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Abstract 

 
Background 

Shock states with multiorgan failure remains associated with high mortality in critically 

ill patients. The underlying etiology may vary but the clinical presentation remains 

largely similar. The underlying mechanisms are still being explored, with 

hypercytokinemia playing a major role in the pathogenesis. Cytokines are largely 

middle-molecules, and non-specific cytokine removal as adjunctive therapy is a novel 

approach that is still being explored. High cut-off hemofiltration is one such technique 

with great potential, based on simple but sound reasoning. This thesis explores prior 

evidence and conducts further experiments to test the hypothesis on whether high 

cut-off point hemofiltration will result in important physiological and biological impact, 

when applied as adjunctive therapy in critically ill patients in acute kidney injury and 

on vasopressor support. 

Methods 

We conducted an extensive literature search for prior evidence to support such an 

intervention in the form of ex-vivo, animal and human studies. We embarked on the 

first ever double-blind randomised controlled trial comparing high cut-off point with 

standard hemofiltration in 76 critically ill patients on vasopressor support who were in 

acute kidney injury and compared effects on vasopressor requirement. We also 

compared the two filters thoroughly on various aspects of clinical relevance such as 

effects on albumin levels, vasopressor levels and duration, hemofiltration duration 

and filter life. We also conducted concurrent studies on measures of biological impact 

such as cytokine clearance, apoptosis indices, nucleosome level and toll-like receptor 

expression.  

Results 

Our extensive literature search revealed that there were abundant evidence to 

support higher cytokine removal by high cut-off techniques albeit accompanied by 

some concerns about higher rates of albumin removal. We also uncovered some 



 

VII 
 

research that supported physiological benefits such as reduction in vasopressor 

requirement. None of these were however randomised and blinded studies. 

Our randomised controlled trial on high cut-off hemofiltration however did not find 

positive physiological impact of high cut-off hemofiltration when compared with 

standard hemofiltration as defined by hours of vasopressor-free time. Our thorough 

comparison on various other aspects including maximum rates and time to 

permanent cessation of norepinephrine, time to cessation of hemofiltration and filter 

life also did not find any benefit of high cut-off hemofiltration. Interestingly high cut-off 

hemofiltration also did not result in significant lowering of plasma albumin levels. 

Our comparison on various biological effects found that although sieving by the high 

cut-off filter was higher for certain cytokines, this did not result in significant lowering 

of plasma levels of those cytokines. Some other cytokines had similar clearance and 

sieving as standard membranes. The effects on apoptosis indices, nucleosome levels 

and toll-like receptor expression were also not significantly different. 

Conclusion 

The concept of higher cytokine removal offered by high cut-off filters and its simplicity 

of application was a highly attractive idea, however our study of these filters did not 

find them efficacious as adjunctive therapies in critically ill patients with acute kidney 

injury on vasopressor therapy. As any intervention is not devoid of potential harm, 

studies on adjunctive approaches should investigate alternative methods that may 

offer better efficacy. 

 

 

 
 
 
 
 
 
 
 
 



 

VIII 
 

Declaration  

This thesis contains no material which has been accepted for the award of any other 

degree or diploma at any university or equivalent institution and that, to the best of 

my knowledge and belief, this thesis contains no material previously published or 

written by another person, except where due reference is made in the text of the 

thesis. 

Signature:       

Print Name: RAFIDAH ATAN 

Date: 30th OCTOBER 2017 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

IX 
 

Thesis including published works declaration 

I hereby declare that this thesis contains no material which has been accepted for the 

award of any other degree or diploma at any university or equivalent institution and 

that, to the best of my knowledge and belief, this thesis contains no material 

previously published or written by another person, except where due reference is 

made in the text of the thesis.  

This thesis includes 6 original papers published in peer reviewed journals, 1 

publication as conference proceedings and 1 currently submitted for publication. The 

core theme of the thesis is a study on the biological and physiological impact of high 

cut-off hemofiltration in critically ill patients with acute kidney injury. The ideas, 

development and writing up of all the papers in the thesis were the principal 

responsibility of myself, the student, working within the Jeffrey Cheah School of 

Medicine and Health Sciences, Monash University Malaysia, under the supervision of 

Professor Rinaldo Bellomo and Professor Anuar Zaini Md Zain.  

The inclusion of co-authors reflects the fact that the work came from active 

collaboration between researchers and acknowledges input into team-based 

research.  

My contributions to the publications involved the following:  

 

Publication 

list 

Publication Title Status  

Nature and % of 

student 

contribution 

Co-author name(s) 

Nature and % of Co-

author’s contribution* 

Co-

author(s), 

Monash 

student 

Y/N* 

1 

  
Techniques of 

extracorporeal 

cytokine 

removal: a 

systematic 

review of the 

literature. 

Published 

Literature search, 
screening of 
abstracts, selection 
of articles, data 
extraction, analysis 
and drafting of 
manuscript 50% 
 

David Crosbie. Literature 
search, screening of 
abstracts, selection of 
articles 30%.  
Rinaldo Bellomo. 
Important intellectual input 
in terms of search 
strategy, final arbiter in 
article selection, drafting 
of manuscript 20% 

No – for all 
co-authors 



 

X 
 

2 

Techniques of 
extracorporeal 
cytokine removal: a 
systematic review 
of the literature on 
animal 
experimental 
studies. 

Published 

Literature search, 
screening of 
abstracts, selection 
of articles, data 
extraction, analysis 
and drafting of 
manuscript 50% 
 

David Crosbie. Literature 
search, screening of 
abstracts, selection of 
articles 30%.  
Rinaldo Bellomo. 
Important intellectual input 
in terms search strategy, 
final arbiter in article 
selection, drafting of 
manuscript 20% 
 

 

No – for all 

co-authors 

3 

 
Techniques of 
extracorporeal 
cytokine removal:  
a systematic review 
of human studies  

Published 

Literature search, 
screening of 
abstracts, selection 
of articles, data 
extraction, analysis 
and drafting of 
manuscript 50% 

David Crosbie. Literature 
search, screening of 
abstracts, selection of 
articles 30%.  
Rinaldo Bellomo. 
Important intellectual input 
in terms search strategy, 
final arbiter in article 
selection, drafting of 
manuscript 20% 
 

No – for all 
co-authors 

 

4 

 

 
A double-blind 
randomized 
controlled trial of 
high cut-off vs. 
standard 
hemofiltration in 
patients with 
vasodilatory shock 
and acute kidney 
injury 
 

Submitted 
for 

publication 

Study concept and 
conduct, sample 
and data collection, 
data analysis and 
interpretation, 
statistical analysis, 
drafting of the 
manuscript. 50% 

Leah Peck: Study 
conduct, data collection 
10%, John Prowle: Study 
concept and design 5%, 
Elisa Licari: Study 
concept and design 5%, , 
Glenn M. Eastwood2: 
study conduct 5%, 
Marcus Stor: study 
concept and design 2.5%, 
Hermann Goehl: study 
concept and design 2.5%, 
Rinaldo Bellomo study 
concept and design, data 
analysis and 
interpretation, statistical 
analysis, drafting of the 
manuscript 20%. 
 

No – for all 
co-authors 

5 

High cut-off 
hemofiltration 
versus standard 
hemofiltration: 
effect on 
plasma cytokines. 

Published 

 
Study concept and 
conduct, sample 
and data collection, 
data analysis and 
interpretation, 
statistical analysis, 
drafting of the 
manuscript. 50% 

Leah Peck. Study 
conduct, data collection 
5%,  
Kumar Visvanathan. 
Study concept and design 
7.5%, Narelle Skinner. 
Laboratory analysis 15%,  
Glenn Eastwood. Study 
conduct 2.5% 
Rinaldo Bellomo. Study 
concept and design, 
drafting of manuscript 
15% 
Markus Storr. Study 
concept and design, 
drafting of manuscript 5% 
, 
Hermann Goehl. Study 
concept and design, 
drafting of manuscript 5% 
 

No – for all 
co-authors 



 

XI 
 

6 

 
High cut-off 
hemofiltration 
versus standard 
hemofiltration: a 
pilot assessment of 
effects on indices of 
apoptosis. 

Published 

 
Study concept and 
conduct, sample 
and data collection, 
data analysis and 
interpretation, 
statistical analysis, 
drafting of the 
manuscript. 50% 
 

Grazia Maria Virzi. 
Laboratory analysis, 
drafting of manuscript 
12.5%. 
Leah Peck. Conduct of 
study, data collection 5%. 
Amutha Ramadas. 
Statistical analysis 2.5%. 
Alessandra Brocca. 
Laboratory analysis 7.5%. 
Glenn Eastwood. Conduct 
of study 2.5%  
Suneet Sood Drafting of 
the manuscript 2.5%,  
Claudio Ronco drafting of 
manuscript 2.5%. 
Rinaldo Bellomo. Study 
concept and design, 
analysis and 
interpretation, drafting of 
manuscript 10%,  
Hermann Goehl. Study 
concept, draft of 
manuscript 2.5%,  
Markus Storr. Study 
concept, draft of 
manuscript 2.5%. 
 

No – for all 
co-authors 

7 

 
Nucleosome levels 
and toll-like 
receptor expression 
during high 
cut-off 
hemofiltration: a 
pilot assessment.  
 

Published 

Study concept and 
conduct, sample 
and data collection, 
data analysis and 
interpretation, 
statistical analysis, 
drafting of the 
manuscript. 50% 

Clive May. Study concept 
and design 5% 
Simon Bailey. Laboratory 
analysis 10% 
Marcel Tanudji. 
Laboratory analysis 5% 
Kumar Visvanathan. 
Study concept and 
design, drafting of 
manuscript 5% 
Narelle Skinner. 
Laboratory analysis 7.5% 
Rinaldo Bellomo Study 
concept and design, 
drafting of manuscript 
12.5% 
Hermann Goehl. Study 
concept and design. 
Drafting of manuscript. 
5% 
Markus Storr. Study 
concept and design, 
drafting of manuscript 5% 
 

No – for all 
co-authors 

 
   
I have renumbered sections of submitted or published papers in order to generate a 

consistent presentation within the thesis. 



 

XII 
 

Student signature:                                                          

Date: 30th October, 2017 

 

 

The undersigned hereby certify that the above declaration correctly reflects the nature 

and extent of the student’s and co-authors’ contributions to this work. In instances 

where I am not the responsible author I have consulted with the responsible author to 

agree on the respective contributions of the authors. 

 

 

Main Supervisor signature Date: 30th Oct 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

XIII 
 

Other PhD-related publications during the PhD period  
 

1. World Federation of Societies of Intensive and Critical Care Medicine Congress 

(WFSICCM) Abstract: Rafidah Atan, John Prowle, Leah Peck, Glenn Eastwood, 

Rinaldo Bellomo Randomized controlled study of high cut-off point hemofiltration 

vs. standard hemofiltration in acute renal failure. Journal of Critical Care - 

December 2013 (Vol. 28, Issue 6, Page e50, DOI: 10.1016/j.jcrc.2013.09.027) 

PhD-related presentations during the PhD period 

1. Oral presentation: "Pilot Randomized Controlled Study of High Cut-Off Point 

Hemofiltration vs Standard Hemofiltration in patients with Acute Renal Failure 

– An Interim Report". Annual Austin Research Prize Surgery and Anaesthesia 

2009, Department of Surgery, Austin Hospital 25th November, 2009 

2. Poster presentation: “Randomized controlled study of high cut-off point 

hemofiltration vs. standard hemofiltration in acute renal failure”. 11th World 

Federation of Societies of Intensive and Critical Care Medicine Congress, 

Durban, South Africa. August 2013 

3. Lecture: “Blood purification in sepsis: Theory vs. Evidence”. Annual Scientific 

Meeting in Intensive Care (ASMIC) 2014, Kuala Lumpur 16th August 2014 

4. Lecture: “Does one filter fit all?” Annual Scientific Meeting in Intensive Care, 

Kuala Lumpur. 16th August, 2015 

5. Lecture: “Extracorporeal blood purification for sepsis” Baxter Healthcare 

(Malaysia) Sdn Bhd, Kuala Lumpur. 11th January, 2016 

PhD-related journal reviewing during the PhD period  

1. Blood purification, 2010. 

2. Inflammation Research, 2014. 

 

 

 

 



 

XIV 
 

Acknowledgements 

I would like to acknowledge the following individuals for their help and support during 

my PhD journey: 

My husband, Nor’azim Mohd Yunos, for his love, support, patience and guidance. 

You’re still the best decision I’ve ever made in my life. Thank you for being an 

excellent role model for me and the boys. 

My children, Anas, Muaz, Muhammad Umar and Yahya. You guys are my biggest 

achievements in life and I’m so proud of each and every one of you. I can pursue my 

career goals and have a family at the same time because you boys are trouble-free, 

independent and sensible.  

My supervisor, Rinaldo Bellomo, for his patience and guidance. You’ve guided me 

through all stages of this journey and endured a very long journey indeed. This is 

despite how busy you are and how outstandingly you stand in the eyes of this world.  

I can’t thank you enough, this thesis could not materialise without you and I apologise 

for all my shortcomings.  

My supervisor, Anuar Zaini Mohd Zain, for his patience and guidance. Your great 

accomplishments and humility are an inspiration to us all. 

My co-authors, colleagues, domestic helpers and extended family members who’ve 

all contributed directly or indirectly towards my ability to persevere in this journey. 

 

 

 

 

 

 



 

1 

 

 

 

 

 

 

  

  

Chapter 1  

Introduction and literature review: 
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1.1 Hypercytokinemia in critical illness 

Cytokines are small proteins that display autocrine, paracrine and endocrine 

functions. Their molecular weights fall within the range of middle molecules (0.5 to 

60kDa). They are produced by many types of cells; of special note in the context of 

critical illness is the production of cytokines by immune and endothelial cells. Over 

the years, new cytokines continue to be discovered, while known ones display newly 

discovered functions. What is evident is that a particular cytokine can act on multiple 

sites and perform multiple functions, while at the same time different cytokines have 

overlapping roles. In scientific terms, they have been described as being both 

pleiotropic and redundant.  

The study of cytokines have spanned over decades of research, resulting in 

thousands of scientific papers. The extensive amount of literature that supports the 

study of cytokines and its network is summarised in the following discussion; 

supported by excellent reviews including that by Bone 1996, Pinsky 2000, Cohen 

2002, Dinarello 2007 and Schulte 2013. A few original research papers are also 

highlighted. 

Cytokines play a role in almost every facet of life and are involved in roles as diverse 

as cell development in embryology, homeostasis in health and disease, and cancer 

development and prevention. Perhaps one area of extensive study relate to their 

effects on both innate and adaptive immunity. In the context of critical illness, much of 

its significance lies in the belief that production is enhanced in response to sepsis and 

tissue injury.  

The pathways of cytokine production under these circumstances are well 

summarised. Essentially, infectious and non-infectious stimuli present themselves as 

PAMPs (pathogen-associated molecular patterns) or DAMPs (damage-associated 

molecular patterns or alarmins) to pattern recognition receptors, such as toll-like 

receptors (TLRs). The binding of PAMPs and DAMPs to TLRs initiate a complex 

cellular response, involving important molecules such as the transcription factor NF-

κB (nuclear factor kappa-light-chain-enhancer of activated B cells) which ultimately 

results in the synthesis and release of mediators including cytokines. The study of 
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cytokines in critical care however extends beyond that of its production and functions 

to include possible therapeutic strategies based on this knowledge. 

Many cytokines play a proinflammatory role; prominent examples include TNF-alpha 

(tumor necrosis factor alpha) and interleukin(IL)-1; which in a homeostatic sense may 

serve to limit infection and minimise the effects of tissue injury. These very same 

effects, however, also induce undesirable effects such as an increase in vascular 

permeability, a drop in systemic vascular resistance and a procoagulant effect, and 

are blamed for the systemic inflammatory response, shock states and multiorgan 

dysfunction seen in critically ill patients. Selectively blocking the effects of IL-1 and 

TNF-alpha in sepsis and SIRS therefore seemed like an attractive concept. Results 

from such studies in critical illness however, have been disappointing and the 

characteristics of these cytokines may offer an explanation why. IL-1 and TNF-alpha 

are labelled as ‘early’ cytokines. They play a major role in the initiation of the cytokine 

cascade at the onset sepsis or SIRS. In later stages they are often undetectable in 

blood. As such, the failure may be because these cytokines are useful as targets in a 

prophylactic manner, which is hardly feasible in a clinical context.  

‘Late’ cytokines such as HMGB-1 (high mobility group box-1; molecular weight 25 

kDa) and MIF (macrophage migration inhibitory factor; MW 12.5kDa), both of which 

are also proinflammatory but released at later stages of disease and persist longer in 

the circulation, have also been studied as potential therapeutic targets in conditions 

such as sepsis; with some animal trials showing benefits in models of critical illness 

(Wang 2014, Kang 2014, Bloom 2016, Kerschbaumer 2012, Calandra 2000). 

Other cytokines act in an anti-inflammatory manner, including IL-10, IL-4 and TGF-

beta (transforming growth factor beta). These cytokines may serve to limit and 

counter the harmful effects of proinflammatory cytokines, and administration of these 

cytokines have been studied with some animal studies showing benefits. Anti-

inflammatory cytokines however, are also blamed for their role in inducing anergy, 

immunosuppression and susceptibility to secondary infections. One of the most 

widely studied mechanisms in this regard is the inducement of widespread apoptosis 
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of mononuclear cells. Selective blocking of anti-inflammatory cytokines has therefore 

been studied as a therapeutic strategy in patients suffering immunosuppression. 

The administration of proinflammatory cytokines such IL-7, GM-CSF (granulocyte-

macrophage colony-stimulating factor) and IFN-gamma (interferon gamma) has also 

been studied to counter this immunosuppression. Some preliminary studies have 

shown support for this theory. However, concerns arise with their use in patients who 

are not in the phase of immunosuppression as they may in turn extend the survival of 

neutrophils and lead to greater harm. 

Some cytokines are recognised to have both proinflammatory and anti-inflammatory 

roles; a prominent example includes IL-6 (Scheller 2011). Preliminary studies on 

selective antagonism of IL-6, as well as others on enhancement of its effects have 

also been reported. Some of these studies were in the context of critical illness. 

In summary, it is well substantiated that both proinflammatory and anti-inflammatory 

effects of cytokines are essential for recovery in the setting of infection and tissue 

injury. At the same time, both effects may play a role in multiorgan dysfunction, 

secondary infections and death. At the time that our journey was undertaken, it was 

believed that cytokine excess i.e. hypercytokinemia was highly responsible for poor 

outcomes in sepsis and SIRS.  Essentially this occurs by inflating either 

proinflammatory or anti-inflammatory effects and moving the host out of the ‘zone’ of 

homeostasis into a state of harmful excess.  

Elevated levels of cytokines such as IL-6, IL-10 and MIF were also found to be 

associated with poor outcomes, which further supports the theory that 

hypercytokinemia is harmful (Pinsky 1993, Kellum 2007, Grieb 2010). It was also 

believed that excess in proinflammatory cytokines, without compensatory increase in 

anti-inflammatory cytokines, or vice versa, will create an imbalance and that this 

imbalance is also harmful (Pinsky 2000). There appeared to be a need to block or 

remove excess cytokines in an attempt to achieve a state of homeostasis and 

balance again. These theories led to the study of various therapeutic approaches to 

counter the effects of hypercytokinemia including cytokine removal by extracorporeal 
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techniques and the use of cytokine antagonists as outlined above. The former offer 

non-selective removal, while the latter target specific cytokines.  

Treatment strategies targeting specific cytokine networks in critically ill patients have 

been inconclusive at best, and demonstrated harm at worst. It is evident from the 

above discussion that targeting specific cytokines is a complex approach as it 

depends much on the timing i.e. which cytokines are playing a prominent role at a 

particular point in time. The issue of correct targeting in fact goes beyond the issue of 

timing, but is also affected by the cytokine ‘climate’ in individual patients; which may 

vary due to reasons such as severity of insult, state of health and genetic 

predisposition.  

The complexity of targeting specific cytokines and the failure of trials of this approach 

made the theory of non-specific removal all the more attractive. There is great logic in 

supporting this latter approach; the degree of non-selective cytokine removal is likely 

to be concentration dependent and will self-regulate any variability in cytokine 

responses due to disease and patient factors. By removing all excess cytokines, 

there is a greater likelihood that return to homeostatic balance will be achieved. In 

contrast, our knowledge of cytokine networks, coupled by the failure of clinical trials, 

suggests that targeting specific cytokines may interfere in the balance in ways that 

cannot be predicted. 

Challenges to this logic also exist. After years of study by various groups, the 

question of whether removing cytokines wil confer benefit or if it will cause harm (or at 

best prove futile) continues to be debated with proponents on both sides (Schulte 

2013, Brown 2016, Frencken 2017). There are other potential flaws in the cytokine 

reduction theory. Cytokines are powerful molecules and can exert effects at very low 

concentrations. Furthermore, what matters more may be cytokine effects at tissue 

level, irrespective of its plasma concentration. There also exists the perennial issue of 

making deductions based on cytokine levels or measurements - it is highly likely that 

there are mediators, which are not measured, that are playing an important part. 

Our research was undertaken on the premise that hypercytokinemia is harmful due to 

its excess, that nonspecific removal may benefit the host by returning concentrations 
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to more homeostatic levels and that this approach may be successful in ways that 

targeting specific cytokines were not. Our proposed technique was via an 

extracorporeal approach. Our first step was to find evidence that cytokine removal 

using these approaches were in fact possible. 

1.2 High cut-off hemofiltration as extracorporeal blood purification (EBP) technique 

The interest in removing cytokines through the process of renal replacement therapy 

started more than two decades ago when cytokines were found in the hemofiltrate of 

patients undergoing renal replacement therapy (Bellomo et al 1993, De Vriese et al 

1999). Nonspecific removal of cytokines using extracorporeal blood purification (EBP) 

techniques subsequently emerged as a favoured approach in dealing with 

hypercytokinemia, and techniques such as standard hemofiltration, high volume 

hemofiltration, plasmafiltration and adsorption were studied over the years. 

Cytokine molecules are within the middle molecular range of 0.5 to 60kDa. Many 

would be too large to pass through standard hemofilters that have in vivo cut-off point 

of 20 to 30kDa. A modification to the technique of hemofiltration was subsequently 

developed in the form of filters with larger pores. High cut-off (HCO) hemofilters with 

in vivo cut-off points of 60 to 100kDa are likely to facilitate the passage of most 

cytokines, even with the phenomenon of membrane fouling i.e. adsorption of 

proteinaceous materials onto the filter surface that reduces its effective pore size on 

exposure to the circulation. It is postulated therefore that high cut-off hemofilters 

would offer better cytokine clearance compared to standard hemofilters. 

The notion of using high cut-off hemofilters to remove cytokine is an attractive idea 

given the simplicity of its concept. Hemofiltration is a procedure commonly performed 

in the intensive care unit. The technical expertise required is not unusual and widely 

considered a basic skill. The dose of hemofiltration proposed when using these filters 

are standard doses. Cytokine removal using high cut-off hemofilters would only 

require the use of a new type of filter whilst other consummables and equipment 

remain the same. Additionally, critically ill patients suffering from sepsis and systemic 

inflammatory response syndrome (SIRS) often develop acute kidney injury requiring 

hemofiltration. Moreover, this therapy is potentially safe for continuous application, as 



 

7 
 

opposed to plasmafiltration that could remove 100 percent of cytokines but also 

cause significant loss of plasma proteins and therefore allowing only intermittent 

therapy alongside a need for plasma replacement with its associated risks. 

One source of concern with the use of high cut-off hemofilters, however, is that the 

pore size is close to that of albumin (MW 66kDa). The occurrence of membrane 

fouling may help to limit albumin’s passage across the filter but this aspect would 

require monitoring and remains a safety issue. 

1.3 Aim of thesis and research questions 

The aim of this thesis is therefore to study the physiological and biological effects of 

high cut-off hemofiltration as a technique of extracorporeal blood purification (EBP) 

and to attempt to answer the following research questions: 

• Is there enough evidence in the literature to support the use of high cut-off 

hemofiltration as a technique of extracorporeal blood purification? 

• Does high cut-off hemofiltration result in improved haemodynamic stability, as 

reflected by vasopressor free time, compared to standard hemofiltration, which would 

suggest positive physiological effects?  

• Does high cut-off hemofiltration result in better removal of cytokines as compared to 

standard hemofiltration, which would suggest positive biological effects?  

• Does high cut-off hemofiltration positively impact other biological effects such as 

apoptosis indices, nucleosome levels and toll-like receptor expression, which may be 

affected in this subgroup of patients, when compared to standard hemofiltration? 

• Are there any concerns especially in terms of protein loss associated with the use of 

high cut-off hemofiltration? 

 

1.4 Research hypothesis 

We hypothesize that hemofiltration with such high cut-off membranes would achieve 

more rapid improvement in blood pressure and decreased norepinephrine 

requirements and also decreases serum cytokine concentration compared to 

hemofiltration with a standard membrane. 
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High cut off hemofiltration may also beneficially affect cytokine levels, apoptosis 

indices, nucleosome levels and toll-like receptor (TLR) expression when compared to 

standard hemofiltration. 

We also hypothesize that albumin loss caused by use of high cut off hemofiltration 

will not cause significant drop in plasma albumin levels when compared to standard 

hemofiltration. 

The first three publications of this thesis therefore seek to find evidence that 

extracorporeal blood purification with high cut-off hemofiltration will result in high 

cytokine removal rates.  The evidence must also compare its performance to 

standard hemofilters as well as other EBP techniques such as plasmafiltration, 

adsorption, high volume hemofiltration and hybrid techniques.  

An extensive systematic review using important keywords was performed and more 

than 2000 abstracts were screened. Only studies which measured cytokine clearance 

were included as this is taken to be conclusive evidence of cytokine removal. Studies 

identified were classified into laboratory/ex vivo studies, animal studies and human 

studies. 

The first publication was on ex vivo studies, which are preliminary studies performed 

under laboratory conditions: 

Atan R, Crosbie D, Bellomo R. Techniques of extracorporeal cytokine removal: a 

systematic review of the literature. Blood Purif. 2012;33(1-3):88-100 
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1.6 Summary of literature review on ex-vivo studies 

The literature review on ex-vivo studies found good evidence that HCO hemofiltration is 

one of the better techniques for cytokine removal. Its rate of clearance as well as 

sieving coefficients (SC) of various cytokines were greater than that of standard 

techniques and similar to more complicated techniques such as hemoadsorption, 

plasmafiltration and hybrid techniques. Hemofiltration as a modality appear to offer 

higher clearance compared to hemodialysis. Albumin loss appeared comparable 

between different modalities of HCO techniques i.e. continuous hemofiltration versus 

continuous hemodialysis.  

No date restrictions were applied and the earliest relevant article traced back to 1991. 

As the studies were conducted under artificial systems, many of the measurements 

were performed after a single pass through the extracorporeal system. Those involving 

artificial circulation were applied over a short duration only. Some of the adsorption 

techniques involved incubation for a limited period. These laboratory settings, although 

necessary to pave the way for further studies, may not predict what will occur in live 

circulation. Phenomenon such as membrane fouling and saturation of adsorption 

devices may not be reflected under these laboratory conditions.  

We proceeded to perform a second systematic review of the literature on animal 

studies:  

Atan R, Crosbie D, Bellomo R. Techniques of extracorporeal cytokine removal: a 

systematic review of the literature on animal experimental studies. Int J Artif Organs. 

2013 Mar;36(3):149-58. 

 Additional searches were performed due to the time lag between the first publication 

and the second, as well as honouring requests from reviewers. This second publication 

therefore involved a screening of more than 3000 abstracts. 
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1.8 Summary of literature review on animal studies 

Animal studies did not provide much data on actual clearance measured and the 

number of cytokines studied were few. Most of the data were in the form of sieving 

coefficient (SC) and mainly involved two cytokines, IL-10 and TNF-alpha. Most studies 

involved animals within the weight range of 20 to 40 kg. 

Our calculated predicted clearance for an 80kg human based on SC showed that high 

cut-off hemofiltration may offer higher clearance when compared to standard 

hemofiltration at standard doses. The highest clearance were however achieved by 

standard filters when delivered as high volume hemofiltration; the doses used however 

were not clinically feasible. TNF-alpha, which is a large molecule (54 kDa) appeared to 

be removed only via plasmafiltration techniques.  

Animal studies are a step higher than laboratory studies, providing live circulation and 

in-vivo systems, however there may be major biological differences compared to 

humans, as well as differences in volume of distribution that may have an effect on 

cytokine clearance. 

We proceeded with our final literature review, on human studies: 

Atan R, Crosbie DC, Bellomo R. Techniques of extracorporeal cytokine removal: A 

systematic review of human studies. Ren Fail. 2013 Sep; 35(8):1061-70. 

Similarly, an extension to the original search was done due to the time lag between this 

publication and the first literature search. 
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Abstract 

Background and Aims:  Hypercytokinemia is believed to be harmful and reducing 

cytokine levels is considered beneficial. Extracorporeal blood purification (EBP) 

techniques have been studied for the purpose of cytokine reduction. We aimed to 

study the efficacy of various EBP techniques  for cytokine removal as defined by 

technical measures. 

Methods: We conducted a systematic search for human clinical trials which focused 

on technical measures of cytokine removal by EBP techniques. We identified 41 

articles and analysed cytokine removal according to clearance (CL), sieving 

coefficient (SC), ultrafiltrate (UF) concentration and percentage removed.  

Results: We identified the following techniques for cytokine removal: standard 

hemofiltration, high volume hemofiltration (HVHF), high cut-off (HCO) hemofiltration, 

plasma filtration techniques, adsorption techniques, ultrafiltration (UF) techniques 

relating to cardiopulmonary bypass (CPB), extracorporeal liver support systems and 

hybrid techniques including combined plasma filtration adsorption.  Standard filtration 

techniques and UF techniques during CPB were generally poor at removing cytokines 

(median CL for interleukin 6 [IL-6]: 1.09 mL/min, TNF-alpha 0.74 mL/min). High cut-

off techniques consistently offered moderate cytokine removal (median CL for IL-6: 

26.5 mL/min, interleukin 1 receptor antagonist [IL-1RA]: 40.2 mL/min). 

Plasmafiltration and extracorporeal liver support appear promising but data are few. 

Only one paper studied combined plasma filtration and adsorption and found low 

rates of removal. The clinical significance of the cytokine removal achieved with more 

efficacious techniques is unknown. 

Conclusion: Human clinical trials indicate that high cut-off hemofiltration techniques, 

and perhaps plasmafiltration and extracorporeal liver support techniques are likely 

more efficient in removing cytokines than standard techniques.
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Introduction 

Multiorgan dysfunction syndrome (MODS) results in high mortality despite advances in 

intensive care.1,2 Variations in etiology, whether induced by microbials or tissue injury, 

often result in a similar pattern of deterioration.3 The stimulus for cytokine activation 

occurs through both pathogen-associated molecular patterns (PAMPS) or damage-

associated molecular patterns (DAMPS) initiating common pathways which will 

ultimately lead to hypercytokinemia.4  

Although cytokines play a role in limiting damage and helping the process of wound 

healing, the excessive presence of cytokines in the circulation is believed to be harmful. 

Thus, reducing its level to a more homeostatic range is believed to improve outcome.5,6 

The use of cytokine antibodies to counteract hypercytokinemia has been found 

ineffective, and even harmful in critically ill patients.7,8 Another potential approach is the 

use of extracorporeal techniques for the purpose of cytokine removal. 9,10,11  Cytokines 

are water soluble middle molecules (molecular weight 0.5 to 60kDa) which exist in free 

form in the circulation. These characteristics make them suitable targets for removal by 

extracorporeal blood purification (EBP) techniques, yet no systematic analysis has been 

performed to understand which technique and which filtration devices achieve the 

highest level of efficiency of cytokine removal in critically ill patients. 

Methods 

We conducted a systematic search using Pubmed database up to November 2012, for 

relevant articles on human studies on cytokine removal using known modalities of EBP. 

We then systematically assessed the efficacy of all EBP techniques previously reported 

in the literature using these data.  

Our approach at identifying relevant articles for analysis is outlined in Figure 1.  

The following search terms were used:  “cytokine” AND “continuous renal replacement 

therapy”; “cytokine’ AND ‘hemofiltration”; “cytokine’ AND ‘hemodiafiltration”; “cytokine” 

AND “high volume hemofiltration”; “cytokine” AND “adsorption”; “cytokine” AND 

“plasmapheresis”; “cytokine” AND “bioartificial kidney” and “cytokine” AND “coupled 

plasma filtration adsorption”.  All the terms used were MESH terms except for 
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“continuous”, “bioartificial kidney”, “high volume hemofiltration” and “coupled plasma 

filtration adsorption” which are keyword searches.  

Abstracts of articles retrieved were then screened for two inclusion criteria:  human 

experimental studies and the reporting of a numerical value of at least one of these 

measures of cytokine removal: clearance, sieving, percentage removal or concentration 

in the filtrate. Two independent researchers performed the search and then manually 

screened retrieved articles for those which met both inclusion criteria. Abstracts which 

did not include enough details as well as publications with no abstracts provided were 

traced using library resources and each paper screened for inclusion criteria. We 

excluded review articles and articles published in language other than English. 

We used four main ways of expressing cytokine removal: clearance (CL), sieving 

coefficient (SC), ultrafiltrate (UF) concentration and percentage removed. As this review 

is concerned with technical aspects of cytokine removal and not patient outcome, we 

did not focus on survival or other clinical outcomes. 

In terms of definitions, we used the term “standard technique” to refer to the use of 

standard high flux hemofilters (nominal cut-off point of 30 to 40 kDa) at standard doses 

of filtrate flow (<25 ml/kg/hr), while the term “high cut off techniques” was used to refer 

to the use of super high flux hemofilters with a nominal cut off point of greater than 

60kDa11. The term “high volume hemofiltration” (HVHF) was used to refer to techniques 

of hemofiltration using standard hemofilters at doses higher than 50ml/kg/hr. HVHF 

using standard filters was labeled as Std/HVHF and classified under standard 

hemofiltration. The term “plasmafiltration” was used to refer to techniques involving the 

passing of blood through a large pore plasmafilter that resulted in filtration of plasma, 

where this filtered plasma was discarded and replaced by another source of 

colloid/plasma. The term liver extracorporeal support was used to refer to the use of 

devices in liver failure for the purpose of blood purification where blood was dialyzed 

across an albumin-impermeable membrane (MARS) or where plasma separation was 

followed by adsorption (Prometheus). The term “Adsorption techniques” included all 

techniques where either whole blood or plasma was exposed to a sorbent. The term 

“Combined plasma filtration adsorption” (CPFA) was used to refer to techniques where 



 

                                                        38 

 

there was initial plasma separation followed by the filtrate being exposed to an 

adsorption device. The term CPFA was also used to refer to a technique in which the 

proposed mechanism was filtration or diafiltration using a filter that offered a degree of 

cytokine adsorption. A few techniques relating to cytokine removal during 

cardiopulmonary bypass were identified; conventional ultrafiltration (CUF) which 

referred to ultrafiltration performed during the rewarming phase, modified ultrafiltration 

(MUF) which referred to ultrafiltration after separation from bypass and zero balanced 

ultrafiltration (ZBUF) which referred to ultrafiltration commenced after 15 minutes of 

CPB. Other techniques were labelled as “UF in bypass” with a description of how the 

technique was performed.  

Data which were reported only in the form of graphs or figures had their numerical 

values estimated from the details given in the graphs. When more than one 

measurement was available, an average value was calculated. Where both UF 

concentration and plasma concentration are provided for the same time period, SC was 

taken as the fraction of UF over plasma concentration. CL was then calculated as the 

product of SC and ultrafiltration rate. The information on CL, SC and percentage 

removed was analysed to seek out techniques that offered the highest rate of cytokine 

removal based on human studies. Where sufficient data were available, these 

techniques were then analysed for operating characteristics which appeared to offer the 

best rate of cytokine removal. 

Due to the limited amount of data, we only calculated medians and interquartile ranges 

for cytokines of which three of more values had been identified. We did not make any 

statistical comparisons due to the limited number of observations and the variation in 

operational characteristics. 

Results 

The data extraction process is summarized in Figure 1.  

We identified the following main approaches: standard hemofiltration, high volume 

hemofiltration (HVHF), high cut-off (HCO) hemofiltration, plasma filtration techniques, 

adsorption techniques, ultrafiltration (UF) techniques relating to cardiopulmonary bypass 
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(CPB), extracorporeal liver support systems and hybrid techniques e.g. combined 

plasma filtration and adsorption (CPFA).  The number of papers studying a particular 

technique as well as the total number of patients who were studied according to each 

technique is shown in Table 1. Many articles studied more than one technique and also 

measured the levels of multiple cytokines. A few papers reported on hybrid therapies 

such as combined plasma filtration adsorption32, adsorption combined with standard 

hemodiafiltration14 and plasmafiltration combined with standard hemodiafiltration. 47 

Standard techniques include both hemofiltration using standard filters at standard 

doses13,17,18,20,22,23,35,39,40,41,43,49,51 as well as hemofiltration at high volume doses19,49 

according to current definitions; with the latter labeled as HVHF. Standard or high cut-off 

techniques included continuous hemofiltration,13,15,16,17,18,20,22,23,35,39,40,41,43,49,51 

continuous hemodialysis 15,18,27,45 and continuous hemodiafiltration.21,24,25,26,36 

The main cytokines measured in the clinical studies were interleukin-1b (IL-1b), 

interleukin-6 (IL-6), interleukin-8 (IL-8),  interleukin-10 (IL-10), tumor necrosis factor-

alpha (TNF-alpha) and interleukin-1 receptor antagonist (IL-1Ra)  Other cytokines 

measured were interleukin-2 (IL-2), interleukin -2 receptor (IL-2R), interleukin-6 receptor 

(IL-6R) and soluble TNF-alpha receptors I and II (sTNFαRI and sTNFαRII).  One 

paper52 studied many other cytokines and details are included in the footnote of Table 1. 

Two of the high cut-off studies and a plasmafiltration study also included data on 

albumin loss.15,16,42  

Tables 2 and 3 show data on clearance (CL) and sieving coefficient (SC) extracted from 

human studies respectively. The percentage removed data shown in Table 4. The 

number of patients that contributed data to each measurement is shown for each 

technique and treatment characteristics. Table 5 shows a list of all devices studied 

including other relevant details when reported. 

The standard techniques achieved low clearance, for all cytokines measured even when 

combined with high volume hemofiltration.  Std/HF techniques also had overall poor SC 

for various cytokines, mostly in the range of less than 0.1 to 0.2 regardless of operating 

characteristics. Some exceptions include IL-8, IL-1β and IL-1Ra although the ranges 

were very wide with some studies finding very poor SC. The percentage removed data 
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shown in Table 4 demonstrated that removal of cytokine was poor for standard 

techniques even when combined with high volume hemofiltration. 

HCO techniques were more consistent in offering moderate to high degree of cytokine 

clearance, for all cytokines measured. For illustration, the median value of CL for IL-6 

using standard HF (Std/HF) was 1.09 mL/min while the corresponding median value of 

CL for IL-6 for HCO technique (HCO/HF) was 26.5 mL/min (refer Table 2.1). CL using 

HCO techniques seemed to improve with increasing UF flows from 1 L/hr to 2.5 L/hr. 

HCO with continuous hemofiltration (HCO/HF) was comparable to continuous 

hemodialysis (HCO/HD) in terms of cytokine removal, however albumin loss was 

significantly different between these two modes (more than doubled with HF) when UF 

flows are increased from 1L/hr to 2.5 L/hr. HCO techniques consistently showed high 

SC of close to unity for IL-6 and IL-1Ra . Albumin SC for HCO techniques was reported 

in one paper and found to be 0.026.16 Among the cytokines studied, the SC for TNF-

alpha using HCO techniques appear to be consistently very low.  

There were no studies involving plasma filtration that provided clearance values. 

Plasmafiltration showed a SC of around unity for IL-6 and G-CSF, and moderately high 

SC for leukemia inhibitory factor (LIF). This is however coupled with a SC of unity for 

albumin which is expected from the characteristics of the technique.42 Another study 

found removal of 40% for IL-18 with plasmafiltration, with or without added continuous 

hemodiafiltration.47 

For data on adsorption, perhaps due to the nature of the technique, only percentage 

removed data was reported; with direct hemoperfusion resulting in around 25% removal 

for IL-1β, IL-6 and IL-1Ra and about 50% removal for IL-8 and TNF-alpha.46  

Only one paper looked at cytokine clearance with ultrafiltration during cardiopulmonary 

bypass and zero CL was achieved for all cytokines studied.28 Ultrafiltration techniques 

during CPB has reported unusual and implausible figures of SC exceeding 1 for TNF-

alpha.28,30,48 This may indicate extracorporeal-circuit-induced formation of TNF-alpha or 

an error with measurements. However, the overall removal of all other cytokines as 

measured by SC was poor (less than 0.1) with this technique. Only one study on this 
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technique reported percentage removed and found 28% removal of IL-6 and 59% 

removal of IL-8.31 

Only clearance values were reported for the extracorporeal liver support systems. The 

molecular adsorption recycling system (MARS) and Prometheus were the only 

techniques overall which showed high CL for TNF-alpha ranging from 25 to 29ml/min.12 

The Prometheus system also achieved high CL for IL-10 (46ml/min) and moderately 

high CL for sTNFαRII (12 ml/min), while MARS achieved moderate CL with both IL-8 

(17ml/min) and IL-10 (16ml/min). 

Similarly not all measurements were reported for the hybrid techniques. Only one paper 

evaluated coupled plasmafiltration adsorption (CPFA) and found excellent percentage 

removal for IL-10 and TNF-a (close to 100%).32 There were a number of other hybrid 

techniques described.14,47,50  Other hybrid techniques generally found low levels of 

cytokine removal. Standard hemodiafiltration using a filter capable of adsorption found 

low SC with the technique.14 Standard HDF combined with plasmafiltration found only 

38.8% removal of IL-18 and zero removal of IL-6. SHEDD-fA (sustained high efficiency 

daily diafiltration using a mediator adsorbing membrane) which utilizes a combination of 

hemodiafiltration and adsorption found low levels of removal of IL-6 (21%) with single 

pass measurements, and this is only when levels of IL-6 in the blood were more than 

50pg/ml with zero removal with lower blood levels of IL-6.50  

Discussion 

Key findings 

We performed a systematic analysis of human clinical studies involving different 

techniques of EBP to determine their efficacy in the removal of cytokines. We found the 

high cut-off techniques consistently achieved moderate to high cytokine clearance as 

demonstrated by CL and SC values.  In contrast, standard techniques or ultrafiltration 

techniques appeared to be inefficient or unreliable in removing cytokines even when 

coupled with high volume hemofiltration. Plasmafiltration achieved high removal of 

cytokines, as expected, but this clearance was predictably coupled with high albumin 

loss. CPFA and adsorption techniques showed promising results based on percentage 
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removed data, although only one paper for each technique of could be identifed. 

Hemodiafiltration using filters capable of adsorbing mediators did not offer a high 

degree of removal through single pass and is largely understudied.  Finally, 

extracorporeal liver support systems may also remove cytokines.  

Relation to previous literature 

To our knowledge, there are no other reviews of all human studies in the literature 

which have assessed objective, technical measurements of cytokine removal such as 

CL, SC and percentage removed for comparison. We had earlier published two 

systematic reviews on the same topic focusing on ex-vivo cytokine removal and 

cytokine removal in animal studies respectively.53,54 The findings of the human studies 

reported here are broadly consistent with the findings of these two previous systematic 

reviews. 

Significance of study findings 

Despite an appreciable number of publications studying EBP techniques or devices in 

ex-vivo, animal experiments and human studies, details of the ideal operative 

characteristics to ensure the highest efficacy of cytokine removal have not been clearly 

outlined. Our reviews suggests that high cut-off techniques may be most consistent in 

offering moderate to high cytokine removal regardless of operating characteristics. 

Other techniques which also offer significant cytokine clearance include extracorporeal 

liver support, plasmafiltration and adsorption techniques but their complexity is greater 

and the number of studies less . Some of these complex techniques require expertise, 

special equipment, are expensive and cannot be employed around the clock. High cut-

off techniques on the other hand use standard hemodialysis or hemofiltration equipment 

and standard flows of ultrafiltrate (all of which are widely available worldwide) with the 

only difference being the use of a filter with larger pores. The operating characteristics 

and the expertise required to initiate this treatment, although remains essential, are 

largely similar to that employed during standard continuous renal replacement therapies 

providing advantages for the use of high cut-off technique in terms of feasibility. More 

importantly, high cut-off techniques also appear to be one of the safest at a clinical 

level. High volume hemofiltration for example can result in hypophosphatemia, and loss 
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of circuit in CPFA which occurs due to clotting, especially if recurrent, can result in 

significant blood loss. Albumin loss caused by the high cut-off techniques on the other 

hand, can be replaced by infusing albumin solutions. 

Strengths and limitations 

The strength of this review is that it is the first to comprehesively assess all techniques 

of extracorporeal blood purification for their ability to remove cytokines in humans . This 

information is crucial for the further evolution of blood purification technology as a 

potential tool to modulate inflamation in sepsis. The limitations of this review include 

exclusion of articles in languages other than English and the inability to perform 

statistical comparisons due to the paucity of studies. Some techniques such as 

adsorption are under-represented as measures relating to clearance and sieving are not 

relevant to these techniques. The studies included have marked variability in other 

aspects of treatment and clinical circumstances as well as limited numbers of patients 

studied. Thus the external validity of our findings is limited. Finally, the clincial 

significance of cytokine removal like that of electrolyte changes55, 56 remains unknown.  

Conclusions 

In conclusion, our systematic review on EBP techniques found that HCO techniques, 

plasmafiltration and extracorporeal liver support system are able to significantly remove 

cytokines. Adsorption and CPFA techniques show promise although the data on these 

techniques are limited. Because of the technical simplicity of HCO techniques, they may 

represent the most appropriate technique for randomized controlled trials of cytokine 

removal by EBP. 
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Figure 1: Flow diagram summarizing the manuscript identification and selection 

process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                         

 

 

Search Pubmed: 

‘cytokine’ AND ‘continuous renal 

replacement therapy’  

‘cytokine’ AND ‘hemofiltration’  

‘cytokine’AND ‘hemodiafiltration’  

‘cytokine’ AND ‘high volume 

hemofiltration’  

‘cytokine’ AND ‘adsorption’  

‘cytokine’ AND ‘plasmapheresis’  

‘cytokine’ AND ‘bioartificial kidney’  

‘cytokine’ AND ‘coupled plasma 

filtration adsorption’ 

2313 results 

Inclusion criteria: 

• Human studies 

• Numerical data on 

clearance/sieving/perce

n-   tage removal/filtrate 

concentration 

• English language 

 

Exclude:  

• Overlapping articles 

• Review articles 

41 papers 

analyzed 



 

                                                        45 

 

 

Table 1: Number of papers and total number of patients studied for each technique 

Technique No of papers studying technique Total no of patients exposed to 
technique 

Standard continuous hemofiltration 
(Std/HF) 

1313,17,18,20,22,23,35,39,40,41,43,49,51, 201 

Standard continuous hemodialysis 
(Std/HD) 

318,27,45 28 

Standard continuous 
hemodiafiltration (Std/HDF) 

521,24,25,26,36 72 

Standard high volume 
hemofiltration (Std/HVHF) 

219,49 26 

High cut-off continuous 
hemofiltration (HCO/HF) 

313,15,16 48 

High cut-off continuous (HCO/HD) 115 12 

Plasmafiltration 242,47 22 

Combined plasma filtration 
adsorption (CPFA) 

132 10 

Ultrafiltration during 
cardiopulmonary bypass (UF in 
CPB) 

328,37,44 41 

Extracorporeal liver support (MARS 
and Prometheus) 

112 8 

Adsorption techniques using direct 
hemoperfusion (Adsorption/DHP) 

246,52 14 

Conventional ultrafiltration (CUF) 329,30,31 54 

Modified ultrafiltration (MUF) 430,33,34,38 80 

Zero-balance ultrafiltration (ZBUF) 148 15 

Combined standard 
hemodiafiltration and adsorption 
(Std HDF+Adsorption) 

114 5 

Adsorption via sustained high 
efficiency daily diafiltration using a 
mediator adsorbing membrane  
(Adsorption/SHEDD-fA) 

150 25 

Combined standard 
hemodiafilration and 
plasmafiltration (Std HDF + PF) 

147 5 
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Table 2: Clearance (CL) data according to techniques, devices and treatment characteristics 
 

All clearance values are in mL/min 
n = number of patients studied for each technique and treatment characteristics 
^ ultrafiltration conducted throughout the whole duration of cardiopulmonary bypass 

Technique Device 
code 

n Qb 
(mL/min) 

Qf 
(mL/hr) 

Qd 
(mL/hr) 

RF IL1-b IL2 IL2R IL6 IL6R IL8 IL9 IL10 IL1RA TNFa sTNFaRI sTNFaRII Albumin 

Std/HF13 4 10   2500  post       0.2        4.43         

Std/HF17 7 13 100-150 2000     2.17     1.8          1.47       

Std/HF18 8 11 150-200 2000   post       3.3      0   0       

Std/HF20 8 13 150 1000           4.92          0       

Std/HF22 10 33 150-200 1000   post 7.03 0 0.43 0.56 0 2.19  0 6.62 3.57   0   

Std/HF39 12 16   2000           0          0       

Std/HF51 41 38 180 2000-2400  pre    1.97  3.33        

Std/HD18 8 12 150-200   2000         1.9      0   0       

Std/HD27 35 1     2000                    0       

Std/HDF21 9 9 ~100   1000 pre                4 0.15 0.77 0.12   

Std/HDF24 12 10 150   1000         1.38   2.74              

Std/HDF25 9 20 92 525 1000 pre    2.71      0.069    

Std/HDF26 12 18 150   1000   25.1                21.3       

Std/HVHF19 34 15   7800           2.01          3.88       

HCO/HF13 3 20   2500  post       38.3        39         

HCO/HF15 2 6   1000   post       8.43        16.23 0     0.13 

HCO/HF15 2 6   2500   post       24.6        41.43 0     0.87 

HCO/HF16 6 16 150 1000   post       14.67          0       

HCO/HD15 2 6     1000 post       9        15.43 0     0.16 

HCO/HD15 2 6     2500 post       21.8        28.33 0     0.35 

Adsorption/DHP52¤ 42 9 80-100    24.3   22.4  0.26 14.6 14 6.93     

UF in bypass28^ 14 20   1000     0     0   0              

MARS12* 1 8 200   18000#         3   17  16   29 2     

Prometheus12* 2 8 200   18000#         4   3  46   25 12     
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*cell-free extracorporeal liver support systems 

# 300ml/min 
¤ Other clearances (mL/min) obtained from paper: IL-12 47.3, IL-17A 25.1, FGF basic 31.4, G-CSF 16.1, IFN-ɣ 15.1, PDGF-bb 26.3, VEGF 50.1, TGF-β 5.32 
Refer Table 4 for Device code 
RF = replacement fluid either pre or postdilution; Qb = blood flow;  Qf = ultrafiltration rate;  Qd = dialysate flow 
HCO=high cut-off, HF=hemofiltration,HD=hemodialysis, HDF=hemodiafiltration, Std=standard,HVHF=high volume hemofiltration,DHP=direct hemoperfusion,UF=ultrafiltration,MARS= Molecular 
Adsorbents Recirculation System 
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Table 2.1: Summary of CL values for Std/CVVH and HCO/CVVH 

 

 

 

 

Technique Devic
e code 

n Qb 
(mL/min) 

Qf 
(mL/hr) 

Qd 
(ml/hr) 

RF IL1-b IL2 IL2R IL6 IL6R IL8 IL10 IL1ra TNFa sTNFaRI sTNFaRII Albumin 

HCO/HF13 3 2
0 

  2500 
 

post       38.3       39         

HCO/HF15 2 6   1000   post       8.43       16.23 0     0.13 

HCO/HF15 2 6   2500   post       24.6       41.43 0     0.87 

HCO/HF16 6 1
6 

150 1000   post       14.67         0       

Median          26.49    40.22     

IQR               (13.1,28.0)           (27.6,40.2)    

                   

Technique Device 
code 

n Qb 
(mL/min) 

Qf 
(mL/hr) 

Qd 
(ml/hr) 

RF IL1-b IL2 IL2R IL6 IL6R IL8 IL10 IL1RA TNFa sTNFaRI sTNFaRII Albumin 

Std/HF13 4 10   2500 
 

post       0.2       4.43         

Std/HF17 7 13 100-150 2000     2.17     1.8         1.47       

Std/HF18 8 11 150-200 2000   post       3.3     0   0       

Std/HF20 8 13 150 1000           4.92         0       

Std/HF22 10 33 150-200 1000   post 7.03 0 0.43 0.56 0 2.19 0 6.62 3.57   0   

Std/HF39 12 16   2000           0         0       

Std/HF51 41 38 180 2000-
2400 

 pre    1.97  3.33       

Median          1.09     0.735    

IQR                (0.38,2.64)                   (0,1.47)   
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Table 3: Sieving coefficient (SC) data for different techniques and devices with specific treatment characteristics 

Technique Device 
code 

n Qb 
(mL/min) 

Qf 
(mL/h) 

Qd 
(mL/h) 
 

RF IL1-b IL2 IL2R IL6 IL6R IL8 IL10 IL1ra TNFa sTNFa 
R1 

sTNFa 
RII 

Alb GCSF LIF 

Std/HF13 4 10   2500  post       0.007       0.1             

Std/HF17 7 13 100-150 2000     0.073     0.067         0.053           

Std/HF22 10 33 150-200 1000   post 0.42 0 0.05 0.04 0 0.12 0 0.41 0.22   0       

Std/HF23 11 16 150 2000   post 0.02     0 0.62       0           

Std/HF40 25 13 250-300 2000-
4000 

  pre 0.33               0.16           

Std/HF41 26 7 200 2500   post           0.62                 

Std/HF43 28 15 100-200 25.4 - 
44.3 
ml/min 

  post 0.22     0.18     0 0.28 0.16 0.006 0.003       

Std/HF35 20 5   2000     0.18     0   0.25     0           

Std/HF39 12 16   2000           0         0           

Std/HF51 41 38 180 2000-
2400 

 pre    0.05  0.09         

Std/HD45 20 16   2000   post  0.09     0   0.68     0           

Std/HDF36 21 15 100-150 10.4-4.3 
ml/min 

10-30 
ml/min 

post           0.19     0.18           

Std/HDF21 9 9 ~100   1000 pre               0.45 0.02 0.09 0.01       

Std/HDF25 9 20 92 525 1000 pre    0.27     0.017      

HCO/HF13 3 20   2500  post       0.9       0.92             

HCO/HF15 2 6   1000   post       0.92       1 0           

HCO/HF15 2 6   2500   post       > 0.92       1 0           

HCO/HF16 6 16 150 1000   post       0.82         0     0.026     

HCO/HD15 2 6     1000 post       0.92       1 0           

HCO/HD15 2 6     2500 post       >0.92       1 0           

PF42 27 14   a           0.93               0.99 1.29 0.66 

UF in 
bypass28^ 
 

14 20   1000     0     0   0     2.3           
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UF in 
bypass37µ 

22 11        <0.001  0.004         

UF in 
bypass44¤  

39 16               1.246                     

CUF 30 16 11   62 
ml/min  

          0.035     poor   1.01           

CUF 30 17 10   42 
ml/min  

          0.037     poor   2.72           

CUF 29 15 10 100-120       0.67     0.04   0.22     0.9       0.04   

MUF30 16 11   82 
ml/min  

          0.005     0.1    2.22           

MUF30 17 9   93 
ml/min  

          0.003     poor   2.01           

MUF34 12 20               0.03   0.12                 

MUF38 23 20 10-15 
ml/kg/min 

                      0.23           

MUF33  38 20 300-400 
(during 
MUF) 

*           0.25   0.06 0               

ZBUF48   32 15   #     0.39     0.019         194           

Std/HDF 
+adsorption14 

5 10 90-130 2000 NA pre 0.05     0.03   0.07     0           

n = number of patients studied for each technique and treatment characteristics 
a = 100ml/kg for first 4-6hrs and then 150ml/kg over 28 to 30hrs 
^ = ultrafiltration conducted throughout the whole duration of cardiopulmonary bypass 
µ = from aortic cross clamp until end of CPB 
¤ = from aortic cross clamp until within 5 minutes of clamp removal 
*1200 to 1800 ml total during MUF 
# Fluid removal of 1L every 10min until 3 L/m2 BSA removed 
Refer Table 4 for Device code 
RF = replacement fluid either pre or postdilution; Qb = blood flow;  Qf = ultrafiltration rate;  Qd = dialysate flow 
HCO=high cut-off, HF=hemofiltration,HD=hemodialysis, HDF=hemodiafiltration, Std=standard, PF= plasmafiltration, UF = ultrafiltration, CUF= conventional ultrafiltration, MUF= modified 
ultrafiltration, ZBUF= zero balance ultrafiltration 
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Table 4: Percentage removal data for different cytokines 

Technique Device 
code 

n Qb(ml/min) Qf(ml/H) Qd 
(ml/min) 

RF IL1-b IL2 IL6 IL8 IL10 IL1ra IL18 TNFa 

CUF31 18 23 100 100-
300ml/kg 

 
   

28 59 
    

Std/HF49 25 11 200 1000  pre  0  0 3.15   0 

Std/HVHF49 33 11 300 6000  1/3pre  
2/3post 

 0  0 3.45   0 

Adsorption/DHP46 29 5 100      24.7  24.65 54  28.5  52.25 

PF47 31 8 80 b     0    42.9  

CPFA32 19 + 36 + 
37 

10 155 a  
     

99.8 
  

99.6 

Std HDF +PF47 30(+31) 5 100 (CHDF) 
+ 80 (PE) 

b  
   

0 
   

38.8 
 

Adsorption/SHEDD-fA50 40 25 150 1500  post   21      

n = number of patients studied for each technique and treatment characteristics 
a = 30-40 ml/min(Qp); (32-38ml/min UF+dialysate outflow) 

b =3.6-4.0L plasma exchanged per session 

Refer Table 4 for Device code 

RF = replacement fluid either pre or postdilution; Qb = blood flow;  Qf = ultrafiltration rate;  Qd = dialysate flow 

 cut-off, HF=hemofiltration,HD=hemodialysis, HDF=hemodiafiltration, HVHF=high volume hemofiltration, Std=standard, PF= plasmafiltration, CUF= conventional ultrafiltration, CPFA= combined 

plasmafiltration adsorption, DHP= direct hemoperfusion, PD = peritoneal dialysisMUF= modified ultrafiltration, ZBUF= zero balance ultrafiltration, SHEDD-fA= sustained high efficiency daily 

diafiltration using a mediator adsorbing membrane 
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Table 5: Device codes  

Reference Device name Device  
code 

Filter type Filter size (m2) Molecular cut-
off point 

Features 

12 MARS 1 albumin impermeable membrane+charcoal+anion exchange 
resin+dialyzer 

  60kDa  * 

12 Prometheus 2 albumin filter(polysulfone) + neutral resin adsorber + anion 
exchange adsorber + dialyzer(polysulfone) 

  250kDa  # 

13,15 P2SH 3 polyamide 1.1 60kDa in vivo   

13,16 Polyflux 11s 4 polyamide 1.1 30kDa   

14 Multiflow 60 + polymyxin B 5 AN69 (polyacrylonitrile) with Polymyxin B immobilized fibre 0.6     

16 PSH1 6 Polyamide 0.6 60kDa   

17 Prisma 7 AN69 0.9 35-40kDa   

18,20 Multiflow 60 8 AN69 0.6 40kDa   

21,25 AN69HF 9 AN69       

22 AV600 10 polysulfone 1.35 30kDa   

23 FH66 11 polyamide       

24,26,34 AN69S 12 polyacrylonitrile       

28 650 SF 1.3 14 polyacrylonitrile   30kDa   

29 Diafilter 20 15 polysulfone       

30 Jostra BC20 16 polyamide 0.2     

30 Jostra BC60 17 polysulfone 0.65     

31 DHF02 18 polyethersulfane 0.25     

32 MPS 07 19 polyethersulfone 0.7     

35 FH66D 20 polyamide       

36 AN69 21 polyacrylonitrile 1.6     

37 PF40 22 polysulfone    40kDa   

38 Bently Hemoconcentrator 23 polysulfone 0.3     

40 AN69 25 AN69 1.2     

41 BL627 26 polysulfone       

42 PF1000 27 polypropylene 0.14     

43 Multiflow 100 28 AN69 0.9 35-40kDa   
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46 Lixelle 29 β2-microglobulin adsorption column (cellulose beads + 
hexadecyl groups) 

  30kDa   

47 Panflow APF06S 30 polyacrylonitrile       

47 Plasmaflow OP08W 31 plasma filter       

48 HPH1400 32 polysulfone 1.3 65kDa   

49 Filtral 16 33 AN69 1.6     

19 Flat plate filter (15 parallel 
membranes) 

34 polyacrylonitrile 0.43 30-40kDa   

27 Hemoflow F60 35 polysulfone       

32 BLS 627 36 polysulfone 1.2     

32 Amberchrom 37 reverse phase styrenic polymer resin surface 600 to 
800m2/g 

    

33 Diafilter D30-NR 38 polysulfone       

44 Hemocor HPH1000 39 polysulfone       

50 Filtrizer BG-PO 40 polymethylmethacrylate    

51 NI-PRO UF-205 41 cellulose triacetate 1.9   

52 Toraymyxin 20R 42 polymyxin B    

*20%human serum albumin as dialysate which then passes thru columns of charcoal and anion exchange resins. Water soluble substances cleared by low flux dialyzer in a secondary circuit 

# following separation plasma passes through two columns containing different adsorbents. Water soluble substances cleared by high-flux dialyzer directly inserted into the blood circuit 
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1.10 Summary of literature review on human studies 

Our literature review on extracorporeal cytokine removal and human studies reported 

findings which were mostly similar compared to previous reviews on laboratory and 

animal studies. HCO hemofiltration appeared to result in higher clearance of cytokines 

compared to standard hemofiltration. Higher clearance is further achieved when HCO 

hemofiltration is applied with ultrafiltration rates of 2500ml/hour; similar to the proposed 

dose for renal replacement therapy. Higher albumin loss was reported with HCO 

hemofiltration as opposed to HCO hemodialysis by one of the studies. HCO 

hemofiltration however also achieved higher clearance of cytokines compared to HCO 

hemodialysis. None of these studies on HCO filters however were conducted as blinded 

randomised control trials. High volume hemofiltration using standard filters, as opposed 

to findings from animal studies, did not increase clearance. Clearance of TNF-alpha 

was generally poor except when using liver extracorporeal support devices. 

From the findings of our extensive series of systematic reviews, we concluded that high 

cut off hemofiltration using standard doses of ultrafiltration (25 ml/kg/H) gives the best 

combination of an effective yet simplistic and widely available technique that does not 

require unusual levels of expertise. This technique has the potential to significantly 

remove cytokines close to the degree of plasmafilters but unlike plasmafiltration is 

suitable for continuous application, offering yet another desirable feature of an EBP 

technique. The improved clearance by virtue of larger pore sized filters eliminates the 

need for high volume hemofiltration and issues that arise from the need for large 

amounts of replacement fluids. The higher loss of albumin at the price of higher 

clearance appear to occur at a rate that can be resolved by albumin administration. 

HCO hemofiltration will also double as renal replacement therapy for patients in acute 

kidney injury (AKI). 

Additional theoretical advantages of nonspecific removal of cytokines, as that offered by 

HCO hemofiltration, include the ability to self-adjust to changing levels of cytokines and 

the ability to modulate several cytokines at the same time. Finally, regardless of its 

ability to remove cytokines at a clinically significant rate, hemofiltration may still offer 

advantages through other as yet unexplained mechanism. 
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There was good evidence therefore to support the pursuit of our research question 

further by conducting a double-blind randomised clinical trial comparing HCO 

hemofiltration to standard hemofiltration at standard operating conditions for renal 

replacement therapy. As the risk benefit rationalisation of instituting hemofiltration for 

the purpose of cytokine clearance was not yet established, the indication to initiate this 

therapy remained standard conditions for initiating hemofiltration in the setting of AKI. 
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Chapter 2 

The physiological impact of high 

cut-off hemofiltration 
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2.1.     Introduction 

Our extensive literature review on in vitro, animal and clinical studies confirms that the 

high cut-off membrane is able to remove significant amounts of cytokine as measured 

by its clearance. Compared to other extracorporeal techniques that also offer significant 

cytokine removal, HCO hemofiltration appear to offer the best balance in terms of high 

cytokine clearance, ease of administration, safety and wide availability in terms of 

equipment and expertise. All this leads to a strong indication to embark on a trial to 

study the effects of HCO hemofiltration on an appropriate target population i.e. critically 

ill patients suffering from conditions predisposing to hypercytokinemia, in a real clinical 

setting. 

In an attempt to answer our research questions on the physiological and biological 

impact of HCO hemofiltration in hypercytokinemic patients, we conducted a phase II 

equivalent double-blind, randomised controlled trial comparing high cut-off point 

hemofiltration with standard hemofiltration involving 72 critically ill patients who were 

haemodynamically unstable requiring vasopressor infusion. Patients recruited also 

fulfilled standard indications for renal replacement therapy as the accepted indication for 

hemofiltration in critically ill patients is still severe acute kidney injury. Commencing 

hemofiltration on the basis of suspected hypercytokinemia alone is controversial with 

unclear safety concerns. 

Clinical studies on blood purification at the time our study was undertaken were still in 

its early stages, mostly measuring surrogate outcome measures like haemodynamic 

improvement and reduction in norepinephrine requirement. The findings of these early 

trials were encouraging toward high cut-off hemofiltration but none of these clinical trials 

were based on a blinded comparison. The degree of albumin loss as shown by some 

studies may occur up to a moderate degree, but generally not accompanied by a 

precipitous drop in plasma albumin levels. These earlier studies therefore appeared to 

support the safety of the intervention. 

We attempted to assess the physiological impact of HCO hemofiltration in our study by 

studying its effects on hemodynamic stability through vasopressor infusion free-time as 

the primary outcome measure.  

 



 

                                                        64 

 

A total of four interim analyses were performed in a blinded fashion throughout the 

conduct of our trial. The first was conducted at 20 patients and the results presented for 

the Austin Research Prize. The purpose of the interim analyses was to demonstrate 

safety in the conduct of the trial and a comparison of baseline characteristics, time off 

norepinephrine, ICU (intensive care unit) outcome and plasma levels of albumin were 

performed. There were no difference between the two groups in any of the comparisons 

but the ICU mortality difference between the two groups were quite marked, with 3 

survivors in one group versus 7 survivors in the other (p value = 0.17). This lead to a 

planned second safety interim analysis at 40 patients. 

The interim analysis performed at 40 patients worryingly showed a significant difference 

in ICU mortality between the two groups (p=0.011). The mortality rate for the group that 

was faring worse (60 to 65 percent) however was not higher than expected for this cohort 

of haemodynamically unstable patients in acute renal failure. The severity scoring of the 

affected group was also higher although this did not reach the level of significance. The 

difference in mortality therefore was attributed to chance. This was especially after taking 

into consideration the fact that the mortality rate for the group that was faring better was 

implausibly low at around 20 to 25 percent. Recruitment was continued with another 

planned interim analysis at 50 patients.  

The interim analysis at 50 patients again showed a significant difference between the two 

groups (p=0.02) but again the mortality rate for the group with the higher mortality (56 to 

60%) was not higher than expected for the cohort of sick patients therefore allowing 

recruitment of patients to continue. The mortality rate for the group faring better remained 

implausibly low at 20 to 25 percent. The difference was again attributed to chance and 

another blinded interim analysis was planned at 60 patients. 

At 60 patients, the difference in mortality between the two groups was found to be 

insignificant confirming our suspicion that any earlier difference in mortality was due to 

chance. A decision was made to increase the number of patients recruited to 76 to 

account for protocol violations or recruitment errors. A total of 76 patients were 

successfully enrolled. 

Our paper has been submitted for publication and is presented below: 
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Abstract 

Background: In critically ill patients with acute kidney injury (AKI) receiving 

vasopressors, high cytokine levels may sustain the shock state. High cut-off (HCO) 

hemofiltration achieves greater cytokine removal in ex-vivo and in animal models and 

may reduce the duration of shock but may also increase albumin losses. 

Methods: We conducted a phase II double-blind randomized controlled trial comparing 

continuous veno-venous high cut-off hemofiltration (CVVH-HCO) to standard 

hemofiltration (CVVH-Std) in 76 critically ill vasopressor-dependent patients with AKI. 

The primary outcome measure was norepinephrine-free time within the first seven days 

of treatment.  

Results: The median hours of norepinephrine-free time at day seven were 32 (0, 110.8) 

for CVVH-HCO and 56 (0, 109.3) hours (p=0.520) for CVVH-Std. In-hospital mortality 

was 55.6% with CVVH-HCO vs. 34.2% with CVVH-Std [adjusted OR 2.49 (95% CI 0.81 

to 7.66; p=0.191)]. Moreover, there was no significant difference in time to cessation of 

norepinephrine (p=0.358), time to cessation of hemofiltration (p=0.563) and filter life 

(p=0.21). Serum albumin levels (p=0.112) were similar and the median dose of 

intravenous albumin given was 90 (20, 212) grams for CVVH-HCO and 80 (15, 132) 

grams for CVVH-Std (p=0.252). 

Discussion: In critically ill patients with AKI, CVVH-HCO did not reduce the duration of 

vasopressor support or mortality or change albumin levels compared to CVVH-Std. 

Keywords: high cut-off filter, super high flux filter, acute kidney injury, sepsis, SIRS, 

critical illness, hemofiltration, blood purification 
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Introduction 

Shock states with accompanying acute kidney injury (AKI) are a leading cause of death 

in critically ill patients(Hotchkiss et al., 2016), with a mortality rate of approximately 

60%(Uchino et al., 2005). In this setting, high cytokine levels are believed to contribute 

to sustained vasodilatation, continued multi-organ dysfunction syndrome (MODS) and 

mortality (Bosmann & Ward, 2013; Schulte, Bernhagen, & Bucala, 2013). They appear 

to do so through complex effects on inflammation, immunity, and coagulation pathways 

(Morgera et al., 2006). Accordingly, they have been the target of therapeutic 

interventions for more than two decades. 

For example, antibodies against key cytokines such as TNF-alpha and IL-1 as well as 

analogues to cytokine antibodies such as IL-1ra have been studied as adjunctive 

treatment of septic shock (Dinarello, 2001). However, such treatments have been 

unsuccessful. This lack of success with the targeting of specific individual molecules 

has suggested the need to test broader approaches including nonspecific 

extracorporeal cytokine removal (Ronco et al., 2003; Schefold, Hasper, & Jorres, 2009). 

In this regard, the application of blood purification therapies has been proposed as a 

way of returning cytokines to more homeostatic levels (R. Atan, D. Crosbie, & R. 

Bellomo, 2013). Various blood purification techniques aimed at cytokine clearance have 

been explored for such purposes over the last 20 years including standard 

hemofiltration, adsorption techniques, plasmapheresis and hybrid techniques (R. Atan, 

D. C. Crosbie, & R. Bellomo, 2013).  Unfortunately, many of these techniques have also 

been unsuccessful. Such lack of success, however, may, at least in part, be related to 

the use of membranes that can only achieve low levels of cytokine removal due to their 

limited porosity. 

Most cytokines have molecular sizes that range between 8kDa and 60kDa, while 

standard hemofiltration membranes have nominal cut-off points of somewhere between 

10 to 30 kDa. These observations logically suggest the need of more targeted 

membrane characteristics to achieve greater levels of cytokine removal. In this regard, 

high cut-off (HCO) filters, also known as super high flux filters have been developed and 

tested. Such membranes have larger nominal pore sizes ranging between 60 to 150kDa 

and offer better removal of cytokines ex-vivo (Boschetti-de-Fierro, Voigt, Storr, & 

Krause, 2013). In this regard, some early studies have shown promising results with 
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these HCO filters in the treatment of sepsis and AKI and demonstrated a degree of 

safety (Morgera et al., 2006; Morgera et al., 2003; Morgera et al., 2004). 

In light of the above considerations, we designed and performed a phase II double-blind 

randomized study comparing standard veno-venous hemofiltration (CVVH-Std) with 

HCO hemofiltration (CVVH-HCO) in critically ill patients with AKI requiring vasopressor 

support (ClinicalTrial.gov/NCT00912184). We hypothesized that there would be a 

difference in norepinephrine requirements expressed as hours of norepinephrine-free 

time within the first week of treatment.  

Methodology 

The study was approved by the Austin Hospital Human Research Ethics Committee and 

performed in accordance with the ethical standards laid down in the 1964 Declaration of 

Helsinki and its later amendments. 

We randomized patients in a 1 to 1 ratio to receive either standard continuous veno-

venous hemofiltration (CVVH-Std) or high cut off continuous veno-venous hemofiltration 

(CVVH-HCO) within 12 hours of a decision to commence hemofiltration. Randomization 

was achieved through random allocation generated by a computer program using 

permuted block sizes undisclosed to recruiting personnel.  Concealment of allocation 

was achieved through opaque sealed envelopes labeled with sequential numbers. 

We included patients on norepinephrine for hemodynamic support who required 

hemofiltration for AKI. The criteria for initiating hemofiltration included either oliguria 

(<100ml/6h) unresponsive to fluid resuscitation, hyperkalemia of more than 6.5 mmol/L, 

severe acidemia of less than pH of 7.2, serum urea of more than 25 mmol/L,  serum 

creatinine of more than 300 µmol/L or clinically significant organ edema in the setting of 

acute renal failure (e.g. pulmonary edema).  Patients were recruited if the clinician 

anticipated that the patient would require hemofiltration for at least 72 hours.  

We excluded patients who were less than 18 years of age and those in whom the 

treating clinician believed that death was likely within 24 hours. We also excluded 

patients who had been treated with hemofiltration or other dialysis during the same 

hospital admission, were on maintenance dialysis prior to admission or were pregnant 

or breastfeeding. The study was conducted in a general intensive care unit within a 
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major tertiary hospital. Informed consent was obtained from the legally responsible 

person (next of kin or person with medical power of attorney). 

Following enrolment, patients were randomly allocated to either continuous venovenous 

hemofiltration (CVVH) with custom manufactured polyethersulfone standard hemofilters 

(CVVH-Std) with nominal cut-off point of 30kDa or CVVH with polyethersulfone high cut-

off filters (CVVH-HCO) with nominal cut-off point of 100kDa (P2SH filters, 1.12m2, 

Gambro, Hechingen, Germany). Patients, health-care personnel and researchers were 

blinded to treatment allocation. The two types of filters were indistinguishable in 

appearance.  

For each treatment, the technical settings were the following: blood flow at 200 ml/min, 

ultrafiltration rate at 25 ml/kg/h rounded to the nearest 100 ml with bicarbonate-buffered 

replacement fluids. The choice of anticoagulation was left to the discretion of the 

treating clinician. However, the mainstay of anticoagulation mode was low dose pre-

filter heparinization. Each treatment was applied until a maximum of 14 days or until 

cessation of continuous renal replacement therapy or death or discharge from ICU, 

whichever occurs earlier. Other aspects of treatment continued according to clinical 

needs and standard care. Filters were changed only upon clotting or termination of renal 

replacement therapy.  

The primary outcome measure for this study was cumulative hours of alive and 

norepinephrine-free time within the first week after randomization. This was done to 

compensate for the competing risk of mortality (if a patient died while on 

norepinephrine, the following days after death contributed zero norepinephrine-free 

hours to the outcome).  

Assuming a standard deviation for the primary outcome equal to 50% of the mean, we 

estimated that a sample of 36 patients in each group (total 72) would carry an 80% 

power of detecting a 25% difference in norepinephrine-free time in the first week at an 

alpha of 0.05. An additional four patients were recruited to account for possible loss to 

follow-up or protocol violations or technical failures.  

A biological outcome study was also conducted as part of this assessment (change in 

the levels of each of three key cytokines; IL-1, IL-6 and IL-10) and has been previously 

reported (Atan et al., 2016).  
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Due to the potential loss of albumin with HCO hemofiltration, additional outcomes 

studied included the percentage change in serum albumin levels and the total amount of 

albumin in grams administered intravenously for each patient over the first seven days. 

If fresh frozen plasma was administered, its albumin concentration was estimated as 

3.3g per liter (Ewalenko, Deloof, & Peeters, 1986).  

We also measured filter life, maximum rate of vasopressor infusion per day in 

micrograms/min and duration of hemofiltration. For maximum rate of vasopressor 

analysis, the highest rate recorded on the last day alive was carried forward to Day 7. 

Three blinded interim analyses were conducted after 20, 40 and 50 patients respectively 

with the aim of stopping the trial if either group had a mortality rate of more than 60%. 

Statistical analysis 

Analysis was performed according to a modified intention to treat principle which 

required both randomization and treatment initiation. Non-normal data were log-

transformed to enable the use of parametric statistics and non-parametric tests were 

applied if the data remained non-parametric. Baseline characteristics were compared 

using the Mann Whitney U test for continuous data or Fisher’s exact test for categorical 

data. Norepinephrine free time in the first week, intravenous albumin administration and 

filter life comparisons were performed using the Mann-Whitney U test. Changes in 

median serum albumin levels over time and maximum rate of vasopressor infusion per 

day comparisons were analyzed using repeated measures analysis of variance 

(RMANOVA). Time to cessation of norepinephrine and time to cessation of 

hemofiltration were analyzed using the log-rank test. As a degree of imbalance in 

baseline characteristics is common in pilot studies such as this, post hoc outcome 

adjustments using logistic regression analysis were performed and included key 

baseline variables (APACHE 3) and those variables with greatest baseline imbalance. 

Results 

We randomized 76 patients with 38 patients assigned to each group. Two patients were 

subsequently excluded; one patient had received prior hemofiltration during the same 

hospital admission and therefore fulfilled exclusion criteria, and another died shortly 

after recruitment and randomization but before treatment was commenced, leaving 74 

patients for a modified intention to treat analysis.  
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Baseline features and process of care 

The baseline characteristics of the study patients are shown in Table 1. The median 

norepinephrine rate at commencement in was 13 µg/min (6, 29) for CVVH-HCO and 13 

µg/min (5, 23.5) for CVVH-Std (p=0.668). Several variables differed at baseline 

including oliguria, international normalized ratio (INR) and blood lactate levels. 

However, APACHE II, APACHE III and SOFA scores were similar between the two 

groups. A total of 226 filters were used for CVVH-HCO group with a median filter life of 

9 (4, 17) hours vs 269 filters for CVVH-Std group with a median filter life of 10 (5.5, 

19.8) hours (p= 0.21). No anticoagulation was used for 119 (52.7%) CVVH-HCO filters 

and 118 (43.9%) CVVH-Std filters, mostly due to contraindications. Other 

anticoagulation types were unfractionated heparin, regional heparinisation, citrate, and 

low molecular weight heparin and prostaglandin infusion.  

Outcomes 

Median cumulative  norepinephrine-free time over seven days was 32 hours (0, 110.8) 

for CVVH-HCO and 56 hours (0, 109.3) for CVVH-Std after randomization (p = 0.520) . 

Figure 1 shows norepinephrine free time (hours) per group per day for the first seven 

days. The maximum norepinephrine rates of infusion per day (micrograms per minute) 

were similar for both groups (Figure 2; p=0.750). Tables showing median values and 

interquartile ranges for both Figure 1 and Figure 2 are provided in the Appendix (Table 

1a and Table 2a). Changes in serum albumin levels within the first seven days were not 

significantly different between the two groups (p=0.192) (Figure 3). The median dose of 

intravenous albumin given over the first seven days were 90 (20, 212) grams for CVVH-

HCO and 80 (15, 132) grams for CVVH-Std (p=0.252). 

There was no difference in time to permanent cessation of norepinephrine in survivors 

(Figure 4; p=0.358)) and time to permanent cessation of hemofiltration in survivors 

(Figure 5; p=0.563) within the full 14 days of treatment period. Median time to 

permanent cessation of norepinephrine in survivors could not be calculated as less than 

50% of subjects achieved this event in both groups.  

The unadjusted odds ratio for ICU mortality with HCO hemofiltration was 2.17 (95% CI 

0.84 to 5.58; p=0.109) for ICU mortality and 2.40 (95% CI 0.94 to 6.15; p= 0.067) for in 

hospital mortality. The adjusted odds ratio (lactate, INR, serum albumin and APACHE 3) 
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was 2.13 (95% CI 0.69 to 6.65; p=0.191) for ICU mortality and 2.49 (95% CI 0.81 to 

7.66; p=0.112) for in-hospital mortality (Table 2).  

Discussion 

Key findings 

We conducted a pilot, phase II, double blind, randomized, controlled trial of high cut-off 

(HCO) hemofiltration (CVVH-HCO) compared with standard hemofiltration (CVVH-Std) 

in critically ill patients with AKI, using the primary outcome of alive norepinephrine-free 

time (hours) within the first week of treatment. We found no difference in median alive 

norepinephrine-free time between the two groups. There were also no differences 

between the two groups in terms of mortality, serum albumin levels, intravenous 

albumin administration, duration of hemofiltration, duration of norepinephrine infusion 

and filter life. Finally, the adjusted odds ratio for ICU and in-hospital mortality was not 

lowered by CVVH-HCO. 

Relationship to previous studies 

Previous clinical studies involving HCO filters suggested benefits from their use in terms 

of increased cytokine clearance and attenuation of the inflammatory response (Haase et 

al., 2007; Kade, Lubas, Rzeszotarska, Korsak, & Niemczyk, 2016; Morgera et al., 2003; 

Morgera et al., 2004).  Morgera et al studied hemodynamic effects of HCO 

hemofiltration by comparing rates of norepinephrine infusion (Morgera et al., 2006) and 

found greater reduction in norepinephrine requirements in the HCO group following 

adjusted analysis. This study, however, was limited to a 48-hour period and was an 

open-label randomized trial. These investigators reported some changes in two selected 

cytokines. We previously found higher clearance of IL-6 and IL-8 with CVVH-HCO, but 

not for other cytokines. There was overall higher cytokine sieving and clearance with 

CVVH-HCO, but this did not translate into a significantly greater reduction in plasma 

cytokine levels with CVVH-HCO compared with CVVH-Std (14). No investigators have 

yet conducted double blind randomized controlled trials of HCO filters in this setting.  

Implications of study findings 

Our study implies that there is no beneficial effect of CVVH-HCO on vasopressor 

therapy in critically ill patients with AKI. Moreover, it implies that HCO does not lead to 

significant differences in serum albumin levels or albumin requirement compared to 
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standard CVVH. In addition, it implies that there are no advantages in other important 

outcomes such as the level of vasopressor support, time to cessation of vasopressor 

therapy, time to cessation of hemofiltration and filter life. Finally, our study implies that 

there are no mortality advantages with CVVH-HCO. In their aggregate, these findings 

do not support a role for HCO-hemofiltration in critically ill patients in the presence of 

AKI. 

Strengths and limitations 

Our study has several strengths. To our knowledge, it is the first trial of blood 

purification for the treatment of critically ill patients on vasopressor support and in AKI 

conducted in a double-blind fashion. This design attenuated the risk of performance and 

ascertainment bias. The risk of selection bias was further attenuated by concealed 

allocation. The inclusion and exclusion criteria were reflective of the population of 

interest for possible larger studies making our findings relevant to similar patients 

elsewhere and thus providing a degree of external validity. Patients were enrolled within 

12 hours of a decision to start hemofiltration, a target that is clinically realistic and 

feasible and enabled an early effect if one was present. We included patients requiring 

vasopressor therapy due to various presumed etiologies, which reflects actual clinical 

practice as the treatment of shock states in critically ill patients remains similar 

irrespective of etiology, and there may be difficulty in differentiating etiology and 

mechanisms at the start of the critical illness (Khanna et al., 2017).  As such, although 

our patients had a degree of heterogeneity, this may be an advantage, as our findings 

have broad clinical relevance to critically ill patients requiring vasopressor therapy. 

Our study carries some limitations.  Sample size was small, although adequately 

powered for our primary outcome of interest and the largest sample size so far for the 

assessment of HCO filters so far. Thus, we cannot definitively comment on any possible 

mortality effects. However, within the limitations of a phase II study, the signal available 

is in favour of standard CVVH and does not support any beneficial effect of HCO-

therapy on mortality and even suggests a potential for harm. We included a 

heterogeneous population of patients with vasoplegia and not all patients had septic 

shock. However, a recent extensive review indicates that the biological high cytokine 

response to sepsis is likely similar to that associated with non-infective insults because 

damage associated molecular patterns (DAMPs) trigger essentially identical cellular 
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responses as pathogen associated molecular patterns (PAMPs) (1). The baseline 

characteristics were not fully balanced, as is common with pilot studies, and this may 

have affected the results. Statistical adjustments, however, showed no differences in 

favour of HCO filtration. We did not use high volume exchanges. However, the recent 

IVOIRE study (Joannes-Boyau et al., 2013) showed that such increased levels of dose 

intensity did not affect the outcomes of sepsis-associated vasodilatory shock. Finally, 

we did not compare the effects of the two interventions on antibiotic levels. However, 

antibiotics area all relatively small molecules that will move freely across both filter types 

and would not be affected differently by HCO vs. Std CVVH. 

Conclusions 

In conclusion, we found that treatment of critically ill patients with severe acute kidney 

injury receiving vasopressor support with HCO hemofiltration did not result in higher 

alive norepinephrine-free time at one week compared to patients treated with standard 

hemofiltration. Other secondary outcomes also showed no beneficial effects of HCO 

hemofiltration including the findings in our previous publication on the effects of HCO 

hemofiltration on cytokines level. Within the limitations of a pilot phase II trial, our study 

does not support further investigation of CVVH-HCO in critically patients in acute kidney 

injury who are on vasopressor therapy. 
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Figure legends 

Figure 1: Norepinephrine-free time (hours) per day per group: Day 1 to Day 7  

Figure 2: Median highest norepinephrine infusion rates per day 

Figure 3: Median serum albumin (g/L): Day 1 to Day 7 

Figure 4: Time to cessation of norepinephrine infusion within the first 7 days  

Figure 5: Time to CRRT cessation within 14 days 
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Table 1: Baseline characteristics 

 CVVH-HCO 
(n=36) 

CVVH-Std 
(n=38) 

p value 

Age in years 65.4 (52.4, 
74.2) 

70.4 (62.1,77.2) 0.084 

Male sex, n (%)  17 (47.2) 26 (68.4) 0.065 

Weight in kg 78 (67.8, 85.8) 80 (70, 86.3) 0.606 

Source of admission, n (%) 

Emergency 
department 

11 (30.6) 12 (31.6) 0.925 

Operation room 8 (22.2) 6 (15.8) 

Ward 13 (36.1) 15 (39.5) 

Other hospitals 4 (11.1) 5 (13.2) 

    

APACHE 2 25 (18.3, 29) 23.5 (21, 28.5) 0.940 

APACHE 3 88.5 (69, 
116.8) 

86 (70, 106.5) 0.758 

SOFA 
Cardiovascular 

4 (4, 4) 4 (4, 4) 0.789 

SOFA 
Respiratory 

2 (2, 3) 2.5 (2, 3) 0.577 

SOFA Kidney 3 (2, 4) 3 (2, 4) 0.084 

SOFA 
Coagulation 

0 (0, 2) 0 (0, 2) 0.782 

SOFA Liver 2 (1, 3) 1 (0, 2) 0.055 

Baseline 
creatinine in 
micromoles/L 

87.5 (70.3, 
104.8) 

91 (70.5, 113) 0.411 

MAP at 
enrolment in 
mmHg 

70 (70, 78.8) 75 (70, 80) 0.934 

RIFLE score at commencement, n (%) 

R 4 (11.1) 1 (2.6) 0.378 

I 8 (22.2) 7 (18.4) 

F 24 (66.7) 29 (76.3) 

Did not fulfil 
criteria 

0  1 (2.6) 

Inclusion criteria met at randomisation, n (%): 

Oliguria (less 
than 100mls 
urine output over 
six hours) 

28 (77.8) 21 (55.3) 0.025 

Hyperkalemia > 
6.5 mmol/L  

2 (5.6) 4 (10.5) 0.675 

pH < 7.2 11 (30.6) 14 (36.8) 0.568 

Urea > 25 
mmol/L  

11 (30.6) 16 (42.1) 0.302 
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Creatinine > 300 
micromoles/L 

13 (36.1) 13 (34.2) 0.864 

Oedema 
(clinically 
significant 
oedema) 

7 (19.4) 9 (23.7) 0.662 

Reason for commencing vasopressor infusion, n (%) 

Septic shock 20 (55.6) 21 (55.3) 1.0 

Cardiogenic 
shock 

9 (25) 10 (26.3) 

Hypovolemic 
shock 

1 (2.8) 1 (2.6) 

Others 6 (16.7) 6 (15.8) 

    

INR 1.6 (1.4, 2.2) 1.3 (1.2, 1.9) 0.006 

APTT in secs 36.5 (29, 47) 34 (27, 44.5) 0.389 

WCC x 109/L 17.2 (12.4, 
22.7) 

13.1 (7.8, 21.4) 0.161 

Platelet count x 
109/L 

153 (66.3, 
229.8) 

161.5 (94.3, 
317.3) 

0.131 

Serum urea in 
mmol/L 

16.4 (10.6, 
25.9) 

23.1 (10.2, 32.4) 0.220 

Serum creatinine 
in micromoles/L 

252 (184.8, 
368.8) 

257.5 (200.5, 
391) 

0.795 

Serum albumin in 
g/L 

30 (24, 34.8) 26 (22, 30.5) 0.092 

Blood lactate in 
mmol/L 

4 (2.4, 6.2) 2.1 (1.3, 4) 0.002 

Blood pH 7.34 (7.24, 
7.41) 

7.33 (7.25, 7.42) 0.934 

Blood 
bicarbonate 
levels in mmol/L 

20.4 (15.9, 24) 21.5 (16.1, 27.5) 0.323 

Base excess in 
mmol/L 

-4.25 (-10.98, 
0) 

-4 (-9.85, 0.75) 0.608 

Norepinephrine 
rate at 
commencement 
in 
micrograms/min 

13 (6, 29) 13 (5, 23.5) 0.668 

Mechanical 
ventilation, n (%) 

26 (72.2) 27 (71.1) 0.911 

CVVH-HCO (high cut-off group); CVVH-Std (control/standard group) 

Values = median (Q1, Q3); except when indicated as n (%) 
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Table 2: ICU and hospital mortality in the study groups 

 CVVH-
HCO 
n (%) 

CVVH-
Std 
n (%) 

Unadjusted 
OR 
(95% CI) 

Adjusted OR# 
(95% CI) 

ICU 
mortality  

18 (50) 12 (31.6) 2.17 
(0.84 to 5.58) 
p = 0.109 

2.13  
(0.69 to 6.65) 
p = 0.191 

Hospital 
mortality  

20 (55.6) 13 (34.2) 2.40 
(0.94 to 6.15) 
p = 0.067 

2.49  
(0.81 to 7.66) 
p = 0.112 

# Adjusted to INR, Alb, Lactate and APACHE 3 
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Figure 1:  Norepinephrine free time (hours) per day per group: Day 1 to Day 7  

 

Values are median (middle line), Q1 (lower margin) and Q3 (upper margin) 

 

Figure 2: Median highest norepinephrine infusion rates per day 

 

CVVH-HCO: high cut-off group; CVVH-Std: control/standard group 

Error bars indicate interquartile ranges 

n = 36 (CVVH-HCO); 38 (CVVH-Std) 
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Figure 3: Median serum albumin (g/L): Day 1 to Day 7 

 

CVVH-HCO: high cut-off group; CVVH-Std: control/standard group 

Error bars indicate interquartile ranges 
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Figure 4: Time to cessation of norepinephrine infusion within 7 days

 

 

 

The median time cannot be computed as the curve did not drop to 0.5 and below. 

CVVH-HCO: high cut-off group; CVVH-Std: control/standard group 

Event = permanent cessation of norepinephrine infusion in survivors  

 
 

 

 

 

 

  

 

p=0.358 
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Figure 5: Time to CRRT cessation within 14 days 

 
 

 

CVVH-HCO: high cut-off group; CVVH-Std: control/standard group 

Event = permanent cessation of CRRT in survivors 

 

 

 

 

 
 
 
 
 
 

 

 

p=0.563 
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Appendix 

Table 1a: Norepinephrine free time (hours) per day for the first seven days. 

  CVVH-Std CVVH-HCO 

D1 0 (0, 0) 0 (0, 0) 

D2 0 (0, 5) 0 (0, 2.75) 

D3 0 (0, 17.5) 0 (0, 15.5) 

D4 3 (0, 24) 0 (0, 23.75) 

D5 9 (0, 24) 3 (0, 24) 

D6 19 (0, 24) 5.5 (0, 24) 

D7 24 (0, 24) 3.5 (0, 24) 

Values are medians (Q1, Q3) 

 

Table 2a: Highest norepinephrine rates of infusion (micrograms per minute) per day for 

the first seven days. 

  CVVH-Std CVVH-HCO 

D1 22 (11.25, 33.5) 22 (12, 43.75) 

D2 19 (7.75, 37.75) 26 (13, 49.5) 

D3 14.5 (4.75, 30.75) 19 (4, 42.75) 

D4 8.5 (0, 35.5) 12 (0, 41.25) 

D5 7 (0, 35.75) 9 (0, 29.75) 

D6 2.5 (0, 23.75) 7.5 (0, 29.5) 

D7 0 (0, 20.75) 9.5 (0, 29.25) 

Values are medians (Q1, Q3) 
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2.3 Published abstract 

Preliminary results of the study were also presented as a poster during the 11th World 

Federation of Societies of Intensive and Critical Care Medicine Congress, in Durban, 

South Africa, between 28th Aug to 1st Sept 2013. This presentation resulted in the 

following abstract.

 

The results presented appear to differ from the main publication as the calculation 

presented in the abstract were cumulative norepinephrine-free hours per group per day. 

In the full paper, calculations were based on number of norepinephrine-free hours per 

patient over the first seven days. Despite the two different approaches to analysis, the 

overall findings remain the same. 
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2.4. Summary 

The findings of our main study for this thesis could not find any physiological advantage 

of HCO hemofiltration compared with standard hemofiltration. This coupled with higher 

cost of filters and the potential loss of albumin pushes us to the conclusion that HCO 

hemofiltration is not superior to standard hemofiltration in critically ill patients on 

vasopressors and in AKI. Further studies should look at other potential adjuncts to 

treatment. 

Our analysis of the physiological effects of the HCO filter was rather thorough. Apart 

from vasopressor free-time, we also looked at other outcomes that may act as an 

advantage of this newer intervention. These included effects on the rate of 

norepinephrine infusion per day, filter life, ICU mortality and in-hospital mortality. We 

also compared time to permanent cessation of vasopressor therapy and time to 

permanent cessation of hemofiltration in survivors over an extended period of treatment 

time i.e. 14 days. Although the study was not powered for the purpose of these 

additional outcomes, we could not find any signal to indicate physiological superiority of 

HCO hemofiltration over standard hemofiltration. In fact for many of these outcomes 

there may be a signal towards harm. 

As this was a phase II equivalent study, we also embarked on the concurrent study of 

possible mechanisms, should we have observed an advantageous effect. As such, the 

main secondary outcome was a study on the effects of HCO on cytokine clearance and 

plasma cytokine levels. In subsequent papers, we present our findings on the effects of 

the intervention on apoptosis indices, nucleosomes and toll-like receptor expression. 
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Chapter 3 

The biological impact of high 
cut-off hemofiltration 
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3.1. Introduction  

The study of any EBP technique is not complete without an assessment of its biological 

impact on important mediators. Studies on EBP techniques should report both its effects 

on reduction of target molecules, as well as effects of the therapy on cellular immunity. 

Our study, which is a phase II equivalent analysis of HCO hemofiltration therefore also 

seeks to obtain data on plasma cytokine levels, apoptosis indices, nucleosome levels 

and toll-like receptor (TLR) expression as a measure of biological impacts of the 

intervention.  

The number of patients involved in these sub-studies is small. Due to processing 

requirements of the blood samples, we could only include patients that were admitted 

during office hours. Many of the patients who contributed data also did not survive 

through all three timelines as the patients recruited were severely ill and had a predicted 

baseline mortality of around 60%. Despite these challenges faced during the conduct of 

the study, we analysed the data obtained to observe any trends of the responses 

studied. 

Our first publication in this series studied the effects of HCO hemofiltration versus 

standard hemofiltration on plasma levels of key cytokines. 

There is however a caveat in linking physiological effects to cytokine sieving and 

cytokine plasma levels. It comes in the fact that we're measuring effects of the 

intervention on cytokines in the plasma, when the most important effect may be what 

occurs at the tissue level. Furthermore, the effects of the intervention on clinical 

outcomes may be influence by mechanisms other than cytokine removal. Despite this, it 

makes great sense to measure the effects of HCO hemofiltration on plasma cytokines, 

as this was the mechanism underlying the proposed benefit of this intervention and 

substantiated by our previous systematic reviews.  

We therefore present our findings on the effects of HCO hemofiltration on cytokine 

clearance and plasma cytokine levels in the next publication; while appreciating at the 

same time that regardless of the effects of HCO hemofiltration on plasma cytokines and 

its removal, the most important effects remain clinical outcome measures. 

 



 

                                                        90 

 

Atan R, Peck L, Visvanathan K, Skinner N, Eastwood G, Bellomo R, Storr M, Goehl H. 

High cut-off hemofiltration versus standard hemofiltration: effect on plasma cytokines. 

Int J Artif Organs. 2016 Nov 11;39(9):479-486. 



 

                                                        91 

 

3.2 Publication: Effects on plasma cytokines



 

                                                        92 

 

 



 

                                                        93 

 



 

                                                        94 

 



 

                                                        95 

 



 

                                                        96 

 



 

                                                        97 

 



 

                                                        98 

 

 

 

 

 



 

                                                        99 

 

Supplementary figures: 

Appendix Figure A 

TNF-alpha plasma levels: CVVH-HCO vs. CVVH-Std 

 

Comparison of change in TNF-alpha plasma levels over three timelines between the two 

groups. 

Values are medians; normalised to percentage change compared to baseline. Baseline 

(T0) is 100% 

T0 = pre-filter plasma at 0 to 12 hours after randomization 

T24= pre-filter plasma at 24 hours after randomization 

T72= pre-filter plasma at 72 to 96 hours after randomization 

CVVH-HCO: High cut-off group; CVVH-Std: control/standard group 
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Appendix Figure B 

IL-8 plasma levels: CVVH-HCO vs. CVVH-Std  

 

Comparison of change in IL-8 plasma levels over three timelines between the two groups. 

Values are medians; normalised to percentage change compared to baseline. Baseline 

(T0) is 100% 

T0 = pre-filter plasma at 0 to 12 hours after randomization 

T24= pre-filter plasma at 24 hours after randomization 

T72= pre-filter plasma at 72 to 96 hours after randomization 

CVVH-HCO: High cut-off group; CVVH-Std: control/standard group 

 

 

 

 

 

 

 

 

Appendix Figure C 
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IL-1 beta plasma levels: CVVH-HCO vs. CVVH-Std  

 

 

Comparison of change in IL-1 beta plasma over three timelines between the two groups.  

Values are medians; normalised to percentage change compared to baseline. Baseline 

(T0) is 100% 

T0 = pre-filter plasma at 0 to 12 hours after randomization 

T24= pre-filter plasma at 24 hours after randomization 

T72= pre-filter plasma at 72 to 96 hours after randomization 

CVVH-HCO: High cut-off group; CVVH-Std: control/standard group 

 

 

 

 

 

 

Appendix Figure D 

RANTES plasma levels: CVVH-HCO vs. CVVH-Std 
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Comparison of change in RANTES plasma levels over time between the two groups.  

Values are medians; normalised to percentage change compared to baseline. Baseline 

(T0) is 100% 

T0 = pre-filter plasma at 0 to 12 hours after randomization 

T24= pre-filter plasma at 24 hours after randomization 

T72= pre-filter plasma at 72 to 96 hours after randomization 

CVVH-HCO: High cut-off group; CVVH-Std: control/standard group 

 

 

 

 

 

 

 

3.3 Summary of effects on plasma cytokines 
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Our double-blind study did not support that HCO hemofiltration resulted in a higher 

reduction in plasma cytokine levels compared to standard techniques when conducted 

over a 72 hour period of observation. 

HCO hemofiltration may offer higher SC and mass removal via ultrafiltration for 

cytokines such as IL-6 and IL-8 but these two measures are reflective of single pass 

phenomenon. When plasma levels are plotted over three timelines, the trends observed 

do not suggest a sustained or significant effect over a 72 hour period superior to that of 

standard hemofiltration. This lack of an effect may indicate that the rate of removal, 

although high is disproportionate to even higher rates of cytokine production. Removal 

rates over a 72 hour period may be further affected by the phenomenon of membrane 

fouling. The reduction in plasma levels with standard hemofiltration for IL-10 and IL-6 

despite low or zero sieving can be explained by spontaneous rates of decay. 

Our observations confirmed that molecules with higher molecular weight (MW) tends to 

be filtered better by HCO filters compared to standard hemofilters however it is not true 

for all cytokines. RANTES for example have low MW but sieving is poor for both filters. 

Factors other than MW therefore may have affected sieving into play including the 

molecular structure and molecular charges. Plasma levels of cytokines also appear to 

be affected by factors additional to SC as it there is no strong correlation between 

sieving and rate of reduction in plasma levels over the 72 hour observation period. 

Possible factors affecting plasma levels may include rates of endogenous production, 

rates of production upon exposure to the filter, rates of clearance by the filter and 

spontaneous decay in the circulation. 

3.4 Publication: Effects on apoptosis indices 

The plasma of hypercytokinemic patients has been shown to contain mediators, which 

induce apoptosis of monocytes and also that of other cells. In this substudy, we aimed 

to analyse whether the levels of these mediators were differentially affected by HCO 

hemofiltration as compared to standard hemofiltration. Plasma of patients in our study 

was incubated with U937 monocytes and the effects of the plasma on apoptotic indices 

were assessed.  
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Supplementary Figure  

Figure 5a: Percentage (%) of U937 cells showing apoptosis according to Annexin V-

FITC analysis following incubation with plasma sampled at T24 from CVVH-Std group of 

patients: Pre-filter vs. Post-filter 

 

  

Pre-filter T24 = pre-filter plasma at 24 hours after randomization 

Post-filter T24= post-filter plasma at 24 hours after randomization 

CVVH-HCO: High cut-off group; CVVH-Std: control/standard group 
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3.5   Effects on apoptosis indices: Summary 

In this study on the effects on pro-apoptotic and pro-necrotic factors, a significant 

reduction with passage across the filter is observed for pro-apoptotic factors with CVVH-

HCO using one of the measurement techniques (annexin V FITC). Similar reductions 

were not observed with another measurement (caspase-3) or for pro-necrotic activity. 

Any reduction that was observed did not translate into a significant reduction when 

observed over time. Prefilter vs. postfilter changes are more reflective of a single pass 

phenomenon. When levels are charted over a 72 hour period, there was no signal to 

support higher removal of pro-apoptotic and pro-necrotic factors using CVVH-HCO 

compared to CVVH-Std. 

3.6    Effects on nucleosome levels and toll-like receptor (TLR) Expression:         

Publication 

Nucleosomes result from DNA fragmentation and are an indirect marker of apoptosis, 

as direct measurement of the phenomenon is difficult. Our last publication compared the 

effects of the two interventions on nucleosome levels. It also has a small subsection on 

toll-like receptor (TLR2 and TLR4) expression. 

The number of samples was small and as such this publication was in the form of a 

short paper. 
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Supplementary Material 

Figure 3: Median nucleosome levels in plasma sampled at T24 from CVVH-Std group of 

patients: Pre-filter vs. Post-filter* 

  

* Nucleosome levels not detected in normal human plasma 

Absorbance = absorbance [A405nm – A490nm] 

Pre-filter = pre-filter plasma at 24 hours after randomization 

Post-filter = post-filter plasma at 24 hours after randomization 

CVVH-Std: control/standard group 
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3.7 Effects on nucleosome levels and TLR expression: Summary 

In this small substudy, nucleosome levels from DNA fragmentation were confirmed to 

be high in our study patients with shock states and acute injury. There is a weak 

correlation between illness severity as defined by APACHE III scores and nucleosome 

levels at baseline. 

Observations in the CVVH-HCO group indicate that overall there is increase in 

nucleosome levels when blood crosses this filter. The numbers are too small for us to 

come to conclusions, but seem to suggest that CVVH-HCO results in higher apoptosis 

when blood crosses this filter in contrast to the findings of our earlier paper on apoptosis 

indices. There were no significant within and between group differences in nucleosome 

levels over 72 hours. 

TLR2 and TLR 4 levels were also increased in majority of patients studied. We could 

not see any beneficial trends on TLR2 and TLR4 levels from treatment with CVVH-

HCO. 

3.8 Summary of studies on physiological and biological effects 

At this juncture, it seems appropriate to summarise key aspects of the studies 

presented in Chapters 2 and 3 as they were all supported by the same RCT. We will 

review the strengths and weaknesses of the RCT including its substudies and present a 

short overall conclusion. 

The strength of the RCT supporting these studies is in their low bias, high validity and 

strong methodology. 

To our knowledge, this was the first study comparing high cut-off hemofiltration with 

standard hemofiltration in a randomised, double-blind manner. The two filters were 

indistinguishable to the naked eye and eliminated performance bias. During the whole 

conduct of the study, there was no identifiable way that the two groups could have been 

differentiated. Allocation sequence was only revealed at the time of data analysis after 

study completion. The removal of performance bias helped to ensure that any 

differences in outcome would have occurred as a result of the intervention. 

This was also the first study to compare the two treatments under real-life conditions. 

From earlier studies, it was clear that the potential target group for high cut-off 
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hemofiltration were patients in hypercytokinemic conditions. The target population in our 

trial were patients in shock states, which would fulfil this prerequisite. Our systematic 

reviews also found ample evidence to suggest greater cytokine removal using HCO 

filters in these conditions. 

The only established and accepted indication for hemofiltration is acute kidney injury in 

the presence of clear indications such as oliguria, fluid overload, severe acidosis or 

severe azotemia. Starting hemofiltration on the basis of hypercytokinemia alone was not 

an accepted indication despite its attractive concept. For this reason, our patients were 

not only in shock states, but also in acute kidney injury with at least one clear indication 

to commence hemofiltration. This offers the best balance between exploring extended 

indications and safety concerns. 

Our study also provided real-life conditions in terms of duration of treatment. All 

previous trials, which were not blinded, studied the treatment over a shorter period of 

time, or following first pass circulation. To fully study the efficacy of this technique, we 

needed to study its use over a longer, more clinically relevant period of time i.e. at least 

72 hours. Additionally, our patients were treated with the study filters for a maximum of 

two weeks or until death or recovery occurred. This reflects usage under real conditions. 

The decision to limit the duration of therapy to a maximum of two weeks was to reduce 

the cost of the trial. We were confident however, that if any benefit of high cut-off 

hemofiltration existed, it would be evident following a much shorter duration of 

intervention than the two weeks maximum period applied in our study.  

Biomarkers were also studied over a 72-hour period. This offered a more sustained 

period of observation that provided a good balance between clinical relevance, 

feasibility and safety. The amount of blood removed from these patients for the purpose 

of measurement of biomarkers over the 72 hour period was reasonable and would not 

have endangered the patients. 

The rationale for the conduct of this study was highly important. For many years, the 

subject of cytokine removal was studied as a specific intervention in hypercytokinemic 

states. High cut-off hemofiltration, as highlighted in earlier discussions in this thesis, 

offer distinct advantages over other more expensive and technically challenging 

methods. The method of application was highly intuitive and did not require specific 

training beyond standard training of those working with critically ill patients. Our double 
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blind randomised controlled trial was an opportunity to study this intervention compared 

to a standard intervention, under real conditions.  

Our study had some limitations. The physiological and biological effects that were 

studied were all surrogate in nature. However, studies on surrogate outcomes are often 

necessary initial steps prior to large scale trials. A phase II assessment to monitor 

safety and efficacy is appropriate for any intervention that has potential for side effects 

and especially one that would involve critically ill and unstable patients. If our study 

successfully confirmed the benefits of high cut-off hemofiltration on important surrogate 

outcomes, we could then justify progression to a larger scale randomised controlled 

study. 

Although this was a randomised trial, the baseline characteristics were not perfectly 

balanced. This was an unfortunate limitation of a phase II trial, due to the smaller 

number of subjects enrolled, and was especially enhanced in the case of the substudies 

as they involved an even smaller number of observations. For the mortality outcomes, 

we attempted to adjust for the differences but imbalances may still have had a 

measurable impact. 

The baseline mortality rate for patients included in our study was very high and in the 

range of 60 to 70%. This posed real difficulties in completing the 72 hour observation 

period during the measurements of biomarkers. Many of our patients did not survive this 

timeline leading to a reduced number of observations.  

Some of the biomarkers measured in this study, namely toll-like receptor measurements 

required fresh bloods. This reduced the opportunity of sampling bloods to that which 

only occurred during office hours. Many of our patients were admitted after hours and 

during weekends. This greatly reduced the number of observations.  

The location of the laboratory measuring the samples was 25 km away from the 

intensive care unit that was treating the study patients. Initially, couriers were employed 

to transfer the blood samples, however when it was discovered that this caused an 

unacceptable delay, the bloods were subsequently transferred by the investigators 

themselves. The number of observations for TLR measurements was so low because 

many of the samples that were obtained were spoilt due to duration required for transfer 

of the samples, which were solved only by self-transportation. The number of 
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observations was further reduced by the fact that many of the patients did not survive 

the 72-hour period of observation. The small number of observations in the substudies 

on biological impact allowed us to comment only in terms of the signal observed. 

At the end of conducting the above studies however, we were not able to demonstrate 

any benefit of high cut-off hemofiltration in terms of its biological and physiological 

impact. 

Further discussions, including that on future directions will be explored in the next 

concluding chapter.  
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Conclusions  
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4.1: Conclusions of the thesis 

To conclude I would like to attempt to answer the research questions asked at the start 

of the thesis: 

• Is there enough evidence in the literature to support the use of high cut-off 

hemofiltration as a technique of extracorporeal blood purification?  

Our extensive systematic reviews on this subject conducted under various conditions 

concluded that there was evidence from ex-vivo, animal and non-randomised human 

studies to support this theory. 

• Does high cut-off hemofiltration result in improved haemodynamic stability, as reflected 

by vasopressor free time, compared to standard hemofiltration, which would suggest 

positive physiological effects?  

The findings of our blinded randomised controlled trial however did not find improved 

vasopressor-free time or other positive physiological effects of clinical relevance offered 

by high cut-off hemofiltration. 

• Does high cut-off hemofiltration result in better removal of cytokines as compared to 

standard hemofiltration, which would suggest positive biological effects?  

Yes and no. Yes, there is evidence to support better sieving coefficient for cytokines 

such as IL-6 and IL-8. No, there is no evidence to support better sieving of other 

cytokines. Finally, regardless of the degree of removal offered for respective cytokines, 

we did not find evidence that this resulted in a reduction in plasma levels as a result of 

high cut-off hemofiltration. 

• Does high cut-off hemofiltration positively impact other biological effects such as 

apoptosis indices, nucleosome levels and toll-like receptor expression, which may be 

affected in this subgroup of patients, when compared to standard hemofiltration? 

Within the limits of a small number of observations, we were not able to find any signal 

to indicate a positive impact of high cut-off hemofiltration in any of these indices. 

• Are there any concerns especially in terms of protein loss associated with the use of 

high cut-off hemofiltration? 

Despite its initial and logical concern, any increase in protein loss did not translate to a 

significant reduction in plasma albumin levels compared to standard hemofilters. This is 

in the background of similar intravenous albumin administered to both groups. 
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Our detailed and rather extensive study on high cut-off hemofiltration as treatment for 

critically ill patients in shock states and acute kidney injury requiring hemofiltration did 

not find any benefits of the intervention despite its initial promise and highly logical 

approach.  

4.2 Strengths and weaknesses of the thesis 

This thesis has multiple strengths. The flow of the argument is straightforward and 

started with a literature review that was systematic and extensive, to establish a strong 

case for the pursuit of this subject. Thousands of abstracts were screened and the 

results were divided into three different levels of study; ex-vivo, animal and human 

studies, depicting important steps in the development of a new technology. The 

methodological requirements of systematic reviews also meant that another reviewer 

was involved in the search process. It was highly unlikely that important articles were 

missed at the point the searches were conducted.  

Additionally, due to the time lag, the search was extended for the second review article 

to include new timelines. We were also required by the reviewers to repeat the search 

involving another database i.e. Embase. This extensive revision however produced a 

very small number of additional articles, which did not alter the direction of our 

conclusions. This gave us confidence that the original search was thorough enough. 

The three reviews were all published, and has collectively received a respectable 

number of citations despite the fact that this remains a rather niche area of study. New 

citations of the reviews continue to emerge and we hope that this indicates that our 

reviews were of some value to other researchers. 

The systematic reviews also had some limitations. One limitation was that it was a study 

on numerical values of various measures of clearance. Studies that only presented 

changes in plasma levels were excluded.  We opted against studying plasma cytokine 

levels as this was subject to even greater variability. As discussed in our papers, 

changes in plasma levels may be due to factors which are unrelated to clearance by the 

device involved.  

Adsorption devices were also under-represented in the reviews. Although this was not 

our specific area of study, any information on this particular intervention would have 

been valuable to current researchers. The low representation of adsorption devices 
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could be due to a number of reasons. Many were studies on endotoxin clearance which 

was not our measure of interest, while others looked only at plasma cytokine levels. 

Additionally, the lower number of hits for adsorption may be due the fact that 

hemofiltration was a more heavily studied approach at the time the searches were 

performed. Adsorption devices however, are current popular areas of study on the 

subject of blood purification.  

As the first publication was in 2011, many of the studies included in the first systematic 

review were dated. The search was extended to November 2012 during our second and 

third paper, but that was still over five years ago. The subject of this thesis however 

involved mainly hemofiltration. The findings of the systematic reviews related to 

hemofiltration were unlikely to be affected as the number of studies on cytokine removal 

via hemofiltration techniques have significantly declined over recent years. We also 

mainly interrogated one database, namely Medline. However as highlighted in a 

preceding argument, we repeated the search using a second database. Yet, the yield 

from additional searches was very low. When we balanced the value of studying 

different databases versus the feasibility of doing so in view of the large number of 

abstracts to be screened, we are of the opinion that this would not have changed our 

conclusions. 

The argument presented by the thesis then proceeded to the next section – an 

investigation on the effects of high cut-off hemofiltration under real conditions, in an 

appropriate target population. 

The strengths and weaknesses of the RCT component of the thesis and its resulting 

substudies have been extensively discussed at the end of chapter 3. In summary, the 

main strengths of the RCT were its high validity and low bias design. At the time of 

writing, it was the only double blind RCT ever conducted using the high cut-off filter.  

The outcomes studied, on both biological and physiological effects were fairly extensive 

and covered important aspects of potential interests to fellow researchers in this area of 

study. 

The study was on an important application of the high cut-off filter i.e. CVVH, which 

remains one of the commonest modalities of renal replacement therapy used in critically 
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ill patients with acute kidney injury. The subjects recruited were reflective of the 

intended population i.e. patients with manifestations of hypercytokinemia. 

The weaknesses of this section of thesis is summarised in the following points. The 

main RCT and its substudies looked at outcomes that were surrogate in nature. This 

step however is necessary in the course of establishing the effectiveness of any 

intervention. As it was a phase II equivalent, the numbers involved were small; 

furthermore many patients died due to the severity of their disease and that further 

reduced the number of observations especially for the smaller substudies. All of these 

issues may have interfered with the strength of the conclusions. 

We included the level of important cytokines in our study but did not include important 

cytokines such as HMGB-1(high mobility group box 1), which is observed to rise later 

and persist longer (Wang 1999, Fink 2007). HMGB-1 is both passively released and 

actively secreted in sepsis and non-sepsis conditions (Yang 2015). It has a molecular 

weight of 25 kDa; potentially removable by the HCO filter. HMGB-1 levels were also 

reported to be altered as the result of EBP in an animal study (Peng 2012). The impact 

of this omission, including that of other possibly important mediators is minor due to the 

negative study results, but would have offered an additional contribution to the body of 

knowledge about this important molecule.  

This thesis by publication is supported by an adequate number of papers; six published 

papers, one published abstract and one already submitted for publication.  

4.3 Significance 

The first part of the thesis on literature review was done extensively and established 

that there was a strong case to pursue HCO hemofiltration as adjunct therapy in sepsis 

and SIRS. The second part of the thesis, in the form of substudies supported by the 

RCT helped to answer this important question: Can HCO hemofiltration work under real 

conditions? 

4.4 Future directions 

A metaanalysis on extracorporeal blood purification concluded that blood purification in 

sepsis decreased mortality compared to no blood purification (Zhou 2013). The paper 

however combined all modalities into one entity, raising questions on the logic of 

pooling of data, as well as clinical applicability of the conclusion. On the other hand, 
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another review suggested that at our current stage of knowledge, it is unlikely that 

targeting cytokines will lead to patient benefit (Brown 2016).  

We were not able to demonstrate any benefit of high cut-off hemofiltration from studying 

its biological and physiological impact. We do not recommend that further clinical 

studies on cytokine removal involve this particular device. We cannot justify 

recommending that this study progresses to a larger study. 

In terms of future directions in the use of HCO filters, one promising area is its use in 

myeloma cast nephropathy. A recently published RCT on this subject however did not 

conclusively establish its efficacy in this regard, as no benefit was found in its primary 

outcome of hemodialysis independence at three months (Bridoux 2017). The authors 

however found benefit with extended analyses at six months and 12 months, and called 

for further studies to be conducted. 

Rhabdomyolysis is another clinical condition currently studied for potential application of 

the HCO filter. The MW of myoglobin is 16.7 kDa, which would allow passage through 

standard filters. A Cochrane review in 2014, involving only three studies, found no 

advantage of standard CRRT over no CRRT in this condition (Zeng 2014); although 

essentially what the review highlighted was the lack of trials in this area. A number of 

case studies claimed greater clearance of myoglobin with HCO filters (Naka 2005, 

Albert 2012, Heyne 2012); perhaps the larger pore size of the high cut-off filter may help 

to protect efficacy compared to standard filters when membrane fouling occurs. The 

rationale for using the HCO filter therefore lies in its greater ability to remove myoglobin 

molecules and possibly reducing the risk of kidney injury in this condition. One RCT on 

the use of HCO filter in rhabdomyolysis was found registered with ClinicalTrials.gov, 

with myoglobin plasma levels after 48 hours as its primary outcome. The study has 

finished recruiting patients but has yet to be published (ClinicalTrials.gov Identifier: 

NCT01467180). 

In terms of future directions in blood purification and cytokine removal, important current 

modalities include adsorption techniques. This focus is supported by the findings of the 

systematic review by Zhou et al. which highlighted that the benefit of blood purification 

in sepsis was mainly driven by studies on adsorption and plasma exchange (Zhou 

2013). While the use of plasma exchange in this regard continue to be hampered by 

concerns regarding costs and safety, adsorption devices seem to be current hot topics 
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in our search for an effective blood purification device. Prominent examples include 

Polymyxin-B (PMX) and CytoSorb® hemoperfusion devices. 

Polymyxin-B hemoperfusion (PMX) is possibly the most studied adsorption technique in 

clinical trials, resulting in a number of well designed studies including multicentre 

randomised trials.  In 2009, an RCT involving patients in septic shock found significant 

benefits in the application of PMX, in terms of hemodynamic improvements and 

mortality (Cruz 2009). The study however was not conclusive as it was terminated early 

due to meeting a stopping rule after recruiting only about 50% of the intended number of 

patients. Subsequent RCTs however found conflicting results. The ABDO-MIX trial, a 

multicentre RCT studying PMX in patients with abdominal sepsis, found no difference in 

mortality at day 28; but also, with some concern, a non significant increase in mortality 

in the PMX group at day 90 (Payen 2015). The EUPHRATES trial, an even larger 

multicentre RCT, also found no difference in mortality at day 28 (Klein 2014, Iba 2017). 

Mortality benefit however, was found when a post-hoc subgroup analysis was 

attempted, initiating calls for further studies. The full results of this study are yet to be 

published. 

CytoSorb, a biocompatible polymer, has also received significant attention. Important 

recent publications on this topic include an RCT, involving patients in septic shock and 

ARDS (acute respiratory distress syndrome), studying the effects of the intervention on 

IL-6 plasma levels. The researchers however found no difference in IL-6 plasma levels 

in the CytoSorb group when compared to no hemoperfusion. The crude 60-day mortality 

analysis were also higher in the treatment group, with no difference found following 

adjusted analysis (Schadler 2017). Another recent paper on CytoSorb published 

findings from a multicentre registry on CytoSorb use, involving 198 patients from 130 

centres from 22 countries. Preliminary results reported improved observed mortality 

compared to predicted mortality with markedly reduced IL-6 levels following treatment 

(Friesecke 2017). It is clear that evidence supporting clinical application of CytoSorb is 

still lacking and mostly in preliminary stages. 

Cytokine removal as adjunctive therapy in critical illness remains an attractive concept 

to some researchers. The excitement is somewhat dampened due to a series of 

negative trials; even those reporting positive effects failed to do so in a definitive 

manner. Our state of knowledge on cytokine networks and characteristics of important 
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mediators however, continue to expand. Failures of clinical trials, although 

disappointing, contribute important knowledge and progress, and may provide crucial 

insights in deciding our future directions. We hope that our work has also contributed to 

this journey. 
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