment group. Statistical heterogeneity
was assessed using Cochran’s Q through the chi-square test and
was quantified using the I* test. Publication bias was assessed
by examining asymmetry of the funnel plot. Statistical analy-
sis was performed using STATA/SE 13 (Stata Corp LP, College
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Station, TX). The results were considered statistically signifi-
cant when the two-sided p value was less than 0.05.

RESULTS

Search Results and Trial Characteristics

A total of 554 publications were identified using our search
strategy, and only 17 papers were included for systematic
review and meta-analysis. Figure 1 shows the study selec-
tion flowchart. Table 1 summarizes the characteristics of the
included individual studies (6,

all groups. Supplementary Figure 3 (Supplemental Digital Con-
tent 4, http://links.lww.com/CCM/C509; legend, Supplemental
Digital Content 8, http://links.Ilww.com/CCM/C513) presents the
disease severity subgroup meta-analysis of 28- or 30-day mortal-
ity. Supplementary Figure 4 (Supplemental Digital Content 5,
http://links.Iww.com/CCM/C510; legend, Supplemental Digital
Content 8, http://links.lww.com/CCM/C513) presents the sepa-
rate subgroup meta-analysis of RCTs and non-RCTs, and the RR
was 0.73 (95% CI, 0.47-1.15; p = 0.172) in the RCTs and 0.85
(95% CI, 0.73-0.98; p = 0.03) in the non-RCTs. The separate

7,9, 10, 12-24). Figure 2 shows

the quality assessment of eli-
gible RCTs and non-RCTs,
respectively.  Supplementary
Figure 1 (Supplemental Digi-

Records identified through database searches (n =554 )
Embase: 339
PubMed: 194

tal Content 1, http://links.
lww.com/CCM/C506; legend,
Supplemental Digital Content
8, http://links.lww.com/CCM/
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plot. According to Egger test,
publication bias was consid-
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trates the meta-analysis of the
17 included studies. The pooled
RR of overall mortality was 0.81
(95% CI, 0.70-0.95; p = 0.007)

in quantitative synthesis

Studies included

(meta-analysis)
(n=17)

for PMX-HP treatment. Fig-
ure 3 demonstrates the disease
severity subgroup meta-analysis
of overall mortality. Significant
risk reductions were observed
in both intermediate- and high-

Eligibility

0.77-0.92 and RR, 0.64; 95% CI,

risk groups (RR, 0.84; 95% CI, [
0.52-0.78, respectively), but not

in the low-risk group (RR, 1.28;
95% CI, 0.89—1.84). Tests of het-

erogeneity were insignificant in
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Figure 1. Flowchart of study selection. RCT = randomized controlled trial.
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TABLE 1. Characteristics of Study Design, Patient Population, Timing of Intervention and
Outcome Assessment, Baseline Mortality, and Risk Ratio of Included Studies

Reference

Study Design

Specific Patient
Population

Timing of
First PMX-HP
Initiation

Timing of
Mortality
Assessment

Mortality of
Conventional
Treatment
Group

Risk
Ratio

Severe sepsis

Tani Prospective cohort NA 2wk after  0.64 0.72 <0.05
et al (20) study PMX-HP
termination
Nakamura Prospective cohort Hemodialysis patients  On day 6 of NA 0.7 0.48 Significant
etal (21) study septic shock
Javeri Retrospective NA ICU mortality  0.33 0.75 NA
etal (14) case controlled
study
Maynar Prospective Sepsis due to NA 28-d mortality 0.43 0.50 NS
etal (12) cohort study intestinal
with a historical perforation
control
Severe sepsis or septic shock
Nemoto RCT Within 3hr after 28-d mortality 0.89 0.67 0.002
et al (6) diagnosis of
sepsis
Vincent RCT Surgical patients with ~ Within 24 hr 28-d mortality 0.28 1.06 0.749
et al (22) Gram-negative after
infection diagnosis of
septic shock
Cruz RCT Intra-abdominal Within 24 hr 28-d mortality 0.53 0.61 0.012
etal (7) infection requiring after surgery
emergent surgery
Sawa Retrospective Vasopressin NA 90-d mortality 0.17 2.80 0.008
etal (15) matched cohort was routinely
study administered in
control group
Takahashi Prospective Postesophagectomy ~ Within 6hr after 30-d mortality 0.25 0.22 0.47
etal (16) cohort study (all patients were diagnosis
with a historical male)
control
Nakamura Retrospective NA Hospital 0.43 0.76 0.01
etal (18) matched cohort mortality
study
Septic shock
Suzuki RCT Septic shock with Within 24 hr 28-d mortality 0.75 0.33 <0.01
etal (13) acute renal failure after
diagnosis of
septic shock
Nakamura Prospective cohort  Transferred from NA 28-d mortality 0.58 0.49 <0.01
et al (23) study other clinics or
hospitals
lwagami Retrospective Laparotomy for Within 24 hr 28-d mortality 0.16 1.056 0.696
etal (9) matched cohort perforation of lower after surgery
study gastrointestinal
tract
Payen RCT Underwent Within 12 hr 28-d mortality 0.19 1.42 0.14
etal (10) emergency surgery after surgery
(Continued)
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TABLE 1. (Continued). Characteristics of Study Design, Patient Population, Timing of
Intervention and Outcome Assessment, Baseline Mortality, and Risk Ratio of Included Studies

Mortality of
Timing of Timing of Conventional
Specific Patient First PMX-HP Mortality Treatment
Reference Study Design Population Initiation Assessment Group
Saito Retrospective Gram-negative bacilli NA 28-d mortality 0.33 1.04 0.87
etal (17) cohort study infection
Srinivasan Retrospective Post liver transplant On day 0-12 In-hospital 0.72 0.70 0.005
etal (19) cohort study after surgery mortality
lwagami Retrospective Septic patients NA 28-d mortality 0.47 0.86 0.003
et al (24) matched cohort treated by
study continuous renall

replacement
therapy

NA = not available, NS = not significant, PMX-HP = polymyxin B hemoperfusion, RCT = randomized controlled trial.
aAfter adjusting for Sequential Organ Failure Assessment score.

there is a trend of greater risk
reduction in the higher risk
group (RR, 0.509; 95% CI,
0.25-1.05; p = 0.067). Lin-
ear meta-regression analysis
revealed an inverse relation-
ship between the baseline
mortality rate in the con-
ventional treatment group
and reduction in the risk of
mortality (RR, 0.67; 95%
CIL, 0.55-0.82; p = 0.001).
The results of separate linear
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. . Bias in selection of the reported result

. . . . . . Bias in classification of interventions
. . . . . . Bias due to deviations from intended intervention

. Random sequence generation (selection bias)

. Allocation concealment (selection bias)

. Blinding of participants and personnel (performance bias)
. Blinding of outcome assessment (detection bias)
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DISCUSSION

This systematic review dem-

Figure 2. Quality assessment of eligible trials. A, Randomized controlled trials. B, Nonrandomized controlled trials.

disease severity subgroup meta-analysis of overall mortality for
the RCTs and non-RCTs are depicted in Supplementary Figure
5 (Supplemental Digital Content 6, http://links.lww.com/CCM/
C511; legend, Supplemental Digital Content 8, http://links.lww.
com/CCM/C513) and Supplementary Figure 6 (Supplemental
Digital Content 7, http://links.Iww.com/CCM/C512; legend, Sup-
plemental Digital Content 8, http:/links.lww.com/CCM/C513),
respectively. In disease severity subgroup meta-analysis for RCTs,
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onstrates that PMX-HP treatment may reduce mortality in
patients with severe sepsis and septic shock. In disease severity
subgroup meta-analysis, a significant risk reduction of over-
all mortality was observed in the intermediate- and high-risk
groups, but not in the low-risk group. Meta-regression analysis
revealed an almost linear inverse association between the base-
line mortality rate in the conventional treatment group and
reduction in the risk of mortality.
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Nakamura(2000)
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comes. Third, we used meta-
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the inverse association between
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0.72 (0.47, 1.11) 6.82 - . .
0.48 (0.21. 1.08) 2.74 .reductlon in the risk of mprtal
0.67 (0.52, 0.85) 11.23 ity. One notably concern is that
0.33 (0.16, 0.69) 3.32 the older studies demonstrated
0.70 (0.43, 1.11) 6.20
0.64 (0.52, 0.76) 30,30 more favorable outcomes after

PMX-HP treatment compared
with recent studies. Because of
early diagnosis and resuscita-
tion of severe sepsis and septic
shock in current critical care,

0.49 (0.19,1.27) 2.12
0.61 (0.34, 1.09) 4.58
0.75 (0.34, 1.67) 2.86
0.50 (0.13, 1.87) 1.19
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0.76 (0.62, 0.93) 12.51 .
1.04 (0.7, 1.39) 9.86 the mortality rat.e has .rnarkedly
0.86 (0.78, 0.95) 14.99 decreased overtime in recent
0.84 (0.77,0.92) 48.11 studies. However, it may indi-
cate that the mean mortality is
1.06 (0.37, 3.02) 1.81 lower, and there still remains a
2.80 (1.15, 6.80) 2.41 population of septic patients
1.05(0.82,1.36) 10.96 with higher disease severity
0.22 (0.01, 4.02) 0.26
1.42 (0.89, 2.29) 6.14 currently. We must ensure that
1.28 (0.89, 1.84) 21.58 these patients benefit from the
PMX-HP treatment.
0.81(0.70, 0.95) 100.00 ..
In addition to the sever-
T ity of severe sepsis and septic
10 shock, several other factors

may contribute to the discrep-

Figure 3. Risk ratios (RRs) of mortality by disease severity subgroup meta-analysis. PMX-HP = polymyxin B

hemoperfusion.

3007, o Observed RR
Predicted RR

— — — Cl of predicted RR

2.004

1.504

1.00
0.80

Risk Ratio

0.504

0.304

2 3 4 5 6 7 8 9 1
Baseline Mortality Rate

Figure 4. Meta-regression of the effect of the baseline mortality rate of
the control group on risk ratio (RR) of mortality after polymyxin B hemo-
perfusion (PMX-HP) treatment. Cl = confidence limits.

There are three major differences between this study and the
study by Mitaka and Tomita (8). First, we used disease severity
subgroup meta-analysis to demonstrate that PMX-HP treatment
reduces morality in the intermediate- and high-risk groups, but
not in the low-risk group. Second, we referred to more recent

Critical Care Medicine

ancy in the effects of PMX-HP
treatment on mortality among
studies. First, time to initiation
of PMX-HP treatment is cru-
cial. Takeyama et al (25) reported that patients who received
PMX-HP treatment within 6 hours after being diagnosed with
septic shock had a significantly shorter duration of ventilatory
support and a lower catecholamine requirement. Second, acute
kidney injury has been reported to amplify the sepsis cascade
induced by endotoxin (26-28). Iwagami et al (9) failed to dem-
onstrate any survival benefit of PMX-HP treatment in their ret-
rospective propensity-matched analysis. More recently, however,
they reported a significant survival benefit of PMX-HP treat-
ment for septic shock patients complicated with acute kidney
injury using the same database (24). This finding is consis-
tent with our meta-analysis, which indicates that selecting the
appropriate target population is crucial for PMX-HP treatment.
Furthermore, we identified one study in our systematic review
that reported a higher mortality rate in their PMX-HP—treated
group (15). Thus, we suggest that the complications of PMX-HP
treatment, including hemodynamic instability, coagulation, and
technical problems, should be carefully monitored (10).

A major limitation of our systematic reviews is that we
included RCTs and non-RCTs for meta-analysis. The included
non-RCTs in the present review may be at risk of bias because
of confounding factors. However, the number of double-
blinded, large-scale RCTs of PMX-HP treatment for severe
sepsis and septic shock is limited.
e863
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The present review has several other limitations. First, the
timing of the initiation of PMX-HP treatment differed among
the included studies. Second, our study focused on short-term
outcomes. Third, although our study suggests that patients
with high disease severity may benefit more from PMX-HP
treatment, most studies might exclude patients with extremely
high disease severity with a mortality rate of greater than 90%.

CONCLUSION

This study revealed that PMX-HP treatment may reduce mortal-
ity in patients with severe sepsis and septic shock. Furthermore,
the disease severity subgroup meta-analysis indicated a survival
benefit related to PMX-HP treatment in the intermediate- and
high-risk groups, but not in the low-risk group. We believe that
selecting appropriate patients for PMX-HP treatment is crucial
to improve patient survival. Additional RCTs targeting selected
patients with high disease severity may be warranted to define
the clinical role of PMX-HP in current critical care.
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