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CHAPTER 171 

High-Volume Hemofiltration in the 
Intensive Care Unit
Olivier Joannes-Boyau, A. Dewitte, and Patrick M. Honoré

OBJECTIVES
This chapter will:
1. Explain the rationale to use high-volume hemofiltration in 

the intensive care setting.
2. Provide the latest definition of high-volume hemofiltration.
3. Describe the related studies performed in the last 15 years 

and the recommendations based on the latest randomized 
controlled trials.

High-volume hemofiltration (HVHF) still is used in the 
intensive care unit (ICU) for various pathologies despite some 
recent negative randomized controlled trials (RCTs). The 
definition, practice, and rationale for HVHF have changed 
in the last 15 years with increasing volume of treatment. 
Despite promising initial studies, the most recent RCTs and 
subsequent recommendations are clearly against the use of 
HVHF in clinical practice. The purpose of this chapter is to 
provide advice and recommendations, because the technique 
still is used routinely in numerous healthcare centers.

DEFINITION OF HIGH VOLUME

Twenty years ago, standard hemofiltration often was given at 
1 or 2 L/hr of ultrafiltration treatment and only in predilution 
mode. Practices began to change with the Ronco et al. study 
in 2001, which proved the beneficial effect on outcome of 
increasing the ultrafiltration rate to 35 mL/kg/hr in patients 
with acute kidney injury (AKI).1 At that time, the old defini-
tion of HVHF became the standard of care, and volumes 
used for high volume increased dramatically from 35 mL/
kg/hr to 100 mL/kg/hr.2–4 Two latest large RCTs, the VA/
NIH study and the RENAL study,5,6 demonstrated that high 
intensity of hemofiltration was not beneficial compared with 
25 mL/kg/hr, the dose currently recommended. Furthermore, 
two different HVHF methods became common: continuous 
high-volume treatment providing 50 to 70 mL/kg/hr 24 hours 
a day and intermittent HVHF with brief, very high-volume 
treatment at 100 to 120 mL/kg/hr for 4 to 8 hours, which 
used to be called “pulse” HVHF. Both came under the 
heading HVHF despite their concepts, and the results are 
somewhat different, as described later in this chapter. In 
the 2015 Vicenza Nomenclature Standardization Initiative 
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The third theory, which has been advanced by Di Carlo, 
sheds new light on the mediator delivery hypothesis: the 
use of HVHF with a high volume of crystalloid fluids given 
to the patient (3 to 5 L/hr) could increase the lymphatic 
flow by 20- to 40-fold.17 Because the cytokines and other 
immune effectors are transported by the lymphatic system, 
this could explain their removal, even though high quantities 
of cytokines were not found in the ultrafiltration fluid.18,19 
Thus the use of high volumes of exchange fluid may be 
the principal motor for cytokine removal.

To gain a wider view of these theories, we have to 
explore the new paradigm of chaos and complex nonlinear 
systems in sepsis.20,21 The principal goal underlying these 
theories is not only the removal of cytokines but also the 
immunomodulation and the control of the inflammatory 
response, which becomes deleterious when it supersedes its 
role. Indeed, the immune response of the host against septic 
aggression could be compared with a complex nonlinear 
system, which is defined by the infinity of solutions in 
response to a lone stimulus. In a complex nonlinear system, 
like in the chaos theory in which a flight of butterflies in 
China can change the weather in Boston 3 days later, a 
bacterial attack or cytokine secretion will have repercus-
sions on the whole body. This explains why homeostasis 
is not a state of stability but rather the capability to stay 
stable while the status is changing permanently. However, 
this incredible adaptability is halted when an excess of 
information drowns the system and when the “endocrine 
effect” of cytokines and other immune messages are lost 
in the storm. The resources of the body system become 
depleted, and the complex nonlinear system becomes a 
linear system, with only one course of action to follow. This 
heralds the onset of multiple organ dysfunction syndrome 
(MODS). Hemofiltration could play a role at this point by 
decreasing the cytokine storm through different modes 
and by allowing the efficacy of the immune messages to 
be recovered, conducting to a return from this complex 
nonlinear system to homeostasis. However, no study has 
demonstrated this clearly until now.

Practical Aspects
New treatment volumes imply changes in hemofiltration 
practice to guarantee the efficacy and safety of the technique. 
Indeed, to reach 60 or 100 mL/kg/hr of treatment volume, 
important principles must be respected. First, a high blood 
flow is necessary to maintain a filtration fraction (FF) below 
25%:
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a level above which “protein cake” clogging in the membrane 
becomes a major concern.22 However, to attain such a blood 
flow, excellent vascular access is required, with a large 
catheter (13.5 or 14 French), adequate location (right jugular 
and femoral are the best), and good structure (double-lumen 
kidney-shaped design with shotgun tip).23 Second, the best 
restitution fluid is probably buffered bicarbonate and should 
be administered one third in predilution and two thirds 
in postdilution (i.e., the best compromise between loss of 
treatment efficacy and optimization of blood rheology).24 
The choice of the membrane is also primordial, and a highly 
biocompatible synthetic filter with a high exchange surface 
is recommended (1.7 to 2.1 m2). Temperature control is not 
important with low fluid exchange volumes but becomes 
essential when the volume increases dramatically. Two 
systems are possible: heating the fluid before restitution 

(NSI),7 they defined HVHF as a continuous convective 
treatment with a (prescribed) target dosage greater than 
35 mL/kg/hr. A dosage exceeding 45 mL/kg/hr represents 
very HVHF (VHVHF). Intermittent procedures using brief 
VHVHF episodes (100–120 mL/kg/hr for 4–8 hr), followed 
by conventional continuous venovenous hemofiltration 
(CVVH), are identified as “pulse” HVHF.

Rationale
The first idea to justify the outbreak of hemofiltration is the 
recognition of AKI as an independent factor of severity and 
is associated with a poor outcome in the ICU. Numerous 
studies indeed have shown that mortality of patients requir-
ing renal replacement therapy (RRT) for AKI in the ICU is 
dramatically higher than those without AKI.8 This suggests 
that AKI is independently responsible for an increased 
mortality, even if RRT is used. In fact, although standard 
RRT significantly reduced mortality in patients with AKI 
in comparison with no use of dialysis, it did not achieve 
a mortality rate comparable with patients without AKI.

Then, new ideas arose to try to improve the outcome of 
patients, particularly in case of sepsis, entitled “the blood 
purification challenge.” Inflammation and sepsis are known 
to be the leading causes of AKI in the ICU by creating 
immunologic disturbances and a cytokine storm. Sepsis is a 
life-threatening organ dysfunction caused by a dysregulated 
host response to infection, meaning that the host response 
to infection is overwhelming, going beyond its adaptive role 
of restoring homeostasis, and drives organ dysfunction. The 
activation of the innate immune system realizes a systemic 
hyperinflammatory condition that parallels a compensatory 
antiinflammatory response. The inflammatory phase is 
characterized by the generation of soluble proinflammatory 
mediators and immune cell activation, and sepsis prognosis 
is linked to the magnitude and duration of the early inflam-
matory response, high circulating cytokine levels being 
associated with poor outcome. In the past, many attempts 
were made to block parts of the inflammatory cascade or 
to target specific components of the immune response. 
Some results were obtained in animal models but without 
any clinical benefit.9 Some studies indeed demonstrated 
beneficial effects of unspecific removal of cytokines, even 
if most of them failed to demonstrate survival benefit.10–13 
However, this approach is complicated by the fact that 
the pharmacodynamics, the pharmacokinetics of cytokines 
and immune effectors, nor even their exact function are 
known exactly.

The current experts in hemofiltration provided some 
of the leading theories. First, the “peak concentration 
hypothesis” of Ronco and Bellomo postulates that removing 
the peak cytokine concentration from the blood circulation 
during the early phase of sepsis could stop the inflammatory 
cascade and the accumulation of circulating cytokines, which 
are the leading causes of organ damage and homeostasis 
disruption.14

The second concept is called the “threshold immu-
nomodulation hypothesis” and has been developed by 
Honore.15,16 In this concept, the removal of cytokines affects 
not only the cytokine concentration in the bloodstream 
but also their level in tissues. Indeed, when the cytokine 
concentration is reduced in blood, both concentrations may 
be equilibrated to extract the immune components trapped 
in the organs. This could explain why no crucial reduction 
in cytokine concentration is observed in the bloodstream 
during hemofiltration, because cytokines from the organs 
permanently compensate for their loss in the blood.
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10 years later, two large multicenter RCTs demonstrated 
that a lower-volume exchange of hemofiltration (25 mL/kg/
hr) may be sufficient for ICU patients.5,6 If a nonseptic AKI 
patient is being treated, then a lower dose may be optimal. 
On the contrary, a septic AKI may require a higher dosage, 
close to 50 or 70 mL/kg/hr, and perhaps even higher or 
with different modalities for catecholamine-resistant septic 
shock (CRSS) (or refractory hypodynamic septic shock), 
acute pancreatitis, or post–cardiac arrest.

At the end of the 1990s, Journois et al. applied HVHF in 
20 children during cardiac surgery (100 mL/kg/hr) and found 
a reduction in postoperative blood loss, earlier extubation 
time, and reduced cytokine plasma levels.35

The first cohort study using pulse HVHF was performed 
by Honoré et al. in 20 septic patients with refractory 
hypodynamic shock, running at about 100 mL/kg/hr for 
4 consecutive hours (and then back at 35 mL/kg/hr) as an 
important adjunctive treatment. They found that a large 
number of patients improved, and the mortality rate (55%) 
was lower than expected by severity score (79%) in this very 
ill population.36 However, some patients were hemodynamic 
nonresponders (9/20) with disastrous mortality.

Thereafter, some studies in the early 20th century 
concentrated on hemodynamic response and cytokine 
removal, such as that by Cole et al., who showed interesting 
hemodynamic improvement in septic patients treated by 
HVHF.37 A few years later, an Argentinean team headed by 
Cornejo designed a study similar to the one by Honoré and 
obtained comparable results. They created an algorithm 
based on the international recommendations for sepsis 
treatment and incorporated the rescue intermittent HVHF 
therapy (100 mL/kg/hr for a single 12-hour period) as a 
salvage therapy for patients in refractory septic shock.38 
However, as in the Honoré study, although the observed 
mortality (40%) was lower than the expected one (60%), 
there was also a responder and a nonresponder group. In 
comparison, Joannes-Boyau et al. studied the effect of HVHF 
at 50 mL/kg/hr maintained for 96 hours in patients with 
septic shock with MODS.39 Results in terms of mortality 
were comparable to those in previous studies (45% observed 
vs. 70% predicted by three severity scores), but all the 
patients were hemodynamic responders. All these studies 
were only single-center, nonrandomized, and uncontrolled, 
but they all showed the same results and proved that HVHF 
can be delivered safely.

The first randomized study was a single-center study that 
compared HVHF with standard CVVH and was conducted 
by Bouman et al.; 106 patients were randomized in three 
groups: early HVHF (within the first 12 hours from acute 
renal failure [ARF]), early standard CVVH, and late standard 
CVVH.40 No difference was found in terms of mortality at 
28 days or recovery of renal function, but no statistical 
conclusions could be drawn owing to the lack of power with 
only 35 patients in each group. Therefore the specific patient 
population, most coming from cardiac surgery, explains 
the low rate of mortality, so the possibility of finding any 
statistical differences between the groups was even more 
remote. The first positive randomized controlled study on 
HVHF was performed by Laurent et al. in post–cardiac 
arrest patients, with clear positive results in favor of the 
experimental arm,41 but this study never has been reproduced 
or confirmed. It recently was challenged by an animal 
study that did not show any beneficial impact of HVHF 
on post–cardiac arrest in the rat population.32 After these 
preliminary observational studies, the first positive RCT in 
septic patients was performed by Boussekey: 20 patients 
randomized in two groups (65 vs. 35 mL/kg/hr), with 
beneficial impact of HVHF on hemodynamic parameters.42

or heating the blood directly. Empirically heating the 
replacement fluid seems preferable to heating the blood, 
owing to possible deleterious effects of high heat on the 
blood. However, no problems have been recorded, and the 
two systems have demonstrated their safety and efficacy.

The new machines specially dedicated to high volumes 
have extremely sensitive and precise pressure control and 
volume balance functions. Furthermore, it is important 
to stay in the normal pressure range for optimal use of 
hemofiltration. Indeed, staying below −120 mm Hg of arte-
rial pressure is indicative of a catheter problem and likely 
early machine failure. The same is true with a venous line, 
in which high pressure indicates catheter or bubble trap 
clotting. The transmembrane pressure reflects the state of 
clogging in the filter, whereas a high pressure indicates 
that many fibers are clogged. To alleviate the pressure 
problem, it is recommended to stop the treatment when 
the patient is being nursed or moved, especially with high 
volumes. HVHF also requires adequate management and 
control of fluid exchange and small solutes. In fact, the small 
molecules are removed mainly during hemofiltration, and 
strict monitoring of sodium, glucose, and acid-base balance is  
mandatory.22

Clinical Results
Animal models have shown benefits in terms of survival 
when “early” and “strong” hemofiltration doses were applied 
in septic animals. Regarding animal models, early use of 
hemofiltration has been investigated thoroughly.25,26 Most 
of the earlier studies used hemofiltration before or just 
after the injection of bolus or even infusion of endotoxin. It 
was only in the late 1990s that investigators started to wait 
about 6 to 12 hours before using HVHF, thereby “allowing” 
the animals to become extremely ill and hemodynamically 
unstable and to develop early multiple organ dysfunction 
syndrome.27 In this way, animal models were closer to the 
human clinical situation usually encountered. Only animal 
models in which HVHF was applied early proved to be very 
beneficial (some with a dramatic improvement), mainly 
because of the fact that in addition to early application, 
the investigators administered a much “stronger” dose of 
HVHF.28–31 However, the differences between human and 
animal models do not allow these results to be extrapolated 
to humans. Even on the contrary, latest animal studies 
have shown opposite results with HVHF, although teams 
continue to show that HVHF improves clinical parameters 
and survival, others failed to find beneficial effects.32,33

One of the greatest remaining problems with human 
studies (and especially the mechanistic studies) is the fact 
that the number of patients is very limited because the 
technique is so expensive. Moreover, clinical studies have 
failed far beyond short of the mean 100 mL/kg/hr exchange 
obtained in initial animal models. As a consequence, many 
anticipated effects seen in animal models never have been 
reproduced in human settings owing to the use of inadequate 
doses of HVHF. On the other hand, there is huge variability 
between clinical trials concerning the range of doses applied, 
ranging from 1 to 15-fold in the recent studies.

The foundations of the high-volume technique were 
laid by Ronco et al., who showed that in their subgroup 
of septic patients, increasing the volume of treatment from 
35 mL/kg/hr to 45 mL/kg/hr could improve outcome.34 That 
study effectively demonstrated that hemofiltration could be 
considered as a viable medication in ICUs. The volume of 
treatment has to be adapted not only to body weight but also 
to the severity of illness of ICU patients. However, about 
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tended to be more rapidly weaned from catecholamines 
despite more frequent hypophosphatemia, metabolic 
alkalosis, and thrombocytopenia.

Notwithstanding all these negative results, some research 
groups continue to provide new HVHF data on animals 
and humans, with some interesting beneficial effects but 
often on a small contingent of subjects and therefore 
underpowered.10,47,52–54

CONCLUSION

The indications of hemofiltration have been extended 
considerably in the last decade, from the simple treatment 
of AKI to the adjunctive therapy for SIRS or sepsis. After 
15 years of active research and some large, multicentric, 
well-conducted RCTs, we now can conclude that HVHF has 
not demonstrated sufficient benefit to be recommended in 
routine practice. For the time being, the standard hemofiltra-
tion dosage must remain 25 mL/kg/hr for every ICU patient, 
whereas HVHF may be reserved for research only.

Key Points

1. High-volume hemofiltration (HVHF) is a hemofiltra-
tion with a dosage of more than 35 mL/kg/hr.

2. Animal and small single-center human studies 
have shown positive results for HVHF in sepsis.

3. Large randomized controlled trials did not dem-
onstrate any beneficial effect of HVHF in the 
intensive care unit.

4. HVHF must not be used outside clinical research.
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Several studies, in particular in Asia, also have explored 
the effects of HVHF on severe acute pancreatitis: Wang et al. 
on animal models43 and human patients44 and Jiang et al. 
proved its clinical benefit in humans45. They studied HVHF 
alone or in comparison with standard CVVH on mortality 
and organ function recovery and showed a clear benefit in 
using high volumes with early initiation. However, recent 
studies have had opposite results, and there is always a 
lack of large randomized controlled trials in this specific 
population.46,47

END OF THE STORY?

Regarding recommendations for clinical practice, patients 
with AKI should receive a renal replacement dosage of 
25 mL/kg/hr delivered (level I evidence and grade A recom-
mendation).22 A higher dose when they suffer from sepsis 
remains questionable.

The first large RCT on HVHF came from China by Zhang 
et al., who randomized 280 septic patients with AKI in 
a single center into two groups, one treated by HVHF at 
50 mL/kg/hr and the other by VHVHF at 80 mL/kg/hr.48 
They did not find any difference in terms of mortality or 
hemodynamic improvement. In 2013 a large multicenter 
RCT, the IVOIRE study, conducted by Joannes-Boyau et al., 
included 140 patients with AKI and septic shock randomized 
in two groups: 35 mL/kg/hr versus 70 mL/kg/hr. The authors 
definitely demonstrated that HVHF had no beneficial effect in 
terms of hemodynamic parameters improvement or mortality 
at 28 or 90 days.49 They also found that a large amount of 
antibiotics is removed by hemofiltration, which may be an 
explanation of the negative results of the HVHF studies, 
because the benefit of high volume may be counteracted by 
the harmful effect of drugs removal. However, a recent study 
using a specific technique,50 the cascade HVHF, which allows 
VHVHF (120 mL/kg/hr) with removal of only middle-size 
molecules, contradicts this argument. This technique uses a 
large-pore–size filter (40 kDa) upstream of a low-pore–size 
membrane (15 kDa) refiltrating the ultrafiltrate. The majority 
of the ultrafiltrate containing small molecules (e.g., antibiot-
ics, drugs, vitamins) then is readministered to the patient 
while a little part of the ultrafiltrate containing middle-size 
molecules (and cytokines) is retained in the effluent bag. 
In this multicenter RCT, Quenot et al.50 included 60 septic 
shock patients randomized in two groups: cascade HVHF 
versus standard care. The authors failed to demonstrate any 
beneficial effect in terms of catecholamine drug requirement, 
mortality, or even the cytokines removal except for IL-8.

In cardiogenic and distributive shock post–cardiac 
surgery, Combes et al. published the HEROICS trial, which 
studied the effect on mortality of HVHF (80 mL/kg/hr) in 
post–cardiac surgery patients; 224 patients were included 
and randomized in two groups: HVHF versus standard 
treatment.51 Again, the authors did not find differences in 
terms of mortality between groups; HVHF patients only 
experienced faster correction of metabolic acidosis and 
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