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Abstract

Background: Sepsis and septic shock are still major
causes of morbidity and mortality in spite of the avail-
ability of powerful and broadly active antibiotics. Meth-
ods: A prospective, open and randomized trial of the
effect of immobilized polymyxin fibers (PMX-F} on the
survival of patients with sepsis throughout a follow-up
period of 28 days or until discharge, if earlier, was carried
out. Ninety-eight patients were included who met at least
4 of the criteria for systemic inflammatory response syn-
drome due to infection. The patients were classified into
three groups based on their Acute Physiology and
Chronic Health Evaluation (APACHE} il score. Resufts:
The overall survival rate was significantly improved hy
using PMX-F compared to the control group (41 vs. 11%)
{p = 0.002). In patients with an APACHE 1l score less than
20, treatment with PMX-F was shown to improve out-
come {65 vs. 19%) (p = 0.01). In cases of more severe
sepsis with an APACHE [l score of 20-29, PMX-F still
maintained efficacy in improving outcome {40 vs. 11%)
{p = 0.04}). However, PMX-F treatment did not improve
the sufvival rate in patients with an APACHE Il score of

‘greater than 30 (survival rate 7 vs. 0%) {p = 0.59). Conclu-

sion: From these resuits, it is concluded that treatment
with PMX-F in patients with sepsis is effective and pro-
longs the survival rate when applied at an early stage of
sepsis. Howevaer, in severe sepsis, this therapy does not
improve the survival rate.
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Introduction

Sepsis and septic shock remain important causes of
morbidity and mortality in spite of the availability of
high-efficacy antibiotics [1, 2]. This situation may be
related to several factors, such as improvement of life-
support technology, usage of invasive medical procedures
and so on. There have been many clinical trials using new
drugs to treat sepsis, including substances which neutral-
ize bacterial toxins and antagonize potentially harmful
host mediators [3-9]. Endotoxin induces an inflammato-
vy response that causes multiple organ failure and death
when it is present in excess amounts. Experimentai obser-
vations have supported the concept that endotoxin-
directed therapies can benefit patients with septic shock
[10-14]. However, no clinical trials using polycional core-
reactive antiserum or immunoglobulin to prevent or treat
gram-negative sepsis have thus far shown benefits.
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From these results, the anticytokine approach to sepsis
has been challenged as being without beneficial effects.
This is probably due to the fact that determining when a
cytokine-mediated inflammatory event is harmful or ben-
eficial is difficult clinically. Few clinical trials in humans
have been published, although many studies in animal
models of infection have described the efficacy of tumor
necrosis factor antagonists and IL-1 antagonists in the
treatment of sepsis [15-17].

In light of this situation, it is possible that the removal
of endotoxin could represent a valuable treatment strate-
gy for septic shock. Recently, polvmyxin fibers (PMX-F)
immobilized in a column have been devcloped [18-20].
Preliminary clinical trials revealed that of 16 patients
with septic muitiple organ failure treated with PMX-F, 9
were alive 2 weeks after the therapy and 7 were discharged
from the hospital alive [21]. This encouraging study
prompted us 10 apply PMX-F to patients with sepsis. In
the present study, patients with systemic inflammatory
response syndrome (SIRS) due to infection were classified
according to their Acute Physiology and Chronic Health
Evaluation (APACHE) II score [22] and randomly as-
signed to two groups. One group was treated with PMX-F
and the other was treated with conventional support ther-
apy for 4 weeks. :

Patients and Methods

Study Design

All patients received regular antibiotic therapy and other suppor-
tive treatment and were randomly assigned to a group with or with-
out PMX-F treatment. The primary end peint was mortality [rom all
causes on day 28 after the PMX-F procedure.

Selection of Patients

Patients with a clinical diagnosis of sepsis, severe sepsis and sep-
tic shock according 1o the eriteria of the American College of Chest
Physicians/Society of Critica! Care Medicine (ACCP/ACCM) Con-
sensus Conference were enrolled in the study [2]. The criteria for
inclusion in the study were the following findings within the previous
24 h: (1} at deast 3 of the following signs of a systemic inflammatory
response: hyperthermia or hypothermia (tcmperature >38°C or
<36°C), tachycardia (>90 beats/min), tachypnea {>20 breaths/min}
or PaCO; less than 32 mm Hg or patient mechanically ventilated,
and white blood cell count greater than or equal 10 12.0 x 10%titeror
less than 4.0 x 10%liter or 10% or more immature neutrophils, and
(2) hypotension despile adequate fluid resuscitation [systolic blood
pressure <90 mm Hg, mean arterial pressure <65 mm Hg, a sus-
tained decrease in systolic pressure of >40 mm Hg or the need for
vasopressors (except < 5.0 pg of dopamine/kg/min)), and these Symp-
toms were possibly as a result of infection. Patients who were less
than 18 years old. pregnant or organ transplant recipicnts and those
with hemorrhagic or cardiogenic shock were not enrolled. Patients
were not eligible if informed consent from the patient’s family was
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not granted, if they were cxperiencing acutc organ transplant rejec-
tion, if they had underlying diseases in addition to the scpsis syn-
drome so severe that the patient was not expected to survive 3
months after the procedurc or, finally, if they were in a chronic vege-
tative state.

Design of PMX-F

The PMX-F cartridge is 225 mm in Iength and 49 mm in diame-
ter. The priming volume is 135 ml. Polvmyxin B is immobilized
covalently on the surface of a polystyrene-derived fibrous carrier. As
the carrier, the [ibrous material is composed of polypropylcne-rein-
forced conjugated fibers. The knitted fabric of polymyxin fiber is
rolled up and embedded in the cartridge case as a structural compo-
nent of the absorbents. Polymyxin fiber effectively adsorbed synthet-
ic lipid A by the limulus amebocyte lysate assay.,

Direct Hemoperfitsion

Access 1o blood for direet hemoperfusion (DHP) with PMX-F
adsorbent therapy was achicved via a double-lumen catheter inserted
mto the femoral vein of each patient by Seldinger’s method. Imnic-
diately afler ascertaining that the patients met the criteria of SIRS
with infection, DHP with PMX-F was started. The time span
between diagnosis and initiation of PMX-F treatment was usually
less than 3 b. DHP was carried out for 4 h at a flow rate of 80-100
ml/min through a venovenous catheter similar to that used for acute
dialysis. The anticoagulant was nafamostat mesilate {Toni Co. Ltd.,
Tokyo, Japan) and the usual doses were between 30 and 50 mg/h.

DHP with PMX-F was performed once or twice, depending on
the patient’s condition.

Decisions concerning, antimicrobial drug therapy, supportive
carc and surgical intervention werc made by the patients’ allending
physictans and were not dictated by the study protocol.

Evaluation of the Patients

- Patients were followed for 28 days or uatil death, An APACHE 1I
score was calculated at entry into the study. Patients were stratified
according to the severity of illness at bascline as measured by the
overall score on the APACHE 11 evaluation [22]. In this study,
patients with sepsis, severe sepsis and scptic shock were all included.
The reason why we did not classify the patients according to the defi-
nition of sepsis proposed by the ACCP/SCCM Consensus Confer-
ence was that we included gram-negative-infectad patients who were
critically ill due to other disease processes. If the mean blood pressure
of patients remained less than §0 mm Hgand/or the dose of inotropic
agents was not decreased, DHP with PMX-F was repcated once after
the first treatment. A third treatment was not carried out in anyofthe
paticnts.

The primary source of infection, the cavsative pathogen and the
adequacy of antimicrobial therapy were determined in a blinded
fashion by a specialist in the microbiclogy section.

Gram-negative sepsis was considered to be present at study entry
when a culturce of blood or bedy fluid from a site of suspected infec-
tion obtained from 2 days before to 2 days afier the day of study entry
grew a gram-negative organism. In a smalf number of patients, no
infection site was found in spite of an aggressive search for bacterial
infection. However, in those patients, gram-negalive infection was
mostly suspecied on the basis of high fever and an increased number
of white blood cells with a leftward shift of the differential count.
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Table 1. Demographic characteristics of the patients with systemic
bacteremia and septic shock with multiple organ failure

Group 1 Group 2
PMX-F(+) PMX-F(-)
Patients 54 44
Age, years 61+2 63x3
Sex (M:F) 33:21 27107
Underlying disease
Recent surgery 20 17
Diabetes meltitus 10 9
Chronic renal disease 8 6
Chronie liver disease 4 5
Neoplasma 4 3
None 8 4

Table 2. Source of gram-negative bactercmia and septic shock

PMX-F(+) PMX-F(-)
{n = 54) (n = 44}
Respiratory tract
Urinary traci 4 X 2
Intraabdominal site 18 16
Other operation site 6 6
Unknown 8 4

Table 3. Gram-negative bacteria isolaled from bloed culture exami-
nation

Clinical and Laboratory Evaluation

Vital signs were recorded frequently during the first 72 h, then
every 8 h through to day 7. Mean blood pressure was recorded con-
tinnously from a catheter in the brachial artery using a modified
Oxferd Medilog device before, during and 12 h after PMX-F treat-
ment. Physical examinations and the results of laboratory tests (se-
rum albumin, alkaline phosphatase, total bilirubin, serum urea nitro-
gen, calcium, chloride, carbon dioxide, creatinine, glucose, potas-
sium, total protein, asparlate transaminase, sodium, uric acid, com-
plete bloed cell count including differential and platelet count, pro-
thrombin time, partial thromboplastin time, fibrin split produects,
urinalysis with microscopic examination and arterial blood gas) were
recorded at entry and on days 3, 7, 14 and 28. Serum cndotoxin was
assayed by Lhe Endospecy methed [21). The normal upper limit was
9.8 pg/ml [21]. .

Statistical Analysis

All data were expressed as mean + SD cxcept survival rate.
Demographic and baseline characteristics were analyzed using the
Wilcoxon test [23, 24] to assess the comparability of the groups with
respect tofactors possibly related to the outcome. Statistical compar-
isons within groups were conducted by the use of ANOVA for
reptated measures, followed by the Newman-Keuls test. Student’s
unpaired ¢ test was used for comparisons between groups. The effecls
of PMX-F on serum endotoxin werc compared by paired t test and
comparisons between the groups were carried out by unpaired t test.
Linear regression analysis was used to assess the relationship between
the change in APACHE II scores and the survival time. and a com-
parison between regression models was made using the F-ratio meth-
od [25].

To analyze the difference in mortality over the 28-day period
after therapy, Kaplan-Meier survival curves [26] were constructed
for the two study groups and compared by the Cochran-Mantel-
Haenszel test. A p valuc of less than 0.049 was considered signifi-
cant.

PMX-F(+) PMX-F(-) Results
(n = 54) (0 = 44) es
Escherichia coli - 16 14 Of all the patients enrolled, 54 received PMX-F and 44
Klebsiella pneumoniae 5 4 were treated without PMX-F. The treatment and non-
Pseudomonas aeruginosa 4 3 trcatment groups were well balanced with respect to
g”}’l"” OCOCCHS g g demographic characteristics and underlying diseases (ta-
Ehers ble 1), the distribution of anatomical sources of bacter-
None 20 16 . ? i
emia (table 2} and causative organisms (table 3). As
Table 4. Distribution of APACHE Il score, ~
its mean and survival rate after 28 days APACHEII PMX-F{+)(n = 54) PMX-F(-)(n=44)
seore n average of survival rate n average of survival rate
APACHEI  (day 28),% APACHET  (day 28),%
3COTES scores
<20 20 i4+3 65 i6 14+3 19
20-29 20 263 40 I8 24+3 11
=30 14 31+1 7 It 31+ 0
Total 54 2247 41 44 237 11
Bleod Purif 2001;19:361-369 363
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shown in table 4, the patients with gram-negative bacter-
emia were severely ill when they entered the study and
there were no significant differences in the APACHE II
scores between the groups.

Antibiotic therapy was judged to be adequate when the
patient received an antibiotic to which each isolated
organism was sensitive. This was the case in 65% of the
control patients and 69% of the patients treated with

Fig. 1. Correlation between APACHE 1 scores (x axis) and survival
time (y axis) in patients with (y = 39.571 = 1.099x; r? = 0.486) or
without (y = 21.567 — 0.582x; 12 = 0.224) PMX-F treatment. PMX-F
treatment improved the survival rate,
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Fig. 2. Kaplan-Meier analysis of survival in patients with scpsis receiving PMX-F treatment or supportive care only.
An intention-to-treat analysis of mortality from all causes at 28 days by the Cochran-Mantel-Haenszel test showed a
significant reduction in mortality in patients treated with PMX-F. a All patients with septic shock (n = 98). b Patients

C with mild sepsis (APACHE 11 scorc less than 20) (n = 36). ¢ Patients with moderate sepsis (APACHE 11 score between
20 and 29) (n = 38). d Paticnts with severe sepsis (APACHE 11 score greater than 30) (n = 24).
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Fig. 3. Changes in serum levels of cndotoxin before and after treat-
ment with PMX-F. PMX-F treatment significantly reduced endotox-
in levels in both less severely {** p < 0.01) and severcly ill patients
(* p=10.04).

PMX-F. The survival rate of all patients at 28 days was
11% for those without PMX-F and 41% for those with
PMX-F treatment.

Pretreatment APACHE II scores were highly corre-
lated with death among the patients given supportive
therapy only in all populations examined (fig. 1) (with
PMX-F, 1t =0.697, p< 0.0001; without PMX-F, r=0.473,
p < 0.001). In order to determine the effects on patient
survival of the severity of sepsis, the patients were divided
into three categories according to their APACHE 11
scores. PMX-F significantly improved the survival rate by
30% in the whole group of 98 patients. By 28 days after
the initiation of PMX-F, there had been 32 deaths among
the 54 patients treated with PMX-F (survival rate 41%)
and 39 deaths among the 44 not treated with PMX-F (sur-
vival rate 11%). The Kaplan-Meier survival curves show
that the reduction in mortality was evident as early as the
first day after treatment, was sustained throughout the
entire 28-day period of evaluation and was significant
(p = 0.002) {fig. 2a).

A significant reduction in mortality among moderately
severely ill and less severely ill patients who were treated
with PMX-F was found; however, in advanced severely ill
patients, PMX-F failed to reduce mortality compared to
nontreated patients. In less severely ill patients (APACHE
I score less than 20), treatment with PMX-F showed a
significant and maintained reduction in mortality from
the first day after the start of treatment and this remained
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Fig- 4. Changes in mean blood pressure before, during and after
treatment with PMX-F, PMX-F treatment produced a significant
elevation of mean blood pressure in less severely (** p < 0.01) and
severely ill patients (* p < 0.05) but not in paticnts with septic
shock.

so. By day 28, 13 of 20 patients had survived with PMX-F -
treatment (survival rate 65%). Without PMX-F, even in
less severely ill patients, only 3 of 16 patients survived to
day 28 (survival rate 19%} (fig. 2b) (p = 0.01). In moder-
ately severely ill patients (APACHE II score between 20
and 29), treatment with PMX-F resulted in a significant
improvement in mortality. Eight of 20 patients treated
with PMX-F survived, but only 2 of 18 patients survived
without PMX-F (fig. 2c} (p = 0.04). However, in severely
ill patients (APACHE 1 score more than 30), all patients
died after 12 days without PMX-F and only | of 14
patients survived to dav 28 even with PMX.F treatment.
There were no significant differences between these two
groups (fig. 2d) (p = 0.59).

PMX-F treatment produced a significant reduction in
serum levels of endotoxin from 38.6 £ 5.7t021.4 = 2.0
pg/ml in all patients (p = 0.006). In advanced severely ill
patients, PMX-F did not decrease serum levels of endo-
toxin significantly; however, in both less severely and
severely ill patients, they were reduced significantly by
PMX-F {reatment (p < 0.01 and p = 0.04, respectively)
(fig. 3).

PMX-F treatment increased the mean blood pressurc
from 81 + 6to 104 = 4 mm Hg in less severely ill patients
(p< 0.005) and from 78 £ 2 to 94 + 4 mm Hg in severely
ill patients {p < 0.001); however, it did not change the
mean blood pressure of advanced severely 11l patients (73
+ 3to 75 £ 4 mm Hg) (fig. 4).
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There were no serious adverse effects of PMX-F in the
course of the study. Detailed evaluation of laboratory val-
ues revealed no abnormality that was attributable to ther-

apy.

Discussion

The first aim of this study was to examine the efficacy
of treatment with immobilized PMX-F in patients with
sepsis. Although current definitions restrict the classifica-
tion of ‘severe sepsis’ to patients with documented infec-
tion, we applied PMX-F to randomly assigned patients
with clinically suspected severe sepsis.

All patients were classified according to their
APACHE II score. This study was carried out in one uni-
versity hospital, because hospital size, adjunctive therapy,
usage of an intensive care unit and other factors would be
expected to influence the rates of mortality if patients
with severe sepsis from different centers were investi-
gated.

The APACHE 11 scoring system has been used widely
to predict the outcome as well as to provide an estimate of
the likelihood of survival of severely ill patients [22]. In
the present study, regardiess of treatment with PMX-F,
the APACHE 1l scores correlated significantly with the
survival of the enrolied patients.

Hanasawa et al. [1 8] clearly demonstrated for the first
time in 1989 that PMX-F treatment succeeded in pro-
longing the survival time in dogs with Esherichia coli-
induccd sepsis. Moreover, 2 of 5 dogs showed complete
recovery from septic shock, while all dogs in the control
group died within [ 8 h. Subsequently, in 1994, Aoki et al.
[21] from the same group reported their results with treat-
ment using hemoperfusion with PMX-F in 16 patients.
Nine of these patients rcmained alive 2 weeks after receiv-
ing this therapy and 7 paticnts could be discharged from
the hospital alive. They showed that PMX-F treatment
was able to statistically significantly reduce the serum lev-
els of endotoxin from 76 + 95to 21 * 7 pg/ml. From
their studies, it is indicated that the removal of endotox-
ins using PMX-F is potentially effective for the trcatment
of patients with severe sepsis. In the present study, PMX-
F treatment significantly reduced the serum levels of
endotoxin in less severely as well as severely ill patients.

In these patients, PMX-F significantly improved the sur-

vival rate. Recently, Ebihara et al. [27] clearly demon-
strated that PMX-F significantly decreased blood endo-
toxin levels, associated with a remarkable improvement
in survival rate. Moreover, that group provided scientific
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evidence that treatment with PMX-F attenuates the in-
creased plasma levels of thrombomodulin and von Wilie-
brand factor in patients with septic shock [28]. Recently,
Kodama et al. [29] clearly demonstrated results similar to
our present data. From these data, combined with the
present findings, it can be seen that the major impact of
PMX-F on patients suffering from severe sepsis is likely
to be attributable to the elimination of endotoxin.

There have been several clinical trials investigating the
treatment of sepsis and showing no significant survival
benefits [3-9]. The comprehensive meta-analysis by Le-
fering and Neugebauer [30] concluded that patients with
septic shock derive no overall benefit from corticosteroid
therapy. As well as corticosteroid hormoncs, several phar-
macological interventions for the treatment of patients
with sepsis and/or septic shock, such as E5 (a murine
monoclonal IgM antibody raised against the ES mutant of
E. coli O111:B4) [8, 317 and p55 tumor necrosis factor
receptor fusion protein [4], have demoenstrated their lack
of clinical efficacy. In contrast to these substances pre-
viously applied for the treatment of sepsis, PMX-F is sup-
posed to directly absorb endotoxin in the blood [18, 32,
33j. It is therefore worthwhile examining the clinical
effects of PMX-F. In the present clinical trial, the mortali-
ty rates were similar to those of previous clinical trials,
ranging from 22 to 50% [1]. Comparable reductions in
mortality rate from 89 to 59% were observed with PMX-F
in the present trial. Treatment with PMX-F showed effi-
cacy in the patients with lower APACHE scores. A pro-
spective epidemiological study of SIRS and related condi-
tions provided evidence of a clinical progression from
SIRS to sepsis to severe sepsis and septic shock [34]. In
this clinical trial, the mortality of patients with septic
shock was not improved after treatment with PMX-F. It is
possible that in septic shock, a multitude of endogenous
inflammatory mediators activated in the progression of
sepsis produce downstream processes that can no longer
be inhibited by neutralizing endotoxin.

Aoki et al. [21] demonstrated that treatment with
PMX-F was still effective at a much later stage when
patients did not respond to other treatment methods, as
well as at an earlier time. The main reason why no signifi-
cant effects of PMX-F treatment were observed in pa-
tients with severe septic shock in the current clinical trial
remains unknown. In the review of PMX-F by Jaber and
Pereira [19], it was proposed that the early initiation of
PMX-I may halt the sepsis syndrome at an earlier stage,
and the reason that the mortality data remain similar to
historical septic patients may be partly a result of the
application of PMX-F too late in advanced stages of sep-
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sis. In addition to the severity of sepsis, the influences of
bacterial organisms on the beneficial effects of PMX-F
should be considered. However, according to the results
of a study by Rangel-Frausto et al. [34], there were equal
numbers of paticnts who appeared to have sepsis, severe
sepsis and septic shock but who nonetheless had negative
cultures. In the present study, the patients with an
APACHE score greater than 30 consisted of both culture-
positive and culture-negative individuals. It is therefore
unlikely that the outcome of PMX-F-treatment is in-
fluenced by a positive culture. Moreover, in their prelimi-
nary study, the patients enrolled were not classified ac-
cording to their APACHE score, and therefore the possi-
bility that the severity of illness of the subjects was differ-
ent cannot be excluded [34].

The effect of some cytokines, such as tumor necrosis
factor, is reported to be potentially enhanced in the pres-
ence of a small amount of endotoxin. Also, the toxicity of
toxic shock syndrome toxin-1 has been shown to be
increased 50,000-fold when endotoxin is present [33].
These findings indicate that the removal of a small
amount of endotoxin by treatment with PMX-F may be
effective. Indeed, in the present study as well as the pre-
vious reported resulis, removal of endotoxin was an
important factor in the improvement of sepsis syndrome.
In the present study, because we did not measure the
serum levels of cytokines such as tumor necrosis factor,
interleukin-6, interleukin-1 and so on, it cannot be ex-
cluded that the elimination of these factors (which have
been suggested to be effective during continuous hemofil-
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The mortality rate due to sepsis and multiple organ
failure in intensive care units is still dramatically high. In
spite of the most recent therapeutic advances in critically
ill patients suffering from multiple organ dysfunction, the
outcome of the septic syndrome is still unfavourable and
the impact of new technologies seems to be rather negligi-
ble. Very recently, an interesting series of papers has
pointed out the potential benefits induced by continuous
renal replacement therapies, not only as a method for
blood purification, but also as a potential tool to protect
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tfrom the ‘cytokine storm’ induced by the septic syn-
drome. In particular, the rationale for extracorporeal ther-
apies in these circumstances would be the possible reduc-
tion or at least modulation of the proinflammatory disor-
der created by the presence of endotoxin and soluble
mediators of inflammation in the patient’s blood. As
mentioned, the proinflammatory cascade generally starts
with the bacterial invasion of the host. Then, the exdotox-
m-mediated stimulation of monocytes generates a spill-
over of promflammatory mediators into the circulation,

Nemoto/Nakamoto/Okada/Sugahara/
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thus producing systemic effects such as permeabilization
of the endothelium and shack. Under such circumstances,
the addition to the extracorporeal circuit of new compo-
nents able to remove circulating endotoxin and proin-
flammatory mediators could represent an enormous ad-
vantage with the possibility of affecting the entire course
of the syndrome. In this field, this paper seems to offer
hope of a new approach to the treatment of the septic syn-
drome. The difference in outcome observed in the poly-
myxin B-treated group in comparison to the controls is
remarkable. The time of application of this adjunctive
therapy seems to be crucial in preventing the major
derangement caused by endotoxemia. If these results were
to be confirmed on a larger scale, this might really repre-
sent an important stcp towards the improvement of mor-
bidity and mortality in critically ill patients at risk for sep-

Sepsis and Polymyxin Fibers Immobilized
in a Column

tic shock and multiple organ failure. The effects of this
therapy on patients aiready suffering from septic symp-
toms or shock still need to be evaluated. However, since
sepsis 1s not a single-shot pathologic condition and multi-
ple insults may occur over the course of the syndrome, the
efficacy of polymyxin B-coated cartridges may become
evident also in more advanced stages of the syndrome.
Finally, continuous renal replacement therapies associat-
ed with this adsorbent technique may be very efficient
and produce incredible results, but if the original cause of
the syndrome is not removed, the patient will remain ina
state of high risk and mortality may not be influcnced.
Continuous renal replaccment therapies can be a very
important lifc support resource, but they cannot be a
remedy for bad surgery or organic diseases.
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