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Abstract: Severe sepsis and septic shock are the primary
causes of multiple organ dysfunction syndrome (MODS),
which is the most frequent cause of death in intensive care
unit patients. Many water-soluble mediators with pro- and
anti-inflammatory action such as TNF, IL-6, IL-8, and
IL-10 play a strategic role in septic syndrome. In intensive
care medicine, blocking any one mediator has not led to a
measurable outcome improvement in patients with sepsis.
CRRT is a continuously acting therapy, which removes in
a nonselective way pro- and anti-inflammatory mediators;

“the peak concentration hypothesis” is the concept of
cutting peaks of soluble mediators through continuous
hemofiltration. Furthermore, there is evidence of increased
efficacy of high-volume hemofiltration compared to conventional CVVH, and other blood purification techniques
that utilize large-pore membranes or sorbent plasmafiltration are conceptually interesting. Key Words: Acute
renal failure—Multiple organ dysfunction syndrome—
Sepsis—Continuous renal replacement therapy—Homeostasis—Peak concentration.

Acute renal failure (ARF) is increasingly seen
as part of multiple organ dysfunction syndrome
(MODS) in critically ill patients (1,2). MODS is the
most frequent cause of death in patients admitted
to intensive care units (3). Severe sepsis and septic
shock are the primary causes of MODS (4,5) and
develop as a result of the host response to infection
of Gram-negative and Gram-positive bacteria (6).
Infectious sepsis and noninfectious systemic inflammatory response syndrome (SIRS) encompass a
complex mosaic of interconnected events. Molecules
such as bacterial lipopolysaccharides (LPS), microbial lipopeptides, microbial DNA, peptidoglycan,
and lipoteichoic acid trigger interactions with the
Toll-like receptors and related molecules (MD-2,
MyD88), the principal sensors of the innate immune
response (7–9). Stimulus-receptor coupling activates

different signal transduction pathways leading to
exacerbated generation of cytokines, phospholipase
A2-dependent, arachidonic acid-derived plateletactivating factor, leukotrienes, and thromboxanes. At
the plasma level, activation of the complement (C3a,
C5a, and their desarginated products) and coagulation pathways interacts with the process as products
generated in the fluid phase may in turn trigger and
sustain cell activation. Other agents play a role in the
pathophysiology of sepsis, such as surface-expressed
and soluble adhesion molecules, kinins, thrombin,
myocardial depressant substance(s), endorphins, and
heat shock proteins.
Continuous renal replacement therapies (CRRT)
allow extracorporeal treatment in critically ill
patients with hypercatabolism and fluid overload
(10–12). CRRT have commonly used three types of
depurative mechanisms: convection, diffusion, and
adsorption by the filtering membrane. In addition to
removing excess fluid and waste products in septic
patients, the possibility that CRRT may remove
bacterial LPS and other mediators introduced the
concept of blood purification (13–22).
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MECHANISMS OF CRRT IN SEPSIS
In the present article, we will review some recent
advances in the pathogenesis of sepsis in view of
the possible effects of CRRT and related innovative
techniques in restoring normal hemodynamic and
immunologic homeostasis. Understanding how the
mechanisms of sepsis may be affected by CRRT may
open the concept of them being not only supportive
but also preventive therapies, that is, preventing
tissue and organ damage.
The pathogenesis of sepsis
Under physiological conditions, the biological activity of sepsis-associated mediators is under the
control of specific inhibitors that may act at different
levels. In sepsis, the homeostatic balance is altered
and a profound disturbance of relative production of
different mediators may be observed (as reviewed
in [23]). On the one hand, the spillover into the circulation of mediators intended to have autocrine or
paracrine effects generates systemic effects including endothelial damage (24), procoagulant, fibrinolytic, complement activities, hemodynamic shock,
and vasoparalysis (25–31). On the other hand, monocytes present a profound inability to produce
cytokines when they are challenged with different
stimuli ex vivo (32,33).
The pathogenesis of sepsis was initially described
as an overproduction of pro-inflammatory factors in
the host. The concept was established on the basis of
several studies. The injection of LPS into the experimental animal and healthy human subjects reproduces the initial phase of bacterial infection (34). In
human subjects, LPS alters capillary integrity and
affects the cardiovascular system (34), causes production of cytokines (26,27,35,36), and activates the
coagulation-fibrinolytic pathways (37). Peak concentrations of IL-1, TNF, IL-6, and IL-8 occur within 2–3
hr of LPS infusion (26,27). Recent studies on knockout mice have shown that ICAM-1 mutant mice are
resistant to the lethal outcome of endotoxin-induced
pneumonitis (38).
What is the relevance of circulating cytokines? The
presence or absence of detectable levels of cytokines
within biological fluids reflects a rather complex
balance between enhancing and inhibitory signals
acting on producer cells, between production and
catabolism, and between their binding to the target
cells and the modulation of their receptors on the cell
surface (23). Furthermore, their presence does not
necessarily parallel their activity and a possible
interplay between a given cytokine and its relative inhibitor (if known) should be considered (23).
Cavaillon et al. coined the expression of circulating
cytokines as being “the tip of the iceberg,” implying
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that neither their presence nor their absence can
reflect the complex interplay at the tissue level (23).
Despite the fact that their peak concentrations may
reflect an exacerbated production, these levels do not
necessarily stand for enhanced bioactivity.
The concept of sepsis as a simply pro-inflammatory
event has been subsequently challenged (32,33,
39,40).
In sepsis and SIRS, cell-associated cytokines in
peripheral blood mononuclear cells (PBMC) are
decreased, as is the capacity of these cells to produce
several cytokines such as TNFa, IL-1a, IL-1b, IL-6,
IL-10, and IL-12 (41,43), but not IL-1 receptor antagonist (44). Hyporesponsiveness is not only present in
monocytes but occurs in whole blood (45), and is
associated with increased plasma levels of IL-10 and
prostaglandin E2, which are potent inhibitors of the
production of pro-inflammatory cytokines (42,43,46).
To describe the excessive anti-inflammatory counterpart of SIRS, Bone (47) coined the acronym CARS
for “compensated anti-inflammatory response
syndrome.” Terms such as monocyte deactivation,
immunoparalysis, or more simply, cell hyporesponsiveness, all indicate the inability of cells to respond
ex vivo to LPS stimuli due to overproduction of antiinflammatory cytokines. Adib-Conquy et al. (48)
demonstrated that, upon LPS activation, PBMC of
patients with SIRS show patterns of NF-kB expression that resemble those reported during LPS tolerance: global downregulation of NF-kB in survivors of
sepsis and trauma patients and the presence of large
amounts of the inactive homodimer in the nonsurvivors of sepsis. In the clinical setting of severe sepsis,
Bone proposed that at a given time, SIRS or CARS
predominates in patients, inducing shock or immune
depression. However, a large amount of evidence
now suggests that in patients with both infectious
and noninfectious sepsis, SIRS and CARS may coexist, but in different compartments (Fig. 1). Based
on these concepts, Cavaillon et al. (40) recently proposed that SIRS predominates within the inflamed
tissues, whereas blood leukocytes show hyporeactivity. A restrained inflammatory response within the
blood stream should avoid the endothelial activation
leading to overexpression of adhesion molecules, and
adherence and degranulation of leukocytes. It would
avoid fatal clotting and organ failure. Nevertheless, peak concentrations of either LPS or different
cytokines have been variably reported, and in some
reports their levels, alone or in combination, have
been even considered as useful markers in severity
scores (49). Following the intravenous injection of
LPS, a lag phase occurs and is followed after 1 hr
by a steep increase in TNF, reaching a maximum at
Artif Organs, Vol. 27, No. 9, 2003
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FIG. 1. The serial or sequential theory of
sepsis and the parallel theory is shown.
At the start, the sequence of events
begins temporally, with a stimulus such
as endotoxin dissemination; a systemic
inflammatory
response
syndrome
follows, with a spillover into the circulation of several pro-inflammatory mediators. Subsequently, a potent inhibition of
the inflammatory process and a consequent cell hyporesponsiveness occurs.
In the parallel theory, the processes
occur simultaneously, and a parallel synthesis of pro- and anti-inflammatory
mediators coexists in different districts of
the body.

TIME
1.5 hr. TNF plasma concentrations are sharply
reduced at 3 hr when both IL-6 and IL-8 sharply
augment. Cytokine production is blunted by
cyclooxygenase inhibition. Studies by Suffredini (34),
Parrillo et al. (50), and van Deventer et al. (27) on
human subjects infused with LPS characterized the
initial inflammatory (TNF, IL-6, IL-8) and hemostatic (TAT, PAP, tissue plasminogen activator)
responses out to 6–8 hr. Taylor et al. (30) studied the
receptor and oxidative enzymatic responses of
phagocytes in the human model of endotoxemia and
correlated them with the response of molecular
markers of hemostatic and inflammatory system activation and endothelial injury. These authors established that the compensated response to LPS consists
of two stages: an immediate symptomatic inflammatory stage followed by an asymptomatic stage that is
characterized by a recurrence of hemostatic activity,
appearance of complement activation products
complexed to C-reactive proteins, and evidence of
endothelial injury (30). More in particular, these
authors showed the occurrence of a two-step
response: an early response characterized by the
degranulation of neutrophils (as detected by elevation of elastase-a1/anti-trypsin complexes) coinciding with peak concentrations of TNF, IL-6, and
regulatory responses such as IL-10 and activated
protein C; and a late response characterized by
hemostatic activity as reflected by the appearance of
a second large peak of soluble fibrin and a second
and greater decrease in circulating factor VIIa concentration coupled with the appearance of increased
concentrations of plasma tissue factor antigen. This
second phase was also characterized by sustained,
markedly elevated levels of C-reactive protein
Artif Organs, Vol. 27, No. 9, 2003

(CRP) and CRP-bound activated complement components (30). A crucial aspect of these studies is that
peak concentrations of LPS and of several cytokines
appear at different time intervals. The intravenous
injection of pro-inflammatory cytokines (TNF, IL-1)
reproduces very closely the pattern of hemodynamic
and intravascular changes induced by the injection of
LPS (30).
In the human setting of sepsis, the finding of elevated levels of different pro- and anti-inflammatory
cytokines has been variable, suggesting the possibility that their production may occur at a different time
from sampling, their production in a given patient
is compartmentalized, or both these two possibilities. We suggest that the events associated with
sepsis/SIRS may happen in sequence (the sequential
or serial sepsis theory) whereby pro- and antiinflammatory mediators are alternately produced in
high- or low-generation periods, thus ensuing in SIRS
and CARS. On the other hand, the events associated with sepsis/SIRS may occur simultaneously (the
parallel sepsis theory), in that SIRS and CARS may
coexist in different districts or systems (Fig. 2). In
the sequential sepsis theory, temporary prevalence
of SIRS should probably be treated with high-dose
steroids, assuming that a timely intervention is
possible thanks to an early and accurate biological
monitoring. Otherwise, the therapy may overlap
with the next coming period of CARS and may
even favor bacterial colonization and infection dissemination. Indeed, in this period, a protective antimicrobial therapy or even an immunostimulatory
therapy should be administered. The time of intervention becomes crucial in order to prescribe the
right therapy for the right disorder. Alternatively,
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FIG. 2. In the sequential theory, peaks of pro-inflammatory mediators are followed by peaks of anti-inflammatory mediators. In the parallel theory, a mixture of pro- and anti-inflammatory mediators coexists. The sequential theory leads to the conclusion that, if pro- and
anti-inflammatory activities could be monitored, specific therapies could be targeted for selected actions in different moment of the time
course of the syndrome. In the parallel theory, one therapy or another may be effective on one side but deleterious on the other side.

if the parallel sepsis theory is considered, none of
the two therapies may result, and a question remains
as to the soundest therapeutic option.
In intensive care medicine, blocking one mediator
has not led to measurable outcome improvement
in patients with sepsis (51). Possibly more rigidly
defined subgroups would gain by TNF-antagonizing
treatments (52). On the other hand, it has been
shown that antagonizing a cytokine may lead to deleterious consequences leading to substantially higher
mortality (53). A low-level TNF response seems to
be necessary for the host defense to infection (54,55),
and high levels seemingly need to be modulated by
an anti-inflammatory feedback. In sepsis, however,
impaired regulation may cause an excessive antiinflammatory response, which generates monocyte
“immunoparalysis” and exposes the host to further
infections. Both processes (inflammation and antiinflammation) are designed to act in response to specific stimuli in a well-balanced fashion defined as
immunohomeostasis.
Furthermore, the time point in the septic process
of therapeutic intervention seems to be crucial. As
the network acts like a cascade, early intervention
would seem most beneficial. However, sepsis does

not fit a one-hit model but shows complex and
multiple rises in mediator levels that change over
time. Neither single-mediator-directed nor one-time
interventions therefore seem appropriate. One of
the major criticisms attributed to continuous blood
purification treatments in sepsis—its lack of specificity—could turn out to be a major strength. Unspecific removal of soluble mediators, be they proor anti-inflammatory, without completely eliminating
their effect, may be the most logical and adequate
approach to a complex and long-running process
such as sepsis (Fig. 3). The concept of cutting peaks
of soluble mediators, for example through continuous hemofiltration, is a paradigm we call “the peak
concentration hypothesis” (56).
Continuous Renal Replacement Therapy
For several years, the issue of the capability of
hemofiltration to remove inflammatory mediators
has remained controversial. Numerous ex vivo as
well as animal and human studies (reviewed in [70])
have shown that synthetic filters in common use in
hemofiltration can extract nearly every substance
involved in sepsis to a certain degree. Prominent
examples are complement factors (57,58), TNF, IL-1,
Artif Organs, Vol. 27, No. 9, 2003
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FIG. 3. In both theories (sequential and parallel), the concept introduced by the peak concentration hypothesis suggests that a nonselective control of the peaks of inflammation and immunoparalysis may contribute to bring the patient to a lesser degree of imbalance
and close to the self-defenses induced by a nearly normal immunohomeostasis.

IL-6 (58–61), IL-8 (62), and PAF (63,64). Regarding
plasma cytokine levels, their decrease appeared,
nevertheless, to a minor degree. Other studies could
not show any influence on cytokine plasma levels
by CRRT (65–67). On the other hand, significant
clinical benefits in terms of hemodynamic improvement have been achieved even without measurable
decreases in cytokine plasma levels (68).
Obviously, the removal of substances different
from the measured cytokines was responsible for the
achieved effect. Bioactive substances including some
of the measured cytokines were removed, causing the
observed beneficial effect. In a recent study, Mariano
et al. (62) evaluated the priming activity of sera from
septic patients on polymorphonuclear neutrophils.
This activity was related to ultrafiltrable mediators
among which IL-8 seemed to be one of the most
relevant ones. The results of the latter study further
implicate the fact that several mediators may act in
concert in altering the functional responses of the
circulating leukocytes. When the response to sepsis
is viewed in a network perspective, absolute values
would be less relevant than relative ones within an
array of interdependent mediators, as even small
decreases could induce major balance changes. This
makes measurement of cytokine plasma levels debatArtif Organs, Vol. 27, No. 9, 2003

able while more local or tissue levels should be measured. These issues are extremely controversial and
do not permit a definitive solution in favor or against
the use of CRRT as a therapy for sepsis. In this
context, a further step in clarifying the immunologic
impact of CRRT has been taken by measuring a
more downstream event integrating several cytokine
influences: monocyte responsiveness (68,69).
In spite of some encouraging results as mentioned,
the extent of achievable clinical benefit with conventional CRRT (using conventional filters and flow
rates) in sepsis has generally been disappointing (70).
Consequently, it was sought to improve the efficiency
of the methodology regarding removal of soluble
mediators of sepsis by increasing the amount of
plasma water exchange, that is, increasing ultrafiltration rates.
Animal studies provided great support to this concept. Starting in the early 1990s, several studies using
different septic animal models examined the effect
of high ultrafiltration rates (up to 300 ml/kg/hr) on
physiological parameters and outcome.
In a landmark study, a porcine model of septic
shock induced by endotoxin infusion was investigated (71). The animals developed profound arterial
hypotension and a decrease in cardiac output, stroke

MECHANISMS OF CRRT IN SEPSIS
volume, and right ventricular stroke work index. By
high-volume hemofiltration (HVHF, 6 L/hr), right
ventricular function, blood pressure, and cardiac
output showed a remarkable improvement compared to control and sham-filtered animals (71,72).
The same group extended their findings in the same
model by i.v. adminstration of ultrafiltrate from LPSinfused animals into healthy animals. The latter ones
developed hemodynamic features similar to septic
shock while animals infused with ultrafiltrate from
healthy animals showed a moderate blood pressure
rise (73). In a further study by the same group, a
bowel ischemia-reperfusion model in pigs was investigated. HVHF started before clamping of the superior mesenteric artery significantly diminished bowel
damage and prevented hemodynamic deterioration
(74).
These studies established that a convection-based
treatment can remove substances with hemodynamic
effects resembling septic shock when sufficiently high
ultrafiltration rates are applied.
Several studies confirmed and refined these results.
In three of them (75–77), the correlation of survival
with ultrafiltration rate was specifically examined. A
direct correlation could be demonstrated. Significant
improvements in cardiac function, systemic and pulmonary vascular resistance, and hepatic perfusion
(75) were found. Another study in lambs showed
significant improvements in lung function (78). Only
a minority of studies identified reduced mediator
plasma levels (77,79).
A very recent study in pigs made septic by induced
pancreatitis compared low-volume CVVH with
HVHF of 100 ml/kg/hr. In the same study, the influence of frequent filter changes on survival and
changes in TNF levels as well as monocyte and polymorphonuclear neutrophil function was analyzed
(77). Early filter change allowed delineating the
effect of cytokine removal by adsorption on the
filter, as membrane capacity was saturated after a few
hours. By changing filters, adsorption was continued
to a certain extent. In this model, a hyperdynamic
septic state is induced through an intervention that
approximates underlying conditions encountered
in human sepsis. Additionally, the intervention was
started late to simulate real clinical conditions.
Hemofiltration was commenced when the animals
developed the clinical picture of hyperdynamic septic
shock. HVHF was superior in all mentioned endpoints. Of relevance, increasing ultrafiltration had
more effect than frequency of filter change (77).
Closer to human sepsis studies has been the finding
that the ultrafiltration dose is correlated to outcome
in critically ill patients with ARF. In a large random-
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ized, controlled study including 425 patients, an ultrafiltration dose of 35 ml/kg/hr increased survival rate
from 41% to 57% compared to a dose of 20 ml/kg/hr
(80). Eleven percent to 14% (per randomization
group) of the patients had sepsis. In these subgroups,
there was a trend of a direct correlation between
treatment dose and survival even above 35 ml/kg/hr,
in contrast to the whole group where a survival
plateau was reached.
This lends support to the concept of a “sepsis dose”
of hemofiltration in septic patients contrasting to a
“renal dose” in critically ill patients without systemic
inflammation, the former being probably distinctly
higher (without proven upper limit). Of note, there
was no increase in adverse effects even with the
highest ultrafiltration dose.
Over the last years, several human studies examined the clinical effects of HVHF. In 20 children
undergoing cardiac surgery, zero-balanced HVHF
was administered with UF-rates equivalent to
7–9 l/hr for a 70 kg adult (81). Endpoints correlating
to the cardiopulmonary bypass-associated delayed
inflammatory response were examined. There was a
significant reduction in postoperative blood loss, time
to extubation, and improvement in the arterialalveolar oxygen gradient.
In a prospective cohort analysis in 306 critically ill
patients with varying underlying diseases, a mean
ultrafiltration rate of 3.8 l/hr was applied (82). Observed survival rates were significantly higher in the
treated population compared to predicted survival
by three well-validated scores.
In another trial in 11 septic patients with shock
and MODS, a randomized crossover design of 6 L/hr
versus 1 L/hr ultrafiltration was applied (83). The
HVHF group displayed significantly greater reduction
in vasopressor requirements. Both treatment groups
showed a decrease in C3a and C5a plasma levels,
which was significantly greater in the HVHF group.
Impressive clinical results were obtained in an
evaluation of short-term HVHF in 20 points in
catecholamine-refractory septic shock (84) comprising a patient cohort with very poor expected survival.
A control group was not defined. Only one 4 hr
session of HVHF removing 35 L of ultrafiltrate
replaced by bicarbonate-containing fluid was applied
as soon as mean blood pressure could not be stabilized above 70 mm Hg with dopamine, norepinephrine, and epinephrine after appropriate volume
resuscitation. HVHF was followed by conventional
CVVH. Endpoints were the increase in cardiac
index, mixed venous oxygen saturation, and arterial
pH, and decrease in norepinephrine requirements.
Eleven patients reached all predefined endpoints and
Artif Organs, Vol. 27, No. 9, 2003
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showed impressively good survival (9 of 11) at 28
days. Nine patients did not reach all endpoints and
had a 100% mortality rate. Apart from responding to
HVHF, only time from ICU admission to the start of
HVHF and body weight were survival-associated
factors in the analysis. Patients with higher body
weight did worse, possibly because they received
a smaller ultrafiltration dose per body weight as
speculated by the authors.
These trials still need cautious interpretation with
respect to their limited design, but they certainly
deliver sound evidence of feasibility and efficacy to
set the stage for a large-scale trial on HVHF in sepsis.
Other approaches to achieving higher mediator
clearance in sepsis have been sought. Apart from
increasing ultrafiltration rates, higher removal rates
of middle molecular weight molecules could be
achieved by enlarging pore size of membranes.
Animal data (85,86) as well as preliminary clinical
data (87) demonstrate feasibility and probable superior removal rates of select cytokines using more
open membranes. A study of 30 patients with severe
sepsis using continuous plasmafiltration for 34 hr (88)
found attenuation of the acute phase response and a
trend toward clinical benefit although not significant
(fewer failing organs).
A further step to increase mediator removal has
been achieved with plasma filtration coupled with
adsorption and followed by dialysis or filtration
(CPFA) (89).
Using an experimental model of acute endotoxemia in the rabbit, Tetta et al. (90) showed that
nonselective adsorption of cytokines and other
pro-inflammatory mediators known to be produced
in excess during sepsis could improve survival. The
simultaneous removal of peak concentrations of
TNF and PAF could also possibly prevent the formation of other biologically active substances, such
as prostaglandins/leukotrienes, other cytokines, molecules up- or down-regulating membrane receptors,
selectins, and adhesion molecules, thus amplifying
and perpetuating the immunological disorders. In
severe sepsis and septic shock, many new therapeutic strategies have targeted single molecules, but so
far they have failed to reduce mortality rate (51). The
results that stemmed from these studies strongly supported the concept that a relationship would link the
simultaneous removal of different mediators to the
improved survival. As stated above, the unselective,
simultaneous removal of different mediators may not
necessarily implicate that the goal of blood purification be achieved only on the basis of a significant
reduction of the circulating cytokines. Much more
effective would be the impact on the functional
Artif Organs, Vol. 27, No. 9, 2003

responses of cells implicated in the pathogenesis of
sepsis (Fig. 3). In a very recent study, we tested the
hypothesis that nonselective removal of mediators
could improve hemodynamics and restore leukocyte
responsiveness in patients with septic shock. The aim
of this study was in response to the open question as
to how CRRT may have a beneficial effect on the
hemodynamic and immune response associated with
severe sepsis (69). Immunomodulating substances
(with molecular weight in the range of 5–50 kilodaltons) may be eliminated by diffusion, adsorption or
convection depending on the rather variable cut-off
of highly permeable membranes (range from 30 to
40 kilodaltons) (68). Adsorption is only a transient
phenomenon. Thus, the effect of CRRT could be
limited because of the low convective clearance of
many soluble mediators. The use of a plasmafiltration membrane coupled with an adsorption device
in CPFA could enhance unselective removal and
improve hemodynamic stability compared to CRRT.
CPFA was associated with the restoration of stable
hemodynamics, particularly due to an increase in
MAP. This change in blood pressure led to a significant reduction in norepinephrine requirement.
CPFA also restored in vitro leukocyte responsiveness
to LPS. The magnitude of this effect was significantly
greater with CPFA than with CVVHDF. Plasma
levels of TNFa and IL-10, however, were not significantly changed during CPFA or CVVHDF, but they
did not display concentration peaks (69).
Patients’ leukocyte responsiveness was evaluated
by measuring spontaneous and LPS-stimulated production of TNFa. We used the whole-blood cytokine
assay, as it measures cytokine production in the presence of a wide range of modulating factors (e.g.,
soluble receptors, natural inhibitors, proteases, etc.).
The spontaneous ex vivo production of TNFa by
patients’ whole blood was normal in all patients at
the start but was increased at the end of treatment
with CPFA. The spontaneous ex vivo production of
TNFa was also further increased by passage through
the hemodiafilter. These changes in ex vivo cell
responsiveness could be due to a less biocompatible
circuit, exposure to cytokine-inducing substances,
removal of a dialyzable suppressive “uremic toxin,”
or removal of other inhibitors of cell responsiveness. Diffusion of suppressive uremic toxins may
be important in acutely uremic patients. In agreement with this contention, a study of 12 critically
ill patients with acute renal failure comparing
low-volume CVVH (1,500 ml/hr) with a diffusive
technique was performed in a nonrandomized,
comparative fashion (91). High-flux bicarbonate
dialysis amounting to 4,200 ml/hr was used and the
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effect on monocyte responsiveness (ex vivo endotoxin-stimulated TNF production) was studied (91).
Both techniques resulted in early improvement but
only the diffusive technique displayed persistent
effects. Ultrafiltrate contained monocyte-suppressive
activity only with high-flux dialysis (91).
In their study, Ronco et al. (69) evaluated LPSstimulated TNFa production in vitro. The latter was
markedly inhibited at the start of treatment in all
patients. An 8- to 10-fold increase in LPS-stimulated
TNFa production was observed after 10 hr of CPFA
at both sites 2 and 3, suggesting that this effect was
not affected by diffusion/convection. Only a 5-fold
increase could be seen in LPS-stimulated TNFa
production after CVVHDF. Finally, the in vitro
assessment of the effect of septic plasma on TNFa
production by normal inflammatory cells showed
that, at the start of treatment, LPS-stimulated TNFa
production was suppressed by plasma obtained
before and after the resin. Although such suppression was decreased by passage through the resin, it
was not fully eliminated by it. We speculated that the
resin was not able to completely adsorb suppressive
soluble factors in a biologically significant amount
in a single pass. However, after 10 hr of CPFA, the
inhibitory effect of septic plasma was markedly
attenuated. The ability of CPFA to restore immune
cell responsiveness may be clinically beneficial.
Conclusion
Vast arrays of mostly water-soluble mediators play
a strategic role in the septic syndrome. At variance
with targeting single mediators, therapeutic intervention finalized at the nonselective removal of proand anti-inflammatory mediators seems a rational
concept. A further advantage may be constituted by
a continuously acting therapy, as in the case of CRRT.
Therefore, sequentially appearing peaks of systemic
mediator overflow could be curbed, as well as persistently high plasma levels reduced. This process is
proposed as the underlying biological rationale for a
series of innovative therapies in sepsis. The whole
story of antagonizing pro- and anti-inflammatory
processes by reducing the relative excess of active
substances goes under the term of peak concentration hypothesis.
Recent animal and human trials have delivered
much support to this concept. It has been conclusively shown that treatment dose in CRRT is a
major factor concerning survival in ARF in the critically ill patient. There is accumulating evidence
of increased efficacy of high-volume hemofiltration
compared to conventional CVVH in terms of laboratory and clinical improvement, including survival.
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Machines to perform HVHF safely are available on
the market.
Yet the evidence still is not strong enough to recommend HVHF outside clinical studies, taking into
account possible adverse effects of the technique. A
large-scale clinical trial is urgently needed to resolve
the issue.
Other blood purification techniques using largepore membranes or plasma filtration with adsorbent
perfusion are in the early stages of clinical testing.
They are conceptually promising and possibly constitute an important refinement.
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