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Abstract: Because of its low sensilivity, the conventional
measurement method for endotoxin (ET) is not the most
appropriate for monitoring the effect of ET adsorption
therapy. Thus, the efficacy of ET adsorption therapy was
investigated using a newly developed high-sensitivity ET
assay method. The changes in the cytokine production
capacity of whole blood were also examined. We treated
24 peritonitis patients who had developed postoperative
septic shock with ET adsorption therapy using a column of
polymyxin B-inmobilized fibers (PMX) and their serum
ET levels were measured using the high-sensttivity ET
assay based on the kinetic turbidinietric Limulus assay. In
addition, the changes in the tumor necrosis factor-( TNF-w)
production capacity of whole blood following lipopolysac-
charide (LPS) stimulation and clinical outcome in the study
patients were also examined. The 28-day mortality rate was
12%. PMX-dircct hemoperfusion (PMX-DHP) was associ-

aled with elevation of the mean arterial pressure and urine
output, reduction in the mean dose requircment of vaso-
pressor agents, and recovery from the shock state in all the
patients. The PaO-/FIO, ratio also showed significant
improvement. Using the high-sensitivity ET assay, ET was
detected in the blood of 20 out of the 24 patients (80%)
before the PMX-DHP, and a significant reduction in the
ET level was noted alter the PMX-DHP, The TNF-o pro-
duction capacity of whole blood, which was found to be
lower in the septic shock patients than in healthy subjects,
was significantly increased after PMX-DHP, Elimination of
ET by PMX-DHP in scptic shock patients was confirmed
by the high-sensitivity ET assay. PMX-DHP is thus consid-
ered to be a useful adjuvant therapeutic technique in the
treatment of septic shock. Also, PMX-DHP might alleviate
the immunosuppression associated with severe sepsis.
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Despite advances in critical care medicine. the
mortality associated with severe sepsis worldwide is
still reported to be in the range of 30-50%. In the

JSA. of the 750 000 cases of sepsis teported annu-
ally, 225 000 prove fatal (1-4). Various treatments for
sepsis are constantly being investigated and devel-
oped, however, the mortality associated with this
condition continues to remain high. Endotoxin (ET}-
induced responses of the body have been implicated
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as plaving a major role in the development of multi-
ple organ failure as a complication of sepsis. ET
induces excessive generation of cytokines via activa-
ton of macrophages, and these mediators, in turn,
are considered to activate neutrophils and cause tis-
sue damage. It has been suggested that elimination
from the body of ET and of the inflammatory cytok-
ines present g excess might inhibit the progression
to multiple organ failure in cases of sepsis {5-9).
ET adsorption therapy was developed as one of
the techniques to counter the effects of severe sepsis;
it consists of blood purification using a blood purifi-
cation column filled with a fibrous material on to
which polymyxin B (PLB) is immobilized {10). While
the potential clinical usefulness of this column has
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been supgested, the mechanisms underlying the
effectiveness of ET adsorption therapy stil remain
to be established, particularly because the existing
measurement method for ET has a low sensitivity
and also a low specificity.

We developed a high-sensitivity method for ET
measurement based on the kinetic turbidimetric
Limulus assay, and investigated the effectiveness of
ET adsorption therapy (11). The effectiveness of ET
adsorption therapy against another aspect of severe
sepsis. Immunosuppression, was also investigated in
the present study. The possibility of elimination of
ET-inducing changes in the immune responses was
assessed by evaluation of the changes ot the tumor
necrosis tactor-a (TNF-o) production capacity of
whole blood.

MATERIALS AND METHODS

The protocol of this prospective cohort study was
approved by the Ethics Committee of Iwate Medical
University School of Medicine (H15-35).

Patients

The present prospective study was carried out on
sereal patients with peritonitis who developed septic
shock despite appropriate emergency surgical treat-
ment by excision and drainage of the infective foci.
The exclusion criteria were: (i) pregnancy; (ii) perio-
perative administration of steroids: (ii) history of
chemotherapy or irradiation; (iv) serum total
bilirubin > 10.0 mg/dL; and (v} hepaplastine test
result <40%. The patients were enrolled in this study
within | h of the development of septic shock, Writ-
ten informed consent was obtained from either the
patients themselves or their immediate family mem-
bers prior to the start of the study.

The scoring systems used for determining the
severity of sepsis were the SOFA scoring system and
the APACHE 11 scoring system. Septic shock was
defined in accordance with the definition established
at the ACCP/SCCM Consensus Conference; i.e. low
blood pressure despite appropriate fluid therapy
(systolic pressure under 90 mm Hg or blood pressure
at feast 40 mmHg lower than the usual systolic pres-
sure of the patient) in the presence of sepsis.

Methods

The blood access route was venous-venous blood
of the femoral vein or the subclavian vein. The ET
adsorption column used was PMX-20R (Toray
Industries, Tokyo, Japan), and the biood flow volume
was 80120 mL/min. PMX-direct hemoper{usion
(PMX-DHP) carried out for 120 min was considered
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as one session of therapy. Therapy was discontinued
when adverse events appeared or it was judged that
PMX-DHP wouid be difficult to continue. When a
patient failed 10 recover from the shock state after
one course of therapy, another course was repeated
after 24 h,

Blood sampling
Blood samples were collected before the start of
PMX-DHP and immediately after PMX-DHP.

Endotoxin measurewent

Heparinized whole blood samples were centri-
fuged at 3000 r.p.m. for [0 min, and the separated
plasma was used for the assay. The high-sensitivity
assay was carried out by kinetic turbidimetric Limu-
lus assay using a MT-251 Toxinometer (Wako, Osaka,
Japan). which theoretically can measure up to
0.01 pg/mL. in a previous study. the median ET level
in sepsis patients measured by this assay method was
2.29 pg/mL. When the cut-off ET level for the diag-
nosis of sepsis was set at 1.1 pg/imlL, the sensitivity
and specificity of the detection were 81.3% and
80.1%, respectively (Figs 1,2). Changes in the ET
level following PMX-DHP were also evaluated by
the present high-sensitivity measurement method.

Tumor necrosis {aclor-o production capacity

Whole blood samples were mixed with 1ug of
lipopolysaccharide (1.PS) per mL. of blood to induce
cytokine production and the mixture was incubated
at 37°C in 5% C'O, for 24 h. The separated plasma
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FiG. 1. High-sensitivity measarement of blood endotoxin (ET1) levels
in various diseases. Cited from Rel (14),
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FIG. 2. Receiver-operator curves (ROC) from the high-sensitivity
endotoxin (ET) measurement assay for the diagnosis of sepsis.
Cited from Ret (14).

specimens were stored at —80°C until the analysis.
The TNF-o level in the supernatant was measured
by cnzyme-hinked immunosorbent assay. Similarly,
whole blood samples collected from [0 healthy sub-
jects were also assayed as controls.

Clinical outcome

The clinical outcome was evaluated from the mean
arterial pressure, urine output, mean dose require-
ment of vasopressor agents (DOB or DOA), and the
PaOyFIO, ratio as an indicator of the pulmonary-
oxygenating capacity.

Statistical analysis

Stat View 5.0 (SAS lnstitute Inc.. Cary, NC, USA)
software for exclusive use with a Macintosh com-
puter {Apple Computer Inc.. USA) was used for
the statistical analyzes. Values were expressed as
mean = SD. The diiferences were analyzed by
Wilcoxen’s test, and ditferences at £ <0.05 were
considered to be significant.

RESULTS
Background factors

Table | shows the background characteristics of
the patients. There were 24 patients in all (15 male,

most frequently encountered cause of the sepsis was
colonic pertoration. Bacterial culture of the ascitic
fluid collected during the operation showed only
Gram-negative bactlh in 10 patients, both Gram-
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negative and Gram-positive bacteria in four patients,
and both Gram-negative bacteria and fungi in two
patients. Thus, Gram-negative bacteria were impli-
cated in the development of sepsis in 16 of the 24
patients. The mean SOFA and APACHE 11 scores
were 0.5+ 3.2 and 14.2 £ 4.0, respectively.

Clinical sutcome

All the 24 patients enrolled in the study recovered
from shack after the PMX-DHP, Of the patients, 18
received a single session of PMX-DHP, while six
patients received two sessions. Three of the 24
patients died within 28 days of the development of
shock. and all three died of multiple organ failure
occurring within a week of the development of shock
(Table 1).

Mean arterial pressure, urine output and mean dose
requirement of vasopressor agents

The mean arterial pressure was 87.1 £ 17.9 mm Hg
before PMX-DHP and 1109+298 mm Hg at
the end of PMX-DHP. indicating a significant
(P =0.0009) increase of the blood pressure following
PMX-DHP. The mean dose requirement of vasopres-
sor drugs {average of the sum of the dopamine and
dobutamine doses) before the PMX-DHP was
5.1+2.6 ug/kg/min, and the corresponding require-
ment at the end of PMX-DHP was 4.4 £2.3 pg/ke/
min, indicating a significant (£ =0.018) decrease in
the dose requirement following PMX-DHP (Fig. 3).

Pulmonary-oxygenating capacity

The pulmonary-oxygenating capacity was deter-
mined by measurement of the PaO-/FIO.. and the
changes in this parameter after PMX-DHP was eval-
uated. The PaO»/FIO, was 251 £ 99.9 mim Hg before
the PMX-DHP and 251 £ 69.8 mm Hg after PMX-
DHP, indicating a significant (P =0.027) improve-
ment of the pulmonary-oxygenating capacity after
PMX-DHP (Fig. 4).

Plasma endotoxin level

The peripheral blood ET Jevels in the septic shock
patients  before and after PMX-DHP were
.84+ 1511 pg/mL and 2.11 £4.62 pg/mi. respec-
tively, suggesting a significant (P =8.0001) decrease
of the peripheral blood ET level after PMX-DHP
(Fig. 5).

Tumor necrosis factor-« production capacity of
whole blood

With regards to the changes in the TNF-o produc-
tion capacity of LPS-stimulated whole biood, the
TNF-¢ levels before and after PMX-DHP were

© 2006 Inlermational Society for Apheresis



Endotoxin Adsorption Therapy 15
TABLE L. Clinical course of parienis
Patient Age APACHE  SOFA  No. PMX-
no. Gender  (vears) Cause of sepsis il score DHP Bacteria (asciies) Qutcome
1 male 21 Liver abscess 14 9 2 Bacteroides caccag Survived
2 female 29 Liver abscess 2 2 2 Candida albicans Survived
3 female 1 Perforation of the colon 14 7 1 Enterococcus faccalis, E.coli Survived
4 male S8 {schemic colitis 10 12 2 Morganella morgami. Survived
Enterococcus avium/Bacteroides
caccae
S female 64 Acute appendicitis 5 4 ] Pseudomonas aeruginosa Survived
6 male 79 Ischemic colitis 14 3 1 - Survived
7 male 75 Perforation of the colon 13 4 £ Bactereides caccae Survived
8 male 72 llews 18 6 1 - Suorvived
9 male 78 Liver abscess 14 4 1 Enterococcus avium Died
10 male 81 Ischewic colitis 12 5 1 - Survived
1t female 79 Perforaiion of the colon 17 2 | Klebsiella pneumoniae ssp. Survived
Pneumoniae
12 male 87 lschemic colitis 14 & | - Survived
13 male 81 Perforation of the gastric 18 7 2 Enterobacter acrogenes. Survived
ulcer (Candida glabrata
14 female 71 Perforation of the uterus 13 6 1 - Survived
15 male 7 Ischemic colitis 18 s 2 - Died
16 female 7 Perforation of the small 13 b i Klebsiella pnewmoniae ssp. Survived
intestine Pneumoniac
17 male 82 Choleeystitis 12 5 l - Survived
18 male [ Perforation of the colon 15 5 l Enterococcus taecalis Survived
19 female 78 Perforation of the colon 21 5 1 Enterococcus faecalis, E.coli Died
20 male 75 Ischemic colitis 15 7 ! - Survived
21 female 80 Retroperitorieal abscess 14 5 1 Klebsiella pneumoniae ssp. Survived
Pacumoniae. Pseudomonas
aeruginoss
22 male 75 Perforation of the gastric 15 4 | Candida albicans. Candida Survived
cancer olabrata
23 female 83 Perforation of the colon 21 7 1 E.coli Survived
24 female 74 Ischemic colilis 19 f | - Survived
PMX-DHP. polymyxin B-immobihzed fibers direct hemoperfusion.
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p=0.018, Wilicoxon test

F1G. 3. Changes in the mean arterial pressure and mean dose requirement of vasopressor drugs after PMX-DHP
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FIG. 4. Changes in the PaOy/FiO, values after polymyxin B-
immobilized fibers direct hemoperiusion {PMX-DHP).

380 +363 pg/mL and 1018 1008 pg/mL, respec-
tively, indicating a significant (£ =0.017) improve-
ment of the TNF-o-generating capacity following
PMX-DHP (Fig.6). The mean TNF-a production
capacity of whole blood in healthy volunteers was
3386.6 £ 1263.2 pg/mL, suggesting that the TNF-o
production capacity of whole blood was significantly
suppressed in septic shock patients.

DISCUSSION

ET-induced excessive release and hyperactivity of
ntrinsic inflammatory mediators bave beea impli-
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I9G. 5. Changes in the blood ET levels after polymyxin B-immo-
bilized tibers direct hemoperfusion (PMX-DHP).
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cated in the development of multiple organ failure as
a complication in sepsis. Several therapeutic methods
have been developed to counter the strong toxicity
of ET and of inflammatory mediators, including anti-
ET antibody therapy {12-14) and high-dose steroid
therapy (15-21) however, none of the methods has
until now been established to be clinically useful. In
recent years, an increasing number of reports have
appeared, suggesting that acute blood purification
therapy designed to eliminate the inflammatory
mediators present in excess, might be effective in
retarding the progression to multiple organ failure in
cases of sepsis (6-11). In Japan, ET adsorption ther-
apy. in which a column of PLB-coated fibers (PMX-
20R) prepared based on the binding property of PLB
to Tipid A s used, is clinically applied to treat septic
shock (10).

It is important to monitor serum ET levels to eval-
vate the effectiveness of PMX-DHP. however, the
conventional measurement method for ET has a
rather Jow sensitivity. In the present study, we used
the high-sensitivity ET measurement method devel-
oped by us. The sensitivity of this measurement
method was found to increase with increasing obser-
vation fime. Measurement using this high-sensitivity
assay showed a blood ET level of 0.87 in the healthy
group (n=71), 2.29 in the sepsis group (n=35; 10
patients with acute appendicitis, 10 with perforated
duodenal ulcer, 12 with colonic perforation, four with
pvelonephritis, nine with cholangitis, seven with
thrombosis of the superior mesenteric artery, one
with perforated gastric ulcer, four with small intesti-
nal perforation, and nine with other conditions), and
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F1G. 6. Changes in the tnmor necrosis factor-« (TNF-0)-gencrat -
ing capacity of whole blood after pelymyxin B-immobilized fibers
direct hemoperiusion (PMX-DHP).
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.78 in the systemic inflammatory response syndrome
(SIRS) group (# =40; eight with myocardial infarc-
tion. three with carbon monoxide poisoning. three
with head injury, three with hepatopathy, two with
fat embolism, two with pelvic fracture. and 17 with
other conditions). The high-sensitivity method is sen-
sitive to even differences in values as small as | pg/
di. Using this high-sensitivity method. the ET levels
before and after PMX-DHP were determined to be
88151 pg/mL and 2.0 £4.6 pg/mL, respectively.
Thus, significant elimination of ET by PMX-DHP
was confirmed.

Measurement of the cytokine-production capacity
of whole blood following stimulation with LPS has
increasingly been recognized as a usetul method for
evaluating a patient’s immunological competence.
Some reports have shown that the cytokine-produc-
tion capacity of whole blood is strongly suppressed
in patients with sepsis, surgical stress, and injury. The
mfluence of elimination of ET and recovery from
the shock state following PMX-DHP on the immun-
osuppression in sepsis was also assessed in the
present study; the TNF-a production capacity was
shown to mmprove after PMX-DHP Hotta etal.
reported an increase in the count of HLA-DR+
monocytes following PMX-DHP (22). These results
suggest that PMX might indeed alleviate the immu-
nosuppression caused by sepsis. However. no signif-
icant correlation was found between the rate of
decrease of ET levels and the improvement in the
TNF-¢ production capacity of whole blood follow-
ing LPS stimulation in this study (data not shown).
One of the reasons for this result could be that the
number of patients included in this study was small,
Furthermore, although the TNF-o¢ production
capacity of whole blood increased following PMX-
DHP. the TNF-a levels stil did not reach the levels
encountered in healthy subjects. In this context, the
mechanisms underlying the development of immun-
osuppression in cases of sepsis have not yet been
clarified. Further studies are thus needed to 1avesti-
gate the immunosuppression associated with sepsis,
Mediators, receptors and signal transduction path-
ways are ail under investigation. PMX-DHP was
found to result in improvement of the cytokine pro-
duction, suggesting that some mediators might be
involved in the immunosuppression associated with
sepsis.

In the present study. ET-negative patients and
patients with Gram-positive bacteremia also recov-
ered from septic shock following PMX-DHP Thus,
factors other than the elimination of ET might be
involved 1n the effectiveness of PMX-DHP in cases
of septic shock. In this context, Ezoe et al. showed
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that anandamide is also eliminated by PMX-DHP
(23). Ebihara et al. showed that the increased plasma
ET-1 levels and monocyte E1-1 mRNA levels in
patients with sepsis decreased significantly after
PMX-DHP (24). These observations suggest that the
elimination of diverse mediators by PMX-DHP
might be involved in the effectiveness of this treat-
ment modality for septic shock. PMX-DHP resulied
in improvement of the sepsis-induced deterioration
of pulmopary-oxygenating capacity. Permeability
edema, the ventilation-perfusion ratio, etc. also
seemed to improve after PMX-IDHP, These observa-
tions clearly suggest that PMX-DHP also eminates
humoral mediators other than ET.

PMX-DHP is thus considered to be a useful adju-
vant therapeutic technigue in the treatment of sepsis,
alter appropriate excision and drainage of the infec-
tive focus causing the sepsis. PMX-DHP has also
been shown to have some beneficial effects in inter-
disciplinary oncotherapy. Further studies are needed
in the future to investigate the mechanisms underly-
ing the effectiveness of PMX-DHP in the clinical
setting,
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