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  Pref ace   

 Hemodialysis (HD) has become the standard renal replacement therapy for patients 
with end-stage kidney disease, with more than two million patients now treated 
worldwide. However, despite prominent technological improvements over the last 
decades, the overall 5-year survival for HD patients remains less than that for some 
of the more common solid organ malignancies, such as colon cancer. 

 HD is an effective treatment for removing small water-soluble solutes, such as 
urea by diffusion, but simply increasing urea clearance has not been shown to 
improve survival. Standard HD with low-fl ux membranes is not effective in clearing 
larger middle molecules, such as beta-2-microglobulin, which then accumulates 
over time, leading to dialysis amyloid deposition. To improve the clearance of these 
larger uremic toxins, large pore dialyzer membranes (high-fl ux) were developed, 
but trials comparing high-fl ux HD with low-fl ux HD did not show improved patient 
survival. The clearance of these larger molecules is much more effi cient using con-
vection rather than diffusion, and this led to the introduction of hemodiafi ltration 
(HDF) which provides both effi cient diffusive and convective clearances of water- 
soluble substances. 

 Technological developments in dialysis machines and water treatment systems 
have made it possible to treat a signifi cant number of patients with HDF and to 
analyze various clinical outcome parameters, including overall and cardiovascular 
mortality. After several observational studies in the past, more recently, three large 
randomized clinical trials and fi ve meta-analyses have been published. Altogether, 
results suggest that online postdilution HDF is at least as safe and useful as HD and 
considerably better when high volumes are applied. 

 As online HDF has become an established treatment nowadays, and comprehen-
sive information on a diversity of clinical and scientifi c aspects is available, the time 
has come to collect and structure this information in a textbook for professionals 
interested in and/or working with patients with end stage kidney disease. This hand-
book on hemodiafi ltration is divided into fi ve parts. While Part I includes technical 
and essential aspects of convective techniques, water treatment systems, quality 
control, and safety requirements (Chaps.   2    ,   3    , and   4    ), Part II deals with hemodiafi l-
tration equipment. In this part, several machines that can be used for  hemodiafi ltration 
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are described, with their general and specifi c features. The manufacturers are listed 
in an alphabetic order (Chaps.   5    ,   6    ,   7    ,   8    ,   9    , and   10    ). 

 In Part III, the effects of HDF treatment on various biomarkers, such as electro-
lytes and mineral metabolism, anemia control, infl ammation and oxidative stress, 
uremic toxins, and effects on platelets and coagulation are described (Chaps.   11    ,   12    , 
  13    ,   14    , and   15    ). In Part IV, the results of recent large RCTs and meta-analyses on 
HDF treatment are extensively described and discussed. In addition, in this part 
attention is paid to the possible mechanisms behind the benefi cial effect of high 
volume HDF on clinical outcome and also to some possible side effects of HDF 
treatment. Finally, this part also deals with the benefi cial effects of HDF on growth 
in children and nutrition and effects of more intensifi ed HDF strategies (Chaps.   16    , 
  17    ,   18    ,   19    ,   20    ,   21    , and   22    ). Practical issues, such as how to achieve high volume 
HDF and how to adapt medication when large convection volumes are applied, are 
discussed in Part V (Chaps.   23     and   24    ). Finally, in Part VI the current status of HDF 
is discussed (Chap.   25    ). As such, we hope that this handbook on hemodialfi ltration 
has the potential to be of great and global relevance for professionals, the health 
regulatory authorities and insurance companies, the dialysis industries, and last but 
not least for the two million or so patients for whom dialysis therapy is a life-saving 
treatment.  

    Amsterdam ,  The Netherlands      Menso     J.     Nubé   
 Amsterdam, The Netherlands     Muriel     P.  C.     Grooteman    
   Utrecht ,  The Netherlands      Peter     J.     Blankestijn       
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    Chapter 1   
 History and Current Status of Online 
Haemodiafi ltration                     

       Bernard     Canaud       and     Ingrid     Ledebo    

    Abstract     The genesis of hemodiafi ltration (HDF) has followed the general 
sequence of any new therapy passing through a conceptual phase, a development 
phase and a long-term evaluation phase with adequate analysis in each step. 

 In the conceptual phase unmet needs of end stage kidney disease patients treated 
by hemodialysis were identifi ed, proof of concept was established and the necessary 
technological development took place. 

 During the development phase short-term clinical studies demonstrated the 
safety and effi cacy of the online HDF and long-term clinical studies gave evidence 
of benefi ts and risks of this new renal replacement modality. 

 After having satisfi ed these different steps, any remaining questions and/or 
uncertainties can be formulated and the future of the therapy can be discussed. In 
these entire phases one can identify key discoveries and applications that have con-
tributed to major steps forward, often in a new direction. 

 In this chapter, we have highlighted such events and discussed their importance.  

  Keywords     End stage chronic kidney disease   •   Renal replacement therapy   •   Online 
substitution fl uid   •   Cold sterilization process   •   Convective dose  

        Introduction: Why Hemodiafi ltration Was Needed? 

 The development of a new renal replacement therapy corresponds to a need 
expressed by the nephrology community to correct for shortfalls and/or side effects 
observed with the use of conventional dialysis. Looking back at the 1970s, 

        B.   Canaud ,  PhD      (*) 
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conventional hemodialysis was performed with low-fl ux cuprophane membranes, 
acetate as buffer source and simple pressure devices to control ultrafi ltration. The 
majority of patients were treated in 4–5 h sessions two to three times per week. As 
a result, effi ciency was limited to small water soluble uremic toxins, cardiovascular 
tolerance was poor and problems with bioincompatibility and dialysis-related 
pathology started to appear (amyloidosis, accelerated ageing and – atherosclerosis). 
These factors were pointed out as limitations for long-term sustainability of this 
supportive therapy. A need for improving hemodialysis treatment both on the short 
term by improving effi cacy and tolerability and on the long term by reducing side-
effects was the main focus of clinical research at the time. 

 The development of a new therapy follows the general sequence of any new 
therapeutic agent and goes through a conceptual phase, a development phase and a 
long-term evaluation phase with adequate analysis in each step. In the conceptual 
phase unmet needs are identifi ed, proof of concept is established and the necessary 
technological development takes place. During the development phase short-term 
clinical studies demonstrate the safety and effi cacy of the therapy and long-term 
clinical studies give evidence of benefi ts and risks. Major milestones achieved in 
online HDF development over the last four decades has been summarized in Fig.  1.1 .

   When this is satisfactorily shown any remaining questions and uncertainties are 
formulated and the future of the therapy can be discussed. In all these phases one can 
identify key discoveries and applications that have contributed to major steps for-
ward, often in a new direction. For the therapy in focus in this handbook, hemodiafi l-
tration (HDF), we would like to highlight such events and discuss their importance.  

    Conceptual Phase: How Did We Get There? 

    Unmet Needs 

 Renal replacement therapy (RRT) was successfully developed during the 1970s but 
end stage kidney disease (ESKD) patients were still faced with a high morbidity and 
mortality risk dominated by cardiovascular diseases [ 1 ,  2 ]. Although the exact 

  Fig. 1.1    Major milestones achieved in online HDF development over the last four decades       
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reasons for these shortfalls were not clear, one can acknowledge that they were 
multifactorial including patient and comorbid risk profi le, past history of chronic 
kidney disease (CKD) and care management before starting dialysis, and RRT effi -
cacy and tolerance. 

 Considering the pioneering work of Babb [ 3 ] and Bergstrom [ 4 ,  5 ], later updated 
and completed by the Eutox group [ 6 ] and others, it becomes clear that uremic 
toxins comprise a large spectrum of compounds characterized by molecular 
weights, chemical characteristics, kinetics, protein and tissue binding capacities 
that extends far beyond that of urea. Focusing on the ‘middle and larger molecule’ 
substances it is also obvious that these compounds can only be cleared by means of 
large pore size membranes and the addition of a driving force such as convection to 
solute fl uxes.  

    Proof of Concept 

 In 1975 Henderson et al. using a synthetic ultrafi ltration membrane (XM50, Amicon, 
USA), reported the fi rst clinical application of hemofi ltration (HF), although at the 
time referred to as “hemodiafi ltration” [ 7 ,  8 ], see Fig.  1.2 . The driving force for this 
new therapy was the desire to remove “middle molecules”, i.e. uremic solutes that 
were putatively held responsible for some pathophysiologic manifestations of ure-
mia and which could not be cleared in conventional low-fl ux HD because of their 
size. Henderson could show that by using pure convective therapy (HF) it was pos-
sible to extend the blood purifi cation to include a wide range of large solutes, nor-
mally removed by the kidneys. The clinical study also showed that the patients 
tolerated the HF sessions much better than their regular HD. Fluid removal to reach 
dry weight was better achieved without symptoms [ 9 ,  10 ]. Correction of hyperten-
sion and a high degree of clinical wellbeing was noted among the patients although 
acetate was used as main buffer [ 11 ]. These results led to great expectations from 
the nephrology community. HF was perceived as a superior dialysis therapy and 
several groups started clinical trials.

   In Europe, Quellhorst pioneered a large HF program using a new high-fl ux mem-
brane (AN69, Rhone-Poulenc) and conducted controlled crossover studies on 
patients treated with HD and HF [ 12 ,  13 ]. He and others could show signifi cant 
improvement of vascular stability and reduced incidence of symptomatic hypoten-
sion when patients were treated with HF [ 14 ,  15 ]. These results were presented in 
the late 1970s, at a time when the hopes of identifying the “middle molecules” were 
dwindling [ 16 ,  17 ]. HF was still considered an attractive therapy, more because of 
the improved hemodynamic stability than because of the capacity to remove large 
solutes. In 1981, Shaldon predicted: “In at least 20–30 % of patients, progress from 
classical diffusion dialysis will benefi t the patient and at the same time improve 
cost-effectiveness by shortening treatment time, reducing staff requirement and 
offer better rehabilitation prospects” [ 18 ]. 

 During the 1980s, based on urea kinetic modeling (UKM), Gotch and Sargent 
[ 19 ,  20 ] introduced the concept of dialysis quantifi cation and established Kt/V as 
the dialysis dose index. Urea was used in this approach as an indicator of dialysis 
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effi cacy, protein catabolic rate and dietary protein intake, and a surrogate of uremic 
toxins derived from protein metabolism [ 21 ]. Dialysis dose (Kt/V) became a new 
driving force and focus in the dialysis world for dialysis research and prescription 
[ 22 ]. With the prospect of reducing treatment times and optimizing performances 
all means were used to enhance the removal of urea. The determinants of diffusive 
transport – blood fl ow rate, dialysis fl uid fl ow rate, surface area and permeability 
properties of the dialysis membrane (KoA) – were all adjusted upwards [ 23 – 25 ]. 
This meant that HF, which only applies convection and thus provides the same 
clearance for urea as for larger solutes, was no longer interesting with the ultrafi ltra-
tion volumes used at the time (20–25 L/session) [ 26 ,  27 ]. However, there were still 
some pioneering groups in research-oriented hospitals who had experienced the 
clinical benefi ts of HF therapy and explored larger ultrafi ltration volume to match 
performances with new standards [ 28 ]. 

 During the late 1970s and early 1980s the dialysis industry thrived thanks to the 
growing number of ESKD patients. Ambitious development projects were started in 
collaboration with academia and resulted in new membranes and technical innova-
tions that were applied in experimental therapies. One such innovative therapy was 
the combination of HD and HF, sometimes referred to as “simultaneous HF/HD” 
and later renamed hemodiafi ltration. The entrepreneur group in Giessen, having 
worked with both HD and HF, felt that each therapy had something to offer [ 29 ]. 
Their goal was to achieve enhanced clearance for small as well as large solutes 
while maintaining good hemodynamic stability. By combining regular high-fl ux 
hemodialysis and forced ultrafi ltration with substitution fl uid provided in sterilized 
bags, this group opened a new therapeutic avenue named hemodiafi ltration [ 30 ,  31 ].   

  Fig. 1.2    LW Henderson and the fi rst hemo(dia)fi ltration machine (Reprinted from Henderson 
et al. [ 7 ]. With permission from Elsevier)       
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    Technological Development 

 HDF is technically complex to perform because it requires components needed for 
both HD and HF [ 32 ]. The membrane in the fi lter should have good diffusive prop-
erties, high hydraulic permeability for easy ultrafi ltration and generous sieving pro-
fi le to allow passage of solutes up to the size of albumin. Because the fl uid is used 
for both diffusion and convection, it must meet the corresponding quality require-
ment, i.e. the dialysis fl uid should be at least ultrapure and the substitution fl uid be 
sterile and non-pyrogenic. The fl uid composition should be individualized within 
physiological limits. Access to fl uid must not be a limiting factor, which makes on- 
line preparation integrated with the treatment the only option. This places special 
hygienic and regulatory demands on the hardware, in addition to accurate volume 
control and all other functions in modern dialysis equipment. 

 Technical limitations, mainly regarding membrane permeability and fl uid com-
position and volume, have been the major determinants of the development of HDF 
therapy during the course of the 35 years it has been applied. The membranes used 
in the early days were suited for diffusive or convective transport respectively but 
have been gradually developed and optimized for HDF. Modern membranes com-
bine high diffusive and hydraulic permeability with generous but controlled sieving 
of solutes. To achieve these characteristics membranes are today made from various 
synthetic polymers, which can be combined to provide optimal biocompatibility as 
well as the desired performance. 

 The fl uids have also undergone major changes. In the fi rst HDF trials and for 
many years the buffer source was acetate in the dialysis fl uid, as in HD, and lactate 
in the substitution fl uid provided in autoclaved bags, as in HF. When bicarbonate 
was introduced in the dialysis fl uid, it still took many years until it was included in 
the substitution fl uid. Based on cold sterilization, as described earlier by Henderson 
[ 33 ], Canaud et al. introduced and evaluated for the fi rst time in clinic on-line HDF 
with bicarbonate using a using a modifi ed HD machine with fl uid balancing cham-
bers to control ultrafi ltration [ 34 ]. After this pilot trial, the feasibility of on-line 
fl uid preparation was recognized and the advantages became apparent. On-line 
preparation of the sterile fl uid used for substitution meant not only that bicarbonate 
could be used and the electrolyte composition could be individualized. It also made 
it possible to increase the dose of therapy by exchanging larger fl uid volumes, 
which for practical and economical reasons had been restricted to small research 
studies when fl uid in autoclaved bags were used. Different substitution modalities 
have been developed to overcome patient barriers and/or to achieve targeted effi -
cacy of the method in peculiar conditions (pre-dilution, mid-dilution and mixed-
dilution) [ 35 – 38 ]. It was not until on-line fl uid preparation became widely accepted, 
which with some exceptions occurred in the new millennium, that the limitations 
imposed by fl uid issues were resolved [ 39 – 41 ]. 

 Although described above as a technical limitation the general introduction of 
on-line fl uid preparation should probably be viewed as a regulatory limitation [ 42 ]. 
The ultrafi lters required for stepwise removal of bacteria and pyrogens from dialysis 
fl uid were commercially available already in the mid-1980s and prototype systems 
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for on-line preparation of large volumes of sterile, non-pyrogenic fl uid were origi-
nally used for HF. However, sterilization by on-line preparation is still not recog-
nized by the Pharmacopoeia and therefore not considered by regulatory authorities, 
so the approval of dialysis machines with on-line capacity met with serious resis-
tance [ 43 ,  44 ]. 

 In some countries, nephrologists managed to convince authorities to approve on- 
line HF and HDF, but only with cumbersome safety measures attached to the appli-
cation, which increased labor and cost [ 45 ,  46 ]. Other countries lacked regulations 
and practicing nephrologists hesitated to use the therapy. Alternative and/or hybrid 
therapies have been developed to bypass those regulatory measures and/or to explore 
additional benefi ts such as acetate-free biofi ltration (AFB) and paired fi ltration dial-
ysis (PFD) or hemodiafi ltration with endogenous reinfusion of substitution fl uid 
after regeneration on resin (HFR) [ 47 – 50 ]. Still, the accumulated European experi-
ence on the safety of performing on-line HDF and the potential of the promising 
data from patients treated with on-line HDF fi nally broke the barrier and during the 
new millennium on-line HDF is the only form of the therapy considered [ 51 ]. An 
international guideline covering practical and safety aspects of on-line fl uid prepa-
ration is now widely approved as standard [ 52 ]. 

 While waiting for authorities to approve on-line fl uid preparation some groups, 
mainly in Japan and the US where on-line equipment was not commercially avail-
able, developed their own systems for performing diffusion and convection at the 
same time, without using external fl uid for substitution [ 53 – 56 ]. They designed 
systems that increased ultrafi ltration by various pressure manipulations and relied 
on backfi ltration of dialysis fl uid to compensate for excess ultrafi ltration. This can 
increase the convective transport compared to HD but not to the extent of optimally 
prescribed on-line HDF. In addition, the fl uid quality may be a problem. 

 Representing the best of both extracorporeal therapies (HD and HF), hemodiafi l-
tration (HDF) has attracted much interest throughout the western world, i.e. Europe, 
Japan and the USA, from the early 1980s and it still does, although the therapeutic 
application and the questions asked have undergone major changes [ 57 ]. Considering 
these changes in the development of the therapy, clinical results from different time 
periods refl ect what could be achieved with the products available at that time, and 
comparison with modern therapy should be avoided [ 58 ].  

    Clinical Implementation: What Are the Results? 

    Safety 

 Online preparation of substitution solution by cold sterilization process from fresh 
dialysis fl uid is a fundamental prerequisite for delivering high-volume HDF and HF 
modalities. The potential of bacterial-derived products (endotoxin, peptidoglycans, 
bacterial DNA) entering the bloodstream in case of cold sterilization failure or inad-
equate disinfection of HDF machine is an important consideration. By applying 

B. Canaud and I. Ledebo



7

strict hygienic rules of disinfection to the online HDF machine, stringent microbial 
monitoring and periodical replacement of sterilizing ultrafi lters, any risk may be 
virtually abolished. Online blood purifi cation modalities necessitate the use of ultra-
pure water and certifi ed machines, and the compliance to strict hygienic rules that 
have been detailed elsewhere [ 59 ]. For further reading, see Chap.   3    . Several studies 
have confi rmed the safety of the online HDF provided the adequate HDF machines 
are used and the best clinical practices are applied [ 60 ,  61 ]. The CONTRAST study 
confi rmed in 10 centers over more than 20,000 HDF sessions the reliability and 
safety of the method [ 62 ]. As good clinical practice, it is advisable to monitor clini-
cal symptomatology of HDF treated patients and to ensure measurement of blood 
sensitive CRP on a monthly basis [ 63 ].  

    HDF Versus HD in Short and Mid-term Studies 

 During the 1980s the dialysis industry was infl uenced by the interest in convective 
therapies and introduced a number of associated technological innovations. New 
membranes with increased hydraulic permeability, so called high-fl ux membranes, 
were made from synthetic polymers and showed improved biocompatibility when 
exposed to blood. Fluid removal during dialysis was simplifi ed and made more 
accurate by the incorporation of ultrafi ltration control systems in the dialysis equip-
ment. New mixing devices facilitated the inclusion of bicarbonate in the dialysis 
fl uid and acetate was gradually replaced as buffer source. 

 Although the development of these innovations was triggered mainly by the 
widespread interest in HF and HDF, they could all be used for HD. Performing 
HD with high-fl ux membranes, ultrafi ltration control and bicarbonate changed the 
therapy signifi cantly. The high-fl ux membrane allowed for increased ultrafi ltra-
tion, which did not cause excess fl uid removal because of the volume was con-
trolled. By means of ultrafi ltration controller devices in the HD machine, the 
excess ultrafi ltration was compensated by backfi ltration of dialysis fl uid. This pro-
vided convective clearance, because the membrane was open and because the 
ultrafi ltration was increased [ 64 ,  65 ]. The presence of bicarbonate, and even more 
so the absence of acetate, enhanced the hemodynamic stability and improved dial-
ysis symptomatology [ 66 ,  67 ]. When high-fl ux HD was compared with the form 
of HDF used at the time, so called classical HDF with 9–10 L substitution fl uid in 
bags, which provided around 10–12 L of convective volume, the difference in 
clearance and symptomatology could not always be detected [ 68 ,  69 ]. 

 When the 1980s changed into the 1990s, urea kinetic monitoring still con-
trolled the prescription of dialysis. Classical HDF provided similar or only slightly 
higher urea clearance than high-fl ux dialysis, but was considered more cumber-
some to perform and was defi nitely more expensive, so unless favored by reim-
bursement it was of little interest to the urea-believers [ 70 ,  71 ]. However, at this 
time a large retention molecule, β 2 -microglobulin (β 2 m), appeared on the scene, 
calling for convective removal [ 72 – 74 ]. Problems with β 2 m retention were taken 
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seriously, especially in Europe and Japan, where more effective and more biocom-
patible convective therapies were again discussed [ 75 – 78 ]. Both HF and HDF 
were tested in clinical studies using on-line equipment and large convection vol-
umes [ 79 – 84 ]. Towards the end of the 1990s the fl aws of urea kinetic modeling 
and its consequence, reduced treatment times and poor outcome, became apparent 
to the dialysis community and studies were designed to test new therapeutic alter-
natives [ 85 ,  86 ]. 

 In 2002 the HEMO study could not show any difference in survival between 
patients treated with either low or high urea dose or low-fl ux or high-fl ux  membranes. 
A subgroup analysis showed improved survival in long-term dialysis patients treated 
with high-fl ux fi lters and the HEMO investigators made the reservation that “the 
higher β 2 m clearances achievable with HDF might improve outcomes” [ 87 ].  

    HDF in Long-Term Studies: Patient Outcome 

 The ultimate benefi ts of HDF/HF therapies in terms of “hard clinical endpoint” such 
as reduction of β2-M-amyloidosis risk, improved survival and reduced hospitalization 
that were suggested by retrospective studies have been confi rmed by recent prospec-
tive randomized controlled trials [ 88 – 91 ]. The Dialysis Outcomes and Practice 
Patterns Study (DOPPS) fi rst suggested that patients being treated with high-effi -
ciency HDF (15–25 L/session) had a 35 % lower mortality than those treated with 
low-fl ux hemodialysis; comparison with high-fl ux hemodialysis and low-effi ciency 
HDF (<15 L/session), however, was not signifi cantly different [ 92 ]. Two recent pro-
spective randomized trials (CONTRAST and Turkish HDF study) failed to show ben-
efi cial effects on mortality (all-cause or CV mortality) as primary endpoint. 
Interestingly, both studies showed, in post-hoc analysis, benefi cial effects on all-cause 
mortality when patients were stratifi ed and allocated to high ultrafi ltration volume 
(>20 L/session), i.e. to high convective dose [ 93 ,  94 ]. The importance of best clinical 
practices and weakness of these studies was identifi ed since 50–66 % of patients 
enrolled did not achieve the targeted ultrafi ltration volume [ 95 ]. The most recent ran-
domized controlled trial, the Catalonian ESHOL study, complying with best clinical 
practices and achieving targeted ultrafi ltration volume in 90 % of patients proved that 
mortality was reduced by 30 % (all-cause and CV cause) in high-volume HDF treated 
patients. In addition, the Catalonian study found a reduction of hypotensive episodes 
(28 %), stroke (61 %) and infection (55 %) [ 96 ]. For further reading, see Chap.   16    .  

    Convective Dose Concept 

 The burning question in HDF today concerns the effective convection volume, i.e. 
the total undiluted ultrafi ltration volume [ 97 – 99 ]. How large should it be to make 
a difference and how can we best obtain it? To answer this question, a group of 
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Dutch nephrologists designed the CONTRAST study aiming for 24 L of ultrafi l-
tration, i.e. convection volume, per treatment but only achieved an average of 
20.7 L [ 95 ,  100 ].  Post hoc  analysis showed that the tertiles of patients treated with 
the highest convection volume, >21.95 L, had signifi cantly improved survival 
[ 83 ]. In parallel a similar study was conducted in Turkey, the Turkish study com-
pared on-line HDF with high-fl ux HD, aimed for 15 L of infusion solution and 
achieved an average of 17.2 L [ 94 ]. The result was similar to CONTRAST in that 
no difference in survival could be shown for the total population, but again a  post 
hoc  analysis of HDF patients treated with the highest convection volume, >21 L 
(17.4 L substitution + 3.5 L weight loss), had signifi cantly improved survival. The 
secondary result from these two large, randomized, controlled studies was con-
fi rmed by the ESHOL study, which in the primary analysis showed that all patients 
treated with HDF with convection volumes exceeding 22.9 L per session had sig-
nifi cantly improved survival compared with patients on high-fl ux HD [ 86 ]. Further 
information on the pitfalls and reliability of RCTs and meta-analyses on this sub-
ject is provided in Chap.   16    .   

    Remaining or Unsolved Questions Related to Online HDF: 
Where Are We Today? 

 Online hemodiafi ltration is no longer an experimental treatment, it is a mature renal 
replacement therapy, used daily to sustain life of more than 160,000 ESKD patients 
worldwide including 80,000 in the EMEA region [ 101 ]. This is presented in Fig.  1.3 . 
Online HDF represents the most advanced treatment modality for end stage kidney 
disease patients [ 102 ]. Considering results of recent RCTs, the time has now come 
for worldwide, including USA, acceptance of hemodiafi ltration as the means to 
improve ESKD patient outcomes [ 103 ].

   The use of highly permeable membranes submitted to high transmembrane pres-
sure regime may lead to increased albumin loss, although improvement of mem-
brane manufacturing technology has reduced the sieving coeffi cient of albumin and 
minimized losses [ 57 ]. For more porous or higher cut-off membranes that do leak 
albumin, HDF modality exposes the patient to risk signifi cant albumin loss and may 
not be a good option. Nevertheless, clinical and biologic consequences of albumin 
loss and hypoalbuminemia must be balanced with the putative benefi cial effect of 
increased removal of uremic toxin-bound substances. 

 Enhanced loss of nutrients is a theoretical risk associated with all modalities 
using high-fl ux membranes and enhanced convective fl uxes. Soluble vitamins, trace 
elements, amino acids, small peptides, and proteins may be lost during high-fl ux 
treatments. The total amount of nutrients lost per session is, however, suffi ciently 
low to be easily compensated for by adequate oral intake [ 104 ]. 

 Electrolyte balance depends strongly on patient anthropometric characteristics, 
electrolyte concentrations and convective volume achieved during HDF sessions. 
Electrolyte prescription (Na, K, HCO3, Ca, Mg) needs to be customized to patient 
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metabolic needs and convective volume. Higher ultrafi ltration volumes will need to 
reassess electrolyte mass balance and reset prescription accordingly, since all pres-
ent reported studies have been performed with restricted ultrafi ltration volume 
(<30 L/session in post-dilution HDF). For further reading, see Chap.   11    .  

    Future Development of Online HDF 

 Modern online HDF equipment provides a unique technical platform that may be 
used to facilitate the implementation of new dialysis options (nocturnal HDF, daily 
HDF) or to revitilize home or self-care renal replacement therapies with automated 
functions such as auto-priming, rinsing or fl ushing. With liberal access to sterile 
apyrogenic fl uid new applications can be developed without cost concern.  

    Conclusions 

 Online hemodiafi ltration can today be considered a mature renal replacement ther-
apy, being used daily to sustain life of more than 80,000 ESKD patients in Europe 
(18 % of all RRTs). By combining diffusive and convective clearances, online HDF 
offers the most effi cient solute removal capacity over the widest molecular weight 
spectum of uremic toxins. With high-fl ux synthetic membrane and ultrapure dialy-
sis fl uid, online HDF constitutes the most hemocompatible renal replacement ther-
apy. Safety and effi cacy have been proven in numerous short and mid-term clinical 
studies. Recent randomized controlled clinical trials tend to accredit the superiority 
of online HDF over contemporary HD, i.e. high-fl ux HD, to the adequate convective 
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  Fig. 1.3    Development of HDF patients from 2004 to 2014 (Based on data from Ref. [ 103 ])       
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dose (or convective volume) being delivered. Further clinical trials should establish 
the optimal convective dose in different clinical settings (patient characteristics and/
or ethnicity, substitution modalities) and to establish the cost-effectiveness of HDF 
compared to contemporary HD. 
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Chapter 2
Convective Techniques

Luciano A. Pedrini and Simona Zerbi

Abstract A great deal of evidence has now accumulated on the ability of 
 extracorporeal convective therapies to enhance removal of compounds of different 
molecular weight which are markers or causative agents of severe uremic pathol-
ogy, such as cardiovascular disease, chronic inflammation, anemia and bone 
metabolism derangement. A general reduction of the uremic toxicity might be the 
link with the clinical benefits reported in patients undergoing convective therapies. 
These benefits may eventually contribute to improving patient survival provided 
that high convective volume and, thus, high removal of middle-sized compounds 
is achieved, as suggested by the results of the recently published large trials. Post-
dilution hemodiafiltration (HDF), combining diffusion and convection as mecha-
nisms of solute removal, is the most widespread infusion mode in HDF and 
commonly held as the most efficient in removing middle molecules. Alternative 
convective and mixed convective- diffusive therapies, exploiting the more common 
mechanisms of solute transport in different ways, have been developed and pro-
posed in the past years and more recently with the common aim to enhance 
removal of toxic solutes of different size. An overview of their principles, techni-
cal aspects and transport mechanisms on which they are based is provided in this 
chapter.
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 Introduction

A new blood-purification modality based on convection as a mechanism of middle 
molecular toxins removal was first applied in patients with end stage-renal failure 
by Henderson and colleagues in 1967 at the University of Pennsylvania [1]. The 
new technique, coupling diffusion and convection as a transport mechanism, was 
called ‘diafiltration’. The fundamental principles and mathematical relationships of 
their technique were published some years later [2, 3], but its clinical application 
was started in Europe by Leber [4], who first proposed the original term ‘hemodi-
afiltration’ (HDF) for the new technique, and by Quellhorst, who reported in 1983 
promising results of a series of studies in patients over a long time period [5].

Continuous evolution of HDF took place from its birth until the more recent 
modalities of its application. Introduction of bicarbonate buffer in dialysis fluid and
replacement solutions minimized the relevant side-effects caused by the acetate or 
lactate contained in the original fluids. The development of new synthetic highly 
biocompatible and permeable membranes with selective cut-off extended the range 
of removed compounds to small molecular weight proteins and beyond, while mini-
mizing albumin loss. On-line production of indefinite amount of ultrapure dialysate/
substitution fluid at low cost replaced the cumbersome and expensive use of fluids 
in sterile bags. The ultrafiltration (UF) control systems, introduced to control body
weight (BW) loss with fluximeters measuring the differential flow between outlet 
and inlet dialysate compartment, were adapted to optimize and safely modulate the 
infusion rate (Qinf) through a feedback mechanism controlled by the trans- membrane 
pressure (TMP). Nowadays, technological progress of dialysis systems grants a
high level of efficiency and safety to the convective techniques with the application 
of advanced feedback devices, operating automatically and easily controlled through 
a friendly user interface. In the last years, different infusion modalities in HDF have
been proposed as alternatives to the traditional post-dilution and pre-dilution modes, 
combining convection, diffusion and adsorption to a different extent, but with the 
common aim to improve the operational and clinical feasibility of convective thera-
pies and to achieve maximal solute removal in a wide spectrum of molecular 
weights.

 Water and Solute Transport in Convective Therapies

 Ultrafiltration

Ultrafiltration (UF) of plasma water occurs as a consequence of a pressure gradient
across the dialyzer membrane modulated by applying a negative pressure in the 
dialysate compartment of the filter. The driving force for water filtration at every 
point of the capillary length of the dialyzer is the resultant of the hydraulic pressure 
inside the fiber (PB) and in the dialysate compartment (PD) and the oncotic pressure 
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exerted by plasma proteins (π), which opposes to filtration. The average pressure 
gradient across a dialyzer membrane (TMP) may be calculated as:

 
TMP P P P PBin Bout Din Dout in out= +( ) - +( ) - +( )/ / /2 2 2p p

 
(2.1)

where the suffix in and out indicate the inlet and outlet ports of the two dialyzer 
compartments.

The volumetric water flux (Jf) is a function of TMP according to the equation [6, 7]:

 
J A L TMPf p/ *=

 
(2.2)

where Lp is the hydraulic permeability of the membrane for water, i.e. the water flow 
rate per unit area of membrane (A) per unit TMP gradient (ml/min/cm2/mmHg).

Water permeability of a dialyzer membrane is defined in clinical practice with its 
UF coefficient (KUF, ml/h/mmHg/m2) according to the equation:

 K Q TMP mUF UF= / / 2

 (2.3)

where QUF is the UF rate.
When referred to the overall membrane surface of a dialyzer KUF becomes KUFD, 

ml/h/mmHg:

 K D Q TMPUF UF= /  (2.4)

KUFD corresponds to the slope of the regression equation [6] relating QUF with TMP
and characterizes numerically the hydraulic permeability of that dialyzer, which 
largely depends on the surface and characteristics of the membrane (mainly the pore 
radius), and on the dialyzer geometry. A nominal KUFD >40 ml/h/mmHg is a requi-
site for high-flux dialyzers.

Lower than nominal KUFD values are found in vivo as a consequence of the pro-
tein layer formation on the inner face of the membrane (secondary membrane). Loss 
in hydraulic permeability is negligible and quite constant along low-flux HD ses-
sions conducted at moderate QUF [8]. Progressive and even substantial reduction in 
KUFD may be observed during HDF and hemofiltration (HF) sessions when higher 
QUF and filtration fraction (FF) are applied, as an effect of the solute and protein 
polarization on the inner membrane surface and thickening of the secondary mem-
brane [9, 10]. In addition, the colloid osmotic pressure exerted by the concentrated
plasma proteins counteracts the filtration pressure [11]. As a consequence, the mod-
ern feedback systems are very effective in preventing this risk by adapting QUF to the 
actual operating conditions and reducing it automatically whenever TMP rises to
dangerous values. Besides the hydraulic permeability properties of the membrane, 
maximal QUF level is mainly a function of the blood flow rate (QB) permeating the 
capillaries of the dialyzer. Therefore, high QB are preferential for the production of 
high UF and convective removal and, thus, to achieve high efficiency in the applica-
tion of convective therapies.

2 Convective Techniques
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 Convection

Convection is the main transport mechanism of middle molecular size solutes in 
mixed convective-diffusive therapies. Convective solute removal is the result of the 
bulk movement of the solvent (plasma water) across the membrane driven by the 
hydrostatic pressure gradient between blood and dialysate compartments. Convective 
transport is constant over a wide range of molecular weight solutes but decreases as 
the hydrated molecular size approaches that of the pores of the membrane. In gen-
eral, the degree to which convection increases total solute removal is proportional to 
QUF and to the molecular weight of the solute [12]. The membrane characteristics 
(electro-chemical properties and structure, pore radius and conformation) also play 
an important role [13–16]. The ability of a membrane to remove a specific solute 
from plasma by convection is determined by its sieving properties and expressed 
mathematically with an index, the sieving coefficient (SC, dimensionless), unique 
for that solute and that membrane. Sc, measured in vitro in a defined experimental
setting and in the absence of diffusion, is the ratio between the solute concentration 
detected in the UF (Cuf) and its average plasma concentration within the dialyzer [6]:

 
S C C Cc uf in out= +( )2 /

 
(2.5)

According to Eq. 2.5, Sc value is inversely related to the solute molecular weight 
and varies between 1 for a freely permeable molecule and 0 for a molecule to which 
the membrane is completely impermeable. However, in a clinical setting, the same 
events that limit the hydraulic permeability of the membrane and reduce QUF may 
also affect removal of middle-molecular solutes by convection. As a consequence of 
the progressive thickening of the secondary membrane layer the in vivo SC value 
(apparent sieving) for molecules such as beta2-microglobulin (β2-m) may results in 
lower values than those measured in vitro and may even approach zero in post- 
dilution HF at very high QUF [17].

Convective transport of a solute (JC) may be expressed with the mathematical equa-
tion which defines its relation with the solute plasma concentration (C) and the rate of 
fluid transfer across the membrane QUF, limited by the solute and membrane Sc:

 J Q C SC UF C= * *  (2.6)

The equation also defines the clearance of the solute when pure convection is 
applied in HF.

 Diffusion

Diffusion is the main transport mechanism of small molecular size solutes also in 
mixed convectivediffusive therapies. Solute diffusion follows a transmembrane
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concentration gradient between blood and dialysis fluid according to a first-order 
kinetics and the process is represented mathematically by the Fick’s law:

 J A K dc dxD o/ * /= -  (2.7)

where JD is the rate of solute diffusive flux per unit area of the membrane (A), pro-
portional to the solute concentration gradient (dc/dx), and Ko is the overall mass 
transfer coefficient (or solute diffusion coefficient), which is a property of the mem-
brane and the solute and characterizes the overall resistance to a definite solute flux 
across a unit area of that membrane. When referred to the overall surface of a dia-
lyzer, its diffusion coefficient for a specific solute is defined with the expression 
KoA (i.e. overall mass transfer coefficient *area). According to the Eq. 2.7, diffu-
sive transport is proportional to the surface area of the membrane: progressive 
increase in dialyzer surface at constant QUF results in moderate enhancement of the 
diffusive transport according to a curve that achieves its plateau faster for small 
molecular solutes. The level of the plateau is a function of the diffusive permeability 
of the membrane.

Diffusion property of a dialyzer is also influenced by blood and dialysate flow 
rates (QB, QD), and the relative role of each factor depends on KoA, according to the 
equation by Michaels [18]

 

K
EXP K A Q Q Q Q

Q Q EXP K A Q Q QD

o B D B D

B D o B D B

=
- -( ) ( )éë ùû
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where KD is the diffusive dialyzer clearance. The effect of increasing QB up to 500–
600 ml/min progressively increases KD of small solutes to a greater extent than that 
of middle-high molecular weight solutes, which is scarcely affected by QB values 
beyond 200–250 ml/min [19]. An increase in QD from 500 to 800 ml/min results in 
a small-moderate enhancement of small solute removal by diffusion but not of the 
larger solutes [20–22].

 Interactions Between Diffusion and Convection

Convection and diffusion act simultaneously as solute transport mechanisms in 
HDF, even if to a different extent according to the molecular weight of the removed 
solute. However, the overall mass transport is not the sum of the two separate com-
ponents because of an interaction between them, which is more prominent at the 
high QUF of HDF. Their effects cannot be distinguished from each other, but some 
mathematical models have attempted to quantify their combined effect in term of 
solute removal. The simplest model is described by the equation [23]:

 K K Q THDF D UF= + *  (2.9)

2 Convective Techniques



24

where KHDF is the overall (convective + diffusive) clearance, and T is the transmit-
tance coefficient, a parameter which is a function of the flow conditions and mem-
brane properties. An expression for T that is universal for all solutes is:

 withQ ml K K QUF HDF D UF< = +70 0 46/ min : . *  (2.10)

 withQ ml K K Q QUF HDF D UF UF> = + +70 0 43 0 00083 2/ min : . * .  (2.11)

 Absorption

Absorption assumes relevance as a removal mechanism particularly in the case of 
some high-flux membranes carrying electrical charges, such as polyacrilonitrile and 
polymethylmetacrilate [24, 25], and may significantly enhance the dialyzer clear-
ance of β2-m and of several cytokines. Polysulfone membranes show minor absorp-
tive capacity and remove middle molecule compounds mainly by convection [26]. 
Electrochemical interaction between these membranes and certain hydrophobic 
compounds like peptides and proteins may cause them to adhere on the inner sur-
face of the membrane within the pore structure [27]. Therefore, the open pore struc-
ture of high-flux membranes affords more absorptive potential than do low- flux 
membranes, and synthetic hydrophobic membranes are generally much more 
absorptive than hydrophilic cellulosic membranes [28]. Albumin coats the mem-
brane immediately after exposure to blood, with the effect to reduce its in vivo per-
meability. Absorption characteristics of high-flux membranes are more extensively 
defined in another chapter.

Teaching Points I
• Convection is the main transport mechanism of middle molecular size sol-

utes in mixed convective-diffusive therapies
• Convective solute removal is the result of the movement of plasma water 

across the membrane, driven by the hydrostatic pressure gradient between 
blood and dialysate compartments.

• The driving force for water filtration is the resultant of this pressure gradi-
ent and the oncotic pressure exerted by plasma proteins, which opposes 
filtration.

• Diffusion is the main transport mechanism of small molecular size solutes 
also in mixed convectivediffusive therapies. Solutes follow a trans
membrane concentration gradient between blood and dialysis fluid accord-
ing to a first-order kinetics

• Convection and diffusion act simultaneously as solute transport mecha-
nisms in HDF
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 Modalities of Convective Therapies

 Internal Hemodiafiltration (iHDF)

A certain amount of solute removal by convection may also be obtained during 
prevalent diffusive treatments when highflux dialyzers are used. In this case, the
TMP gradient established in the proximal part of the dialyzer promotes large water
transfer from blood to the dialysate. Water acts as solvent drag and favors removal 
of middle molecular compounds by convection. Hydraulic pressure on the blood 
side drops progressively along the fibers, while oncotic pressure increases with 
plasma protein concentration until, at a certain point of the dialyzer length, the pres-
sure gradient across the membrane reverses its direction and, accordingly, UF ceases
and water moves from the dialysate compartment to blood (Fig. 2.1). This mecha-
nism, called ‘back-filtration’ or ‘internal filtration’ is the underlying principle of 
high-flux HD and its effect is an enhancement of small- and middle-molecular sol-
ute removal by convection [29]. iHDF works just as a high-flux HD, but it requires 
the convective dose to be clinically relevant, quantifiable and possibly adjustable by 
the operator. This technique entails the use of a dedicated dialyzer with geometric 
characteristic suitable for increasing internal filtration. iHDF improves convective 
transport by direct filtration and backfiltration without the need of substitution fluid 
infusion [30]. A user-friendly mathematical model has been designed to quantify 
the internal filtration/backfiltration flux taking place during the treatment. Flux is 
predicted on the basis of the machine settings and hematocrit/plasma protein con-
centration [31, 32].

Fig. 2.1 Schematic representation of internal filtration as a convective transport mechanism acting
during high-flux HD

2 Convective Techniques



26

 Hemofiltration (HF)

This technique realizes pure convective solute transport without solute exchange by 
diffusion in the absence of dialysate flow and, thus, more closely mimics the glomeru-
lar filtration of the human kidney than any other dialysis technique. As a consequence, 
HF promotes a higher rate of medium- and large molecules removal than low- and 
high-flux HD but lesser removal of small solutes which are mainly removed by diffu-
sion. Achievement of high convective volume is often difficult in the post- dilution 
mode of HF, during which rapidly progressive hemoconcentration in the dialyzer and 
significant loss of hydraulic membrane permeability may occur at very high QUF. Only 
the pre-dilution mode may partially obviate these drawbacks of HF by improving flux 
rheology, membrane permeability and convective removal of all solutes thanks to the 
increased flow along the dialyzer capillaries. Some clinical benefit of this technique in
terms of hemodynamic stability was reported in the past as a consequence of a better 
vascular reactivity in the absence of vasodilator acetate in dialysis fluid [33, 34], and 
was variably attributed to the removal of vasoactive destabilizing factors with convec-
tion [35, 36], blood cooling after mixing with the substitution fluid [37], or sodium 
retention and positive sodium balance due to the Donnan effect [38]. These advantages 
of HF faded when bicarbonate buffer was introduced and temperature and sodium bal-
ance were matched with HD and HDF with the modern dialysis systems. Thus, the 
positive effect of HF on hemodynamic instability remains unexplained. Moreover,
more recent observations have reported lower incidence of intradialytic hypotension 
during on-line HDF than on HF and high-flux HD, see also Chap. 17 [39].

 Hemodiafiltration

High QUF may be obtained in HDF, in the absence of significant back-filtration due 
to a constantly positive pressure gradient between blood and dialysate along the 
dialyzer capillary. Solutes with diameter up to that of the membrane pores are
dragged across the membrane with the UF flow independently of their molecular
size, while transfer of small-molecular toxic compounds from blood to dialysate 
occurs by diffusion according to a concentration gradient. Combining both removal 
mechanisms into a single treatment (HDF) is undoubtedly the strategy enabling the 
high potential of hydraulic and solute permeability of synthetic membranes to be 
most properly exploited.

 Post-dilution HDF

This technique is the most widespread infusion mode in HDF and commonly held 
as the most efficient in removing middle molecules [12, 19, 40, 41]. Sterile substitu-
tion fluid is produced on-line from the dialysate by the more recent HDF systems 
and is infused after the filter to replace the excess fluid lost by the patient with the 
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high UF (Fig. 2.2a). Up to 5–6 l of UF per hour may be obtained by applying appro-
priate flux-pressure regimen. Proportional increase in β2-m removal is achievable in 
post-dilution HDF with increasing QUF [12, 19] and lower β2-m basal level have 
been associated with a reduced death risk in dialysis patients [42]. Indeed, observa-
tional [43] and prospective randomized trials [44–46] have shown that post-dilution 
on-line HDF may obtain a substantial reduction of the death risk in dialysis patients, 
with improved survival of around 30 % compared to low- and high-flux HD, pro-
vided that high convective volume is achieved per session (21–23 l).

Thus, clinical application of on-line HDF requires operating conditions to be set 
in order to achieve this goal and maximally exploit the convective potential of high- 
flux membranes. At any given blood flow the maximal efficiency in convective 
removal is obtained at the highest FF [40], but the highest achievable FF value is 
often unpredictable. When very high QUF are applied in post-dilution HDF, hemo-
concentration increases blood viscosity and resistance to flow inside the fibers, 
especially when high rates of weight loss are necessary to achieve the dry body 
weight and when the individual capacity to recruit fluid from the extra-vascular 
space during dehydration (refilling) is scarce. In these conditions, a critical reduc-
tion of the membrane permeability is likely to occur as a consequence of the events 
described above [9–11] and the relationship between QUF and TMP, linear up to a
certain TMP value (200–300 mmHg for highflux membranes), becomes curvilin-
ear and progressively increasing TMP is necessary to maintain the programmed
filtration, until a plateau is reached [6], beyond which the system becomes unstable 
[47], increasingly higher TMP gradients fail in the attempt to maintain the planned
QUF and sudden dangerous pressure peaks are likely to result from small changes in 
blood flow or viscosity, venous pressure, or for clinical reasons, particularly in 
patients with cardiac failure, diabetes or hemodynamic instability. In such circum-
stances circuit clotting and residual irreversible reduction in the performance of the 
dialyzer may be observed. Historically, the limit beyond which the adverse events 
of high TMP levels and hemoconcentration may occur was set empirically at a
plasma water FF of 0.5 [6]. Setting QUF purely on the basis of the in vitro KUFD may 
be misleading for several reasons.

The present technology of HDF machines helps to automatically plan a session 
of post-dilution HDF in order to safely accomplish this task with the use of  feedback 

Fig. 2.2 Infusion modalities in HDF. (a) post-dilution HDF; (b) pre-dilution HDF; (c) mixed HDF
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devices which sets and maintains the infusion rate under TMP control and reduces
it whenever TMP increases beyond its maximum limit as a consequence of the pro-
gressive decline of the membrane permeability through the session (Fig. 2.3c).

However, high convective volume may only be achieved by applying high QB in 
order to maximally increase the capillary flow of plasma water available for UF and bet-
ter preserve the membrane permeability by enhancing the stirring and thinning actions 
exerted by the blood flow on the protein layer on the blood side of the membrane.

 Pre-dilution HDF

This technique may ensure more favorable rheological and hydraulic conditions 
than the post-dilution mode by better preserving the permeability of the membrane, 
as the replacement fluid added to blood at the dialyzer inlet prevents excessive 
hemoconcentration and increases the rate of flow within the capillaries with 
enhanced shear-rate effect on the secondary protein layer (Fig. 2.2b). This advan-
tage may be offset by the dilution effect of the plasma solute concentrations 

Fig. 2.3 (a) Schematic representation of the hardware for mixed HDF implemented on the 5008
Fresenius Therapy system. Instantaneous mean TMP values are calculated from the measures of
four pressure probes (P) placed at the inlet and outlet blood and dialysate compartments. Infusion
lines are connected at the inlet and outlet lines of the extracorporeal circuit. (b) In Mixed dilution
HDF, the TMP/UF feedback system maintains TMP values within the maximum safe range by
modulating the total infusion and the ratio between post- and pre-dilution infusion. (c) In post
dilution HDF, TMP is controlled by modulating the total infusion. The diagrams represent the
mechanism by which the TMP/UF feedback works in the two modalities. More details are in the text
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available for diffusion and convection, with consequent reduction of the cumulative 
solute transfer [19, 40, 41, 48]. Accelerated extraction of diffusible small solutes 
from the intracellular space has been described as an effect of a more favorable 
transcellular gradient [2, 49], but this mechanism is unable to fully compensate for 
loss in efficiency. Only a substantial increase of the infusion rate up to a value 
approximately double with respect to post-dilution HDF may result in similar 
removal of middle molecular solutes between the two infusion modalities [19]. 
Clinical application of pre-dilution HDF is limited by the above drawbacks and by 
the cost related to the increased amount of replacement solution to be prepared from 
the dialysate. It may be indicated in patients with high hematocrit or hemorrhagic to
help in the anticoagulation of the extracorporeal circuit.

 Mixed HDF

This technique, in which the replacement fluid is simultaneously infused to a variable 
ratio at the inlet and outlet port of the dialyzer, was developed in the last decade 
(Figs. 2.2c and 2.3a). The aim is to overcome limits and risks implicit in the traditional 
infusion modes in HDF while coupling their advantages [40, 50, 51]. The basic con-
cept is that more favourable rheological and hydraulic conditions than in post-dilution 
HDF are ensured within the dialyzer by splitting the infusion between pre- and post-
filter. An increase in blood flow rate obtained with partial and controlled pre-dilution 
may better preserve the characteristics of water and solute permeability of the mem-
brane, while avoiding the excessive dilution of the inlet solute concentrations charac-
teristics of the predilution mode. In mixed HDF, a convective volume of up to 40–45 l/
session may be attained under the control of an original feedback system device which 
ensures maximal filtration fraction by favoring the infusion at the post-dilution port 
(60–70 % of the total infusion). The feedback system maintains TMP within the high-
est range of safety during the session by splitting small amounts of substitution fluid 
from the post to the predilution site whenever TMP rises to its highest safety limit
(300–350 mmHg) without reducing the total infusion rate (Fig. 2.3b) [50, 52].

Validation studies have shown that greater β2-m and phosphate removal may be 
safely obtained in on-line mixed HDF than in post-dilution HDF by ensuring 
 optimal operating conditions of the technique and forcing QUF to achieve the most 
efficient convective transport [48, 52–55].

Mixed HDF may be of special advantage in patients with high predialysis hematocrit
and an increased risk of filter clotting with post-dilution HDF due to hemoconcentration 
[56], and more in general in all those patients who cannot achieve the desired convective 
volume in post-dilution HDF, due to different clinical and technical situations.

 Mid-dilution HDF (MD-HDF)

This technique was proposed by Krieter as a step ahead in terms of improved con-
vective solute transport (Fig. 2.4) [57]. It is based on the use of dedicated hemodi-
afilters which include a unique Ushaped blood capillary bundle and a special
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two-port header cap (Olpur™ MD 190 and MD 220, Nephros, New York, USA).
Blood flows through the annular region of the fiber bundle, mixes with substitution 
fluid infused through a middle infusion port placed at the point where blood flow 
reverses its direction and flows in the reverse direction through the core region of 
the fiber bundle. Blood and dialysate flow counter-current in the annular region of 
the capillaries where post-dilution is performed and co-currently in the core, pre- 
dilution region.

This infusion technique has been claimed to achieve greater efficiency when 
compared to traditional postdilution HDF [57]. However, a prospective compara-
tive analysis between online mixed HDF and MDHDF showed that MDHDF was
carrying with it serious membrane permeability impairment when applied as pro-
posed in the original study because considerably high TMP in the postdilution
section of the hemofilter were necessary to achieve the planned UF of about 10 l/h
[58]. This problem was overcome by devising a new configuration, called reverse 
MDHDF, in which blood inlet and outlet were inverted. In the new setting blood
flows through the core region of the fiber bundle, mixes with substitution fluid at the 
other end, and flows in the reverse direction through the annular region of the fiber 
bundle [59]. Anyway, safe rheologic and hydraulic conditions in MDHDF may
only be maintained by carrying out treatments with the larger MD 220 hemofilter
(2.2 m2) in reverse MDHDF configuration [60]. The total solute removal of reverse 
MDHDF with the larger MD 220 hemofilter and postdilution HDF appears to be
not different from post-dilution HDF for both small water-soluble and protein- 
bound compounds [61]. An efficient pressure control system with modulation of the 
infusion rate according to the operational conditions of the treatments, would be 
useful to improve safety and performance in the clinical application of this 
technique.

Fig. 2.4 Schematic
representation of mid-
dilution HDF (MDHDF)
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 HDF with Endogenous Reinfusion (HFR) (Fig. 2.5)

This technique was designed to separate the two main transport processes, convec-
tion and diffusion, with the use of a two-chamber filter and a sorbent cartridge  
[62–66]. Isolated plasma UF and solute convection take place through the polyether-
sulfone highflux membrane of the first chamber of the dialyzer. The UF produced in
the first chamber is ‘regenerated’ while flowing through a sorbent cartridge and then 
infused in the second dialyzer chamber as endogenous replacement solution. The 
diffusion stage occurs in the second chamber through a low-flux  polyethersulfone 
membrane. The sorbent cartridge contains a hydrophobic styrenic resin which has 
high affinity and adsorbs several uremic toxins and MM, such as β2-m, homocyste-
ine, parathyroid hormone and several cytokines. Electrolytes and small solutes such 
as urea, creatinin and uric acid are not adsorbed and are managed in the second, dif-
fusive section of the dialyzer [63, 67]. Lower impact on oxidative stress [68] and 
sparing effect on amino acids loss [69] have been reported in HFR compared to HD 
and acetate-free biofiltration (AFB), respectively. The recent development of HFR 
equilibrium, based on the combination of HFR with dialysate sodium and UF profile,
has been shown to improve intradialytic hemodynamics [39].

 Push/Pull Hemodiafiltration (PP-HDF)

This technique is one of the most widespread modalities used in Japan and South
Korea (Fig. 2.6). It’s based on a doublecylinder piston pump (push/pull pump)
implemented on the effluent dialysate line of the dialysis machine. Based on this 
alternate pump device, alternate fast cycles of UF (pull) and backfiltration (push)
are performed through a highflux dialyzer [70, 71]. During the UF phase, uremic
substances are eliminated both by diffusive and convective transport. During the 
backfiltration phase, dialysate is forced to the blood side in order to balance the 

Fig. 2.5 Schematic
representation of HDF 
with endogenous 
reinfusion (HFR)
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excessive reduction in body fluid developed during the previous UF phase. Body
fluid replacement volume is over 120 l during a 4h treatment. Since the UF and
backfiltration times are much shorter in PP-HDF than the time for blood to pass 
through the dialyzer, blood is concentrated and diluted many times before it leaves 
the dialyzer. High removal rate of middle molecules and reduction of symptoms of 
dialysisrelated amyloidosis have been reported with this technique [72, 73].

 Double High-Flux Hemodiafiltration (DHF-HDF)

This technique was designed in the beginning of 1980s in order to achieve a drastic 
reduction of treatment time over conventional HD and increase convective transport 
without the need for ultrapure substitution fluid and consequently dedicated 
machines. DHF-HDF (Fig. 2.7) consists of two high-flux dialyzers connected in 
series by blood and dialysate lines [74]. Fluid and solutes are removed in the first 
dialyzer with a mixed diffusion-convection process, while backfiltration of sterile 
dialysate takes place in the second dialyzer. An adjustable flow-restrictor is placed 

Fig. 2.7 Schematic representation of double highflux hemodiafiltration (DHFHDF)

Fig. 2.6 Schematic representation of push/pull hemodiafiltration (PPHDF)
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on the dialysis fluid pathway between the two dialyzers to induce TMP variations
and modulate UF in the first dialyzer and backfiltration in the second one [75]. 
Studies have shown that DHFHDF with very high QB (450–650 ml/min) may pro-
vide higher removal of small molecules than standard HD and HF over shorter treat-
ment time [76], and β2m clearance similar to that in online HDF [77, 78]. Increased
treatment cost and scarce data about long term effects [76] have limited the diffu-
sion of DHF-HDF, which might provide the benefits of convective therapy to 
patients in situations where online techniques cannot be implemented [78].

 Acetate Free Biofiltration (AFB)

This modality was proposed in 1984 as the first HDF technique employing buffer- 
free dialysis solutions [79, 80]. Correction of acidosis was obtained with infusion in 
postdilution mode of a solution of sodium bicarbonate supplied in bags at fixed 
concentration of 120, 145 or 167 mmol/l at a rate of 8–10 l/session (Fig. 2.8). An 
automatic control system was implemented on dedicated dialysis machines to bal-
ance infusion to UF rate. The use of polyacrylonitrile hollowfiber dialyzers with
consistent absorptive power [81] and the absence of acetate resulted in reduced 
stimulation of inflammatory mediators [82]. Other encouraging traits have been 

Fig. 2.8 Schematic
representation of acetate 
free biofiltration (AFB)
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added over the years, such as the possibility to modulate the concentration of 
potassium in the dialysate, thus reducing the risk of arrhythmias [83–85], and the 
possibility to monitor blood volume changes during treatment, thereby reducing 
intradialytic hypotension episodes and predialysis systolic blood pressure values 
[86]. Nowadays AFB retains an historical value as one of the first alternative con-
vective therapies but it can hardly be included in modern convective therapies 
because of the low convective volume it can provide [86], which is comparable to 
the amount of internal filtration in highflux HD [30].

 Conclusion

On-line post-dilution HDF is at present the most widespread infusion mode in HDF 
and commonly held as the most efficient in removing middle molecules. The excit-
ing results of this technique in terms of prolonged patient survival may depend on 
several factors, such as the high biocompatibility of the systems and the dialysate/
infusate produced on-line which reduce the chronic inflammatory status of dialysis 
patients, and the better hemodynamic stability which prevents episodes of severe 
ischemic cardiac damage. Among those factors, high convective volume and, thus, 
enhanced middle and small molecular weight solute removal, appears to play an 
important role and it may only be achieved with the use of high-flux, highly perme-
able membranes and high blood flow rates. For further reading see Chaps. 16 and 23. 
Alternative convective and mixed convective-diffusive therapies exploiting the 
more common mechanisms of solute transport in different ways have been reviewed 
here. Alternative convective therapies may play a role in enhancing convective 
removal in definite settings when post dilution HDF fails. Clinical validation with 
larger numbers and longer follow-up is necessary for an extended application.

Teaching Points II
• Different treatments are described in which convection plays a role:

 – Internal hemodiafiltration: solute removal by convection occurring 
 during treatment with high-flux dialyzers, which is compensated by 
backfiltration of (ultrapure) dialysis fluid.

 – Hemofiltration: pure convective solute transport (ultrafiltration) without 
solute exchange by diffusion in the absence of dialysate flow. The ultra-
filtrate is replaced online or offline by sterile substitution fluid

 – Hemodiafiltration: solute removal through both convection (hemofiltra-
tion) and diffusion (hemodialysis). The ultrafiltrate is replaced online or 
offline by sterile substitution fluid

• Different modes of hemodiafiltration:

 – Post-dilution (online) HDF: Sterile substitution fluid is produced on
line from the ultrapure dialysate and infused after the filter to replace 
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    Chapter 3   
 Water Treatment and Safety Requirements                     

       Richard     A.     Ward      and     James     E.     Tattersall     

    Abstract     On-line haemodiafi ltration differs from other forms of haemodialysis in 
that up to 20 L/h of dialysis fl uid can be infused directly into the bloodstream during 
each treatment. That infused fl uid must be free of chemical contaminants, sterile 
and pyrogen-free. Compliance with that requirement cannot be demonstrated by 
testing at the time of infusion. Instead, the infused fl uid must be prepared using 
equipment that has been validated to produce sterile and pyrogen-free fl uid when 
operated in accordance with the machine manufacturer’s instructions. It is the 
responsibility of the user of the machine to ensure those instructions are followed, 
including providing the dialysis machine with water and concentrates that meet the 
specifi cations set forth by the machine manufacturer. Properly designed systems for 
water treatment and distribution and concentrate preparation are central to achiev-
ing that goal. In addition, those systems must be subject to rigorous quality control 
that includes maintenance practices designed to prevent contamination of the dialy-
sis and infusion fl uids, coupled to monitoring that verifi es the adequacy of the sys-
tem design and maintenance program.   

 Keywords     Dialysis fl uid quality   •   Infusion fl uid quality   •   Water treatment   • 
  Microbiological contaminants   •   Endotoxin   •   Equipment maintenance  

        Introduction 

 Like other forms of haemodialysis, HDF exposes patients to 30–60 l of dialysis fl uid 
for each hour of treatment. Patients may be harmed by any contaminants in that 
dialysis fl uid since water-soluble contaminants can diffuse across the dialyser 
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membrane from the dialysis fl uid to the blood as easily as uraemic toxins diffuse 
from the blood to the dialysis fl uid. In this respect, the risk is the same for low-fl ux 
dialysis, high-fl ux dialysis and HDF and the concentration of any potentially toxic 
solute in the dialysis fl uid must be reduced to safe levels regardless of the therapy. 

 Unlike other forms of haemodialysis, in on-line HDF, up to 20 L/h of dialysis 
fl uid can be infused directly into the blood, bypassing the dialyser membrane. This 
fl uid for infusion is required to be sterile and pyrogen-free. Since that requirement 
necessitates levels of microbiological contaminants far below detection limits, dial-
ysis machines for HDF incorporate a process validated to produce sterile, pyrogen- 
free infusion fl uid from standard dialysis fl uid [ 1 ]. 

 This chapter reviews the contaminants commonly encountered in preparing fl u-
ids for HDF, the hazards associated with those contaminants, and the steps that can 
be taken to ensure that they do not exceed safe levels in the dialysis and infusion 
fl uids.  

    Contaminants Encountered in the Preparation 
of Fluids for HDF 

    Low-Molecular Weight Contaminants 

 A number of low-molecular-weight substances commonly found in drinking water 
supplies are toxic to haemodialysis patients. These substances, some of which are 
added to the drinking water supply for public health reasons, have been long known 
to cause a variety of toxicities, including anaemia (chloramine, aluminium), arrhyth-
mias (fl uoride), bone disease (aluminium), and a fatal encephalopathy (aluminium) 
[ 2 ]. The maximum allowable concentrations for these low-molecular-weight con-
taminants in water used to prepare dialysis fl uid, and in the fi nal dialysis fl uid, are 
approximately tenfold lower than allowed in drinking water [ 3 ,  4 ]. This is because 
of the large volumes of fl uid involved, the non-selective nature of toxin transfer 
across the dialyser membrane, and the lack of any excretory kidney function to 
eliminate any toxins that do enter the bloodstream (Table  3.1 ).

       Microbial Contaminants 

 Microbial contaminants of water used for dialysis include viable microorganisms 
(e.g. bacteria, viruses, fungi, algae, prions) and organic fragments released by those 
microorganisms during their lifecycle and death. Viable microorganisms may be 
capable of causing infection, while microbial products can cause an infl ammatory 
response in the patient. Safe limits have been set for the level of microbiological 
contaminants in dialysis fl uid [ 5 ] (Table  3.2 ).
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   Viable bacteria are monitored by culturing fl uid samples in a low-nutrient 
medium in the dark, at room temperature, for several days. Viable bacterial con-
tamination is quantifi ed by counting the colonies growing on the medium and 
reporting as colony-forming units per ml (CFU/mL). 

 The microbial fragments contaminating dialysis water vary widely in size and 
composition. The components likely to cause infl ammation are those which are 
small enough to pass through the dialyser membrane into the bloodstream, yet 
large enough to provoke an infl ammatory response. Endotoxin, a lipopolysaccha-
ride originating from the bacterial cell wall, is a representative infl ammatory 
microbial contaminant. Since endotoxin molecules vary in size, endotoxin con-
tamination is typically measured as its infl ammatory potential in Endotoxin Units/
mL (EU/mL) using the  Limulus amebocyte  lysate (LAL) assay. LAL assay kits, 

    Table 3.1    Comparison of standards for drinking water and dialysis water   

 Contaminant 
 WHO recommendations for 
drinking water (mg/L) [ 3 ] 

 ISO 11663:2014 standards 
dialysis water (mg/L) [ 4 ] 

 Aluminium  0.1  0.01 
 Arsenic  0.01  0.005 
 Barium  0.7  0.1 
 Cadmium  0.003  0.001 
 Calcium  200  2.0 
 Total chlorine  5  0.1 
 Chromium  0.05  0.014 
 Copper  2  0.1 
 Fluoride  1.5  0.2 
 Lead  0.01  0.005 
 Magnesium  50  4.0 
 Mercury  0.006  0.0002 
 Nitrate (N)  50  2.0 
 Potassium  –  8.0 
 Selenium  0.04  0.09 
 Silver a   0.05  0.005 
 Sodium a   200  70.0 
 Sulphate  –  100.0 
 Zinc  5  0.1 

   a Canadian standard (WHO determined evidence inadequate to set safe limit)  

    Table 3.2    Maximum allowable levels of microbiological contaminants in dialysis fl uids   

 Endotoxin EU/mL  Bacteria CFU/mL 

 Standard dialysis fl uid  <0.5  <100 
 Ultrapure dialysis fl uid  <0.03  <0.1 
 Sterile, pyrogen-free infusion fl uid a   <0.03  <0.000001 

  Based on data from Ref. [ 5 ] 
  a Must be ensured by proper operation of a validated system, verifi ed by the manufacturer  

3 Water Treatment and Safety Requirements



44

capable of detecting as little as 0.001 EU/mL are commercially available. Short 
fragments of bacterial DNA are another potential contaminant originating from 
bacterial colonization of the treated water distribution system. These fragments 
have been shown to induce infl ammation. Compared to endotoxin, they are smaller 
molecules and can more easily pass through a dialyser or fi lter membrane. There is 
currently no test that can be used to routinely monitor these DNA levels [ 6 ]. 

 In conventional haemodialysis, the dialysis fl uid is separated from the blood by 
the dialyser membrane. Because microbial contaminants are typically large solutes 
which diffuse slowly, they do not pass through low-fl ux dialyser membranes to a 
signifi cant extent. For that reason, it is considered acceptable for the dialysis fl uid to 
contain up to 100 viable bacteria/mL and up to 0.25 EU/mL of endotoxin. In high- 
fl ux dialysis, the membrane is typically about 50 μm thick and is highly porous. 
Viable bacteria are still too large to pass through those membranes. However, 
 naturally occurring endotoxins are of variable size and some are small enough to 
potentially pass through the pores. Nevertheless, a high fl ux dialyser is an effective 
barrier to endotoxin because endotoxin is absorbed onto the membrane surfaces 
before it can reach the blood [ 7 ]. 

 In high-fl ux dialysers, there is inevitably reverse ultrafi ltration at the downstream 
end of the blood compartment, so-called ‘backfi ltration’. This is because fl ow in the 
blood compartment is driven by higher pressure at the upstream end, compared to 
pressure downstream. This pressure difference also causes ultrafi ltration of fl uid 
from blood into the dialysis fl uid compartment at the upstream end, balanced by 
reverse fi ltration in the opposite direction at the downstream end. Reverse ultrafi ltra-
tion can enhance transfer of higher molecular weight toxins from dialysis fl uid to 
blood across the membrane (Fig.  3.1 ). Standard dialysis fl uid may contain up to 
0.25 EU/mL and up to 2 L of dialysis fl uid may enter the blood per hour due to back-
fi ltration in high-fl ux dialysis. Assuming a 100-fold reduction of endotoxin concen-
tration in the reverse fi ltrate due to absorption to the membrane, the dose of endotoxin 
to the patient would be 5 EU/h. That dose is a dose approximately 100 times lower 
than that thought to induce acute adverse effects (400 EU/h). Nevertheless, it is now 
recommended to use ultrapure dialysis fl uid, which contains <100 CFU/L of bacte-
ria and <0.03 EU/mL of endotoxin [ 5 ], for all modes of haemodialysis [ 8 ].

       Adverse Effects of Microbial Contaminants 

    Acute Effects of Endotoxin 

 Drinking water supplies are treated to render all microorganisms non-viable (for 
example, by killing them with chlorine) so that they are not capable of causing infec-
tion. However, fragments of the killed bacteria remain in the water and drinking water 
can contain as much as 30 EU/mL of endotoxin. The gastrointestinal system will 
inactivate orally ingested endotoxins so that they do not cause infl ammation. However, 
even small amounts of endotoxin will induce an infl ammatory response if they enter 
the body by another route, such as injection. Studies with human volunteers have 
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shown that acute injection of endotoxin causes fever, hypotension and increases in 
leukocyte numbers and IL-6 concentrations. The minimum dose required to produce 
observable effects in 50 % of subjects was 4 EU/kg body weight. Informed by these 
studies, the FDA has set the maximum permissible mass of endotoxin which can be 
injected into the blood at 5 EU/kg. This is the amount of endotoxin present in approx-
imately 0.2 mL of tap water. Because there are mechanisms to clear pyrogens from 
the blood, the time over which endotoxin is delivered is also important. Acute toxic 
effects of endotoxin (fever, hypotension) occur when endotoxin is delivered at a rate 
greater than 5 EU/kg/h [ 9 ]. For a patient weighing 80 kg, this would be 400 EU/h. 

 The hypotension caused by endotoxin injection is partly caused by vasodilata-
tion and partly by transfer of fl uid out of the vascular compartment due to altered 
capillary permeability and pressure. These changes are likely to be more serious 
during dialysis as they would oppose the vasoconstriction and vascular re-fi lling 
required to maintain blood pressure as fl uid is removed by ultrafi ltration.  

    Chronic Effects of Infl ammation 

 Cardiovascular disease is now commonly thought to be caused or exacerbated by 
infl ammation. The infl ammation associated with cardiovascular disease is at a much 
lower level than would cause acute symptoms. Infl ammatory markers have been asso-
ciated with cardiovascular mortality in the general population and in dialysis patients. 

  Fig. 3.1    The upper panel shows the difference in ultrafi ltration between low-fl ux ( a ) and high-
fl ux dialyser ( b ). With high-fl ux, there is back fi ltration from dialysis fl uid to blood at the blood 
outlet end       

 

3 Water Treatment and Safety Requirements



46

Endothelial dysfunction induced by infl ammation, macrophage migration into the arte-
rial walls, and macrophage apoptosis are now seen as the key steps in the development 
of atherosclerotic plaques. Cardiovascular calcifi cation is particularly common in dial-
ysis patients and is shown to be associated with increased mortality. Cardiovascular 
calcifi cation is now considered to be part of the infl ammatory response [ 10 ]. 

 Repeated hypotension during dialysis is very common. The hypotension induces 
cerebral and myocardial ischaemia. This contributes to organ dysfunction, includ-
ing myocardial stunning which contributes to cardiac mortality. Infl ammation is one 
of the causes of the hypotension [ 11 ]. 

 Dialysis patients commonly exhibit a syndrome of malnutrition, infl ammation 
and atherosclerosis (the MIA syndrome). Infl ammatory cytokines cause both 
 atherosclerosis and malnutrition which, in turn, cause further infl ammation creating 
a self-perpetuating cycle associated with poor outcome [ 12 ]. 

 In an observational study, patients dialysing in facilities with higher endotoxin lev-
els had signifi cantly increased mortality [ 13 ,  14 ]. Improvement in the microbiological 
quality of dialysis water has been shown to be associated with a reduction in infl am-
matory markers [ 15 ,  16 ] and an improvement in response to erythropoietin [ 17 ].    

    Achieving Fluid Quality for HDF 

 Taken together, the observations presented in the previous section highlight the 
importance of maintaining a high level of purity in the fl uids used for HDF. That 
goal pursued at every stage of fl uid preparation, from treatment of the incoming 
drinking water to generation of replacement fl uid. 

    Water Treatment 

 Water treatment systems designed to produce water of the quality required for dialy-
sis, including HDF, are generally obtained from specialized vendors, typically use a 
combination of relatively non-specifi c purifi cation steps to reduce the level of all 
potential contaminants by a factor of about 100, and are almost always centred on 
reverse osmosis as the primary purifi cation process. Optimum performance of the 
reverse osmosis unit is ensured by pre-treating the feed water to the unit. The types 
of pre-treatment will depend on the quality of the water entering the dialysis facility. 
For example, where the supply water is hard, the water treatment system should 
incorporate a softener to remove calcium and magnesium that would otherwise foul 
the reverse osmosis membranes and, where the water supply is disinfected with 
chlorine or chloramine, the water treatment system should include a means of 
removing those contaminants, such as carbon fi ltration. 

 The effi cacy of each stage of the process is monitored by measuring the concen-
tration of a single representative contaminant downstream of each stage: softener 
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function is tested by a hardness test or calcium ion-specifi c electrode; the effi cacy 
of carbon fi ltration is tested by measuring the total chlorine concentration in the 
water exiting the carbon bed; and, the effi cacy of reverse osmosis is tested by mea-
suring the conductivity of the treated water. The water treatment system and its 
operation should incorporate suffi cient redundancy and monitoring so that failure 
at a single point is detected and corrected while maintaining adequate water 
quality. 

 Maintaining the chemical purity of the water between the end of the water treat-
ment system and the point at which it enters the HDF machine is ensured by 
 constructing the water distribution system from inert materials, such as cross-linked 
polyethylene, Tefl on, or stainless steel. 

 The maximum allowable levels of microbiological contaminants in water used to 
prepare replacement fl uid for HDF are set by the manufacturer of the HDF equip-
ment [ 18 ,  19 ] and are generally the same as those recommended for standard hemo-
dialysis [ 4 ]. A well-functioning water treatment system for dialysis should produce 
water free of any microbial contaminants as it emerges from the reverse osmosis 
unit and enters the treated water distribution system. Some authorities recommend 
the use of two-stage reverse osmosis to prevent microbial contaminants from enter-
ing the treated water distribution system; however, available evidence suggests it 
could be unnecessary to do so [ 20 ]. 

 Since the water treatment system produces water that is also free of chlorine or 
chloramine, any bacteria that do gain entry to the treated water distribution system 
can colonize the distribution system and contaminate the water entering the dialysis 
machine. Thus, to achieve high-quality dialysis fl uid it is important to focus on pre-
venting bacterial entry and controlling bacterial growth within the system. Bacteria 
can gain entry to the system via contaminated ports or connectors. Bacteria can also 
proliferate in the complex fl uid pathway of the dialysis machine. In particular, 
 Pseudomonas  species of bacteria thrive in the low-nutrient, low light, room- 
temperature aqueous environment of the dialysis water system.  Pseudomonas sp.  
can secrete a protein- and polysaccharide-containing slime which facilitates adher-
ence of colonies to the internal surfaces of the piping. That biofi lm will shed micro-
bial fragments and occasional viable organisms into the dialysis water, especially 
after disinfection. 

 Minimizing the development of biofi lm and routinely achieving low levels of 
microbial contaminants in the water entering the HDF machine depends on both the 
design and maintenance of the water distribution system. Some key design features 
related to minimizing biofi lm growth are summarized in Table  3.3 . For biofi lm con-
trol, the water distribution system is best confi gured as direct feed, where the water 
leaving the reverse osmosis unit fl ows directly to the HDF machines with any sur-
plus being returned to the inlet of the reverse osmosis unit. Direct feed systems are 
often impractical, however, and in many situations an indirect feed system incorpo-
rating a storage tank will be necessary, either to deal with fl uctuating demands for 
water or to enable the pressure in the distribution system to be boosted. No matter 
which confi guration is used, the water distribution system should be fabricated from 
a material that allows disinfection with hot water or water containing ozone.
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       Concentrates 

 While preparation of water meeting the specifi cations of the manufacturer of the 
HDF machine is a necessary requirement for HDF, it is not suffi cient to ensure 
trouble-free treatments. The concentrates used to prepare the dialysis fl uid from 
which the replacement fl uid is generated must also be of high microbiological qual-
ity. Here, the concern is with the bicarbonate-containing concentrate since the pH 
of the acid concentrate is suffi ciently low to prevent microbial growth. Bicarbonate-
containing concentrates provide a good growth medium for haloduric organisms 
[ 21 ] and preparation of batches of bicarbonate-containing concentrate from water 

   Table 3.3    Design strategies for minimizing microbiological contamination in the preparation of 
dialysis fl uid   

 Design feature  Benefi t 

 The fi nal stage in the water treatment system 
should provide a barrier against 
microbiological contaminants; for example, 
reverse osmosis or an endotoxin-retentive 
fi lter 

 Prevents entry of bacteria which proliferate in 
the water treatment system following removal 
of disinfectants from the potable water supply 

 Reverse osmosis membranes should be of the 
hygienic or “full-fi t” type 

 Bacteria can bypass the brine seals used in 
older types of membrane module 

 The water distribution system should be 
confi gured as the shortest possible loop 
without branches or dead-ends 

 Avoids stagnant areas that disinfectants have 
diffi culty reaching 

 A direct feed water distribution system 
should be used where practical 

 Avoids the use of a storage tank where water 
can be semi-stagnant around the periphery and 
which can be diffi cult to disinfect 

 For direct feed systems, a means of 
preventing retrograde fl ow from the inlet line 
to the reverse osmosis system to the returning 
treated water distribution loop 

 Prevents untreated water from entering the 
treated water distribution system if there is a 
transient fl uctuation in pressure 

 If a water storage tank is used (indirect feed 
system), it should have the smallest practical 
volume and have an easily implemented 
means of disinfection 

 Maximizes fl uid turn-over in the tank and 
minimizes stagnation 

 The water distribution system should be 
constructed of materials compatible with 
disinfection by hot water or water containing 
ozone 

 Disinfection with hot water or water containing 
ozone allows daily disinfection, which is 
impractical with chemical disinfectants 

 There should be an easily implemented 
method of disinfecting the inlet water line to 
the HDF machine 

 This line is not disinfected when the HDF 
machine is disinfected and is a common site of 
biofi lm formation 

 Dry powder cartridges should be used for the 
preparation of bicarbonate concentrate 

 Avoids the need to store batches of bicarbonate 
concentrate which are susceptible to 
proliferation of haloduric organisms 

 Connectors should be designed to resist 
contamination and disinfected regularly 

 Avoids contamination of the dialysis fl uid as it 
enters the dialyser 
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and powder at the dialysis facility, and distribution of that concentrate to individual 
HDF machines, can be an important source of contamination. The most effective 
means of overcoming that risk is to use powder cartridges designed for use with a 
particular HDF machine to prepare bicarbonate-containing concentrate on- line at the 
point of use [ 22 ]. Systems that prepare bicarbonate-containing concentrate online 
for multiple HDF machines have been developed, but to date their use appears to be 
restricted to Japan [ 23 ].  

    Dialysis Fluid 

 A properly designed and managed dialysis system will produce dialysis fl uid which 
meets the ISO standards shown in Tables  3.1  and  3.2 . That fl uid will contain less 
than 0.25 EU/mL of endotoxin. A patient can be exposed to up 50 L/h of the fl uid, 
which could contain 12,500 EU endotoxin. Fortunately the dialysis membrane is a 
barrier to the endotoxin, preventing most of it from entering the blood. Nonetheless, 
many believe standard dialysis fl uid should be subjected to fi ltration though an 
ultrafi lter, usually fi tted as part of the dialysis machine, to render the dialysis fl uid 
ultrapure; that is, with a maximum endotoxin concentration of less than 0.03 EU/
mL and a total exposure of less than 1,500 EU. While ultrafi lters effectively reduce 
endotoxin concentrations by a factor of at least 100, they may not effi ciently remove 
smaller microbiological contaminants such as DNA fragments [ 24 ,  25 ]. Therefore, 
a system should not rely on ultrafi lters, alone, to maintain fl uid quality. It is still 
necessary to keep bacterial growth within the system to a minimum so that the fl uid 
upstream of the fi lter conforms to standard quality. 

 The last point at which the dialysis fl uid can be contaminated is where it enters 
the dialyser. Standard Hansen connectors can be diffi cult to clean and disinfect and 
the use of connectors purposefully designed to minimize contamination [ 19 ,  26 ] is 
preferred. 

 In post-dilution HDF, approximately 5 L of dialysis fl uid is ultrafi ltered from the 
blood each hour. This could be increased up to 20 L/h in pre-dilution HDF. This 
5–20 L/h of ultrafi ltrate is balanced by infusing a similar volume of fl uid directly 
into the blood. 

 The pressure difference across the dialyser membrane required to drive that 
ultrafi ltration, effectively prevents the back-fi ltration which would occur in high- 
fl ux dialysis. 

 However, to avoid infusing more than 400 EU/h of endotoxin, the infused fl uid 
needs to contain less than 0.02 EU/mL of endotoxin. This is below the limit of detec-
tion for many endotoxin assays. Thus, current on-line HDF machines use a validated 
process based on two stages of fi ltration. The fi rst stage generates ultrapure dialysis 
fl uid, with endotoxin <0.03 EU/mL. The second stage subjects the ultrapure fl uid to 
further ultrafi ltration by a device which has been shown to reduce endotoxin levels 
by a factor of at least 100. It is not possible to verify that the infusion fl uid produced 
by this two-step process is of the required purity. Instead, the process must have been 
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validated to show that an adequate quality of the infusion fl uid is produced every 
time the machine is used. The validated process is, in part, controlled and monitored 
automatically by the dialysis machine. However, the process also requires actions by 
the machine operator and it is imperative that these actions are preformed strictly in 
accordance with the manufacturer’s instructions for use of the machine. 

 In post-dilution HDF, the infusate is pumped into the venous bubble trap which 
is under high pressure. In case of leaks or failure of the infusate pump, there is a risk 
of blood entering the infusate line, potentially contaminating the upstream fl uid 
pathway which is shared between patients. This could allow transfer of blood-borne 
viruses between patients if there was a simultaneous failure of the disinfection pro-
cess. To reduce this risk, there is a non-return valve in the infusate line. In HDF, the 
uncontrolled, unmonitored back-fi ltration of high-fl ux dialysis is replaced by con-
trolled and monitored infusion through the infusate fi lter. The infusion rate is driven 
by the infusate pump (Fig.  3.2 ). The safety of HDF depends on the integrity and 
sterility of the fi lter, non-return valves and infusate fl uid pathway.

   One approach to ensuring this is to replace the valve, infusate fi lter and the entire 
fl uid pathway downstream of the fi lter with new, sterile packaged components each 
treatment (Fig.  3.2 , top). In this case, the burden of quality control is shifted partly 
from user to the manufacturer of the packaged components. The infusate line, valve 
and fi lter can be integrated into the blood line so there are no connectors in the ster-
ile fl uid pathway. 

 In an alternative approach (Fig.  3.2 , bottom), the infusate fi lter and part of the 
sterile fl uid pathway is disinfected and tested before each treatment. The disinfection 
process uses measurable physical conditions (e.g. low pH, high temperature). The 
dialysis machine software monitors the fl uid fl ow and conditions during the disinfec-
tion process. The integrity of the fl uid pathway, including valve and fi lter, is tested 
automatically by the system by monitoring pressure under defi ned fl ow conditions. 
The fi lter membrane integrity can be tested by allowing air to enter the fi lter on one 
side of the membrane (pressure holding test). An intact wet fi lter membrane is imper-
vious to air. The machine control software will not allow treatment unless the tests 
have been passed and the system has been adequately disinfected. The disinfection 
and testing process can be combined with the testing and disinfection of ultrapure 
dialysis fl uid pathway. In this approach, there is a connector in the sterile part of the 
infusate line, downstream of the fi lter. The connector design and operation must 
minimize the chance of introducing contaminants at this point. This approach has the 
advantage of reduced cost, as the infusate fi lter is used multiple times. Disadvantages 
of this approach include increased complexity of equipment and operation.  

    System Maintenance 

 Since the potential sources of contamination of dialysis fl uids are so diverse and 
depend on multiple procedures and equipment, each fl uid preparation system 
faces its own unique challenges. No matter how well the water treatment and 
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distribution systems are designed, their performance, particularly with regard to 
microbiological purity, will deteriorate over time unless they are well main-
tained. The medical director of the dialysis unit is ultimately responsible for the 
quality of the fl uids to which the patients are exposed and it is her or his respon-
sibility to ensure that a maintenance program capable of maintaining the desired 
quality of the fl uids delivered to the patient is established and executed. Guidance 
on how to achieve this goal has been published as an adjunct to the fl uid quality 
standards [ 8 ]. 

a

b

  Fig. 3.2    ( a ,  b ) Two designs for HDF       
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 To be successful, a maintenance program must be forward-looking and instituted 
from fi rst use of the fl uid handling systems. The primary goal of the maintenance 
program is to maintain the systems in such a way that fl uid quality is sustained as a 
routine; it should not be thought of as a means of responding to unacceptable moni-
toring results. Development of an environment that routinely delivers fl uids of the 
desired quality proceeds through a number of steps [ 27 ] (Table  3.4 ).

   The fi rst step should be an initial qualifi cation of the entire fl uid handling sys-
tem. While the initial qualifi cation is best done immediately following installation 
of a system, it can also be done on an existing system at the time the decision is 
made to implement an HDF program. The purpose of the initial qualifi cation is to 
document the system in written form, confi rm that there is a written maintenance 
program for the system, and verify that the staff has received appropriate training 
on the operation and maintenance of the system. In the case of new systems, it is 
the time to verify that the system has been installed in accordance with its speci-
fi cations. Responsibility for the various facets of the operation of the system 
should be clearly defi ned at this stage and the qualifi cation should be approved by 
the person at the dialysis facility with overall responsibility for fl uid production. 
For new systems, that approval often establishes the point at which responsibility 
for the fl uid production systems passes from the vendors who provide and install 
those systems to the persons with day-to-day responsibility for operation of the 
dialysis facility. It is important that the disinfection program be initiated as soon 
as the integrity of the system has been established by pressure testing using fi l-
tered air, not fl uids which may contaminate the system’s internal surfaces. 

   Table 3.4    Steps in establishing stable fl uid production systems   

 Step  Purpose  Includes 

 Initial qualifi cation  Defi ne the fl uid handling systems 
and its management 

 System documentation (Flow 
diagrams, operating and 
maintenance manuals) 
 Determination of proper 
installation 
 Evidence of proper training 

 Operational 
qualifi cation 

 Demonstration that systems operate 
as specifi ed 

 Demonstration that systems 
operate over intended range of 
operation 
 Demonstration that safety systems 
operate as intended 
 Demonstration that fl uid quality 
specifi cations are met 

 Performance 
qualifi cation 

 Demonstration that performance is 
stable over time under routine 
operating conditions 

 Intensive monitoring of fl uid 
quality 

 Routine 
monitoring 

 Demonstrate ongoing compliance 
with fl uid quality specifi cations 

 Regular monitoring of system 
components and fl uid quality 
 Trend analysis of performance data 
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 The initial qualifi cation should be followed by an operational qualifi cation to 
verify that the system operates as specifi ed, including fl uid quality, safety systems 
and maintenance procedures. 

 Once the fl uid systems have been demonstrated to perform as specifi ed, a period 
of intensive monitoring should follow to demonstrate that fl uid quality is routinely 
maintained under normal operating conditions. In assessing microbiological qual-
ity, it is important to remember that initial negative cultures can be misleading since 
it can take several weeks before biofi lm in the dialysis water distribution system 
matures to the point that it sheds bacteria into the water. 

 Once it is clear from the initial qualifi cation phases that the systems are stable 
and can produce fl uid meeting the requirements of the HDF machine manufactur-
ers under normal operating conditions and with the specifi ed maintenance pro-
gram, ongoing routine monitoring should be performed to ensure continued 
compliance with the fl uid quality requirements. Monitoring data should be sub-
jected to trend analysis to provide advanced information on any changes in system 
performance so that changes to correct problems can be made prospectively rather 
than in a reactive manner. This approach is particularly important for the microbio-
logical quality of the fl uid since it can be diffi cult to remove biofi lm once it 
matures. 

 While the tendency for biofi lm formation can be lessened by attention to the 
design of the distribution system, consistently achieving low levels of microbial 
contaminants in the water delivered to the HDF machine requires frequent disinfec-
tion of all the fl uid pathways to minimize biofi lm formation. Because biofi lm is 
extremely diffi cult to eradicate once it has become established, it is key that the 
disinfection program be designed to prevent biofi lm formation rather than eliminate 
biofi lm once it has formed. The preferred means of disinfection is by hot water or 
water containing ozone. These methods are preferred because, in the case of hot 
water, there are no residuals or, in the case of ozone, residuals with a very short life- 
span. That lack of residuals allows disinfection to be carried out on a daily basis if 
needed. In contrast, disinfection with chemicals, such as sodium hypochlorite, 
leaves residuals that require extensive rinsing to remove, thereby limiting disinfec-
tion generally to no more than once per week. 

 An effective ultrafi lter will reduce the endotoxin concentration by a factor of at 
least 100. To remain effective, the system must be properly maintained and oper-
ated, since there is the potential for contamination to enter the fl uid through the 
solute additions, connectors, fi lter membrane defects or bacterial growth down-
stream of the fi lter. The fi lter must be disinfected by a compatible disinfectant and 
changed at regular intervals as specifi ed by the manufacturer. To reduce the risk of 
contaminants passing through the fi lter membrane defects, redundant fi lters in 
series may be employed. In an alternative approach, the fi lter integrity is tested 
automatically before each use by the system. A typical membrane integrity test 
would require the fi lter to hold a pressure difference across the membrane when air 
has been allowed to enter on one side. An intact membrane should be impervious to 
air when wet. 
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    Chapter 4   
 Dialyzers for Hemodiafi ltraion                     

       Claudio     Ronco,         Sara     Samoni,      and     Silvia     De Rosa    

    Abstract     Hemodiafi ltration (HDF) is currently the most effective dialysis therapy, 
combining diffusion with convective transport, up to substances with a molecular weight 
(MW) of 50 kilo Dalton (kD). To achieve large convection volumes 
(>21–22 L/session), a high transmembrane pressure (TMP) is necessary. As the substitu-
tion fl uid is infused after the dialyzer in postdilution HDF, which is the most frequently 
used HDF mode today, considerable hemoconcentration may occur within the dialyzer. 
Therefore, a pre-requisite to perform HDF safely and effi cient is the selection of an 
adequate dialyzer. In this respect, both an optimal solute  clearance with minimal albu-
min loss, excellent biocompatibility and endotoxin retaining capacity are fundamental 
aspects of the fi lter. Hence, it seems obvious that permeability should be high enough 
and the membrane surface area suffi ciently large to achieve high convection volumes. In 
clinical practice, however, the magnitude of the convection volume appeared relatively 
independent of the dialyzers used, varying considerably in membrane surface area and 
length of capillaries. Hence, further research on this topic is urgently warranted.  

  Keywords     Convection   •   Diffusion   •   End stage renal disease   •   Hemodialysis   • 
  Hemodiafi ltration   •   Online hemodiafi ltration   •   Ultrapure     

     Introduction 

 Hemodiafi ltration, fi rst introduced by Henderson in 1967, is a renal replacement 
technique combining diffusion and convection to enhance solute removal in a wide 
spectrum of molecular weights [ 1 ]. In this modality, the amount of ultrafi ltration 
(UF) exceeds the desired fl uid loss, and replacement fl uid is administered to achieve 
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the target fl uid balance. The relative contribution of convection to overall solute 
removal increases progressively with increasing molecular weight. 

 Technological developments in the fi elds of membranes, machines and fl uids 
have made HDF a safe and effective technique. Synthetic membranes with reduced 
wall thickness allowed a combination of diffusive-convective techniques. 
Furthermore, the development of accurate volumetric UF control systems in dialy-
sis machines reduced the risk for fl uid balance errors. Recently, on-line preparation 
of sterile and pyrogen-free solutions allowed the safe infusion of large amounts of 
fl uid, making high volume HDF a simple and safe routine procedure [ 2 ].  

    HDF Techniques 

 HDF can be performed with different techniques [ 3 ]. Classic HDF technique used 
an average reinfusion rate of 9 L/session in post-dilution. A blood fl ow over 300 ml/
min was required for suffi cient rates of UF at acceptable TMP gradients. The equip-
ment included an UF control system, a reinfusion pump and a scale to weigh reinfu-
sion bags [ 4 ]. A special form of HDF called Acetate Free Biofi ltration (AFB) 
eliminated even small traces of acetate from both dialysate and replacement fl uid 
inducing a signifi cant improvement in hemodynamics of unstable patients [ 4 ]. 
Another variant of HDF called “High Volume HDF”, used 15 L or more of reinfu-
sion per session. The high cost of commercial replacement fl uids in bags stimulated 
the development of a novel technique called On-line HDF. Fresh ultrapure dialysate 
from the dialysate inlet line is processed with multiple fi ltration steps and infused as 
replacement fl uid. Large amounts of inexpensive replacement solution are gener-
ated and HDF can be performed with very high fl uid turnover (up to 25–30 L/ses-
sion). Fluid can be infused in either pre- or post-dilution mode, or both, in different 
proportions. Other techniques such as Internal Filtration HDF (iHDF), Paired 
Filtration Dialysis (PFD), Mid-dilution hemodiafi ltration (MDHDF): Double High 
Flux Hemodiafi ltration (DHFHDF) and Push-Pull Hemodiafi ltration (PPHDF) have 
also been proposed to combine convection and diffusion conveniently [ 5 – 10 ].  

    Solute Removal with HDF 

 HDF has been shown to compare favorably with HD in terms of removal of solutes 
in a wide MW spectrum [ 11 – 16 ]. With the addition of convection, HDF enhances 
phosphate removal, reaching up to 30–35 mM/session [ 17 ,  18 ]. Controlled trials 
have also shown a 20–30 % reduction of β 2 -microglobulin (ß2M) per session with 
On-line HDF, resulting in lower serum β2M levels over time [ 19 – 21 ]. Other large 
solutes which are more effi ciently removed by HDF include myoglobin and retinol- 
binding protein [ 14 ], protein-bound solutes such as  p -cresol [ 11 ], homocysteine 
[ 22 ] and leptin [ 23 ]. HDF also reduces circulating levels of advanced glycosylation 
end products (AGEs) which have been implicated in the pathogenesis of both 
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dialysis- related amyloidosis, infl ammation and atherosclerosis [ 13 ]. Although sev-
eral of these compounds can also be removed by hemodialysis (HD) with high fl ux 
membranes, overall, HDF is the most interesting extracorporeal technique for 
chronic kidney disease in this decade.  

    Dialyzer and Membrane Characteristics 

 A pre-requisite to perform HDF effi ciently and safe is the selection of an adequate 
membrane and hemodiafi lter. The diffusion process can be impaired if there is a 
mismatch between blood and dialysate fl ow distribution in the dialyzer. For this 
reason, it is important that central and peripheral blood and dialysate fl ow velocities 
in the fi lter do not differ signifi cantly. Single fi ber fl ow velocity should be similar in 
the center and the periphery of the bundle. Likewise, dialysate fl ow in the central 
region of the dialyzer and in the peripheral areas should be similar. In this way, the 
best blood to dialysate fl ow countercurrent confi guration is obtained and the diffu-
sive process is optimized. Attempts to optimize fl ows have been made in the blood 
compartment designing specifi c blood ports while in the dialysate compartment dif-
ferent options have been proposed such as space yarns (spacing fi laments prevent-
ing contact between fi bers) or the moiré structure (waived shape of fi bers to prevent 
contact between adjacent fi bers) [ 24 – 26 ]. 

 Membrane performance, in terms of solute clearance and biocompatibility, is of 
paramount importance when choosing a dialyzer (Fig.  4.1 ). Technological advances 

  Fig. 4.1    Characteristics of different membranes in relation to mechanisms of transport       
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in membrane design, chemical composition, and sterilization methods have led to 
enhanced performance. The membrane and the dialyzer are the centre of the extra-
corporeal treatment. Thus, the choice of membrane and dialyzer among the wide 
selection available on the market is the key to obtain the desired blood purifi cation 
for each individual clinical need. Criteria for selection may be the type of mem-
brane, surface area, sterilization, permeability and cut-off point for molecular size.

   The membrane allows to broaden the spectrum of uremic toxins that can be 
removed thanks to its chemical and physical characteristics. Nevertheless, the way 
each membrane is utilized inside a fi lter and the way each fi lter is utilized in the 
extracorporeal circuit can make a great deal of difference. Membranes can be 
divided by chemical composition as shown in the Table  4.1  (Fig.  4.2 ). The polymer, 
that composes membranes, essentially determines its chemical and physical 

   Table 4.1    Membranes divided by chemical origin and composition   

 Cellulosic  Synthetic 

 Regenerated 
cellulose 

 Modifi ed 
cellulose  Polysulfones  Polyarylethersulfones  Others 

 Cuprophan  CDA, 
DICEA 

 Fresenius 
polysulfone 

 PEPA  AN69 AN69ST 

 Cuprammonium 
rayon 

 CTA, Tricea  Helixone  Polyamix  PAN 

 SCE  Hemophan  Alfa 
polysulfone 

 DIAPES  PMMA 

 GOP DIAFIL  SMC  Toraysulfone  Arylane  EVAL 
 PEG-Rc  APS  Polyamide 
 Excebrane 

Cuprophan - Cellulose
Wall Thickness 5-15 µm

Natural Polymer
Hydrophilic (Hydrogel)

Low Hydraulic Permeability
Low sieving properties

Prevalent use in Diffusion
Hemodialysis

Synthetic Polymer Asymmetric
Hydrophobic Structure

High Hydraulic Permeability
High sieving properties

Exclusive use in Convection
Ultrafiltration/Hemofiltration

Synthetic Polymer Microporous
Hydrophobic-Hydrophilic

High Hydraulic Permeability
High sieving properties

Combined Diffusion-Convection
Ultrafiltration/Hemodiafiltration

Polysulfone - Polyamide
Wall Thickness 75-100 µm

Polysulfone - AN 69
Wall Thickness 30 µm

  Fig. 4.2    Different membranes available on the market with different chemical composition, 
 physical structure and performance       
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 behavior and its possible use in the extracorporeal technique. Natural polymers 
derived from cellulose have progressively been substituted by synthetic polymers in 
which recent nano-controlled spinning techniques have contributed to enhanced 
performances. The ideal membrane should be biocompatible, physically strong, 
 characterized by excellent diffusive and convective properties and by resistance to 
chemical and physical sterilizing agents. The optimal permeability profi le should 
allow high sieving coeffi cients for large solutes with minimal or absent albumin 
loss. Some membranes are also characterized by high adsorption capacity and this 
may further contribute to solute removal properties [ 27 ]. The structure of the mem-
brane should be thin enough to allow good diffusivity coeffi cients while the number 
and size of the pores should be standardized and optimized per unit of surface area. 
The inner surface of the membrane should be smooth and constructed to avoid inter-
actions with blood components, especially platelets. Low thrombogenicity is a key 
feature to reduce heparin requirements and platelet activation.

    The choice of the hemodiafi lter should also be made according to specifi c crite-
ria, such as the type of membrane and sterilization, surface area and design. The 
ideal fi lter for HDF should be highly effective regarding solute removal exhibiting 
constant performance over the whole treatment session. Steam or gamma steriliza-
tion avoid adverse reactions due to residuals of ethylene oxide. Today, almost all 
hemodiafi lters are provided with hollow fi ber confi guration. Modern housing con-
taining the bundle is generally light in weight and well designed to avoid dead 
spaces. The structure of the bundle is also important, as the number and length of 
fi bers determine the cross section of the dialyzer and its resistance. Therefore, in 
each dialyzer, the size and design of the fi ber bundle determine its performance. The 
priming volume must be as low as possible and each fi ber should be surrounded by 
a uniform stream of dialysate during dialysis. The number of fi bers and the fi ber 
bundle density represent an important parameter to determine the fi lter dimension 
for a given surface area. To ensure a minimal activation of humoral and cellular 
systems of the blood, it is necessary to use a completely inert potting compound and 
a smooth cutting of the heads to form a smooth surface. These end surfaces are 
covered on both sides by end caps that contain the blood inlet and outlet ports. The 
composition of the potting compound has changed over the years in order to mini-
mize risks associated with toxic compounds sometimes induced by the sterilization 
process, as in the case of irradiation with beta- or gamma-beams. 

 The main purpose of developing synthetic membranes was to create more porous 
membranes which could better simulate the fi ltration process of the natural kidney. 
In this way, we can improve the removal of middle MW and high MW uremic toxins 
(β2M). All synthetic polymers (exception for ethylenevinylalcohol copolymer – 
EVAL), currently on the market are hydrophobic and have to be made more hydro-
philic during their production by using additives or copolymers. A new membrane 
called “Hydrolink” by Toray has been claimed to be less thrombogenic due to the 
high degree of hydrophilic surface. 

 Generally, the material used to make hollow fi ber membranes include polysul-
fones, polyethersulfone, cellulose triacetate, polymethylmethacrylate, ethylenevinyl-
alchohol, polyacrylonitrile. Nowadays, the use of poorly biocompatible unmodifi ed 
cellulose dialyzer membranes is discouraged. In fact, most dialyzers are made from 
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synthetic polymers from the family of polysulfone/polyethersulfone. Below a short 
description is given of membrane materials most frequently used today. 

  Cellulose Triacetate:     this type of membrane is characterized by a high solute per-
meability enabling even the removal of some ß2M by diffusion [ 28 ]. Due to the 
structure and thickness of the fi bers, a uniform dialysate fl ow distribution is guaran-
teed. Clinical benefi ts include its high antithrombogenicity, an improvement in lipid 
metabolism and a reduction in homocysteine and AGEs [ 29 ,  30 ]. Since a consider-
able amount of albumin is adsorbed onto the membrane surface, this family of 
membranes offers the potential for a lower activation of the coagulation cascade 
than polysulfones membranes [ 31 ].  

  Polyacrylonitrile:     this family of membranes is hydrophilic and attracts water to 
form a hydrogel structure that permits high diffusive and hydraulic permeability. 
The surface structure is able to adsorb medium-sized proteins [ 32 ]. The  permeability 
to fl uid is high and enables the removal of a broad spectrum of uremic toxins with-
out troublesome bio-incompatibility. An interesting feature of this family is the pos-
sibility to coat the membranes with polyethylene glycol or vitamin E in order to 
decrease its bio-incompatibility, including leukocyte activation. Moreover, binding 
of heparin to the membrane surface has been shown to decrease the need for intra-
venous anticoagulants in case of a bleeding tendency [ 33 ,  34 ].  

  Polymethylmethacrylate:     This family of membranes is characterized by high 
adsorptive properties due to its homogeneous structure in which the entire mem-
brane contributes to its adsorptive capacity. This type of membrane has been shown 
to adsorb intact PTH and to improve pruritus [ 35 ].  

  Ethylenevinylalcohol:     this family consists of hydrophilic and uncharged mem-
branes with a smooth surface that retains water resulting in some protein adsorption 
and low blood cell activation. According to these characteristics, the long term use 
of EVAL membranes may reduce oxidative stress and infl ammation [ 36 ,  37 ].  

  Polyamide:     this family consist of asymmetric membranes with three regions. The 
pore size increases noticeably from the blood side to the dialysate side, being small-
est at the skin layer (around 5 nm). As a consequence of this structure, complement 
activation and cell activation are low and oxidative stress is reduced [ 38 ,  39 ].  

  Polysulfones:     these membranes have both the capacity to remove a broad range of 
uremic toxins and to effectively retain endotoxins [ 40 ,  41 ]. Thanks to their  structure, 
these membranes provide intrinsic biocompatibility and low cytotoxicity. The ele-
vated sieving coeffi cient and high hydraulic permeability promote effi cient trans-
port by convection. The original polymer can be blended with other polymers to 
obtain special characteristics, such as an increase in the hydrophilicity by adding 
polyvinylpirrolidone (PVP) [ 42 ]. Finally, signifi cant differences among polysulfone 
membranes exist due to variations in both the relative amounts of co-polymers used 
in a particular blend and the fi ber spinning process employed [ 43 ].  
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  Polyethersulfones:     the new generation of these membranes has been developed 
through an advanced fi ber spinning process able to create a large, uniform and densely 
distributed pore size. Thanks to these features, the selectivity is improved [ 44 ].  

 As a result, polyethersulfones are characterized by an excellent middle MW 
removal and minimal loss of albumin. In addition, their biocompatibility features 
and endotoxin retaining capacity rank within the highest standards [ 45 ]. 

  Polyarylethersulfones:     this family is a combination of polysulfones and polyary-
late [ 46 ]. All membranes consist of the same three-layer structure: one layer com-
prises the entire inner surface skin layer, a porous inner layer lies within the 
membrane and the third skin layer covers the outer surface. While the skin layer 
at the inner surface controls water and solute permeability, the outer skin blocks 
endotoxin transfer from the dialysate compartment to the blood. Thanks to this 
feature, this membrane is an excellent endotoxin fi lter. The amount of PVP added 
to the structure determines albumin losses and β2M removal.   

    Choice and Prescription of a Dialyzer in HDF 

    Theoretical Considerations 

 The choice of a fi lter for HDF depends on the selected technique. Although some tech-
niques require a captive dialyzer, in general the selection is based on simple and clear 
criteria. The dialyzer should have a surface area suffi cient to achieve the desired Kt/V 
per session and, for this purpose, a minimum fi lter KoA of 1000 should be prescribed 
(Fig.  4.3 ). If large fi ltration rates are anticipated, as is the case in high volume HDF 
(convection volume >20 L/session), a membrane with a minimum permeability of 
30 ml/h/mmHg/m 2  should be considered. Crucial aspects, of course, are a high resis-
tance to elevated TMP values and a low tendency to fouling and clotting. For this pur-
pose, fi rst, optimization of blood fl ow is of paramount importance. Thereafter, both 
Kt/V and convection volume/session should be checked carefully. If results are not 
satisfactory, necessary corrections should be made in treatment time and in the fl ow 
rates of dialysate and blood. When targets are still not reached after these maneuvers, 
another dialyzer can be selected with a different membrane or a larger surface area [ 47 ].

   Sometimes, technical barriers are encountered that prevent the achievement of 
the desired amount of convective clearance. When TMP and end-to-end pressure 
drop tend to increase beyond a certain threshold in spite of blood fl ow optimization, 
a benefi cial effect has been claimed of a fi lter fl ush in the predilution mode with 
200 ml of saline in 30 s while the ultrafi ltration pump stops (POD = Predilution On 
Demand). The sudden hemodilution, which is achieved with this maneuver, may 
induce a return of the parameters within acceptable values (Fig.  4.1 ) [ 48 ]. However, 
others were unable to show such an effect [ 49 ].  
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    Characteristics of Dialyzers Used in Clinical Practice 

 As also discussed in Chap.   23    , little information is available on the different dialyz-
ers used in clinical practice. In the randomized clinical trial CONTRAST [ 50 ], com-
paring HDF with HD, dialyzers with a surface area between 1.7 and 2.2 m 2 , an UF 
coeffi cient between 56 and 85 ml/mmHg/h, a capillary lumen diameter between 185 
and 215 μm and capillary length between 225 and 280 mm were applied. Despite 
these dissimilar characteristics, convection volumes were rather similar. However, 
as these data are observational by nature and the dialyzers were clustered in partici-
pating centers, local practice patterns may have infl uenced these results [ 51 ]. In a 
cross over study in 18 HDF patients who were treated with an automatic ultracon-
trol technique (UltraC system), four different dialyzers were tested with constant 
dialysis parameters. As more or less expected, the highest convection volumes and 
fi ltration fraction were achieved by a dialyzer with the largest surface area, a high 
UF coeffi cient (75 ml/mmHg/h), a wide capillary lumen diameter (210 μm) and a 
capillary length of 200 mm [ 48 ]. From this study it was concluded that, although 
structural characteristics of dialyzers may limit their use in automatic systems, 
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manual settings may overcome these imperfections. At this point, it should be men-
tioned, however, that high convection volumes (up to 30 L) were also achieved 
using dialyzers with a capillary diameter of 185 μm and 1.4 m 2  surface area [ 52 ,  53 ]. 
Further research on this topic is urgently warranted.   

    Conclusion 

 A large selection of dialyzers is available on the market with different characteristics 
and consequently different performance features. KoA, cut-off and hydraulic perme-
ability determine how each fi lter should be used and how prescription should be 
made. For specifi c techniques, captive confi gurations and design may be required. 
Based on a deep knowledge of membrane and dialyzer characteristics, the nephrolo-
gist can choose and prescribe the best device and treatment for each individual patient 
in relation to his clinical needs. In case of intolerance or complications, treatment 
parameters must be carefully checked and optimized before shifting to another device. 
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    Chapter 5   
 Baxter Online Hemodiafi ltration Systems                     

       Jan     Sternby     ,     Anders     Felding     , and     Lars-Göran     Nilsson     

    Abstract     The interest in convection as a transport principle in haemodialysis grew 
in the 1970s. In 1980 Gambro launched the world’s fi rst complete system for auto-
controlled haemofi ltration, AK-10 HFM 10-1, an important breakthrough in 
improving clearance of middle sized molecules. Bags with pharmacy-prepared 
infusion fl uid were used and fl uid balance was achieved by weighing devices. An 
experimentally modifi ed HFM-10 system was found to safely deliver on-line pre-
pared fl uid for convective treatments. 

 The GHS-10 system, released in 1985, was the fi rst complete system for haemo-
fi ltration treatments with continuous, on-line preparation of substitution fl uid, 
incorporating effi cient pyrogen-retaining ultrafi lters. The cost of the fl uid was much 
reduced and the need to carry fl uid bags was eliminated. This system was a forerun-
ner of the on-line machines that are available today. It was followed in 1987 by the 
MPS-10 Multi Purpose System, which also allowed performing the “hybrid treat-
ment” of haemodiafi ltration (HDF). In the early 1990s came a new system design in 
the AK 100 ULTRA machine, later followed by the AK 200 ULTRA and the AK 
200 ULTRA S dialysis systems, the latter still widely used for on-line HDF treat-
ments. More recently the ARTIS and ARTIS PHYSIO systems were introduced 
with innovative technologies to improve usability in HD and HDF treatments. 
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         Introduction 

 The interest in convection as a transport principle in haemodialysis grew in the 
1970s. In 1980 Gambro launched the world’s fi rst complete system for auto- 
controlled haemofi ltration, AK-10 HFM 10-1, an important breakthrough in improv-
ing clearance of middle sized molecules. Bags with pharmacy-prepared infusion 
fl uid were used and fl uid balance was achieved by weighing devices. An experimen-
tally modifi ed HFM-10 system was found to safely deliver on-line prepared fl uid for 
convective treatments [ 1 ]. 

 The GHS-10 system, released in 1985, was the fi rst complete system for haemo-
fi ltration treatments with continuous, on-line preparation of substitution fl uid, 
incorporating effi cient pyrogen-retaining ultrafi lters. The cost of the fl uid was much 
reduced and the need to carry fl uid bags was eliminated. This system was a forerun-
ner of the on-line machines that are available today. It was followed in 1987 by the 
MPS-10 Multi Purpose System, which also allowed performing the “hybrid treat-
ment” of haemodiafi ltration (HDF). In the early 1990s came a new system design 
in the AK 100 ULTRA machine, later followed by the AK 200 ULTRA and the AK 
200 ULTRA S dialysis systems, the latter still widely used for on-line HDF 
 treatments. More recently the ARTIS and ARTIS PHYSIO systems were intro-
duced with innovative technologies to improve usability in HD and HDF treat-
ments, see Fig.  5.1 .

       Water Treatment System 

 A water treatment system for hemodialysis shall be designed on knowledge of the 
feed water characteristics. This system should ensure a water quality at the dialy-
sis machine inlet complying to applicable national standards, as well as the inter-
national ISO 13959 standard (Water for haemodialysis and related therapies). 
Concentrates must meet the requirements of ISO 13958 (Concentrates for haemo-
dialysis and related therapies), and the produced dialysis fl uid those of the ISO 
11663 standard (Quality of dialysis fl uid for haemodialysis and related 
therapies).  

    Short Description and Outline of the HDF Machine 

 ULTRA on-line systems by Gambro have long been used for HDF and HF treat-
ments [ 2 ]. Substitution fl uid with a high sterility assurance level is prepared in a 
fi nal fi ltration step using a sterile single-use fi lter device, from which a sterile 
line takes the fl uid directly to the point of mixing with blood. Two stationary 
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ultrafi lters are located upstream in the system; the fi rst acts on the incoming 
dialysis water to ensure a minimal microbial bioburden on the machine’s internal 
lines and the second removes microbial products deriving from the concentrates. 
Each of the fi lters employed by the fl uid preparation system shows a substantial 
reduction capacity for endotoxin. As result the system effectively converts stan-
dard dialysis water and concentrates to a fl uid that can be used without risk of 
pyrogenic reactions. 

 By extracting the substitution fl uid from the patient side of the UF measuring 
system the fl uid balance accuracy is unaffected by the accuracy of the substitution 
fl uid fl ow rate. Technical features of the ARTIS PHYSIO dialysis machine are sum-
marized in Table  5.1 .

  Fig. 5.1    ARTIS dialysis 
system       
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   Table 5.1    Techical features of the Artis Physio TM  dialysis machine   

 Technical features  ARTIS PHYSIO (Baxter) 

 Blood pump fl ow range (ml/min)  10–500 ml/min 
 Dialysate fl ow (ml/min)  300–800 ml/min 
 Dialysate fl ow selection mode  Presettable fl ow rate; adjustment proposed by the machine 

in HDF mode based on substitution fl ow rate 
 Emergency button  Yes, stop treatment button and UF stop independently from 

other functions 
 Substitution mode: manual/
automatic 

 Automated UltraControl modality (postdilution), or manual 
pressure control (postdilution), or manual volume control 
(post- and predilution) 

 Settable parameter(s) in volume 
control mode 

 Substitution fl uid fl ow rate in ml/min (volume 
automatically calculated and shown) 

 Substitution fl uid fl ow range  20–450 ml/min (1.2–27 L/h) 
 Electrolyte concentration 
adjustment 

 Na +  130–160 mmol/l, HCO 3  −  24–38 mmol/l, other 
electrolytes based on concentrate selection 

 Substitution fl uid delivery options  postdilution, predilution 
 Online priming, rinsing, IV bolus  Yes 
 Stationary ultrafi lters  Yes, 2 U 9000 ultrafi lters 
 Additional ultrafi lter  Yes 
 Integrity pressure test ultrafi lter  Final single-use fi lter is integrity tested in production 
 Blood access monitoring  Yes, arterial and venous pressure 
 Online clearance monitoring  Yes (DIASCAN) 
 Blood volume monitoring (BVM)  Yes (HEMOSCAN) 
 Blood temperature monitoring  No 
 Other monitoring options  Plasma conductivity and ionic mass balance 

 Blood pressure monitoring 
 Optional pH meter 

 Alarm and information signals  Alarms: auditory and visual, intensity by priority level. 
Information signals: notifi cations, Smartscan messages 

 IT connectivity  10/100 based T Ethernet port, RS232 serial port, UAB port. 
Proprietary data exchange protocol and HL7 compatible 
protocol 

 Data transfer via patient card  Yes (contactless device) 
 Standard safety features  According to ICE 60601-1-1, IEC 60601-2-16, and other 

applicable standards 
 Advanced safety features  Biofeedback system reduces the risk for excessive 

hemoconcentration in postdilution high volume HDF 
 Touchscreen operation and 
ergonomic design 

 Yes 

 Special features  Screen navigation through fi ve-button NAVPAD interface 

       HDF Prescription Principles (Manual/Automatic) 

 Different methods can be used to control the substitution fl uid fl ow rate. In pres-
sure control the transmembrane pressure (TMP) is kept constant at a value chosen 
at the beginning of the treatment. Maintaining the optimal pressure difference 
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will in theory maximize the total convection but it is not possible to prescribe a 
certain volume (and thus treatment dose) to be achieved within a given treatment 
time. 

 In volume control the total convective volume is prescribed with the substitu-
tion fl uid fl ow rate held constant over the prescribed treatment time. The disad-
vantage with volume control, particularly in postdilution HDF, is that it is diffi cult 
to estimate in advance how high fl ow rate can be achieved and to what extent the 
TMP rises during the treatment due to haemoconcentration. Machine alarms dur-
ing treatment are common as TMP becomes too high in relation to the set alarm 
limits. 

 In contemporary on-line HDF machine systems by Baxter the manual pressure 
control function for postdilution has been replaced by the automated UltraControl 
modality. When activated at treatment start the UltraControl mode automatically 
tests for the optimal TMP level. Here the TMP is increased in steps with the ultra-
fi ltration rate being monitored for each TMP level. This TMP scan continues until 
the increase in ultrafi ltration rate becomes insignifi cant, when the scan is aborted 
and the system automatically moves into a pressure control mode using the optimal 
TMP result of the scan. Additional TMP scans are performed during the treatment 
to account for changes in rheological conditions. Use of the UltraControl modality 
has been found to make postdilution HDF delivery simpler and more effective by 
achieving greater convective volume with fewer haemoconcentration-related 
machine alarms [ 3 ,  4 ]. For snapshots of the screen, see Figs.  5.2  and  5.3 .

  Fig. 5.2    Snapshot of screen I       
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        HDF Modalities 

 The ARTIS PHYSIO dialysis system allows for on-line HDF to be delivered in 
post- dilution or in pre-dilution mode. The post-dilution mode offers best possible 
blood purifi cation [ 5 ].  

    Specifi cities of the Disposables Required 

 Any high-fl ux dialyser with standard connections can be used; a hollow-fi bre inner 
diameter greater than 200 μm and an open membrane wall structure facilitate 
achieving large convective fl ow rates. The membrane permeability profi le should be 
such that excessive albumin loss is avoided. 
 The bicarbonate concentrate shall be of the dry BiCart cartridge type.  

    Additional Therapeutic Options 

 The ARTIS dialysis systems allow for:

•    Citrate dialysis fl uid (100 % acetate-free) to be used for on-line HDF [ 6 ].     

  Fig. 5.3    Snapshot of screen II       
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    Additional Monitoring Options 

 The ARTIS on-line HDF systems incorporate:

•    Ionic dialysance (DIASCAN)  
•   Relative blood volume monitoring (HEMOSCAN).     

    Cleaning and Disinfection 

 The ARTIS dialysis system provides several methods to clean and disinfect its inter-
nal circuit (see Operator’s Manual). A recommended procedure is disinfection by 
heat between treatments and by heat plus citric acid (CleanCart C) after the last 
treatment of the day. When a Gambro CWP water treatment system is used the 
machine disinfection can be integrated with the hot water fl ushing of the water dis-
tribution loop. 

 For overnight or weekend storage the ARTIS dialysis system offers the option of 
using a bacteriostatic level of disinfectant to protect the hydraulic circuit from 
microbial contamination.  

    Risk Management System 

 Risk management principles are the same for on-line HDF and HD. For HDF the 
clear borderline in the fl uid path between disinfected area upstream and sterile area 
downstream of the fi nal sterile fi lter membrane ensures the appropriate substitution 
fl uid quality.  

    Display of Settings and Connection to Hospital Information 
System 

 Not specifi c for HDF; various solutions available through Baxter local representatives.  

    Cost Assessment 

 Changing from conventional HD to on-line HDF treatments is associated with some 
additional costs. An elaborate quality management system is required for on-line 
HDF delivery [ 7 ]. Dialysis water testing may have to be increased above what is 
required for HD. Access surveillance may need to be intensifi ed as on-line HDF 
needs a high blood fl ow rate to achieve an effective convective volume.  
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    Future Directions 

 When on-line HDF is used as means to optimise middle molecule removal it is best 
performed in postdilution mode with a high exchange volume. In all cases the high- 
fl ux membrane’s pore size distribution limits what solute sizes are removed. New 
dialysis membranes for HD are currently being developed and initial in vitro data 
indicate that dialysers with such membranes can in HD provide similar or superior 
large solute clearances to conventional high-fl ux dialysers in on-line HDF [ 8 ]. 
Clinical trials are ongoing to confi rm these preliminary results.     

  Acknowledgement   AK 100 Ultra, AK 200 Ultra, Artis, BiCart, CleanCart, Diascan, Hemoscan, 
MCO, NavPad and U 9000 are trademarks of Baxter International Inc. or its affi liates.  
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    Chapter 6   
 Dialog + : B. Braun Hemodiafi ltration System                     

       Marten     Kelm     ,     Björn     Bröker    , and     Claudia     Barth    

    Abstract     B.Braun provides renal care with all modalities of dialysis for >23,000 
patients in 24 countries. The hemodialysis system Dialog + was introduced to the 
market in 2003. It is available in different confi gurations, e.g. single-pump, double-
pump and HDF-online. All machines are suitable for hospital and in-center 
dialysis. 

 In the HDF-online machine, the online production of ultra-clean dialysate for 
autopriming in hemodialysis and for substitution fl uid in HF/HDF treatments is 
performed by a two-stage dialysis fl uid fi lter system to ensure the ultra-pureness of 
the substitution solution. 

   Keywords     Dialog   •   Dialyser inlet pressure   •   Disinfection   •   Online hemodiafi ltra-
tion   •   Predilution   •   Postdilution   •   Substitution fl uid   •   Transmembrane pressure 

         Introduction 

 B.Braun provides renal care with all modalities of dialysis for >23,000 patients in 
24 countries. The hemodialysis system Dialog +  was introduced to the market in 
2003. It is available in different confi gurations, e.g. single-pump, double-pump and 
HDF-online. All machines are suitable for hospital and in-center dialysis. 

 In the HDF-online machine, the online production of ultra-clean dialysate for 
autopriming in hemodialysis and for substitution fl uid in HF/HDF treatments is 
performed by a two-stage dialysis fl uid fi lter system to ensure the ultra-pureness of 
the substitution solution, see Fig.  6.1 
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       Water Treatment System 

 A water treatment system for hemodialysis shall be designed on knowledge of the 
feed water characteristics. This system should ensure a water quality at the dialysis 
machine inlet complying to applicable national standards, as well as the interna-
tional ISO 13959 standard (Water for haemodialysis and related therapies). 
Concentrates must meet the requirements of ISO 13958 (Concentrates for 

  Fig. 6.1    Dialog +  
HDF-machine       
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haemodialysis and related therapies), and the produced dialysis fl uid those of the 
ISO 11663 standard (Quality of dialysis fl uid for haemodialysis and related 
therapies).  

    Short Description and Outline of the HDF Machine 

 The purifi ed water from the RO system enters the machine via a pressure reducer. 
Degassing of the water is required to improve the treatment and is performed by a 
degassing pump and chamber. In parallel, the water is heated to a set temperature 
(usually 37 °C). The water is then collected in a tank ready to be mixed in the dialy-
sate preparation system. 

 Processed water is mixed with bicarbonate and acid concentrate conductivity 
controlled. Bicarbonate powder or central concentrate supply can be used 
optionally. Substitution fl uid is produced online from dialysis fl uid. The fresh 
dialysis fl uid passes the fi rst ultrafi lter and enters the dialysis circuit, whereas 
the substitution fl uid passes a second ultrafi lter before it reaches the patient. In 
HDF treatment mode, the substitution fl ow (Qs) is split from the dialysate fl ow 
(Qd). Thus the dialysate effectively reaching the dialyser is reduced. This is 
compensated by automatically setting the dialysate fl ow to 600 ml/min in case 
HDF is activated, but can be changed according to the physician’s 
prescription. 

 Fluid balance is ensured by the balance chamber of the machine, consisting of 
two chambers separated by a fl exible membrane allowing to be fi lled from one side, 
while an identical volume is emptied from the other side. 

 The membrane has a magnetic sensor determining the exact membrane position 
and thereby controlling the dialyzing fl uid fl ow, thus ensuring continuity in the fl ow 
of the dialysate. Ultrafi ltration removal is carried out by the UF pump which 
bypasses the balancing chambers. 

 Technical features of the Dialog +  dialysis machine are summarized in Table  6.1 .

       HDF Prescription Modality (Manual/Automatic) 

 Treatment time, net ultrafi ltration (UF) and blood fl ow rate are usually prescribed 
parameters. 

 The machine principle is based on volume control, which means that either sub-
stitution rate/min or total substitution target volume can be set. The fi ltration fraction 
(FF) is calculated and displayed as the ratio between the total UF rate (net UF plus 
substitution fl ow rate) and the blood fl ow rate. Any parameter change immediately 
adapts the ratio according to the new settings. Individual alarm limits, which can be 
set in the system confi guration mode, monitor the FF within the allowed alarm limit 
ranges.  
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   Table 6.1    Technical features of the dialog + dialysis machine   

 Technical features  Dialog +  (B. Braun) 

 Blood pump fl ow range (ml/min)  50–600 ml/min 
 Dialysate fl ow (ml/min)  300–800 ml/min 
 Dialysate fl ow selection mode  Flow profi les in addition to manual setting (free and 

predefi ned) 
 Emergency button  No full automatic button, necessary functions available on 

main screen 
 Substitution mode: manual/
automatic 

 Manual setting 

 Settable parameter(s) in volume 
control mode 

 Substitution fl ow rate (ml/min); substitution volume (L); 
display of fi ltration fraction (%) with confi gurable alarm 
and warning limits 

 Substitution fl uid fl ow range  20–400 ml/min 
 Electrolyte concentration 
adjustment 

 Profi les in additions to manual setting 

 Substitution fl uid delivery 
options 

 Predilution, postdilution 

 Online priming, rinsing, IV bolus  Yes 
 Stationary ultrafi lters  Yes, 2, Diacap Ultra 
 Additional ultrafi lter  No additional fi lter in disposable 
 Integrity pressure test ultrafi lter  Yes 
 Blood access monitoring  Arterial and venous pressure 
 Online clearance monitoring  Yes (Adimea) 
 Blood volume monitoring 
(BVM) 

 Not available 

 Blood temperature monitoring  Not available. Dialysing temperature profi les available 
 Other monitoring options  Blood pressure measurement (ABPM), Kt/V-monitoring 

based on measurement of removed uremic substances 
(Adimea), monitoring of clotting via dialyser inlet pressure 

 Alarm and information signals  Acoustical and optical alarms and warnings, help function – 
text display 

 IT connectivity  Unidirectional (BSL, bed side link), or bidirectional 
(Nexadia) data transfer and monitoring system between 
dialysis machine and IT equipment 

 Data transfer via patient card  Yes 
 Standard safety features  Complying to international standards 
 Advanced safety features  Warning for ratio blood fl ow versus UF rate (FF), dynamic 

arterial and venous pressure window 
 Touchscreen operation and 
ergonomic design 

 Yes 

 Special features  Biologic RR comfort: biofeedback system for reduction of 
hypotensive episodes 
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    HDF Modalities 

 The Dialog +  system offers the possibility to run HDF treatments either in pre- or 
post-dilution mode. A change of modes during the treatment is possible but requires 
a blood pump stop, manual handling and an additional blood tubing accessory for 
the predilution mode. Screen snapshots are shown in Figs.  6.2  and  6.3 .

        Specifi cities of Disposables Required 

  Hemodiafi lters:     It is essential that the choice of the dialyser should match the high 
ultrafi ltration volumes of HDF treatment. Therefore a large surface area and a high 
UF-coeffi cient (KUF) are needed. High-fl ux dialyser are recommended in order to 
keep the transmembrane pressure (TMP) within the allowed range (depending on 
the substitution fl ow rate). Since high TMP pressures are common in HDF, a fi lter 
with the lowest loss of albumin per session is a preferred choice.  

  Blood tubing set:     B.Braun offers a blood tubing set (HDF-online tubing kit) espe-
cially for HDF-online treatments. Standard blood tubing sets together with an addi-
tional substitution line can alternatively be used to perform HDF-online treatments.  

  Fig. 6.2    Snapshot screen I       
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  Ultrafi lters:     The B.Braun Dialog +  system uses two dedicated polysulfone-based 
ultrafi lters (Diacap Ultra) for HDF and HF therapies. The ultrafi lters are character-
ized by long exchange intervals (150 therapies or 900 h of treatment time).   

    Additional Therapeutic Options 

 Dialog +  offers to set profi les for particular function parameters such as:

•    Dialysate conductivity  
•   Bicarbonate conductivity  
•   Dialysate fl ow  
•   Dialysate temperature  
•   Ultrafi ltration  
•   Heparin    

 Profi les can be combined and set individually.  

    Additional Monitoring Options 

 The Dialog +  system offers the following additional monitoring options:

•    BioLogic RR Comfort: The biologic RR Comfort option is an automatic blood 
pressure stabilization system for the prevention of hypotensive episodes. This 

  Fig. 6.3    Snapshot screen II       
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system uses actual blood pressure values as well as patient specifi c blood  pressure 
progressions from past treatments to adjust the UF-control of the machine [ 1 ].  

•   Adimea: A device for continuous monitoring of the delivered dialysis dose 
(Kt/V). The device uses UV-absorbance measurement to assess the reduction of 
urinary waste products in the dialysate outlet of the dialysis machine. Due to 
continuously recorded measurements the Kt/V and the urea reduction ratio 
(URR) can be determined and displayed online. It can be applied in HD as well 
as HDF treatments [ 2 ].     

    Cleaning and Disinfection 

 Disinfection of the machine should be performed to reduce to minimum the bacte-
rial level. Dialog +  offers three types of disinfection:

    1.    Chemical disinfection   
   2.    Thermal disinfection   
   3.    Citro-thermal disinfection    

  During disinfection the disinfectant reaches all parts of the hydraulic circuit. 
Temperature and duration of disinfection depend on the disinfectant used. After the 
disinfection phase a rinsing phase removes any residual disinfectant. The machine 
performs the disinfection/rinsing phase automatically. Disinfection cycles can be 
programmed to be performed automatically.  

    Risk Management System 

 Additional to the safety features required by international standards, the system 
offers the following:

 –    Warning for too high ratio blood fl ow rate versus UF-rate (fi ltration fraction; 
essential to avoid excess hemoconcentration in post-dilution mode)  

 –   Monitoring of blood side dialyser inlet pressure as an indicator for secondary 
membrane built-up or clotting  

 –   Dynamic adjustment of alarm limits for arterial- and venous pressures (PA and PV)     

    Display of Settings and Connection to Hospital Information 
System 

 Connectivity to internet and/or hospital information system: B.Braun offers the 
Nexadia system for bidirectional connection to a central database. With Nexadia, indi-
vidual settings for the dialysis treatment are automatically transferred to the dialysis 
machine. In the other direction, Nexadia automatically collects all relevant treatment 
and patient data from the machine. A unidirectional interface of the Dialog +  systems to 
several databases is possible. Patient therapy prescription is supported by using the 
patient card.  
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    Cost Assessment 

 Recent prospective trials suggest that on-line hemodiafi ltration (HDF) improves 
survival, if high convective volumes are reached [ 3 – 5 ]. However, these results await 
confi rmation. In general, HDF treatments are characterized by slightly higher costs 
mainly due to extra disposable costs and higher water consumption. Higher costs 
might be compensated when considering patient quality of life or reduced EPO 
usage [ 6 ]. Further studies are necessary to answer this question.     
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    Chapter 7   
 Online Hemodiafi ltration Systems 
by Bellco: Flexya                     

       Andrea     Fiorenzi       

  Abstract     Flexya Hemodiafi ltration System is a monitor equipped with a triple 
peristaltic pump, employing several disposable extracorporeal circulation kits, 
functioning on a single cassette system. The kits can be used for different types of 
treatments. 

 The Flexya double-stage dialysis fl uid preparation system uses either bags with 
bicarbonate powder and acid concentrates, or concentrate solutions from the hospi-
tal’s centralized system. The system features an ultrafi lter on the inlet water and a 
double dialysis fl uid fi ltration system to provide ultrapure substitution fl uid for on-
line treatments. Dialysis progress, dose, and patient monitoring are controlled by 
several sensors to prevent potential complications.  

  Keywords     Disinfection   •   Endogenous infusion   •   Online hemodiafi ltration   • 
  Predilution   •   Postdilution   •   Single pass circuit   •   Substitution fl uid   •   Transmembrane 
pressure     

     Introduction 

  Flexya  Hemodiafi ltration System is a monitor equipped with a triple peristaltic 
pump, employing several disposable extracorporeal circulation kits, functioning on 
a single  cassette system . The kits can be used for different types of treatments. 

 The  Flexya  double-stage dialysis fl uid preparation system uses either bags with 
bicarbonate powder and acid concentrates, or concentrate solutions from the hospi-
tal’s centralized system. The system features an ultrafi lter on the inlet water and a 
double dialysis fl uid fi ltration system to provide ultrapure substitution fl uid for on-
line treatments. Dialysis progress, dose, and patient monitoring are controlled by 
several sensors to prevent potential complications.  
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    Water Treatment System Required 

 The water treatment system for hemodialysis and hemodiafi ltration shall be designed 
on knowledge of the feed water characteristics. This system should ensure a water 
quality at the dialysis machine inlet complying to applicable national standards, as 
well as the international ISO 13959 standard (Water for haemodialysis and related 
therapies). Concentrates must meet the requirements of ISO 13958 (Concentrates for 
haemodialysis and related therapies), and the produced dialysis fl uid those of the ISO 
11663 standard (Quality of dialysis fl uid for haemodialysis and related therapies).  

    Short Description and Outline of the HDF Machine 

 Single pass: water fl ows at a high fl ow rate, one direction, thus washing away 
impurity and chemical residues during disinfections. Connections between monitor 
and disposable tubing sets, reduced in number by the cassette system, are inte-
grated in the disinfection process of the machine. With luer lock connections, dis-
posable installation can be performed without contaminating connections and 
infusion lines. 

 Dialysis fl uid and substitution fl uid: The dialysis and substitution fl uid do not 
differ, facilitating procedures during extracorporeal circuit priming, without the 
necessity of physiological solution bags. 

 Technical aspects of fl uid balance: extract substitution fl uid from the dialysis 
fl uid, in such a way that the dialysis fl uid fl ow rate is kept at its prescribed value. 
Another feature unique to  Flexya  safety is the independency of the weight loss 
system from the amount of substitution volume: the  differential fl ow meter  sys-
tem measures the difference between the fl uid prepared by the monitor (indepen-
dent if to the dialyzer or substitution port) and the fl uid returned from the 
dialyzer. Technical features of the Flexya dialysis machine are summarized in 
Table  7.1 .

       HDF Prescription Modality (Manual/Automatic) 

 Flow rate can be set at a fi xed value by separately setting the amount infused in 
pre- and in post-dilution, or automatically by the so-called  Auto Qinf System : a 
program to maximize the substitution volume, optimizing dialyzer performances, 
controlling transmembrane pressure at a specifi c (adjustable) value; constraints are 
maximum and minimum rate for pre- and postdilution fl ows and fi ltration fraction. 
Hematocrit measures (with Hemox) are used to calculate fi ltration fraction; when 
these are not available, postdilution substitution fl ow rate is kept below 29 % of 
blood fl ow rate.  
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    HDF Modalities 

 The  Flexya  system (Fig.  7.1 ) implements several hemodiafi ltration treatments:

•     Substitution fl uid can be infused in predilution and postdilution mode, or both 
simultaneously (mixed dilution).  

   Table 7.1    Technical features of the Flexya dialysis machine   

 Technical features  Flexya (Bellco) 

 Blood pump fl ow range (ml/min)  30–700 ml/min 
 Dialysate fl ow (ml/min)  300–1500 ml/min 
 Dialysate fl ow selection mode  Manual setting 
 Emergency button  Hardware buttons stopping blood and dialysate fl ows; knob 

to reduce and stop blood fl ow; software button to 
automatically minimize weight loss, infuse a solution bolus 
and start pressure measures 

 Substitution mode: manual/
automatic 

 Manual (on choice) or automatic (autoQinf) 

 Settable parameter(s) in volume 
control mode 

 Pre and post dilution infusion fl ow rate, transmembrane 
pressure threshold 

 Substitution fl uid fl ow range  Up to 400 ml/min (24 l/h) 
 Electrolyte concentration 
adjustment 

 Via two conductivity settings, via conductivity profi les, 
authomatically via Aequilibrium 

 Substitution fl uid delivery 
options 

 Predilution, postdilution, pre + postdilution, middilution, 
endogenous reinfusion 

 Online priming, rinsing, IV bolus  Yes 
 Stationary ultrafi lters  2, dailyclean and H2OClean 
 Additional ultrafi lter  Yes 
 Integrity pressure test ultrafi lter  Before each treatment 
 Blood access monitoring  Fistula and venous pressure 
 Online clearance monitoring  Via conductivity step method 
 Blood volume monitoring 
(BVM) 

 Via hematocrit measures 

 Blood temperature monitoring  Via optical measures on blood lines 
 Other monitoring options  Plasma sodium concentration (Natrium sensor), oxygen 

saturation 
 Alarm and information signals  A four color lamp on the top and a buzzer signal alarm 

conditions; colored alarm windows and messages displayed 
on the screen 

 IT connectivity  Yes, via Ethernet port 
 Data transfer via patient card  Yes, via RFiD data transmission 
 Standard safety features  In compliance with international standards 
 Advanced safety features  Automatic transmembrane pressure control; pre dialyzer, 

pre and post infusion pressure alarms 
 Touchscreen operation and 
ergonomic design 

 Touchscreen display settable at two different heights and 
adjustable by small rotation 

 Special features  Warning for potential hypotensive episodes (Soglia, using 
oxygen saturation) 
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•   Mid-dilution HDF [ 1 ,  2 ]: substitution fl uid is infused in post-dilution for the fi rst 
part of blood fl ow path and in pre-dilution for the second. The same dialysis 
fl uid fl ows against and with the current, respectively with the two blood fl ow 
paths.  

•   HFR [ 3 ,  4 ] and SUPRA [ 5 ]. A pump extracts untreated plasma water from the 
fi rst chamber of the dialyzer and pushes it into a cartridge where medium to 
high molecular weight hydrophobic toxins are adsorbed. The purifi ed ultrafi l-
trate is then returned to the blood fl ow before it enters the second diffusive 
chamber.     

  Fig. 7.1    Flexya 
HDF-machine       
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    Specifi cities of Disposables Required 

 Blood tubing set is characterized by the cassette system, which limits tubing con-
nections, reduces extracorporeal blood volume, and allows automatic loading and 
unloading of pump segments and blood lines. 

  Phylther  HF series dialyzers (for which auto-Qinf is optimized) or other high 
fl ux dialyzers can be used.  Olpur MD190 / MD220  are available, in which substitu-
tion fl uid is infused through a fi fth port into the dialyzer. HFR/SUPRA dialyzers 
consist of a double chamber fi lter characterized by either a high fl ux ( HFR ) or 
super-high  permeability membrane ( SUPRA ) in the fi rst chamber, followed by a 
second diffusive chamber. A cartridge fi lled with hydrophobic resin and special 
blood lines complete the extracorporeal circuit. 

  Dialyclean  and  H2OClean  are  Polyphenylene ® hollow-fi bre ultrafi lters sterilized 
by ethylene oxide for dialysis fl uid and infusion fl uid, tested for a 400 working- hour 
life on a daily usage. In  Dialyclean , a transponder identifi es the fi lter with a unique 
code, which records the fi lter as  used . This guarantees it cannot be used beyond the 
foreseen life-time, or reused.  

    Additional Therapeutic Options 

 Flexya offers several therapeutic options, such as:

•     Natrium  sensor: derives plasma sodium concentration from plasma water con-
ductivity measures in HFR/SUPRA treatments;  

•    Aequilibrium  application: helps to reduce the incidence of hypotensive phenom-
ena and disequilibrium syndrome, controlling plasma sodium via weight loss 
rate and conductivity profi les.  Aequilibrium  can be used with HFR, standard 
hemodialysis and HDF treatments;  

•   Thermal balance: helps keep a stable patient temperature, by means of the  Hemox  
temperature measurements on the arterial bloodline to establish the temperature 
of the dialysis solution.     

    Additional Monitoring Options 

 Treatment trends and patient condition, exploiting sensors installed on Flexya mon-
itor, are monitored and controlled in several ways:

•     Kt / V  application measures some of the effi cacy parameters of the treatment 
(Clearance, Kt, Kt/V), using conductivity measures and steps method;  

•   Blood pressure and heart rate are monitored via a sphygmomanometer;  
•    Hemox  optical sensor, applied on a special cuvette in the blood lines, continu-

ously measures hematocrit, oxygen saturation, and blood temperature;  
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•   Blood volume variations from baseline, derived from hematocrit measures;  
•    SOGLIA  [ 6 ] warns for potential onset of hypotensive drops in the patient, using 

oxygen saturation standard deviation monitoring;     

    Cleaning and Disinfection 

 In order to eliminate contamination and avoid biofi lm formation within the hydrau-
lic circuit, the following protocol is recommended: chemical disinfection with 
Oxagal (peracetic acid and oxygen peroxide based) after each treatment, alternating 
heat or chemical disinfection at the end of the day, a descaling procedure (citric acid 
at high temperature) at least once per week, and chemical disinfection with dwelling 
of the chemical agent during the weekend.  

    Risk Management System 

 Although one ultrafi ltration stage is enough for depuration purposes, a second stage 
is required by risk analysis to provide redundant safety and a “fi rst-failure proof” 
philosophy. The integrity of both ultrafi lters is tested before each treatment, while 
continuous pressure monitoring is performed during dialysis and cleaning sessions. 

  Flexya  measures standard fi stula and venous restitution pressure, pre-dialyzer pres-
sure, pre- and post-infusion pump pressure. Together with the peristaltic pump speed 
control and blood sensor monitoring, this allows complete control over the extracor-
poreal circuit behavior. Likewise, fl ow measurements, eight pressure measurements, 
tests on ultrafi lters and  differential fl ow meter , redundancy and tests on conductivity 
and temperature probes allow proper functioning and control of the hydraulic circuit.  

    Display of Settings and Connection to Hospital Information 
System 

 All results produced by such applications can be observed on different graphs plotted 
on the Flexya screen (Figs.  7.2  and  7.3 ). Alarm thresholds can be used for blood pres-
sure, heart rate, hematocrit, oxygen saturation, and volume variation. Data are available 
for shared authorized access through the hospital information systems on Ethernet port, 
and in specifi c cases for download on the patient’s card via RFiD data transmission.

        Cost Assessment 

 As a differential cost observation, on line priming, boluses and restitution give oper-
ators the possibility to completely avoid solution bags.     

A. Fiorenzi



93

  Fig. 7.2    Main page snapshot       

  Fig. 7.3    Blood parameters graph page snapshot       
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    Chapter 8   
 Online Hemodiafi ltration by Fresenius 
Medical Care                     

       Bernard     Canaud      ,     Pascal     Kopperschmidt     ,     Reiner     Spickermann    , 
and     Emanuele     Gatti   

    Abstract     Hemodiafi ltration has been identifi ed by Fresenius Medical Care (FMC) 
as a vital need to improve care and outcome of chronic kidney disease patients. By 
enhancing the removal of middle molecular uremic toxins and improving hemody-
namic and global tolerance of dialysis sessions, HDF was recognized as an effi cient 
dialysis modality and a mean to improve patient treatment perception and reduce 
disease burden. By providing fl uid substitution online, HDF appeared the only eco-
nomically and technically long-term viable solution. Online HDF therapy has been 
a major R&D focus for FMC over the last decades leading to the development of 
several online HDF machines with different features.  

  Keywords     AutoSub Plus   •   Disinfection   •   High volume HDF   •   Online hemodiafi l-
tration   •   Predilution   •   Postdilution   •   Substitution fl uid   •   Transmembrane pressure     

     Introduction 

 Hemodiafi ltration has been identifi ed by Fresenius Medical Care (FMC) as a vital 
need to improve care and outcome of chronic kidney disease patients [ 1 ]. By enhanc-
ing the removal of middle molecular uremic toxins and improving hemodynamic 
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and global tolerance of dialysis sessions, HDF was recognized as an effi cient dialy-
sis modality and a mean to improve patient treatment perception and reduce disease 
burden. By providing fl uid substitution online, HDF appeared the only economi-
cally and technically long-term viable solution [ 2 ]. Online HDF therapy has been a 
major R&D focus for FMC over the last decades leading to the development of 
several online HDF machines with different features [ 3 ], see Fig.  8.1 .

       Water Treatment System Required 

 The water treatment system for hemodialysis and hemodiafi ltration shall be designed 
on knowledge of the feed water characteristics. This system should ensure a water 
quality at the dialysis machine inlet complying to applicable national standards, as 
well as the international ISO 13959 standard (Water for haemodialysis and related 
therapies). Concentrates must meet the requirements of ISO 13958 (Concentrates 
for haemodialysis and related therapies), and the produced dialysis fl uid those of the 
ISO 11663 standard (Quality of dialysis fl uid for haemodialysis and related 
therapies).  

  Fig. 8.1    HDF machine       
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    Short Description and Outline of the HDF Machine 

 Touch screen is ensuring a user-friendly interface and displaying useful information 
(technical, therapeutical) user specifi c; a hydraulic circuit designed to produce elec-
trolytic dialysis and substitution fl uids in compliance with technical requirements 
and medical prescription; blood and hydraulic (dialysate and infusion) circuits acti-
vated by adjustable pumps and secured by appropriate sensors. In addition, the 
dialysate circuit includes a volumetric balance chamber. 

 State of the art HDF technology benefi ts from a hydraulic branch delivering 
online prepared substitution fl uid. Drawn from fresh dialysis fl uid by utilization of 
a specially designed ultrafi lter, substitution fl uid is fi lter-sterilized and depyroge-
nated. Since the substitution is a fraction of the dialysate fl uid pathway, the patients’ 
fl uid balance is assured in hydraulics using a volumetric balance chamber, which 
was a standard in Fresenius dialysis machines from the beginning. All fl uid path-
ways are tested against fl uid leakages before and disinfected after the treatment. 
Technical features of the 5008 dialysis machine are summarized in Table  8.1 .

       HDF Prescription Modality (Manual/Automatic) 

 Considering that blood fl ow, treatment time and weight loss are set according to med-
ical treatment, HDF prescription may be performed in manual or automatic mode [ 4 ]. 
In  manual mode , the user deselects the “AutoSub plus” function (5008 machines) and 
sets the substitution pump to the desired fl ow. In  automatic mode , the user selects the 
substitution mode (post, pre or mixed) depending on the HDF machine type, and the 
monitor will run automatically the session targeting to adjust substitution volume 
while keeping transmembrane pressure in a safe range. The substitution fl ow rate is 
adjusted automatically in consideration of blood viscosity, membrane size and fi ber 
geometry, see snapshot of screen in Fig.  8.2 . The Fresenius 5008 dialysis machine, 
equipped with ‘AutoSub plus’ allows to maximize HDF substitution volumes without 
treatment discontinuation by hemoconcentration- related alarms [ 5 ]. A dialyzer stress 
test by permanent analysis of static and dynamic pressures using extracorporeal and 
hydraulic sensors optimizes infusion rate for each patient individually.

   Consequently, high volume HDF is feasible in routine clinical practice [ 6 ]. By 
running HDF machine in ‘AutoSub plus’ mode, fi ltration fraction can be 
increased up to 30–35 % and total substitution volume by 13–20 % in post 
 dilution mode [ 7 ].  

    HDF Modalities 

 Post and predilution modalities can be run indifferently on the same HDF machine 
equipped with two pumps (for blood fl ow, and for substitution fl ow). Mixed-dilution 
modality requires a specifi c three pumps HDF machine (for blood fl ow, postdilution 
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and predilution). Management of fl ow pumps is ensured by pressure sensors 
(prefi lter, venous, hydraulic), integrated microprocessors and proprietary software 
that track continuously substitution fl ow and TMP and react in adjusting pre and 
postdilution fl ows to keep TMP in safe range [ 8 ].  

   Table 8.1    Technical features of the 5008 online HDF machine   

 Technical features  5008 online HDF (Fresenius) 

 Blood pump fl ow range (ml/
min) 

 30–600 ml/min 

 Dialysate fl ow (ml/min)  0; 100–1000 ml/min 
 Dialysate fl ow selection mode  Manual; eco-fl ow; auto fl ow 
 Emergency button  Yes 
 Substitution mode: manual/
automatic 

 Manual or automatic (AutoSub plus) 

 Settable parameter(s) in 
volume control mode 

 Substitution rate (ml/min); target substitution volume (L) 

 Substitution fl uid fl ow range  0–200 ml/min (0–1.2 L/h) 
 Electrolyte concentration 
adjustment 

 Pre-selected concentrates of Na and HCO3 in mmol/L 

 Substitution fl uid delivery 
options 

 Predilution, postdilution, mixed dilution 

 Online priming, rinsing, IV 
bolus 

 Yes 

 Stationary ultrafi lters  Yes, 2, Diasafe and online fi lter 
 Additional ultrafi lter  No 
 Integrity pressure test 
ultrafi lter 

 Yes 

 Blood access monitoring  Yes 
 Online clearance monitoring  Yes (OCM) 
 Blood volume monitoring 
(BVM) 

 Yes, optional 

 Blood temperature monitoring  Yes, optional 
 Other monitoring options  Yes, BVM, BTM, OCM 
 Alarm and information signals  Yes, blood circuit leakage, pressure alarms, dialysate 

composition, pressure test failure 
 IT connectivity  Yes, 
 Data transfer via patient card  TDMS 
 Standard safety features  Yes, complying to international standards 
 Advanced safety features  Yes, early detection of bleeding by dynamic pressure 

monitoring (DPM), leakage sensors on hydraulic circuit; 
optional: vascular access monitoring dislodgement (VAM) 

 Touchscreen operation and 
ergonomic design 

 Yes 

 Special features  Feedback controlled BVM/BTM 

B. Canaud et al.



99

    Specifi cities of Disposables Required 

 Hemodiafi lters are typically not captive of the blood tubing set. All high-fl ux hemo-
dialyzers, validated for online-HDF, can be used on FMC machines. It is mandatory 
to assess clinically the currently used hemodiafi lter to ensure that performance 
(ultrafi ltration and solutes clearance) and albumin loss are in the targeted range and 
conform to manufacturer description. Fresenius FX/F hemodiafi lters have been 
tested and validated for this application [ 5 ,  9 – 11 ]. 

 Specifi cally designed and featured with membrane characteristics that ensure 
sterile fi ltration of dialysis and substitution fl uids, are proprietary and captive of 
HDF machines. Two such ultrafi lters are inherent to the HDF machine, the fi rst 
(Diasafe) is placed on the inlet dialysis fl uid circuit and the second (Online Filter) is 
placed on the substitution circuit. The Diasafe fi lter is fl ushed regularly during the 
treatment. The Online fi lter operates in cross-fl ow mode. The membranes’ integrity, 
qualifi ed for 100 consecutive treatments, is assessed by a pressure holding test prior 
to dialysis [ 4 ].  

  Fig. 8.2    Snapshot of screen I       
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    Additional Therapeutic Options 

 Several additional technical features are basic or optional part of Fresenius HDF 
machines.

•    Blood temperature monitoring (BTM) (option) may be used for controlling ther-
mal balance of dialysis patient (isothermic, cooling) and reducing hemodynamic 
instability (reducing intradialytic hypotensive episodes), and can be used to mea-
sure blood access recirculation [ 4 ].  

•   Blood volume monitoring (BVM) (option) is used to assess blood volume reduc-
tion induced by ultrafi ltration. BVM relies on an ultrasound sensor coupled to 
the arterial blood tubing set that measures hematocrit associated blood density 
changes. This measurement of relative blood volume changes during HDF 
 provides a tool to estimate blood volume refi lling capacity and a patient thresh-
old limit for ultrafi ltration [ 12 ].     

    Additional Monitoring Options 

•     To determine ionic dialysance after modulation of electrolyte concentration, 
online clearance measurement (OCM) is intermittently applied and the clear-
ance or dose is displayed throughout the session, see Fig.  8.3 . OCM provides 

  Fig. 8.3    Snapshot of screen 2       
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quite reliable values refl ecting urea clearance, and is used as surrogate of dialy-
sis dose delivered. It has been validated in online HDF with large substitution 
volumes [ 12 ].

•      Feedback controlled BVM may facilitate treatment of hypotensive prone patients. 
The relative blood volume change is tracked during the session, and based on 
threshold limit set by the user, the algorithm of the HDF machine reacts in adjust-
ment of ultrafi ltration according to the refi lling capacity of the patient [ 13 ].     

    Cleaning and Disinfection 

 Several disinfection procedures have been validated and released for Fresenius 
HDF dialysis machines, e.g. Citrosteril™ heat disinfection or Puristeril™ cold 
disinfection.  

    Risk Management System 

    Safety Features 

 HDF machines are equipped with all safety devices required by standards to ensure 
maximum safety to patients and staff. The online substitution supply system in 
FMC Online HDF dialysis machines benefi ts from a redundant safety setup. In the 
unlikely case of a leaking ultrafi lter during treatment the concomitant fi lter still 
ensures sterility.   

    Display of Settings and Connection to Hospital Information 
System 

 The Fresenius Therapy and Data Management System (TDMS) consist of a set of 
applications linked to the dialysis machine network providing pre-setting of thera-
peutic parameter and treatment documentation. Data management associated with 
the HDF therapy is supported by TDMS.  

    Cost Assessment 

 Cost of HDF treatment relies on three main components: (1) Online HDF machine 
and technical feature options; (2) Disposable tubing sets and sterilizing ultrafi lters; 
(3) Microbiological monitoring of water and dialysis fl uid [ 14 ]. Points 1 and 2 will 
not be disclosed here since they are country specifi c and market related. Point 3 is 
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certainly the more sensitive one. In Fresenius HDF machine, blood tubing and sub-
stitution tubing lines are presented as single use disposable and proprietary sets. No 
additional and fi nal sterilizing fi lter is required on the substitution line. The two 
sterilizing ultrafi lters have to be replaced after 100 treatments or every 3 months. 
This cost benefi t has been recently confi rmed in an independent study showing that 
extra cost per treatment session was the lowest (−1.29 €) among assessed HDF 
therapies [ 15 ].     
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    Chapter 9   
 Nikkiso Hemodiafi ltration Equipment                     

       Daisuke     Toshigami     ,     Uwe     Rogalla    , and     Yoshiro     Ueda   

    Abstract     Observing the development of HDF patient numbers on a global scale 
between 2004 and 2010, the number of HDF patients increased by around 13 % per 
year. Online HDF was by far the predominant mode of HDF therapy, being applied 
to around 90 % of HDF patients in 2010. In this situation, NIKKISO has developed 
the “DBB-07” Dialysis System, which is focused on online-therapies. In this chap-
ter the DBB-07 features will be explained. 

   Keywords     Blood Volume Monitor (BVM)   •   Dialysis Dose Monitor (DDM)   • 
  Disinfection   •   Online hemodiafi ltration   •   Predilution   •   Postdilution   •   Substitution 
fl uid   •   Transmembrane pressure 

         Introduction 

 Observing the development of HDF patient numbers on a global scale between 
2004 and 2010, the number of HDF patients increased by around 13 % per year [ 1 ]. 
Online HDF was by far the predominant mode of HDF therapy, being applied to 
around 90 % of HDF patients in 2010. In this situation, NIKKISO has developed the 
“DBB-07” Dialysis System, which is focused on online-therapies, see Fig.  9.1 . In 
this chapter the DBB-07 features (see Fig.  9.1 .) will be explained.
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       Water Treatment System Required 

 The water treatment system for hemodialysis and hemodiafi ltration shall be designed 
on the knowledge of the feed water characteristics. This system should ensure a 
water quality at the dialysis machine inlet complying to applicable national stan-
dards, as well as the international ISO 13959 standard (Water for haemodialysis and 
related therapies). Concentrates must meet the requirements of ISO 13958 
(Concentrates for haemodialysis and related therapies), and the produced dialysis 
fl uid those of the ISO 11663 standard (Quality of dialysis fl uid for haemodialysis 
and related therapies).  

  Fig. 9.1    Dialysis machine        
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    Short Description and Outline of the HDF Machine 

 Hydraulic prescription: In the DBB-05, a specifi c tubing line with single use 
 dialysis fl uid fi lter (EFL-015) is needed for online HDF, and the prepared dialysis 
fl uid passes only one EF-02D fi lter before supplying fl uids to the dialyser. The 
hydraulic system of the DBB-07 has been upgraded with an additional dialysis 
fl uid fi lter (EF-02D) to ensure a quality of dialysis and substitution fl uid complying 
with  international standards [ 2 ]. 

 Dialysis fl uid and substitution fl uid: In contrast to conventional HDF treatments 
(with bags), the substitution fl uid used for the online HDF treatment is taken from 
the dialysis machine. The adjusted conductivity and temperature are continuously 
checked by independent monitoring systems to ensure safe operation. After passing 
two EF-02D fi lters, ultrapure substitution fl uid is then supplied to the blood circuit 
using the substitution pump. The DBB-07 has a function called ‘Flow application’ 
whereby the fl ow rate of the dialysis fl uid through the dialyser will not be infl uenced 
by the branched substitution fl uid. 

 Technical aspects of fl uid balance: The ultrafi ltration rate in the dialyser is 
 determined by the substitution fl uid fl ow rate and the intradialytic weight loss of the 
patient. 

 To control the dialysis fl uid fl ow and the removed ultrafi ltration volume, the 
DBB-07 has a closed loop system consisting principally of a duplex pump, an 
 ultrafi ltration pump and solenoid valves. The duplex pump is a volumetric instead 
of a chamber system, supplying and draining the same amount of dialysate to and 
from the dialyser. Technical features of the DBB-07 dialysis machine are 
 summarized in Table  9.1 .

       HDF Prescription Modality (Manual/Automatic) 

 The maximum substitution fl uid rate is limited depending on the selection of pre- or 
post-dilution and blood fl ow rate, in order to limit the hemoconcentration in the 
blood compartment. It is possible to link the blood fl ow rate with substitution fl uid 
rate by ratio setting. Dependent on whether pre- or post-dilution is performed, the 
substitution rate is governed by the blood pump speed.  

    HDF Modalities 

 The external scale offers at the moment the most fl exible system for dialysis thera-
pies. The DBB-07 with external scale can perform online treatments, see Fig.  9.2 , 
but also HDF (predilution or postdilution), HF and Acetate-Free Biofi ltration (AFB) 
treatments with solution bags. AFB is a special kind of treatment without acetate 
and bicarbonate in the dialysate.
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   Table 9.1    Technical features of the DBB-07 dialysis machine   

 Technical features  DBB-07 (Nikkiso) 

 Blood pump fl ow range (ml/
min) 

 40–600 ml/min 

 Dialysate fl ow (ml/min)  300–700 ml/min 
 Dialysate fl ow selection mode  Steps 1 mL/min 
 Emergency button  Bolus key and minimum UF key 
 Substitution mode: manual/
automatic 

 Automatic (ratio of blood fl ow) 

 Settable parameter(s) in volume 
control mode 

 Substitution ratio (%), substitution rate (ml/min), target 
substitution volume (L) 

 Substitution fl uid fl ow range  0.00; 0.10–18.00 L/h (OHDF) 
 0.00; 0.10–30.00 L/h (OHF) 

 Electrolyte concentration 
adjustment 

 Yes 

 Substitution fl uid delivery 
options 

 Pre, post 

 Online priming, rinsing, 
IV bolus 

 Yes 

 Stationary ultrafi lters  Yes, 2 EF-02D fi lters 
 Additional ultrafi lter  No 
 Integrity pressure test ultrafi lter  Filter test for leakage and clogging of fi lters 
 Blood access monitoring  Pressure and Kt/V measurement 
 Online clearance monitoring  Yes, optional 
 Blood volume monitoring 
(BVM) 

 Yes (Haemo-Master), optional 

 Blood temperature monitoring  No 
 Other monitoring options  Blood pressure monitor, optional 
 Alarm and information signals  4 lights external status display; alarm and information 

display with help message; outlet for alarm output 
 IT connectivity  Yes, optional 
 Data transfer via patient card  No 
 Standard safety features  Complying to international standards 
 Advanced safety features  Dialyser inlet pressure measurement, as an indication of 

hemoconcentration in the dialyser; Clean Coupling® for 
better hygiene; continuous monitoring system of a closed 
loop system (valves check function for safety); disinfectable 
concentrate suction nozzles 

 Touchscreen operation and 
ergonomic design 

 Yes 

 Special features  Flow application: the dialysis fl uid fl ow is not infl uenced 
by the branched substitution fl uid; external scale for H(D)F 
or AFB with bags, eco-friendly concentrate-, water- and 
energy- saving mode; optimized energy use as standard 
via integrated heat-exchangers; customizable operating 
screen 
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       Specifi cities of Disposables Required 

•     Hemodiafi lters 

 The DBB-07 is compatible with commercially available dialysers that are 
equipped with standard dialysis fl uid and blood connection (ISO8637).  

•   Blood tubing sets 

 The steam sterilized blood tubing lines (AV-06 series) and Online HDF line 
(C07J-P) can be used on DBB-07 with OHDF. The shunt lock connector cap 
(for A/V line) is equipped with an integrated discharge hook. The capless hydro-
phobic fi lters and the perfectly fi tting blood tubing lines facilitate the set-up of 
the DBB-07.  

•   Ultrafi lters 

 The membrane used for the EF-02D is Polyester Polymer Alloy (PEPA®), which 
is a unique membrane with a specially developed three-layer structure, providing 
excellent protection against endotoxins and their fragments. Using a fl uorescent 
endotoxin marker in laboratory tests, it has been shown that endotoxins are safely 
retained [ 3 ,  4 ].     

  Fig. 9.2    Snapshot screen I       
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    Additional Therapeutic Options 

•     Blood Volume Monitor (BVM, Haemo-Master) 

 The BVM continuously measures the relative blood-volume during the treat-
ment. This is the basis for the automatic regulation system Haemo-Master, which 
controls the conductivity and ultrafi ltration rate (UF rate). The intelligent 
 interplay of the regulation of the conductivity and UF rate adapts the blood vol-
ume changes to the ideal curve for the specifi c patient, in order to prevent hypo-
tensive episodes during the treatment. This option can be combined with all 
treatments; see Fig.  9.3  for a snapshot of the screen.

          Additional Monitoring Options 

•     Blood Pressure Measurement (BPM) 

 Continuous blood pressure measurement can be carried out during treatment, 
and monitored as a course chronologically on the screen. An automatic deactiva-
tion of the UF rate also occurs when the pre-selected pressure limits are reached.  

  Fig. 9.3    Snapshot screen II       
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•   Dialysis Dose Monitor (DDM) 

 DDM can monitor Kt/V continuously without interruption of the treatment and 
is easy to handle. It is activated automatically after entering the parameters. It is 
not necessary to enter the distribution volume, which is normally estimated using 
approximation formula to display expected accurate results.     

    Cleaning and Disinfection 

 The DBB-07 must have a disinfection with citric acid (50 %), or a chemical disin-
fection with peracetic acid or sodium hypochlorite before each on-line HDF/HF 
treatment. To optimize the hygiene of the dialysis fl uid circuit NIKKISO has inte-
grated the concentrate suction nozzles and patented Clean Couplings® into the dis-
infection cycle.  

    Risk Management System 

•     Continuous monitoring system of a closed loop system (see Short description 
and outline of the machine) 

 To ensure the accuracy of the closed system and ensuring no leakage during the 
treatment, the DBB-07 monitors hydraulic pressure as well as conductivity 
across the solenoids, duplex pump and ultrafi ltration pump valves.  

•   Dialyser inlet blood pressure (DIP) 

 The extracorporeal circuit of the DBB-07 incorporates dialyser inlet blood pres-
sure measurement. This enables an accurate TMP measurement and an indica-
tion of hemoconcentration in the dialyser, which is especially useful whilst 
carrying out high volume online HDF.     

    Display of Settings and Connection to the Hospital 
Information System 

 Data and information from the treatment procedure are sent simply and conve-
niently to the hospital information system via the hospital network. The DBB-07 
offers various interfaces for main software solutions with an experienced partner in 
the market.  
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    Cost Assessment 

 Please see below comparison table.   

    Conclusion 

 The DBB-07 provides HD, HF, HDF, OHF and OHDF with a safe system, reducing 
any risk to the patient, along with helpful monitoring functions of the patients con-
dition. This enables the operator to closely customize the treatment to the patients 
needs. When HDF is selected for a patient, an operator has to prepare the dispos-
ables and the device for HDF. The operators workload could increase in the future 
as the number of HDF patients is increasing. To make HDF therapies economical, 
easy to set up and assessable to all, NIKKISO are continuously developing their 
systems to meet todays needs.     
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 Consumables 

 DBB-05  DBB-07 

 HD 
 Online 
HDF  HD 

 Online 
HDF 

 Blood tubing lines and dialyser  X  X  X  X 
 Single dialysis fl uid fi lter (EF-02D)  X  X  –  – 
 Double dialysis fl uid fi lters (two EF-02Ds)  –  –  X  X 
 Substitution line with single use fi lter 
(EFL-015) 

 –  X  –  – 

 Substitution line without single use fi lter 
(C07J-P) 

 –  –  X  X 

 Saline bag  X  –  –  – 
 Cost assessment  100 %  300 %  100 %  100 % 
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    Chapter 10   
 Nipro Online Hemodiafi ltration System: 
Surdial ™ -X                     

       Matteo     Lavezzini     

    Abstract     The Surdial-X, manufactured by Nipro, is a dialysis machine that can be 
equipped with one, two, or three pumps. In its HDF confi guration, the machine 
permits double needle online HDF, in pre and post dilution, as well as single needle 
online HDF in pre and post dilution. All therapies can be carried out with different 
ultrafi ltration, bicarbonate and sodium profi les. A 15 inch touch screen display 
allows straightforward operations, properly assisting users with full-text guidance. 
The Surdial-X comes standard with two innovative techniques: Clean Treatment 
Start (CTS) and Dialysate Infusion Function (DIF). This last one permits the use of 
the typical online functions even without using the HDF circuit, extending their 
benefi ts also to regular HD treatments.  

  Keywords     Clean treatment start (CTS)   •   Dialysate infusion function (DIF)   • 
  Disinfection   •   Online hemodiafi ltration   •   Predilution   •   Postdilution   •   Substitution 
fl uid   •   Transmembrane pressure     

     Introduction 

 The Surdial-X, manufactured by Nipro, is a dialysis machine that can be equipped 
with one, two, or three pumps. In its HDF confi guration, the machine permits dou-
ble needle online HDF, in pre and post dilution, as well as single needle online HDF 
in pre and post dilution. All therapies can be carried out with different ultrafi ltration, 
bicarbonate and sodium profi les. A 15 inch touch screen display allows straightfor-
ward operations, properly assisting users with full-text guidance. The Surdial-X 
comes standard with two innovative techniques: Clean Treatment Start (CTS) and 
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Dialysate Infusion Function (DIF) (see Fig.  10.1 ). This last one permits the use of 
the typical online functions even without using the HDF circuit, extending their 
benefi ts also to regular HD treatments.

       Water Treatment System Required 

 The water treatment system for hemodialysis and hemodiafi ltration shall be designed 
on knowledge of the feed water characteristics. This system should ensure a water 
quality at the dialysis machine inlet complying to applicable national standards, as 
well as the international ISO 13959 standard (Water for haemodialysis and related 

  Fig. 10.1    Dialysis 
machine       
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therapies). Concentrates must meet the requirements of ISO 13958 (Concentrates for 
haemodialysis and related therapies), and the produced dialysis fl uid those of the ISO 
11663 standard (Quality of dialysis fl uid for haemodialysis and related therapies).  

    Short Description and Outline of the HDF Machine 

 The Surdial-X is a machine used for the treatment of patients with acute or chronic 
renal failure. In its HDF confi guration, the machine has a dedicated substitution 
pump, assuring the correct fl uid fl ow through a specifi c bloodline for HDF. To grant 
the appropriate purity of the dialysate fl uid, the machine relies on two endotoxin 
retention fi lters (cut fi lters). The dialysis fl uid will pass through the fi rst fi lter just 
after its preparation and subsequently through a second fi lter just prior to infusion 
into the bloodline, as substituting fl uid. The appropriate fl uid balance is obtained 
with the action of two internal chambers. Technical features of the Surdial-X dialy-
sis machine are summarized in Table  10.1 .

       HDF Prescription Modality 

 In the HDF settings, the Surdial-X permits double needle online HDF, in pre and 
post dilution, as well as single needle online HDF in pre and post dilution. In case 
of the single needle format, the machine must be confi gured with a third pump, 
specifi c for this treatment. All therapies can be carried out with different ultrafi ltra-
tion, bicarbonate and sodium profi les. The substitution volume can be managed 
automatically or manually. In this last case, the operator just has to program the 
desired substitution volume and time.  

    HDF Modalities 

 Independent of the type of HDF treatment (pre or post dilution), a specifi c online 
screen in the interface permits to manage the online function menu, setting the tar-
get fl uid replacement volume and rate, as well as the parameters for bolus injection, 
see Fig.  10.2 . The auto-sub function prevents hemo-concentration and clotting: the 
machine changes the substitution fl uid pump fl ow according to the blood pump 
fl ow, permitting automated fl uid replacement.

       Specifi cities of Disposables Required 

 The Surdial-X needs to be equipped with disposables for an accurate dialysis treat-
ment, including blood tubing sets, ultrafi lters and hemodialyzers. 
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   Table 10.1    Technical features of the Surdial ™ -X dialysis machine   

 Technical features  Surdial ™ -X (Nipro) 

 Blood pump fl ow range 
(ml/min) 

 10–600 ml/min 

 Dialysate fl ow (ml/min)  100–800 ml/min 
 Dialysate fl ow selection 
mode 

 Yes (including link with blood fl ow) 

 Emergency button  Yes 
 Substitution mode: manual/
automatic 

 Manual/automatic 

 Settable parameter(s) in 
volume control mode 

 0.00–720.0 L as substitution volume 

 Substitution fl uid fl ow 
range 

 0, 10–500 mL/min 

 Electrolyte concentration 
adjustment 

 Yes, concentration of Na + Electrolyte for conductivity control 
(0.0, 3.0–20.0 mS/cm) 

 Substitution fl uid delivery 
options 

 Postdilution, predilution 

 Online priming, rinsing, IV 
bolus 

 Yes 

 Stationary ultrafi lters  Yes, 2 for HDF (CF-609 N) 
 Additional ultrafi lter  Not needed 
 Integrity pressure test 
ultrafi lter 

 Yes 

 Blood access monitoring  Yes (control to arterial and venous pressure) 
 Online clearance 
monitoring 

 Calculation through Kt/V dose fi nder 

 Blood volume monitoring 
(BVM) 

 Under development 

 Blood temperature 
monitoring 

 Not available 

 Other monitoring options  Blood pressure monitoring 
 Alarm and information 
signals 

 Yes, available as visual alarm (3 colors light indicator), audible 
alarm (fi ve stage setting of sound intensity) and text messages on 
the touch screen interface 

 IT connectivity  Yes, export of data to external software with .XML or .HL7 fi les 
 Data transfer via patient 
card 

 Yes 

 Standard safety features  Venous pressure monitor, arterial pressure monitor, venous 
clamp, arterial clamp, blood leak detector, bubble detector, 
temperature monitor, conductivity monitor, blood pump monitor, 
UF monitor, TMP monitor, dialysate pressure monitor, close 
circuit test 

 Advanced safety features  Leakage sensor for hydraulic parts, leakage sensor for 
extracorporeal circuit, substitution port connection test 

 Touchscreen operation and 
ergonomic design 

 Yes 

 Special features  Clean treatment start, dialysate infusion function, single needle 
HDF in both pre and post dilution mode 

M. Lavezzini



115

 The use of Surdial-X is not limited to Nipro dialyzers, which makes it a very fl ex-
ible system. However, should the user prefer to couple the machine with Nipro’s 
dialyzers, the offer includes two families of products: ELISIO™ and SUREFLUX™. 
The ELISIO™ is a synthetic, Polynephron™ based membrane. It is a membrane that 
can be used for all modern techniques like HF, HD and HDF, during which it gives 
good clearance levels of small, middle and high molecular weight molecules keep-
ing the amount of albumin leaching within acceptable limits [ 1 ]. The SUREFLUX™ 
dialyzer has a natural based membrane made of cellulose triacetate, making it one of 
the preferred membranes for sensitive and allergic patients. The use of cellulose tri-
acetate membranes has become increasingly important due to the rising numbers of 
patients having an allergic response against synthetic  membranes [ 2 – 4 ]. 

 All Nipro dialyzers are di(2-ethylhexyl)phthalate (DEHP) free and additionally 
bisphenol A (BPA) free. If BPA is present in the dialyzers, either in fi ber and/or 
housing, it has been shown to leach from them [ 5 ]. BPA is a known endocrine dis-
ruptor, which is associated with increased prevalence of albumin leakage in urine 
[ 6 ] and cardiovascular complications [ 7 ] in humans. 

 Bloodlines are specifi cally designed for the Surdial-X, allowing functions like 
the machine-assisted insertion of the pump segments or the automatic selection of 
the treatment mode. The HDF treatments rely on specifi c bloodline components 
including tubes for the pre and post dilution. Nipro offers HDF lines for either stan-
dard or single needle treatments. The Nipro portfolio also includes endotoxins 
retention fi lters for ultra-pure dialysate fl uid.  

  Fig. 10.2    Snapshot screen I       
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    Additional Programs and Options 

 The Surdial-X comes standard with two innovative techniques: Clean Treatment 
Start (CTS) and Dialysate Infusion Function (DIF).

•    Clean treatment Start (CTS): permits the patient connection to the dialysis 
machine without infusing the priming solution into the patient; moreover, there 
is no need for an external drain bag, because the Surdial-X itself is used as a 
drain port to safely discard the fl uid present in the blood lines after the priming. 
This is benefi cial to patients with high blood pressure or high weight gain in the 
intra-dialytic period, as well as to nurses (avoiding the use of drain bags and the 
risks related to possible contact with blood) and administrators (escaping the 
cost of drain bags and related waste management).  

•   Dialysate Infusion Function (DIF) is a Surdial-X feature that allows the use of 
the typical online functions (machine priming, bolus administration and 
patient reinfusion) even without using the HDF circuit. Consequently, the 
advantages and the benefi ts of these functions are extended also to regular HD 
treatments.    

 Furthermore, in addition to the standard functionalities, extra options can be 
added. A second screen snapshot is shown in Fig.  10.3 .

  Fig. 10.3    Snapshot screen II       
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       Additional Monitoring Options 

 The Surdial-X can integrate an advanced system for Blood Pressure Monitoring (BPM). 
The system keeps monitored the blood pressure parameters of the patient (Systolic, 
Diasystolic, MAP, Pulse) at intervals that can be customized by the user. Furthermore, 
the patient himself can activate, by remote control, extra measurements in case of need. 

 BPM function permits to set alarm ranges for the above mentioned blood pres-
sure parameters. In case the value of BPM goes out of a preset range, the system 
alarms and, thanks to an internal feed-back, treatment’s Ultra Filtration Rate and 
Blood Flow turn into pre-set values automatically.  

    Cleaning and Disinfection 

 Before each online HDF treatment, the unit has to be heat-disinfected with citric 
acid, or a chemical disinfection with sodium hypochlorite has to be done. 
Concentrations of the disinfection solution are properly specifi ed on the unit’s 
instruction manual, as well as all important technicalities related to cleaning and 
disinfection. The compact design of the hydraulics of the Surdial-X permits an 
extremely limited disinfection time: for example, a minimum of 29 minutes is 
required for hot citric cycle in HD.  

    Risk Management System 

 The Surdial-X is classifi ed as class IIb according to 93/42/EEC Medical Device 
Directive and is equipped with all necessary safety features required for the perfor-
mance and patient security. Safety features include arterial/venous pressure 
 monitoring, arterial/venous clamps, bubble and blood leakage detectors, tempera-
ture monitoring, conductivity monitoring. A blood pump monitor acts as a protec-
tive system in case of blood coagulation in the blood line, triggering an alarm to 
assure patient safety. An alarm buzzer and a three-color light indicator promptly 
inform the user in case of malfunctioning. The safety control can be limited up to 
once every 24 months; maintenance every 24 months.  

    Display of Settings and Connection to Hospital Information 
System 

 All the settings of the Surdial-X are visualized on the touch screen, showing all 
parameters related to the operating mode, treatment and reinfusion processes, clean-
ing and disinfection, management of alarms. Regarding the connection to hospital 
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information system, the Surdial-X has networking capability, permitting the 
 transmission of treatment data from the machine to the network. Export of data to 
an external software can be done with .XML or .HL7 fi les.  

    Cost Assessment 

 In terms of costs, the Surdial-X in HDF confi guration requires the presence of two 
cut fi lters to assure the needed purity of the dialysis fl uid, as previously implied. 
Besides this, specifi c bloodlines for HDF are required when the machine is used in 
such modality. The online functionality, however, permits to avoid the use of 
 external saline solution; on the Surdial-X this possibility is not reserved to HDF 
confi guration, but also feasible on HD versions thanks to the standard DIF function. 
For these reasons, a specifi c cost analysis is recommendable on a case-by-case 
basis, according to the system’s confi guration and the treatments planned by the 
clinic.     
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    Chapter 11   
 Effects of Convective Dialysis Techniques 
on Electrolytes and Mineral Metabolism                     

       Andrew     Davenport      and     Marc     Vervloet     

            Sodium 

 Sodium is a small positively charged cation. Besides covalent binding, sodium will 
also bind electrostatically to negatively charged proteins and lipids and as such there 
is a difference between the absolute sodium concentration in serum and that reported 
by standard laboratory potentiometry methods which determine sodium activity. 
Thus, as blood passes through a dialyzer, only that sodium which is freely available 

 Abstract     During hemodiafi ltration, a large amount of substitution fl uid, which has 
the same electrolyte and buffer concentration as the dialysate, is infused into the 
patients. Since the composition of the dialysis fl uid is considerable different from 
the blood, bidirectional transmembrane exchanges occur which affect the fi nal bal-
ance of vital anions and cations. These dynamics are greatly infl uenced by both the 
site of the infusion, i.e. before, halfway or after the dialyzer, and the magnitude of 
the convection volume. The current chapter describes the effect of hemodiafi ltration 
on a variety of small molecular weight substances, such as sodium, potassium, cal-
cium, magnesium, bicarbonate, chloride, phosphate and acetate. In addition, the 
infl uence of hemodiafi ltration on some of the key parameters involved in CKD-
MBD, including vitamin D, parathyroid hormone and fi broblast growth factor 23, is 
discussed. 

 Keywords     Electrolytes   •   Sodium   •   Potassium   •   Magnesium   •   Bicarbonate   • 
  Chloride   •   Phosphate   •   Acetate   •   Vitamin D   •   Parathyroid hormone   •   FGF23   • 
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to diffuse will cross the dialyzer membrane into dialysate if there is a positive 
 gradient between serum sodium activity and that in the dialysate. As such sodium 
chemically or electrically bonded to other molecules is not freely available for dif-
fusion. In addition, diffusion of molecules must maintain electrical neutrality 
(Gibbs- Donnan effect). On the other hand, during convection sodium can move 
across the dialyzer membrane with convective plasma water movement, which 
includes “free” sodium but also sodium bound to small molecular weight com-
plexes. During extracorporeal therapies, the dialyzer membrane surface becomes 
coated with proteins. As such, sodium movement is then reduced by binding to 
proteins in this dialyzer membrane boundary layer. Thus, the amount of sodium in 
the ultrafi ltrate will be slightly lower than that in plasma water [ 1 ]. The sieving coef-
fi cient (the ratio of ultrafi ltrate to serum concentration) varies with predilution com-
pared to postdilution haemofi ltration, due to the diluting effect of infusing fl uid and 
differences in membrane protein deposition. Although the difference in sieving 
coeffi cient appears small (Fig.  11.1 ), this will potentially make a difference in 
sodium balance when large volumes of fl uid are exchanged (Fig.  11.2 ). The site of 
the replacement fl uid has a much greater potential effect on the sodium balance 
compared to the replacement/substitution fl uid sodium concentration [ 2 ].

  Fig. 11.1    Difference in sieving 
coeffi cient for sodium (ratio of 
ultrafi ltrate to plasma sodium 
concentrations) in ten patients 
treated by pre compared to 
postdilution mode isovlaemic 
haemofi ltration at an 
ultrafi ltration rate of 100 ml/min       

  Fig. 11.2    Difference in 
net sodium balance sodium 
comparing pre to 
postdilution mode in ten 
patients with isovolaemic 
haemofi ltration at an 
ultrafi ltration rate of 
100 ml/min. Mean and 
standard deviation       
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    HDF combines both convective and diffusive clearance [ 3 ]. The convective 
 element reduces net diffusion, particularly with the predilution mode by diluting 
 solute concentrations. Depending upon the gradient between dialysate and serum 
sodium concentrations, sodium may be additionally lost or gained by diffusion [ 4 ]. 
Pedrini proposed a formula to estimate sodium changes with different forms of dialy-
sis to account for different predialysis plasma sodium concentrations and different 
plasma to dialysate sodium gradients [ 5 ]. Acetate free hemodiafi ltration or biofi ltra-
tion (AFB), in which a bicarbonate free dialysate is used in combination with postdi-
lution infusion of sodium bicarbonate, leads to a greater predicted positive sodium 
balance, followed by postdilution HDF with lower convective exchange volumes 
(Fig.  11.3 ). In theory, high volume postdilution HDF would be predicted to lead to an 
increased positive sodium balance compared to standard bicarbonate haemodialysis 
(HD), as larger convective volumes will increase protein deposition on the dialyzer 
membrane surface so increasing the charged protein polarisation boundary layer and 
so restricting sodium movement from the plasma water into the ultrafi ltrate by reduc-
ing the sieving coeffi cient.

   Although convective modes appear to result in a positive sodium balance, it must 
be recognised this relates to isovolaemic treatments [ 6 ], whereas in standard clinical 
practice most patients gain weight between treatment sessions and so will require 
ultrafi ltration, which will result in a net overall sodium loss. However, HDF treat-
ments, particularly when operated in the postdilution mode, are more likely to lead 
to a positive sodium balance than equivalent predilution HDF treatments (Fig.  11.4 ) 
[ 5 ], and this needs to be considered when choosing a sodium concentration for a 
given on-line HDF modality. In clinical practice, when patients are switched from 
standard haemodialysis to haemodiafi ltration, a lower dialysate sodium concentra-
tion should be selected.

  Fig. 11.3    Theoretical predictive differences in sodium balance based on the Pedrini equation [ 5 ] 
between haemodialysis and haemodiafi ltration treatments, for a range of different dialysate 
(Dsodium) to plasma (Psodium) sodium gradients       
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       Potassium 

 Potassium is a small positively charged cation that is rapidly cleared during HD, as 
clearance is predominantly by diffusion. As with sodium, the sieving coeffi cient of 
potassium for convective clearance is less than one [ 6 ], and similarly the sieving 
coeffi cient is slightly higher for predilution HDF compared to the postdilution 
mode [ 2 ]. Compared to hemodialysis, less potassium will be removed by pure con-
vective treatments. Although the sieving coeffi cient of potassium is higher with 
predilution, as the replacement/substitution fl uids contain a much lower potassium 
concentration than the serum, the diluting effect of predialyzer fl uid administration 
results in a lower potassium clearance compared to postdilution mode. Although 
HDF adds a diffusive element to potassium clearance, the convective clearance 
reduces the diffusive potassium clearance during passage through the dialyzer, and 
as such reduces potassium loss. As such, HDF, particularly in the predilution mode, 
is not as effective in total potassium removal compared to HD [ 7 ]. Meanwhile, the 
changes in electrocardiography QTc intervals, QRS dispersion and supraventricular 
premature beats depend more on the gradient between plasma and dialysate con-
centrations, rather than dialysis mode [ 8 ,  9 ], and, as with HD, modelling of potas-
sium in the dialysate to minimise the potassium gradient reduces the risk of 
arrhythmias during HDF [ 10 ]. 

 Although potassium removal during HDF is not affected by dialysate sodium 
concentration, the post-treatment rebound in plasma potassium is faster and greater 
when a positive sodium gradient (dialysate to plasma sodium) has been used com-
pared to a negative sodium gradient [ 11 ].  

  Fig. 11.4    Theoretical predictive differences in sodium balance based on the Pedrini equation [ 5 ] 
between pre and postdilution modes of haemodiafi ltration treatments, for a range of different dial-
ysate (Dsodium) to plasma (Psodium) sodium gradients       
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    Calcium 

 Extracorporeal calcium clearance is more complex than that of sodium and potas-
sium due to greater protein binding of calcium. Approximately 40 % of serum cal-
cium is bound, predominantly to albumin, but also to other negatively charged 
proteins and solutes. The equilibrium dynamic between free and bond calcium is 
not only affected by albumin concentration but also pH. Thus, when considering 
calcium clearance during extracorporeal therapies, changes in serum bicarbonate 
and pH have to be considered. Due to protein binding, the sieving coeffi cient for 
calcium is lower than that for sodium and potassium (Fig.  11.5 ). The difference in 
calcium mass transfer between predilution and postdilution modes is greater for 
calcium compared to sodium and potassium, as the calcium concentration of the 
replacement/ substitution fl uids is typically higher than serum ionised calcium [ 2 ]. 
As such, with isovolaemic higher convection treatments (no net ultrafi ltration) then 
net calcium balance becomes more positive with postdilution mode [ 2 ,  12 ] 
(Fig.  11.6 ). Although calcium balance will also depend upon the calcium 

  Fig. 11.5    Difference in sieving 
coeffi cient for calcium (ratio of 
ultrafi ltrate to plasma calcium 
concentrations) in ten patients 
treated by pre compared to 
postdilution mode isovlaemic 
haemofi ltration at an 
ultrafi ltration rate of 100 ml/min       

  Fig. 11.6    Difference in net 
calcium balance comparing pre 
to postdilution mode in ten 
patients with isovlaemic 
haemofi ltration at an 
ultrafi ltration rate of 100 ml/min. 
Mean and standard deviation       
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composition of the replacement/substitution fl uids, as with sodium, the infusion site 
of replacement/substitution fl uids has a potentially greater effect on calcium  balance 
[ 13 ]. Although some calcium will be removed by net ultrafi ltration, most patients 
will be in a positive calcium balance when treated with convective techniques, and 
this accounts for the reports of lower PTH and greater response to calcifediol in 
patients treated by HDF [ 14 ].

    Although adding a diffusive clearance with HDF will alter calcium balance 
depending upon the gradient between the respective dialysate and serum ionised 
concentrations, convective clearance of calcium has a greater effect on net calcium 
balance [ 15 ]. Predilution mode will have the least effect on diffusive clearance. 
Depending upon the calcium concentration chosen, administration of fl uid in predi-
lution mode will either increase or reduce the ionised plasma calcium concentration 
entering the dialyzer, but as the same calcium concentration is present in both the 
dialysate and replacement/substitution fl uids, this will minimise the differential cal-
cium gradient, between calcium entering the hemofi lter and calcium in the dialy-
sate. The gradient for diffusion will potentially be greater in postdilution mode [ 13 ]. 
As such, calcium mass transfer in HDF is also affected by the infusion mode. For a 
given concentration gradient between blood and dialysate, calcium balance in low 
volume post-dilution HDF may be similar to conventional HD [ 15 ], or positive, 
depending upon the amount of ultrafi ltration [ 16 ]. Thus some clinicians have 
 suggested to lower the dialysate calcium concentration during postdilution HDF to 
reduce the risk of a positive calcium balance [ 12 ]. 

 As net calcium balance could be negative in the pre-dilution mode, especially 
with higher ultrafi ltration rates and targeted weight loss, it has been suggested that 
the dialysate calcium concentration should be increased by approximately 
0.25 mmol/l to maintain a comparable balance, when switching treatment from HD 
to pre-dilution HDF [ 15 ]. 

 When choosing a dialysate calcium concentration for HDF, ideally this should be 
prescribed taking into consideration both the predicted HDF dialysis calcium mass 
balance, and the other concomitant therapies (calcium containing medications, vita-
min D analogues) and the underlying type of mineral bone disease.  

    Magnesium 

 Magnesium, similar to calcium, has signifi cant plasma protein binding, with some 
40–50 % protein bound. As magnesium is widely present in the diet, healthy dialy-
sis patients are more likely to develop hypermagnesaemia, and as such most dialy-
sate and replacement/ substitution fl uids contain equivalent normal or low ionised 
levels of magnesium [ 12 ]. Magnesium has a similar sieving coeffi cient to calcium, 
and as the replacement/substitution fl uids have an equivalent magnesium concentra-
tion to the plasma ionised magnesium, predilutional modes may result in a negative 
magnesium balance, whereas postdilutional convective modes will potentially result 
in a positive magnesium balance [ 6 ]. 
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 The difference between calcium and magnesium balance is that most centres use 
a standard dialysate magnesium concentration of 0.5 mmol/l, which is around the 
lower limit of the normal plasma ionised magnesium concentration of 
 0.55–0.75 mmol/l, whereas on the other hand most dialysate calcium concentrations 
have a relatively high ionised dialysate calcium concentration of ≥1.0–1.25 mmol/l 
compared to the plasma ionised calcium concentration of 1.1–1.4 mmol/l [ 17 ]. As 
such, there is usually diffusive loss of magnesium during conventional HD. Adding 
a diffusive clearance with HDF may reduce diffusive losses in predilutional mode 
by diluting down the concentration gradient, and on the other hand increase 
 diffusional losses in the postdilutional mode. However as with calcium, convection 
plays a greater role in determining magnesium balance. Predilution leads to greater 
convective losses, which increase with higher convection volumes [ 2 ].  

    Bicarbonate 

 Bicarbonate is a small negatively charged anion which requires transport across cell 
membranes, yet due to the protein boundary layer deposited on the dialyzer surface 
readily passes across the dialyzer, with a slight positive sieving coeffi cient. As such 
the sieving coeffi cient is greater in predilutional mode compared to postdilution 
[ 18 ]. Most replacement/substitution fl uids contain supraphysiological levels of 
bicarbonate, and those for HDF will also contain a small amount of acetate, to pre-
vent calcium carbonate deposition [ 19 ]. Predilution convection will result in less 
overall base accumulation [ 20 ], as there will be increased convective losses of both 
bicarbonate and acetate compared to the postdilution mode. Infusion of bicarbonate 
into the plasma leads to an increase in plasma pH, which then results in both an 
increased infl ux of calcium into cells and also increased plasma protein binding, so 
increasing the overall net calcium balance. 

 Bicarbonate moves rapidly from dialysate into plasma by diffusion down a con-
centration gradient. As such, adding a diffusional element with HDF improves cor-
rection of acidosis compared to pure convection techniques. Although in theory 
predilution by reducing the concentration gradient could potentially reduce the net 
bicarbonate infl ux compared to postdilution mode, in clinical practice there is no 
discernible difference between pre- and postdilution modes due to the predominance 
of diffusive bicarbonate movement compared to that of convective transport [ 21 ].  

    Chloride 

 As with bicarbonate, the sieving coeffi cient for chloride convection is just above one 
with predilution HDF and falls slightly with post-dilution [ 2 ]. Although most chloride 
concentrations for HD dialysates are around 110 mmol/l, commercially available 
replacement/substitution fl uids for continuous forms of hemofi ltration and 
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hemodiafi ltration have a wide range of concentrations from 105 to 115 mmol/l. 
Depending upon the relative difference between serum and HDF replacement/substitu-
tion fl uids, chloride balance may be negative or positive [ 6 ,  20 ]. The use of replacement 
fl uids with lower concentrations of chloride increase the incidence of hypochloraemia, 
but improve the correction of metabolic acidosis, whereas higher chloride replacement 
solutions may lead to hyperchloraemia and metabolic acidosis. For the same chloride 
concentration predilution will tend to reduce chloride losses compared to postdilution 
[ 22 ]. 

 As with bicarbonate, chloride quickly diffuses across the dialyzer membrane 
during HDF. Although in theory predilution HDF mode will reduce any chloride 
gains and losses in hypochloraemic and hyperchloraemic patients respectively, 
compared to postdilution mode, in clinical practice chloride balance is predomi-
nantly determined by diffusion. Most commercially available dialysate fl uids con-
tain a chloride of 110 mmol/l, and this will determine net chloride gains and losses 
during a treatment session [ 21 ].  

    Phosphate 

 Although phosphate is a relatively small molecule, due to its charges it has a 
larger water shell and so moves somewhat slower, such that whereas urea concen-
tration in a red blood cell will fall during the time it takes to pass through the 
dialyzer, phosphate will not. As phosphate is predominantly intracellular, phos-
phate clearance by extracorporeal therapies is limited by the rate of movement 
from intracellular stores into plasma water, rather than by clearance from plasma 
water [ 23 ]. As replacement/substitution fl uids for hemofi ltration or hemodiafi ltra-
tion traditionally contain no phosphate, more phosphate is cleared with higher 
convection volumes [ 24 ] and postdilutional convective therapies clear more phos-
phate than predilution modes. Similarly, as dialysates do not contain phosphate, 
adding a diffusional clearance with HDF, then more phosphate is cleared by dif-
fusion than convection [ 25 ]. This diffusional element is lower in the predilutional 
mode as compared to postdilution HDF, and also reduced with increasing haema-
tocrit [ 25 ]. Several observational studies have reported that serum phosphate con-
centrations are lower when switching patients from HD to HDF, or comparing 
cohorts of HDF to HD patients with similar small solute clearance [ 26 ,  27 ]. In 
clinical trials, predialysis phosphate levels either did not differ between patients 
treated with online postdilution hemodiafi ltration or (mainly) high-fl ux hemodi-
alysis [ 28 ,  29 ], or was slightly but signifi cantly lower in patients treated with 
postdilution HDF as compared to low- fl ux hemodialysis [ 30 ]. However it has to 
be remembered that serum phosphate is a composite of dietary phosphate intake, 
gastrointestinal binding with phosphate binders, residual renal clearance and dia-
lyzer clearance.  
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    Acetate 

 Dialysates and on-line infusion fl uids are made by mixing treated potable water 
with acid and bicarbonate concentrates. The mixture then contains calcium and 
carbonate which can precipitate out within the dialysate circuitry in the haemodi-
alysis machine. To prevent or minimise such precipitation, a small amount of 
acetate (3–4 mmol/l) is typically added to the dialysate. Historically in the 
1960s–1980s standard dialysates for low fl ux haemodialysis contained acetate 
rather than bicarbonate as the anionic base. Although meta-analysis of randomised 
trials did not show an overall benefi t for bicarbonate dialysate, several studies 
linked acetate based dialysates with a greater risk for intra-dialytic hypotension. 
During on-line HDF, re-infusion of an acetate containing fl uid will lead to 
increased acetate delivery to the patient. Predilution fl uid replacement will reduce 
acetate delivery compared to postdilution at similar infusion rates. There will also 
be an additional acetate infl ux due to the presence of acetate in the dialysate. 
During on-line HDF the serum acetate will typically be limited to around a maxi-
mum of 0.5 mmol/l [ 31 ], but this hides the fact that there is a net acetate fl ux, with 
acetate passing into cells. Alternatives to on-line HDF include HDF using pre-
prepared sterile bags of substitution fl uid, or acetate free biofi ltration, in which a 
bicarbonate free dialysate is used in combination with reinfusion of sodium bicar-
bonate in postdilution mode [ 32 ]. Small studies have reported that acetate free 
treatments cause less leukocyte and monocyte activation and lower infl ammatory 
cytokine releases [ 33 ]. However there have been no clinical studies showing any 
differences in intra-treatment cardiovascular stability or longer term nutritional or 
survival differences between acetate containing fl uids and acetate free fl uids for 
HDF [ 5 ,  34 ]. 

 Teaching Points I 
•     High volume HDF may result in a net zero sodium balance, depending on 

the sodium concentration of the substitution fl uid used  
•   The infusion site of both calcium and sodium has a greater effect on ionic 

balance than its concentrations in the substitution fl uid  
•   High volume HDF may result in a positive calcium balance, depending on 

dialysate calcium concentration and prescribed medication  
•   Predilution HDF may lead to undesirable magnesium losses  
•   In HDF, both bicarbonate and chloride transport are mainly determined by 

diffusion  
•   As far as serum levels of phosphate are concerned, HDF offers no advan-

tage over high-fl ux HD.    
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       Vitamin D 

 Since the lipophylic vitamin D metabolites like cholecalciferol, calcitriol, and its 
catabolic products 24,25 dihydroxycholecalciferol and 1,24,25 (OH) 3  cholecalcif-
erol are all nearly completely bound to Vitamin D Binding Protein (VDBP), their 
clearance by either diffusion or convection is negligible. Although in peritoneal 
dialysis some vitamin D may be lost in the dialysate, along with VDBP, this dialysis 
technique too does not lead to a clinically relevant decline in its plasma concentra-
tions [ 35 ,  36 ]. Nevertheless, due to changes in calcium and phosphate homeostasis 
specifi cally induced by HDF techniques as described above, altered vitamin D lev-
els could be induced by biological feedback systems. In addition, improved clear-
ance by HDF of (yet unidentifi ed) middle-molecules involved in vitamin D 
metabolism could change its levels. 

 Observational data do show indeed that online HDF is associated with higher 
25(OH)D3 levels as compared to conventional HD [ 37 ]. Although no correction for 
potential differences in calcium balance was carried out, the presumed impact of 
calcium balance on this storage form of vitamin D is probably limited, and therefore 
this fi nding suggests either improved gastrointestinal uptake or cutaneous produc-
tion of 25(OH)D3, or delayed catabolism during HDF. The clearance of fi broblast 
growth factor 23 (FGF23), a vitamin D catabolic hormone, is higher for HDF, see 
next paragraph [ 38 ]. However, this does not explain the higher levels of 25(OH)D3, 
as the assays used to detect this vitamin D compound do not differentiate 25(OH)
D3 from its catabolic product 24,25(OH) 2 D3. FGF23 could however increase the 
ratio 24,25(OH) 2 D3/25(OH)D3, which may remain unnoticed due to the lack of 
 specifi city of the assay. Nevertheless, the observation that supplementation of non-
active vitamin D to patients treated by on-line HDF induces a higher peak level than 
those treated by conventional HD does suggest a “vitamin D sparing effect” of the 
former technique, see Fig.  11.7  [ 14 ]. This assumption is also supported by the evo-
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  Fig. 11.7    Response to treatment with calcifediol.  Left panel : Levels of 25(OH)vit D3 before and 
after 4 months of treatment with iv calcifediol (266 μg once a week after treatment) in 23 patients 
treated with high-fl ux hemodialysis and 13 patients treated with postdilution online hemodiafi ltra-
tion.  Right panel : Levels of 25(OH)vit D3 without supplementation during the same time frame in 
15 patients treated with high-fl ux hemodialysis and 8 patients treated with postdilution online hemo-
diafi ltration (Reprinted from Perez-Garcia et al. [ 14 ]. With permission from Revista Nefrología)       
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lution of 25(OH)D3 levels in non-supplemented patients in the two different dialy-
sis modalities, showing a steeper decline for conventional HD [ 14 ].

   Since the skin is the most important source of vitamin D by far, due to local pro-
duction under the infl uence of UV-B light, a potentially important advantage of 
HDF may be the improvement of skin hyperpigmentation as compared to conven-
tional HD [ 39 ]. This improvement is likely related to improved clearance of middle- 
molecules involved in regulation of melanin since this feature is also present in 
peritoneal dialysis [ 40 ]. The attenuated hyperpigmentation probably facilitates the 
penetration of UV-B light [ 41 ], although the hyperpigmentation in CKD may not be 
due solely to a melanin dependent mechanism.  

    Parathyroid Hormone (PTH) 

 PTH is a polypeptide hormone with a molecular weight of 9.4 kDa, and as such it 
classifi es as a middle molecule. These properties predict improved dialysability of 
PTH in HDF and indeed this hormone can be detected in the dialysate, although the 
amounts of intact PTH are low [ 42 ]. The most important method of clearance appears 
to be adsorption onto the dialyser membrane and is dependent on the material of the 
membrane used [ 43 ]. At least when compared to high-fl ux HD, online HDF does not 
lead to increased clearance of PTH in either observational studies [ 44 ] or prospective 
randomized trials [ 29 ]. Based on its molecular weight, improved clearance during 
HDF over low-fl ux HD is likely, as high-fl ux HD, even after correcting for ionized 
calcium, leads to lower PTH concentrations than low- fl ux HD [ 45 ]. 

 Besides direct increased clearance during HDF, this technique can infl uence 
PTH levels by modifying PTH secretion from the parathyroid glands. Several 
humoral factors are involved in PTH regulation, like calcium and phosphate con-
centrations, and active vitamin D and FGF23 levels. The latter two hormones are 
both inhibitors of PTH production and secretion, but their kinetics diverge during 
HDF. As vitamin D (at least 25(OH)D3) tends to increase and FGF23 tends to 
decline (see next paragraph), the net effect on PTH secretion may be balanced. As 
outlined above, HDF can impact calcium homeostasis in a complex fashion, depend-
ing not only on calcium concentrations in the dialysate and replacement fl uids, but 
also on to the mode of HDF, i.e. predilution or postdilution. Since calcium is the 
single most important immediate regulator of PTH secretion, and its effects are 
swift [ 46 ], the consequences of HDF on PTH are to a large extent mediated by 
changes in either calcium concentration or balance. Furthermore, some clearance of 
PTH by absorption onto the dialyser membrane or fi ltration across highly perme-
able dialysers also occurs [ 43 ]. Indeed, targeting calcium balance directly by modi-
fying calcium concentration in dialysate or replacement fl uid directly affects PTH 
concentrations [ 47 ], and therefore, an overall decline in PTH can be anticipated 
during HDF. This also applies to children where a low calcium concentration of 
1.25 mmol/l can be advised to prevent fracture risk due to PTH oversuppression 
when using calcium concentration of 1.5 mmol/l [ 48 ]. On the contrary, when a 
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replacement fl uid not containing calcium is used, calcium balance will be negative 
and PTH will increase accordingly [ 49 ]. An optimal calcium concentration during 
HDF, defi ned by a neutral effect on PTH, is between 1.25 and 1.5 mmol/l [ 50 ]. 

 Theoretically, in addition to calcium, differential effects of HDF as compared to 
conventional HD on phosphate concentrations or phosphate balance could impact 
PTH, as phosphate stimulates PTH, at least so in healthy subjects. However, as out-
lined in the previous section of this chapter, in contrast to observational studies or 
non-randomized trials [ 26 ,  27 ], well-designed prospective trials show no or only 
very limited enhanced phosphate clearance by HDF as compared to HD [ 29 ,  51 , 
 52 ]. Therefore, altered clearance of phosphate during HDF probably does not induce 
meaningful changes in PTH. 

 In conclusion, during HDF a slight decline in PTH can be expected, as a conse-
quence of increased clearance, absorption onto the membrane and a tendency for a 
slight positive calcium balance when using the same calcium concentration of the 
replacement solution as the dialysate in conventional HD. Given the increasing preva-
lence of adynamic bone disease in HD populations, and the association of that specifi c 
bone disease with dismal cardiovascular outcome, a slightly lower calcium concentra-
tion for the ultrapure dialysate and infusate during HDF could be considered.  

    Fibroblast Growth Factor 23 (FGF23) 

 Like PTH, FGF23 qualifi es as a middle-molecule. As the molecular weight of the 
biological active compound is 32 kD and this polypeptide is hydrophilic, theoreti-
cally increased clearance during HDF can be expected. Although the metabolic fate 
of FGF23 during end- stage renal disease is unclear, limited data point to dimin-
ished catabolism [ 53 ]. Therefore, the relative importance of renal replacement ther-
apy in clearing this phosphate-regulating hormone may be of high importance, 
given the strong predictive power of high levels of FGF23 to all cause and cardio-
vascular mortality [ 54 ]. Despite the above-mentioned properties, FGF23 levels 
decline with more intensive low-fl ux HD schedules as well [ 55 ]. This observation 
can likely be explained by improved control of circulating factors of importance for 
FGF23 production, like phosphate itself. As predicted from its properties, HDF 
leads to a decline of FGF23 of 56 % percent from its value directly prior to the treat-
ment session, as compared to a 36 % reduction during high-fl ux HD, pointing to the 
relative importance of convective clearance of this compound [ 38 ]. Likewise, in 
paediatric HDF, a substantial reduction of FGF23 was observed [ 48 ]. When com-
pared to low-fl ux HD, clearance of FGF23 by HDF is even more impressive, with 
negligible decline during the former modality [ 56 ]. In a small subset of the prospec-
tive CONTRAST trial, comparing low-fl ux HD with HDF, the former technique led 
to a 10 % reduction of FGF23, while patients randomized to HDF had a decline of 
almost 50 % (Den Hoedt, ASN 2010 PO1436). Despite the striking consistency that 
exists among large observational studies showing strong independent associations 
between FGF23 and a range of clinically important outcomes measures, no 
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evidence yet has shown improved outcome when directly targeting FGF23 by either 
modifying dietary phosphate intake or the use of phosphate binder therapy. If 
FGF23 decline induced by high-volume HDF improves clinical outcome is cur-
rently unknown. 
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    Chapter 12   
 Effects of Haemodiafi ltration 
of Anemia Control                     

       Lucia     Del     Vecchio     ,     Neelke     C.     van der     Weerd     , and     Francesco     Locatelli     

    Abstract     Anaemia secondary to chronic kidney disease is a complex syndrome. 
Adequate dialysis can contribute to its correction by removing small, and possi-
bly medium/large toxins that inhibit erythropoiesis. Accordingly, a positive rela-
tionship between anaemia improvement and dialysis dose has already been 
observed in the 1980s. Dialysate contamination and low-compatible treatments 
may also increase cytokine production and consequently inhibit erythropoiesis. 
Convective treatments and, particularly, on-line haemodiafi ltration, could theo-
retically improve anaemia correction by two mechanisms: higher removal of 
medium and large solutes (possibly containing bone marrow inhibitors) and 
reduced microbiological and pyrogenic contamination of the dialysate. 
Unfortunately, available results are confl icting, mainly because of differences in 
treatment modalities or membranes, and lack of control groups. Patient selection 
and higher achieved dialysis dose with online hemodiafi ltration may also have 
complicated interpretation. Increasing treatment time (nocturnal dialysis) and/or 
frequency (daily dialysis) may diminish rebound from the extravascular space of 
middle- large molecules and thus possibly improve anaemia. Again, available 
studies are confl icting.  
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     Introduction 

 Anaemia is a common complication of chronic kidney disease (CKD), affecting the 
majority of patients on dialysis. Traditionally, renal anaemia is treated by the admin-
istration of erythropoiesis stimulating agents (ESA), iron administration and blood 
transfusions in selected cases. Despite the fact that these strategies are available for 
decades, there are still many “grey areas”, such as the optimal haemoglobin (Hb) 
target concentration and concerns about the general safety of ESA and iron supple-
mentation. In particular, clinical trials investigating the role of complete anaemia 
correction with ESA have shown an increased risk of thromboembolic events (in 
particular stroke) and cancer-related death in the higher Hb target groups [ 1 ]. 
Currently, however, it is still unclear whether patient characteristics, such as co- 
morbidities and infl ammatory status, or treatment-related factors, including high 
ESA doses, expose patients to a higher risk of adverse events [ 2 ]. ESA hypo- 
responsiveness appears important, since for every range of achieved Hb levels, a 
higher ESA dose [erythropoiesis resistance index (ERI)] was associated with an 
unfavourable outcome [ 3 ,  4 ]. Moreover, irrespective of the achieved Hb concentra-
tion, those treated with the highest ESA doses had a signifi cantly higher relative risk 
for the primary end point [ 5 ], indicating that the ESA dose and not the achieved Hb 
was the principal determinant of clinical outcome. However, ESA dose may be a 
marker of a higher comorbidity burden as well. Overall, any effort to reduce ESA 
requirements for a given Hb target could be of potential benefi t.  

    Why Do Patients with Chronic Kidney Disease Develop 
Anaemia? 

 In CKD patients, the main factor causing anaemia is a reduced renal production of 
erythropoietin (EPO) by the failing kidneys, together with a resistance of the bone 
marrow cells to this hormone. The balance between the two conditions determines 
the severity of anaemia in the individual patient. Accordingly, some CKD patients 
may have near-to normal erythropoietin levels, which, however, are inadequate for 
the severity of anaemia. The presence of relative high endogenous EPO levels 
despite persisting anaemia is a marker of poor outcome [ 6 ], underlying the relative 
importance of factors that depress erythropoiesis. 

 The reduced erythropoiesis of CKD patients has several causes, including iron 
defi ciency, chronic infl ammation and oxidative stress. Causes of anaemia in CKD 
patients are summarised in Table  12.1 .

   Research from the 1960s already showed that toxic substances inhibiting eryth-
ropoiesis could be found in the serum of nephrectomised rabbits [ 7 ]. A number of 
metabolites or substances are potential uremic toxins, including various poly-
amines, such as spermine, spermidine, putrescine [ 8 ], cadaverine. High levels of 
parathyroid hormone can also worsen anaemia, although it may not specifi cally 
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suppress  erythropoiesis, but rather cause a fi brotic transformation of the bone 
marrow [ 9 ]. Polymeric polyamine-protein conjugates are more selective and accu-
mulate during dialysis, suggesting a possible causative role of dialysis treatment 
per se [ 10 ]. 

 Infl ammatory cytokines can also inhibit erythropoiesis. Although available data 
are not unequivocal, interleukin-6 (IL-6) has been found to antagonize the effect of 
EPO on bone marrow proliferation [ 11 ]. Actually, IL-6 levels were directly related 
to the ESA dose [ 12 ] and signifi cantly higher in patients treated with less compat-
ible membranes [ 13 ]. Together with C-reactive protein (CRP), IL-6 appeared to be 
a strong and independent predictor of ERI in HD patients [ 14 ]. An inverse correla-
tion between IL-6 and anaemia was observed also in CKD patients not yet on dialy-
sis [ 15 ]. Other pro-infl ammatory cytokines, including Interleukin-1 (IL-1), tumor 
necrosis factor-α (TNF-α) and interferon-ϒ (IFN-ϒ) have been related as well to 
EPO resistance [ 16 ,  17 ]. The latter substances, however, act by different mecha-
nisms, such as inducing a shortened red blood cell survival, abnormal mobilization 
of reticulo endothelial iron stores, blunted EPO response and impaired erythroid 
colony formation in response to EPO. 

 Uremic toxins originating from the gut may also negatively infl uence EPO syn-
thesis. Quinolinic acid, which is the product of tryptophan oxidation by intestinal 
bacteria, can both suppress erythroid colony formation [ 18 ] and inhibit EPO pro-
duction [ 19 ]. Indoxylsulfate, which accumulates early in CKD and exerts detrimen-
tal effects on the cardiovascular system, increases oxygen consumption in tubules 
and aggravates hypoxia in the kidney. Several data showed that indoxylsulfate sup-
presses EPO expression, which is partially mediated by a reduced induction of 
hypoxia-inducible factor (HIF)-1 target genes in the presence of hypoxia [ 20 ]. 

 A concomitant shortened red blood cell survival may also play a role. 
Infl ammation, increased oxidative stress and uremic toxins induce premature 
changes in the erythrocyte membrane and cytoskeleton, leading to exposition of 
phosphatidylserine at the cell surface and accelerated phagocytosis by macrophages. 
This phenomenon, called programmed cell death or eryptosis, is enhanced in 
CKD. Other uremic toxins, such as vanadate [ 21 ], acrolein [ 22 ], methylglyoxal 
[ 22 ], and indoxylsulphate [ 23 ] have been shown to trigger eryptosis as well.  

  Table 12.1    Factors 
contributing to anaemia in 
patients with chronic kidney 
disease  

 Low erythropoietin production (relative) 
 Absolute or functional iron defi ciency 
 Vitamin B12/folate defi ency 
 Shorter erythrocyte survival 
 Severe secondary hyperparathyroidism 
 Infections/chronic infl ammation 
 Bleeding 
 Inadequate dialysis 
 Malnutrition 
 Frequent blood sampling 
 Blood loss during dialysis 
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    Anaemia and Dialysis Dose 

 In 1980 it was already found that anaemia improved after the start of HD [ 24 ], 
which was then attributed to the removal of small molecules, which may inhibit 
erythropoiesis. If so, a higher dialysis dose, as indicated by Kt/V urea , would improve 
anaemia. In the 1990s, Ifudu et al. [ 25 ] found a direct relationship between haema-
tocrit and dialysis dose, which, however, could have been infl uenced by the con-
comitant shift from modifi ed cellulose to high permeable and more biocompatible 
membranes in the patients previously receiving inadequate dialysis [ 26 ]. Later, in 
large cohort studies, a clear relationship between the degree of anaemia and dialysis 
dose was found [ 26 ,  27 ], although it was not completely clear whether anaemia 
control improved by the application of a different dialysis modality and/or by an 
improved dialysis dose. More recently, Movilli et al. [ 28 ] found an inverse relation-
ship between ESA dose and Kt/V urea  in 68 patients on conventional HD, independent 
of membrane permeability and biocompatibility. In a larger cohort, this correlation 
was signifi cant only in patients with Kt/V urea  below 1.33 [ 29 ]. Gaweda et al. [ 30 ] 
confi rmed the observation that the relationship between dialysis dose and anaemia 
is not linear and vanishes when “adequate dialysis” (i.e. Kt/V urea  >1.4) is obtained.  

    Convective Treatments 

 Convective treatments combine large pore membranes with a high trans-membrane 
fl ux. Thanks to these properties, theoretically, middle molecular weight (MMW) 
inhibitors of erythropoiesis are more easily removed. However, due to obligate back 
fi ltration in high-fl ux HD the amount of convective transport is unpredictable, 
immeasurable and fl uctuates per treatment. Nevertheless, anaemia improvement 
had been observed after switching from standard HD to HD with high permeable 
and biocompatible membranes in several small and uncontrolled studies from the 
1990s [ 31 – 34 ], and more recently in a small randomised study as well [ 35 ]. The 
Italian Cooperative Dialysis Study compared biocompatible and traditional dialyz-
ers as well as convective and diffuse treatment modalities in 380 patients [ 36 ]. A 
secondary analysis showed a signifi cant increase in haematocrit levels in patients on 
high-fl ux polysulphone (PS) HD and high-fl ux PS haemodiafi ltration (HDF) com-
pared to those on low-fl ux treatments (cuprophane HD, low-fl ux PS HD), but did 
not fi nd any difference when all four groups were analysed separately. Hence, it is 
highly doubtful whether an increase in convective transport in the HDF group has 
infl uenced these fi ndings [ 37 ]. Finally, one large, observational, cohort study from 
the Japanese phase II DOPPS [ 38 ], as well as two randomised, controlled trials [ 39 , 
 40 ] failed to demonstrate an effect of high-fl ux HD on anaemia. Unfortunately, 
neither the Hemo-dialysis (HEMO) Study [ 41 ] nor the Membrane Permeability 
Outcome Study (MPO) study [ 42 ], which are the largest randomized clinical trials 
(RCT) that examined the effect of membrane fl ux and dialysis dose on clinical 
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outcomes, published data on anaemia control (although unpublished data of the 
MPO study do not suggest that high-fl ux was superior to low-fl ux in this respect).  

    Online Haemodiafi ltration 

 Online HDF is probably the most effi cient technique of removing solutes up to 
50 kD. Since the dialysis fl uid in this modality is obligatory ultrapure (bacterial 
contamination <0.1 CFU/ml, LAL <0.025 IU/ml), both high convection coupled 
with purity may constitute the rationale for an improvement of anaemia. 
Unfortunately, studies investigating the effects of HDF on anaemia and iron param-
eters, as well as on ESA dosing and iron supplementation differ considerably in 
design, patient numbers, control group and endpoints (Table  12.2 ). In most publica-
tions, anaemia management was a secondary endpoint, without providing informa-
tion on iron parameters and iron supplementation. Lin et al. [ 43 ] switched 92 
patients from conventional HD to on-line HDF and found a signifi cant decrease of 
the median ESA/haematocrit ratio (from 504.6 ± 310.1 to 307.6 ± 334.4), which 
might, however, be also the result of a marked increase in Kt/V in this group. 
Bonforte et al. [ 44 ] studied 32 patients treated by on-line HDF for at least 9 months 
in whom the dialysis dose was kept constant. Despite the small sample size and the 
lack of a control group, a signifi cant increase in Hb levels was found in patients 
without ESA therapy and stable Hb values and lower ESA doses in those patients 
who already received ESA therapy. Vaslaki et al. [ 45 ] performed a randomised, 
cross-over study in 70 patients receiving either HDF or conventional HD for 
6 months. Overall, a higher haematocrit at a lower ESA dose was found during the 
HDF period, although these data were less distinct when considering separately the 
two groups undergoing HDF. Finally, two small, RCTs [ 46 ,  47 ] failed to demon-
strate an effect of HDF on anaemia control, which may be due to an inadequate 
statistical power (a relative small sample size to test the difference between two 
effi cient dialysis techniques).

   To overcome the issue of small sample size, in 2013 a meta-analysis of 65 studies 
was performed (12,182 patients, only studies published before December 2012 
included) comparing convective therapies (including high-fl ux HD, hemofi ltration 
[HF] and HDF) with low-fl ux HD, which did not show an improved anaemia control 
nor a decreased ESA dose or improved iron parameters in patients treated with con-
vective therapies [ 48 ]. After publication of this meta-analysis, several larger ran-
domised studies have been published on this topic. 

 In 2012 a pre-specifi ed secondary analysis of a multicentre, open-label, RCT of 
146 CKD patients, who were randomized to standard HD (70 patients) or convective 
treatments (online pre-dilution hemofi ltration [n = 36] and online pre-dilution HDF 
[n = 40]) was published by Locatelli et al. [ 49 ]. In comparison with low-fl ux HD, 
neither HF nor HDF signifi cantly improved Hb levels or ESA requirements. The 
randomised CONvective TRAnsport STudy (CONTRAST) [ 50 ] compared low-fl ux 
HD with online HDF on survival in 714 participants. The effect of online HDF on 
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ESA resistance and iron parameters was a pre-specifi ed secondary endpoint of this 
RCT [ 51 ]. After 12 months, ERI was not different between patients treated with 
HDF or HD. Even in the highest third of convection volume (>22 L), which was 
associated with a benefi cial effect of HDF on mortality, there was no effect on ESA 
resistance. In these individuals only a trend towards a lower transferrin saturation 
ratio and lower ferritin levels was found, despite slightly more iron supplementa-
tion. The Turkish Online Haemodiafi ltration Study [ 52 ] randomised 782 HD patients 
to either post-dilution online HDF (mean convection volume 19.6 L/session) or 
high-fl ux HD. Despite a similar clinical outcome in the two groups, the mean ESA 
dosage was signifi cantly lower in the HDF group than in the HD patients (2282 ± 2121 
versus 2852 ± 2702 U/week, respectively, P = 0.001). The On-Line Hemodiafi ltration 
Survival Study (ESHOL) was a large, multicenter, open- label, RCT in which 906 
chronic HD patients were randomised to continue standard HD (n = 450) or to switch 
to high-effi ciency post-dilution online HDF (n = 456) [ 53 ]. Despite a signifi cant 
reduction in all-cause and cardiovascular mortality, which were the primary end-
points, Hb levels and ESA dose did not differ between groups. Finally, it should be 
mentioned that increased ESA requirements in patients treated with HDF were 
reported as well in some studies [ 54 ,  61 ]. Apart from an inadequate study design, 
repeated blood loss due to recurring clotting in the extracorporeal circuit as a result 
of increased pro-coagulatory activity during HDF and increased post fi lter Ht levels 
in post-dilution HDF may play a role in this respect (see also Chap.   15    ). 

 Stimulated by the favourable results of ESHOL on clinical outcome, the REDERT 
study was designed to test the effect of high-volume (>20 L/session) HDF on ERI 
and hepcidin levels. In this two-arm, multicentre, crossover study, 40 stable HD 
patients were randomised to either online HDF or standard low-fl ux HD [ 55 ]. 
Interestingly, ERI was signifi cantly reduced during the HDF period, while it 
increased during standard HD. Actually, Hb levels remained stable, while the total 
amount of ESAs administered during HD was considerably higher (HD 
192,444 ± 131,341 versus HDF 135,955 ± 96,070 UI/6 months, respectively; p 
< 0.001). Hepcidin levels were also lower in HDF compared to standard HD. 

 Several factors could well explain the different results of the various trials. First, 
patient selection might play an important role, as stable patients without co- 
morbidity or intercurrent illness, such as infections, may profi t less from the benefi -
cial effects of HDF on clinical outcome. Second, anaemia management is target 
driven and treating physicians may not necessarily adhere to the same guidelines 
because of cultural, geographical or economical reasons. Indeed, in multivariate 
analysis Locatelli et al. [ 49 ] found that the participating centre was the most signifi -
cant predictor of Hb levels and ESA resistance, suggesting a large degree of hetero-
geneity among individual centres in treating anaemia. Third, the improved anaemia 
control in patients treated with HDF may not be caused by the effect of convective 
transport, but by the use of ultra pure dialysate. Many studies have shown that the 
use of ultrapure dialysis fl uid results in increased Hb levels and diminished ESA 
requirements [ 56 – 58 ]. In this respect it should be mentioned that occasionally a 
benefi cial effect of HDF on anaemia control was found when ultrapure dialysis fl uid 
was not used in the control group (or at least dialysis fl uid of inferior quality com-
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pared to the fl uid used for HDF) [ 52 ,  53 ,  56 ,  59 ]. Another factor that may contribute 
to the confl icting fi ndings of HDF on anaemia control is the magnitude of the con-
vection volume, which, as aforementioned, has been related to survival [ 60 ]. At 
present it is unclear whether there is also a dose-response effect on anaemia control. 
Finally, HDF may increase the clearance of erythropoiesis inhibiting toxins, 
although the concomitant removal of essential substances needed for erythropoiesis 
may occur as well. Examples of the fi rst category are infl ammatory toxins and hep-
cidin. Two studies showed a decrease in hepcidin levels in patients treated with 
HDF [ 55 ,  61 ], but only one of them showed improved ESA responsiveness [ 55 ]. In 
this respect, however, the treatment period of only 2 months may have been too 
short to obtain signifi cant and reliable fi ndings. Others showed an increased clear-
ance of hepcidin with HDF as well [ 62 ], but also a substantial rebound of hepcidin 
levels already 1 h after a conventional HD session [ 63 ]. Since hepcidin is highly 
protein bound, its removal may differ according to dialysis the modality or mem-
branes used [ 64 ]. Nevertheless, the reduced ferritin levels in patients treated with 
HDF in two studies may indicate an improved iron utilization, which may be medi-
ated by reduced hepcidin levels because of a decrease in infl ammation [ 44 ,  61 ]. No 
data are available on loss of substances, which are essential for erythropoiesis by 
HDF, except for vitamin C, which enhances iron availability [ 65 ].  

    Intensifi ed Extracorporeal Dialysis Strategies 

 The clearance of MMW toxins by dialysis techniques is limited by their high intra- 
corporeal mass transfer resistance [ 66 ]. As a result, optimal removal of these solutes 
by dialysis requires both enhanced convective clearance, such as with HDF, and 
increasing treatment time and/or frequency, which may diminish rebound from the 
extravascular space [ 67 ]. In this respect, increasing treatment frequency (short daily 
dialysis) or time (nocturnal dialysis or long dialysis), or both (daily nocturnal dialy-
sis), may be interesting treatment options to improve ESA response, given their 
capacity of better removing MMW toxins [ 68 ]. The experience of the Tassin Centre 
in France showed good anaemia control in patients treated with low-fl ux HD three 
times per week for 8 h [ 69 ]. This effect is most likely mediated by the removal of 
small molecules, but also to a certain extent of MMW toxins, thanks to the very long 
dialysis time. Unfortunately, in this study no control group was included. 

 In 2008 a systematic review of small studies on the effects of short daily HD on 
various clinical parameters was published [ 70 ]. In six studies, the ESA dose was 
reduced, whereas in two studies no difference with standard HD was observed. The 
Frequent Hemodialysis Network (FHN) performed a trial on 245 patients who were 
randomized to either short daily or conventional HD [ 71 ]. The ESA dose was not 
different between both treatment arms, as were Hb levels [ 72 ]. Similarly, studies on 
the effect of increasing both treatment frequency  and  time, as in nocturnal HD, have 
shown mixed results [ 73 ,  74 ]. In a retrospective Canadian study, 63 patients treated 
with nocturnal HD had a rise in Hb levels and a fall in ESA requirements, whereas 
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iron saturation was lower compared to conventional dialysis [ 75 ]. In the FHN 
Nocturnal Trial, 87 patients were randomized to receive either nocturnal HD (six 
times/week for more than 6 h) or conventional HD [ 76 ]. In this study, ESA dose was 
not different between groups, despite lower doses of IV iron in those treated with 
nocturnal HD [ 72 ]. Finally, in a cross-over study 26 patients were switched from 4 
to 5 h thrice-weekly HDF to 7–8 h nocturnal every-other-day HDF with the same 
(20–30 L) or higher (35–50 L) convective volume [ 77 ]. While nutritional status, 
phosphate and hypertension control improved and left ventricular mass (LVM) 
decreased over 12 months’ of follow-up, in the higher convective volume group 
neither Hb levels, nor ESA index or iron parameters changed. In this respect it 
should be noted that more frequent and/or longer exposure to blood tubes, dialyzers 
and dialysis fl uid, as well as repeated cannulations, may result in an enhanced 
infl ammatory state and increased blood loss [ 67 ,  68 ], although in the FHN trial 
patients on nocturnal dialysis needed less iron supplementation than those treated 
with conventional HD [ 72 ].  

    Conclusion 

 Improving anaemia control in dialysis patients by removing erythropoiesis inhibiting 
toxins or substances involved in ESA responsiveness seems a logical and desired 
treatment option, since treatment with high ESA doses, especially in patients with a 
marked ERI, may be associated with detrimental effects. Over the past decades, 
many toxins that inhibit erythropoiesis and decrease red blood cell lifespan have been 
identifi ed. Removal of these substances might have a benefi cial effect on anaemia 
control. Treatment with HDF not only enhances the clearance of small and MMW 
uremic toxins, but also induces less infl ammation than standard HD because of the 
ultrapure dialysis fl uid applied. Therefore, HDF may, at least theoretically, have a 
benefi cial effect on anaemia control and ESA resistance. However, results of clinical 
studies on this topic are confl icting and differ substantially with respect to the treat-
ment protocol (including dialyzers and use of ultrapure dialysis fl uid), control group 
and the treatment dose (i.e. applied convection volume). As for the effect of HDF on 
iron supplementation, data are even more limited. Considering alternative extracor-
poreal dialysis modalities, such as short daily HD or long/nocturnal HD, results of 
available studies are confl icting as well. Hence, when looking exclusively at anaemia 
control, no single treatment modality seems to be really preferable over the other. 

 Teaching Points 
•     Renal anemia is multifactorial and results from a decreased EPO produc-

tion and responsiness, a shortened red blood cell survival (eryptosis) and/
or shortage of essential nutritients  

•   ESA hypo-responsiness plays an important role in the risk of adverse 
effects  
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    Chapter 13   
 Effects of Hemodiafi ltration of Infl ammation 
and Oxidative Stress                     

       Andrew     Davenport     

    Abstract     Both observational and randomised trials comparing hemodiafi ltration 
(HDF) with hemodialysis (HD) generally showed an improvement of the infl amma-
tory state and oxidative stress in patients treated by HDF. Results do vary from 
study to study, however, not only due to differences in design and patient recruit-
ment, but also secondary to differences in dialysis water quality, HDF mode and 
magnitude of the convection volume achieved. If HDF leads to a reduced (micro)
infl ammation in patients with chronic kidney disease, then the question arises as to 
whether this translates into clinically relevant measures. With respect to erythro-
poeitine (EPO) use, especially the earlier trials, when higher haemoglobin targets 
and greater use of erythropoietins were required, did suggest that HDF was associ-
ated with lower EPO requirements. These fi ndings, however, were less clear in more 
recent large RCTs comparing online postdilution HDF with HD. Two prospective 
trials reported improved nutritional status with HDF, with objective changes in body 
composition as demonstrated by bioimpedance and DEXA scanning. There have 
been few studies which investigated whether switching from HD to HDF improved 
patient quality of life, and the results have been somewhat contradictory. Whether 
the small reduction in infl ammation underlies the benefi cial effect of high volume 
HDF on all cause and cardiovascular mortality, which is extensively discussed in 
Chap. 16, is an interesting, but currently unproven, option. 

   Keywords     Infl ammation   •   Hemodiafi ltration   •   Oxidative stress   •   Advanced glyco-
sylation end products (AGEs)   •   Convection   •   Cytokines 

   Abbreviations 

   CKD    Chronic kidney disease   
  CRP    C-reactive protein   
  ECC    Extra- corporeal circuit   
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  HD    Hemodialysis   
  HDF    Hemodiafi ltration   
  IDH    Intra-dialytic hypotension   

          Introduction 

 Patients with chronic kidney disease stage 5 (CKD5) have increased systemic 
infl ammation and oxidative stress irrespective of whether they are managed conser-
vatively or treated by dialysis. Progressive loss of residual renal function leads to 
the accumulation of uraemic toxins (Table  13.1 ). Some of these toxins, such as 
p-cresol and indoxyl sulfate are formed as by-product of tyrosine and phenylala-
nine, and tryptophan metabolism respectively, by bacteria in the gastrointestinal 
tract, whereas other uraemic toxins, including carbamylated albumin and other pro-
teins accumulate due to increased production and others such as advanced glycosyl-
ation end (AGEs) products, β2 microglobulin, plasma light chains and circulating 
cell free DNA simply accumulate due to reduced renal clearance. However, in 

   Table 13.1    List of azotaemic toxins which predominantly affect the vascular endothelium   

 Uraemic toxin  Metabolism  Excretion  Synthesis  Pathophysiology 

  Small water soluble  
 Guanidines 
(ADMA) 

 L arginine  ↓  ↑  Endothelium 

 Uric acid  Purines  ↓  Endothelium 
 Phosphate  Diet  ↓  Endothelium 
 Homocysteine  Methylation  ↓  ↑  Endothelium 
  Middle molecules  
 FGF-23  Hormone  ↓  ↑  Endothelium 
 Leptin  Hormone  ↓  Endothelium 
 PTH  Hormone  ↑  Endothelium 
 Calciprotein  Particles  ↓  ↑  Endothelium 
 AGEs  Glucose  ↓  ↑  Endothelium 
 AOPPs  Dityrosine  ↓  ↑  Monocyte activation 
 Cell-free DNA  DNA  ↓  Toll 9 receptor 
  Protein bound toxins  
 P-cresyl  Tyrosine and 

phenylalanine 
 ↑  Endothelium 

 Indoxyl sulfate  Tryptophan  ↑  Endothelium 
 Carbamylation  Albumin  ↑  Endothelium 
 Carbamylation  Lipoproteins  ↑  Endothelium 

   ADMA  Asymmetric dimethylarginine,  FGF-23  Fibroblast growth factor-23,  AGEs  advanced 
glycosylation end products,  AOPPs  advanced oxidized protein products  
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addition to infl ammation driven directly as a consequence of the retention products 
of uraemia and treatments, there are additional pro-infl ammatory factors 
(Table  13.2 ).

    Several of these uremic toxins, including p-cresol, indoxyl sulfate, homocys-
teine, AGEs and β2 microglobulin have been reported to be independent risk 
factors for cardiovascular disease in the CKD5d patient [ 1 – 3 ]. After cardiovas-
cular causes, infectious diseases are the next most common cause of death for 
dialysis patients with increased mortality rates being greatest for sepsis, fol-
lowed in descending order by peritonitis, infl uenza, tuberculosis and pneumonia 
[ 4 ]. Patients with CKD are more susceptible to some infections, as the azotaemic 
state alters innate immunity, with reports of reduced monocyte Toll like receptor 
(TLR) 4 expression [ 5 ], reduced B lymphocyte cell populations [ 6 ], and impaired 
polymorphonuclear chemotaxis and phagocytosis [ 7 ] (Table  13.3 ). It has also 
been proposed that changes in the gastro-intestinal microbiota, due to the azo-
taemic milieu and changes in diet accompanied by increased intestinal permea-
bility to endotoxin, results in a persistent activation of the innate immune system, 
with induction of regulatory mediators of the immune system which then sup-
press both innate and adaptive immunity [ 8 ]. Additionally, immune responses 
may also be impaired by poor nutritional status, malnutrition and vitamin D 
defi ciency [ 9 ].

   Infl ammation leads to protein energy wasting (PEW), combining central appetite 
suppression, increasing risk of depression, insulin resistance with increased muscle 
breakdown and reduced physical activity. Infl ammation leads to an increased endo-

   Table 13.2    Patients with chronic kidney disease are at increased risk of both acute and chronic 
infections   

 Infection  Risk factor 

 Chronic infections  Periodontal disease  Jaw bone loss 
 Tuberculosis (TB)  Reactivation dormant TB 
 C.pneumoniae  Reduced clearance 
 H. pylori  Increased gastric urea 

 Acute infections  Urosepsis  Polycystic kidney disease 
 Urogentinal abnormalities 

 Septicaemia  S.Aureus colonisation 
 Central venous catheters 
 Arterio-venous (A-V) grafts 
 Buttonhole A-V fi stulae 

 Lower respiratory tract infection  Pulmonary congestion 
 Colitis  C.Diffi cile 

 Addition al risk  Co-morbidity  Diabetes mellitus 
 Congestive cardiac failure 
 Multiple myeloma 
 Failed renal transplant 
 Previous immunosuppression 
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thelial permeability and expansion of extracellular water, which in turn leads to 
macrophage recruitment and activation, increasing local infl ammation and the pro-
duction of reactive oxygen species, AGEs and advanced oxidised protein products 
(AOPPs) [ 10 ,  11 ]. This then leads to a vicious cycle which can be diffi cult to break 
in clinical practice.  

    Removal of Uremic Toxins by Hemodiafi ltration (HDF) 

 HDF provides additional convective clearance compared to standard hemodialysis 
(HD). Small water soluble compounds such as uric acid are effectively removed by 
diffusion, so HDF, especially in predilution mode is less effective for urate clear-
ance than HD. However, larger molecules such as asymmetric dimethylarginine 
(ADMA), with a molecular weight of just over 200 D, is more effectively cleared by 
postdilution HDF than HD [ 12 ]. Similarly both phosphate and β2 microglobulin 
clearance are increased by postdilution HDF compared to highfl ux HD [ 13 ]. Small 
peptide hormones such as leptin and FGF23 have increased clearance with on-line 
HDF [ 14 ,  15 ]. Both HDF and high fl ux HD have been reported to reduce circulating 
AGEs during a single treatment session, however postdilution HDF removes some 
50 % more, and only HDF has been shown to produce a reduction in serum AGEs 
levels over time [ 16 ]. Similarly postdilution HDF clears more mitochondrial and 
cell free DNA fragments, during a treatment session, than highfl ux HD [ 17 ]. 

 Studies measuring protein bound solute clearance have not demonstrated an 
advantage for postdilutional HDF over other dialytic modalities in removing 

   Table 13.3    Changes in innate and adaptive immunity in patients with chronic kidney disease 
stage 5   

  Innate immunity  
 Polymorphonuclear leukocytes  ↑ numbers 

 ↑ basal activation 
 ↓ phagocytosis and bacterial killing 

 Macrophage/monocytes  ↑ basal activation 
 NK cells  ↓ numbers 
 Dendritic cells  ↓ plasmacytoid dendritic cells 

 ↓ dendritic cell function 
  Adaptive immunity  
 B cells  ↓ B1 innate cells 

 ↓ convectional B2 cells 
 ↓ naïve B cells 
 ↓ memory B cells 

 T cells  ↓ naïve T cells 
 Phenotypically active 
 ↑ pro-apoptotic profi le 
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p- cresyl or indoxyl sulfate [ 13 ,  18 ]. However, a recent report has suggested that 
predilution HDF infusing a combination of hypertonic sodium infusate, coupled 
with a hyponatremic dialysate increases protein bound solutes by altering protein 
binding, so increasing the free proportion and allowing greater clearances [ 19 ]. 

 As such, HDF generally offers advantages over standard HD in terms of clear-
ance of the small and middle sized water soluble azotaemic toxins. Although con-
vective clearance would in theory be greater with predilution mode for middle sized 
molecules, high convective volumes also dilute the concentration gradient and 
reduce diffusional losses. However for most middle sized solutes, clearance is equal 
or greater with postdilutional mode, as the concentration entering the dialyzer is 
higher, and membrane adsorption is also increased. When used in conventional pre 
or postdilution mode, HDF does not offer any increased clearance of protein bound 
azotaemic toxins.  

    Does Hemodiafi ltration Reduce the Infl ammatory Effect 
of Hemodialysis 

 As blood passes out through the patient’s vascular access into the extracorporeal 
circuit (ECC), across the dialyzer, through the venous air detector chamber and 
then returns through the access, leukocytes, monocytes and platelets are acti-
vated. As the dialyzer has the greatest surface area of the extracorporeal circuit, 
this is the main site of activation. Complement proteins are also activated by 
dialyzers, with different dialyzer membrane compositions activating complement 
by different pathways; with polysulphone dialyzers causing classic complement 
pathway activation or lectin pathway activation and cellulosic dialyzers causing 
alternative pathway activation. Cellular activation leads to transcription of sev-
eral proinfl ammatory cytokines, including TNF a   , IL1β, IL-6, and IL-8, as well 
as chemokine receptors CXCR4 CCR7 CX3CR1, and other infl ammatory media-
tors such as TWEAK, TRAIL and pentraxin 3. Monocyte and leukocyte activa-
tion also leads to surface blebbing and release of microparticles which trigger 
thrombin generation and clotting, and activation of the kinin-bradykin system. 
As bradykinin generation is pH dependent, then on-line priming with bicarbonate 
solutions increases pH and reduces bradykinin generation compared to priming 
with 0.9 % saline with haemodialysis [ 20 ]. HDF using ultrapure fl uids has been 
reported to induce less monocyte and leukocyte activation and cytokine release 
compared to HD [ 21 ,  22 ]. 

 HDF has been reported to reduce the frequency of hypotensive episodes during 
dialysis sessions compared to HD. Intermittent hypotensive episodes can poten-
tially result in hypoperfusion and visceral ischemia. Although most interest has 
centred on reduction in cardiac blood supply and cardiac “stunning” during dialy-
sis, other organs including the gastro-intestinal tract also suffer from ischaemia. 
Ischaemia, per se induces infl ammatory changes. However intestinal ischaemia 
also leads to alteration in gut permeability, and so allows the potential for the 
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passage of bacterial derived endotoxin into the portal circulation. As such, some 
of the reduction in infl ammatory changes reported with on-line HDF, may be con-
sequent on a reduction in the infl ammatory response to dialysis, due to the combi-
nation of improved dialysis water quality, reduced production or increased 
clearance of cytokines and infl ammatory mediators generated by the passage of 
blood through the extracorporeal circuit, and reduced gut ischemia and endotoxin 
translocation.  

    Dialysis Water Risk in Hemodiafi ltration 

 As large volumes of dialysis water are infused directly into the patient during on- 
line HDF treatments, then water quality is of paramount importance, and should 
comply with both microbiological standards for endotoxin and bacterial contamina-
tion to ensure ultra-pure water grade (<0.1 colony forming bacterial/ml and 
<0.03 EU/ml) as well as chemical purity [ 23 ]. In part some of the reports of reduced 
infl ammatory changes associated with HDF may simply refl ect switching to ultra-
pure dialysis water. 

 Bacterial may form biofi lm in the pipes supplying water to a dialysis unit, or 
contaminate bicarbonate or electrolyte mixtures. Although the current endotoxin 
fi lters will remove endotoxin and large bacterial DNA fragments [ 24 ], smaller frag-
ments may pass through. Small fragments of bacterial DNA, up to 20 base pairs can 
potentially cross the current highfl ux dialyzers from the dialysate into the plasma 
water [ 25 ]. Bacterial DNA differs from human DNA in terms of methylation, and as 
such bacterial DNA fragments are detected and directly activate Toll like receptor 9 
and provoke an infl ammatory reaction.  

    Effects of Hemodiafi ltration on Infl ammation and Oxidative 
Stress 

 As renal function declines, the clearance of infl ammatory mediators declines, and as 
such HDF, by adding convective clearance, may be expected to reduce the infl am-
matory milieu and oxidative stress of chronic kidney disease. Hence reports of HDF 
reducing circulating levels of IL-6 and TNF a   , associated with a reduction in circu-
lating proinfl ammatory monocytes (CD14+CD16+ positive cells) and C creative 
protein [ 26 ,  27 ]. Similarly HDF has been reported to reduce markers of oxidative 
stress, such as p22phox (the subunit of NAD(P)H oxidase), PAI-1, and oxidised 
plasma low density lipoproteins [ 28 ]. Others have demonstrated a reduction in reac-
tive oxygen metabolites, and an increase in total anti-oxidant activity in both whole 
blood and lymphocytes [ 29 ,  30 ] and also increased heme-oxygenase-1, a protein 
involved in protection against the effects of oxidative damage and infl ammation 
compared to patients treated by standard HD [ 31 ]. However longer term studies 
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showed that changes in anti-oxidant activity were more modest, than those reported 
in short term studies, with if anything a reduction in the antioxidant capacity of 
lymphocytes, with reduced concentrations of superoxide dismutase [ 32 ]. 

 Infl ammation is linked to endothelial dysfunction, with release of endothelial 
microparticles. Reports have suggested that CKD patients treated by HDF have 
lower circulating endothelial microparticles [ 33 ]. Although inducible monocyte 
nitric oxide synthase activity was shown not to be altered by HDF [ 31 ], the response 
to endothelial nitric oxide appears to be improved with increased brachial artery 
fl ow-mediated vasodilatation and carotid artery distensibility with HDF [ 34 ].  

    Clinical Effects of Hemodiafi ltration 

 If HDF leads to a reduction in microinfl ammation in CKD patients, then the ques-
tion arises as to whether this translates into clinically relevant measures. Comparative 
studies using ultrapure dialysate water comparing haemodialysis with hemodiafi l-
tration have shown a variable effect on serum albumin, with some studies reporting 
an increase with HDF [ 35 ], and more recent reports not showing any differences in 
serum albumin over time [ 36 ,  37 ]. This may be due to the potentially greater losses 
of albumin with higher convection volume exchanges used in the more recent stud-
ies [ 36 ,  37 ]. Earlier studies also reported an improvement in nutritional status with 
HDF, as assessed by body mass index and fat mass [ 35 ]. However more importantly 
two studies observed that treatment with HDF led to an increase in lean body mass, 
measured by bioimpedance and DEXA techniques [ 35 ,  38 ]. 

 Although earlier studies reported that treatment with HDF increased the response 
to erythropoietins, and reduced erythropoietin resistance [ 39 ,  40 ], this was not sup-
ported by more recent studies [ 41 ]. However both the targets for haemoglobin, and 
biologically available iron, have changed over time and as such lower doses of 
erythropoiesis stimulating agents are now used in clinical practice, which may well 
explain why the initial reports showed a positive effect for HDF when much higher 
doses were used compared to the current day. See also Chap.   12    . 

 Infl ammation has been linked to a greater prevalence of low mood and depres-
sion. Studies which have investigated whether HDF improves quality of life have 
produced varied results, with one study reporting that quality of life scores improved 
with HDF [ 38 ], whereas another failed to show any signifi cant benefi t [ 42 ] 
(Table  13.4 ).

       Summary 

 Observational and randomised trials of HDF generally have reported that the intro-
duction of HDF generally decreases the infl ammatory milieu and increased oxida-
tive stress of CKD. Results do vary from study to study, not only due to differences 
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in patient recruitment, but also secondary to differences in dialysis water quality and 
HDF mode – predilution, mid-dilution and postdilution and mixed pre and postdilu-
tion, but more importantly the convective volume exchanged. In terms of translating 
these improvements in reducing microinfl ammation, then the earlier trials when 
higher haemoglobin targets and greater use of erythropoietins were required did 
suggest that HDF was associated with lower erthyropoietin requirements. In addi-
tion two prospective trials reported improved nutritional status with HDF with 
objective changes in body composition as demonstrated by bioimpedance and 
DEXA scanning. There have been few studies which investigated whether switch-
ing from HD to HDF improved patient quality of life, and the results have been 
somewhat contradictory [ 38 ,  42 ]. However the trials differed in terms of the mode 
of HDF and convective volumes delivered to be able to compare studies. 

 More recently randomised controlled trials have reported an overall survival ben-
efi t for HDF. Several studies have shown that the survival benefi t was dependent upon 
the amount of convective clearance delivered [ 47 ,  48 ]. In addition as the survival 
benefi t was predominantly for cardiovascular disease, then HDF by reducing micro-
infl ammation could potentially reduce vascular disease by modifying atheroma. 

 Teaching Points 
•     CKD patients not yet on dialysis already show signs of (micro)infl amma-

tion and oxidative stress  
•   Its causes are multifactorial, and result from reduced renal clearance, 

abnormal metabolic pathways and increased intestinal permeability for 
bacterial endotoxins  

   Table 13.4    Reported benefi ts of hemodiafi ltration treatment on infl ammation compared to 
haemodialysis   

 Infl ammatory mediators  Reportedly removed or reduced by hemodiafi ltration 

 Cytokines  IL-1β [ 28 ] 
 IL-6 [ 27 ,  29 ] 
 IL-18 [ 43 ] 

 TNF a    [ 26 ,  43 ] 
 Oxidative stress  Superoxide dismutase [ 29 ,  32 ] 

 Reactive oxygen metabolites [ 29 ] 
 Oxidised low density lipoproteins [ 28 ] 

 Middle sized uraemic toxins  β2 microglobulin [ 14 ,  38 ,  44 ] 
 Phosphate [ 39 ,  45 ] 
 Advanced glycosylation end products [ 16 ] 
 Advanced oxidized protein products [ 39 ] 
 Pentosidin [ 39 ] 

 Cellular changes  Asymmetric dimethylarginine [ 12 ] 
 activated monocytes (CD14+16+) [ 26 ,  46 ] 
 Endothelial microparticles [ 46 ] 
 Endothelial progenitor cells [ 46 ] 

  References in brackets  
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Chapter 14
Effects on the Removal of Uremic Toxins

Griet L.R.L. Glorieux and Detlef H. Krieter

Abstract From the moment kidney function declines, retention of many different 
uremic solutes starts. Many of these solutes exert pathophysiological effects play-
ing a role in cardiovascular damage, a major cause of morbidity and mortality in 
chronic kidney disease. Over the past years, middle molecules (e.g. cytokines and 
advanced glycation end-products (AGEs)) but especially protein-bound solutes 
(e.g. indoxyl sulfate and p-cresyl sulfate) have been identified as some of the main 
toxins associated with vascular disease affecting the major cell types involved 
(endothelial cells, leukocytes, platelets and/or vascular smooth muscle cells). Many 
of these solutes, however, are difficult to remove by standard dialysis strategies. The 
removal of the larger middle molecules can be obtained by increasing dialyzer pore 
size and by applying hemodiafiltration (HDF). The removal of protein-bound sol-
utes, however, remains limited with all current dialysis strategies, because only the 
free fraction of the solute is available for, mostly diffusive, removal. For the future, 
alternative measures, complementing dialysis removal, will have to be developed to 
more effectively decrease circulating levels of the difficult-to-remove uremic 
toxins.
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 Introduction

From the moment kidney function declines, retention of many different uremic sol-
utes starts. The kinetics of this process remain, however, far from clear. Over the 
years, the list of known uremic retention solutes has become progressively longer 
[1, 2], which can be attributed to improvements in analytic techniques and recent 
advances in the area of “-omics,” allowing the detection of a myriad of previously 
unknown compounds [3, 4]. In addition, the presence of an indefinite number of 
posttranslational modifications of retention solutes, with each of the structural vari-
ants possibly exerting a pathophysiologic impact that differs from the mother com-
pound, hampers the process of mapping the uremic retention solutes even more. For 
the time being, uremic solutes are preferentially classified according to the physico-
chemical characteristics affecting their clearance during dialysis which, as of today, 
is still the main therapeutic option for their removal. Traditionally, this subdivision 
focuses on three types of molecules: the small water-soluble compounds (molecular 
weight (MW <500 Da), the larger ‘middle molecules’ (MW >500 Da) and the
protein- bound compounds [2]. Recent reviews point out that removal of small
water-soluble compounds is important for ‘acute mortality’ (e.g. related to hyperka-
lemia, sodium removal), but that for the chronic problems of the uremic syndrome, 
the protein-bound solutes and the middle molecules seem to play a more essential 
role [5–7]. HDF combines the advantages of hemodialysis (HD), small solute 
removal by diffusion, with those of hemofiltration (HF), large solute removal by 
convection. Besides a wider molecular weight range of solutes removed, the combi-
nation of diffusive and convective transport provides more total clearance per unit 
of surface area than the application of each of both processes separately [8]. 
Nevertheless, the combination does not result in the simple summation of clearance 
delivered by each of the separate elements. To estimate the relative contributions of 
diffusion and filtration to the clearance, the equation below can be used [9]:

 
C C Qtotal diff UF= +[ ]( )/ / min2 mL

 

where Ctotal is the total clearance, Cdiff the diffusive clearance and QUF the ultrafiltra-
tion rate. This equation is valid for postdilution HDF and ultrafiltration rates up to 
100 mL/min.

Addition of convection reduces diffusive clearance. As diffusive clearance is 
most pronounced for small molecules, this reduction due to convection will propor-
tionately be more important for these solutes, or more exactly, the gain in clearance 
due to convection will proportionately be more important for larger “middle” mol-
ecules [8].

This chapter will focus on those compounds with convincing biological effects 
associated to adverse outcome, see Table 14.1. Beneficial effects of their removal by
HDF will be discussed.
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 Which Solutes Should Be Removed?

 Small Water-Soluble Compounds

Phosphate (95 Da) is one of the smallest solutes qualified as uremic toxin 
[2, 10]. It accumulates in chronic kidney disease (CKD) and leads to adverse effects
on biological systems. Hyperphosphatemia contributes to metabolic disturbances 
such as hyperparathyroidism, vitamin D resistance, and hypocalcemia. It leads to 
organ damage particularly of the parathyroid glands, bones, and most importantly 
the cardiovascular system. Elevated phosphorus levels are associated with arterial 
and valvular calcification, arteriosclerosis, and an increased risk of cardiovascular 
death [11, 12]. For further reading, see Chap. 11.

Table 14.1 Overview on uremic toxins relevant for removal by HDF

Uremic retention solute
Normal 
concentration

Uremic 
concentration Ratio U/N

Max. RR
(%) in HDF

Mean (SD or
range)

Mean (SD
or range)

Small water-soluble
Phosphate (mg/dL) 2.6–4.5 >5 2 <60a

Middle molecules
β2-microglobulin (mg/L) 1.9 (1.6) 43.1 (18) 22.7 80
Interleukin-6 (ng/L) 4.0 8.6 (3.7) 2.1 NA
Tumor necrosis factor- α 
(ng/L)

7.0 57.8 (10.8) 8.2 NA

Fibroblast growth factor-23
(ng/L)

26.3 (0.8) 149.6 (102.8) 5.7 NA

Complement factor D 
(mg/L)

1.9 (0.5) 20.6 (13.0) 10.8 NA

Protein-bound
p-cresyl sulfate (mg/L) 1.9 (1.3) 41 (13.3) 21.6 <50
Indoxyl sulfate (mg/L) 0.53 (0.29) 44.5 (15.3) 84.0 <50
Indole acetic acid (mg/L) 0.5 (0.3) 2.4 (2.2) 4.8 <50
Hippuric acid (mg/L) 3.0 (2.0) 87.2 (61.7) 29.1 75
Advanced glycation end-products
  N-carboxymethyl-lysine 

(mg/L)
0.35 (0.13) 18.5 (5.0) 5.3 NA

Pentosidine (μg/L) 51.6 (18.8) 579.5 (299.3) 11.2

Based on data from Duranton et al. [1]
NA not available
aReduction Ratio (RR) not appropriate because of phosphate refilling in case of falling below the
individually different threshold level
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 Middle Molecules

The group of middle molecules is mainly composed of small peptides. Many of 
these are implied in cardiovascular disease, by causing inflammation, endothelial 
damage, smooth muscle cell proliferation, activation of coagulation or by interfer-
ing with calcium/phosphorus household [13]. There is thus a pathophysiologic 
rationale for optimizing their removal. However, their effect on relevant cell mecha-
nisms at the concentrations occurring in uremia has barely been studied. Data on the 
association of middle molecule concentrations with clinical outcome parameters are 
more elaborate.

 β2-Microglobulin

The most widely-used surrogate marker for middle molecule retention and removal 
is β2-microglobulin (β2M; 11.8 kDa). It is the β-chain of the major histocompatibil-
ity complex and is expressed on most nucleated cells. Free β2M circulates in the
blood as a result of shedding from cell surfaces or intracellular release. In general, 
this molecule is, however, considered inert. Nevertheless, Wilson et al. [14] identified 
by proteomic analysis β2-microglobulin as the most adequate marker of severity of
peripheral vascular disease in a population with no or moderate CKD. In addition,
β2-microglobulin has been associated with arterial stiffness in the general population
[15] and bone remodeling in non-CKD postmenopausal women [16]. With regard to 
outcome studies, in two secondary analyses of the HEMO study conducted in HD 
patients, β2-microglobulin was related to overall and infectious mortality [17, 18]. 
Higher β2M levels correlate with various cardiovascular risk factors and inflamma-
tion markers, such as C-reactive protein (CRP), interleukin-6 (IL-6), and tumor
necrosis factor-α (TNF-α) [19], and are associated independently with cardiovascular 
mortality and cardiovascular events [20]. However, when the oxidative burst of leu-
kocytes was investigated, β2M did not show proinflammatory properties and there-
fore may not by itself be a causative factor of vascular damage [21]. The serum β2M
level is also a new predictor of diabetes-related mortality in diabetic patients irrespec-
tive of renal function [22] and is associated positively with insulin resistance [23].

 Cytokines

The concentration of cytokines gradually increases in CKD [24], which is thought 
to be mainly attributed to an increased generation in response to uremic toxins [25–
27] and reduced renal clearance [28, 29]. According to the former, cytokines can be 
considered as secondary uremic retention solutes. Among several pro-inflammatory 
cytokines, only TNFα revealed to exert pro-oxidative effects on leukocytes at high 
range uremic concentrations [30]. In a population at different stages of CKD, IL-6
(24.5 kDa) was related to mortality, whereas there was no association for TNF-α 
(26 kDa). The latter was confirmed in a selected CKD stage 4–5 group [30, 31]. 
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In contrast, in a HD population, TNF-α was a stronger predictor of mortality than 
IL-6 [32].

In view of improving removal of cytokines, also anti-inflammatory cytokines 
like interleukin 10 (IL-10, 18 kDa) of which their generation is increased in response
to low-grade inflammation in CKD, will be removed. IL-10 is capable of effective
down-regulation of proinflammatory cytokines, chemotactic factors and adhesion 
molecules [33]. A possible beneficial role of IL-10 in CKD has been proposed by
Girndt et al. [34], showing that genetic polymorphisms leading to low IL-10 con-
centration are associated with increased cardiovascular risk in dialysis patients. So,
beneficial effects are to be expected only when an equilibrium between pro- and 
anti-inflammatory factors is restored.

 Fibroblast Growth Factor-23

Elevated levels of fibroblast growth factor-23 (FGF-23, 32 kDa), a molecule essen-
tially linked to bone mineral homeostasis, has been associated with progression of 
kidney failure [35], cardiac dysfunction [36] and overall mortality [37, 38]. Although 
merely seen as a marker, a recent study in animals showed a direct hypertrophic 
effect on the heart after chronic injection [39]. These data thus suggest that middle 
molecule removal could favor outcome, see also Chap. 11.

 Complement Factor D

Complement factor D (24 kD) is involved in the regulation of the alternative com-
plement pathway. Due to accumulation in the intravascular compartment [40], 
serum concentrations are increased in CKD [41]. Elevated complement factor D 
concentrations enhance the activity of the alternative complement pathway [42] and 
inhibit neutrophil degranulation [43].

 Protein-Bound Compounds

The toxicity of retained protein-bound solutes, which are largely intestinally gener-
ated, remains a matter of debate, as in many experimental studies excessively high 
free concentrations resulted in an overestimation of their potential toxicity [44].

 Indoxyl Sulfate and p-Cresyl Sulfate

A recent systematic review unraveled 27 studies where adequate free concentrations
of two prototypic protein-bound solutes, p-cresyl sulfate (pCS; 188 Da) and indoxyl
sulfate (IS; 212 Da), had been applied [45]. Interference was shown with several key 
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metabolic processes involved in the uremic syndrome, such as inflammation, oxida-
tive stress, endothelial dysfunction, leukocyte-endothelial interaction, epithelial-to- 
mesenchymal transition, cardiac cell proliferation and renal tubular cell senescence. 
These data refer to cardio-vascular morbidity and mortality and to the progression of 
renal failure. Together with observational studies showing a highly significant asso-
ciation between concentrations of protein-bound toxins and hard endpoints, such as 
cardio-vascular events, progression of renal failure and mortality [46–51], these data 
offer strong arguments in favor of a key role of IS and pCS in the uremic syndrome.
Since then, additional reports supporting the above evidence were published, cover-
ing: increased cross-talk between leukocytes and endothelium, glycocalyx degrada-
tion and vascular leakage [52]; apoptosis of osteoblasts [53]; inhibition of drug
metabolism [54]; induction of tubular endothelial growth factor receptor leading to
tissue remodeling [55]; and inhibition of breakdown of angiotensin II [56].

 Indole Acetic Acid

Similar effects were also described for other protein-bound toxins [57]. Indole ace-
tic acid (IAA; 175 Da) was shown to inhibit endothelial progenitor cell production
opposing their beneficial effect on vessel repair and neovascularization [58]. IAA 
induces endothelial inflammation and oxidative stress and activates an inflamma-
tory AhR/p38MAPK/NF-ƙB pathway [59]. Recently, the ability of IAA to induce
tissue factor production that was associated with increased pro-coagulant activity 
was revealed [60, 61]. The induction of tissue factor occurred via the aryl hydrocar-
bon–receptor pathway [61] In addition, serum IAA is an independent predictor of 
mortality and cardiovascular events in patients with CKD [59].

 Hippurates

Metabolome studies repeatedly pointed to accumulation of hippurates. Boelaert
et al. demonstrated an increase, already from CKD stage 3 on, of the known hip-
puric acid, 2-,3-,4-hydroxyhippuric acid and the unknown aminohydroxyhippuric
acid and sulfate and glucuronide conjugates of hydroxyhippuric acid [3]. Hippuric 
acid (HA; 179 Da) was first isolated from horse urine, hence its name, and is a
microbial co-metabolite. It originates from polyphenolic compounds in the diet 
such as fruit vegetables, tea and coffee, metabolised to form benzoic acid which is 
at the site of the liver and renal cortex conjugated to glycine to form hippuric acid 
[62]. In general, literature on toxic effects of hippurate is fairly old; somewhere
along the way, interest in HA got lost. Satoh et al. demonstrated that sub-totally
nephrectomized rats given HA in their drinking water showed a decrease in inulin 
clearance, pointing to glomerular dysfunction. This was supported by the signifi-
cant increase in whole kidney sclerosis index. In addition, NAG (N acetyl glu-
coseaminidase) excretion rate, an indicator of proximal tubular injury, was higher 
in the uremic toxin overloaded rats compared to the control rats [63]. More 
recently, HA was shown to inhibit the transport of two important efflux pumps 
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expressed on human tubular cells [64]. Next to hippurate, hydroxyhippurates were 
increased in plasma from CKD patients. p-Hydroxyhippuric acid (p-OHHA)
inhibits Ca2+-ATPases, needed for restoring intracellular Ca2+ homeostasis after 
cell activation. Increased [Ca2+]i modulates various polymorphonuclear leukocyte 
functions such as oxidative burst and degranulation as well as apoptosis as demon-
strated by Cohen by the decrease in caspase activity in PMNL in the presence of
p-OHHA [65].

Advanced Glycation End Products

The link between the accumulation of AGEs and inflammation has been empha-
sized before [66]. Nutritional AGEs contribute to this effect since AGE-rich food 
administered to diabetics increased endothelial free radical production and decreased 
arterial responsiveness to vasodilatory stimuli [67]. The main representatives of the 
AGE group are N-carboxymethyl-lysine, pentosidine, and methylglyoxal. Plasma
pentosidine is associated with inflammation and malnutrition in ESRD patients
starting dialysis therapy [68]. The receptor for AGEs has been shown to exert direct 
effects on nuclear factor-κB activation in dialysis patients [69], in its turn leading to 
activation of the inflammatory cascade. The receptor for AGE ligand S100A12 (also
known as EN-RAGE) contributes to inflammation and the development of athero-
sclerosis, and has shown an association with mortality risk in HD patients [70]. As 
markers of oxidative stress, AGEs also contribute to the activity of inflammatory 
processes, and are believed to participate in atherosclerosis progression, mainly 
through modification of matrix proteins, platelet aggregation, defective vascular 
relaxation, and abnormal lipoprotein metabolism [71].

 Influence of HDF on Uremic Toxin Removal

 Removal of Small Solutes

By adding of a diffusive component, low small solute removal, the major drawback
of purely convective HF, has been overcome in HDF. Depending on the flow set-
tings, small solute clearance in online postdilution HDF is even superior compared 
to low- and high-flux HD, although this effect is rather modest [72–75]. However, 
the site of the infusion is crucial because in predilution HDF, small solute clearance 
is not improved and can be even worsened [76, 77].

The removal of phosphate by dialysis differs from a typical small solute such as urea;
it rather resembles that of a middle molecule. This is explained by the electric charge of 
the phosphate molecule, resulting in the attachment of surrounding water molecules 
and, consequently, a behaviour like a larger solute. Due to its complex transport kinetics 
deriving from a four compartmental distribution in the body, the elimination of phos-
phate during 4–5 h lasting dialysis sessions is limited [78]. Also a consequence of the 
complex kinetics, the determination of reduction ratios must be regarded as an inade-
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quate measure for phosphate removal. Despite continued elimination of phosphate, 
refilling from the third and fourth compartment to maintaining an individually different 
minimum serum phosphate level prevents results exceeding 60 % [78].

Nevertheless, a number of studies have proven a superior clearance of phosphate 
during postdilution HDF compared to standard HD [79–81]. Improvements of the 
instantaneous plasma clearance between 10 % and 15 % have been determined [73]. 
This beneficial effect from single sessions may also result in a better control of the 
phosphate level over longer terms [80]. The large Dutch CONTRAST study demon-
strated a decrease of the phosphate level from 5.18 to 4.87 mg/dL and an increase of
the proportion of patients reaching phosphate treatment targets from 64 to 74 % 
over a 6-month period in patients randomized to postdilution HDF. No such changes 
were observed in patients on low-flux HD [82]. Similar results over 12 months were
obtained by a smaller British study comparing postdilution HDF to high-flux HD
[83], but several other trials failed to show an advantage of online HDF [84, 85], 
underlining the need for a control of the dietary phosphorus intake, use of oral phos-
phate binders, and residual renal function in investigations on phosphorous homeo-
stasis [86].

 Removal of Middle Molecules

Convection is the driving force for the removal of large solutes, which pass the 
dialysis membrane almost exclusively by solute drag effectuated by the trans-
membrane ultrafiltration of plasma water [87]. Clinical studies investigating the 
treatment efficacy of convective therapy procedures mostly measured the elimi-
nation of β2M as the surrogate parameter for middle molecule removal, not least
due to historical reasons: Years before an association of the predialysis β2M
level with mortality became evident [17, 20], β2M was shown to play a major
role in dialysis-associated amyloidosis, which may be retarded by efficient β2M
removal [88].

As indicated above, β2M elimination during a single session correlates with con-
vective volume [89, 90]. Numerous studies have demonstrated a considerably 
increased β2M removal in online HDF versus HD [74, 91, 92]. At optimum settings 
of the flow rates, a reduction of the pretreatment β2M level of up to 80 % during a
4 h HDF session is achievable. Compared to high-flux HD, a recent trial investigat-
ing last generation high-flux dialysis membranes found an improvement of instan-
taneous plasma clearance and reduction ratio, established efficacy parameters for 
β2M removal, in online postdilution HDF of 60 % and 15 %, respectively [73]. This 
considerable difference was even more pronounced for larger marker molecules, 
such as cystatin C (13.3 Da) and myoglobin (17.6 kDA), although, treatment set-
tings in HD and high-efficiency HDF were kept identical, except for the substitution 
flow rate [73].

A beneficial effect of improved single session β2M removal on pretreatment
β2M levels over the long-term has been shown, when online HDF was compared to
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low-flux HD, a dialysis form not eliminating middle molecules [92]. This effect was 
particularly obvious in patients without residual renal function [93]. Compared to 
high-flux HD, lower predialysis β2M levels over longer periods of time after a
switch to online HDF were not consistently observed. Some observational studies
were able to show such a difference [83, 89], while other randomized trials did not 
[75, 85]. Again, this finding underlines the importance of the residual renal function 
for predialysis β2M because differences in the levels between high-flux HD and
HDF can be found in patients without any urine production [94].

The removal of other potentially relevant large solutes had been examined in 
only very few, mostly single center studies. Thus, their results must be interpreted 
with some caution. Together with lower pretreatment concentrations over a 12 month
period, a significant better elimination of complement factor D in postdilution HDF 
compared to high-flux HD was demonstrated by Ward et al. [75]. Serum levels of
TNF-α, a cytokine linked to the inflammatory response, were shown to increase 
during low-flux HD, while they decreased during high-flux HD and even more dur-
ing online HDF [95]. This effect may well result from more intense elimination, but 
biocompatibility effects triggering the inflammatory response to the different dialy-
sis procedures cannot be completely ruled out. However, a small scale study ran-
domizing septic patients with acute renal failure to either high-flux HD or online 
HDF demonstrated higher reduction ratios of several plasma cytokine levels, includ-
ing vascular endothelial growth factor, interleukin 6, 8, and 10 as well as TNF-α in 
HDF [96].

Compared to high-flux HD, online HDF also better removes the relatively large 
molecule FGF-23, achieving reduction ratios of 56 % versus 36 % [97]. This poten-
tially favorable effect is particularly pronounced when the treatment length is 
extended to 8 h [79].

 Removal of Protein-Bound Solutes

Protein-bound toxins are difficult to remove by extracorporeal renal replacement
therapies. The protein-bound fraction is retained and only the free, mostly low- 
molecular solute can pass the dialysis membrane without differences between low- 
and high-flux HD [98]. The high ratio of distribution volume to clearance further 
affects the elimination of these substances [99], allowing only inadequate removal 
with current dialysis strategies. Compared with diffusive measures, i.e., higher dial-
ysate flow rate and larger dialyzer surface area [100], the effect of convection on 
protein-bound solute removal is poor. Thus, increasing the ultrafiltration flow rate is 
little effective to improve the clearance [101]. Accordingly, clinical studies compar-
ing the efficacy of protein-bound solute removal during online HDF with HD have 
shown only marginal or no differences. Most of these studies focused on the removal 
of the small compounds p-cresol or its main in vivo metabolite pCS, others addi-
tionally measured the also highly protein-bound IS as surrogate markers for protein-
bound toxin removal.
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Fig. 14.1 Evolution of the inlet and outlet concentration of protein-bound compounds at different 
time points (0, 30, 60, 120 and 240 min). Post-dilution haemodiafiltration data are illustrated by
white bars, pre-dilution haemodiafiltration data by grey bars and pre-dilution haemofiltration by 
black bars. *Pre-dilution haemodiafiltration versus post-dilution haemodiafiltration, °pre-dilution
haemofiltration versus post-dilution haemodiafiltration, §pre-dilution haemofiltration versus pre- 
dilution haemodiafiltration; 1 symbol: P<0.017, 2 symbols: P<0.001 (Reprinted from Meert et al.
[103]. With permission from Oxford University Press)
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Compared with high-flux HD, an enhanced removal of p-cresol particularly in 
postdilution HDF was reported by Bammens and colleagues. In predilution HDF at
high convective volumes, this beneficial effect was offset, probably because of 
impaired diffusion due to dilution of the blood entering the dialyzer [102]. Another 
study comparing postdilution HDF with predilution HDF at equivalent convective 
volume (i.e., 1:2), was unable to find a difference between the two treatment modes
[103]. They determined reduction ratios of the protein-bound solutes pCS, IS, and
IAA not exceeding 50 %, while HA was much more decreased by about 74 %,
which must be attributed to lower protein-binding (Fig. 14.1). A more recent trial 
did also not confirm differences in protein-bound toxin removal between high-flux 
HD and postdilution HDF, demonstrating rather high reduction ratios of free and 
total pCS and IS hardly passing 50 % [73].

AGEs differ from the above mentioned small protein-bound toxins because of 
their heterogeneous molecular weight, covering a wide range. Accordingly, convec-
tive strategies seem to have a favourable effect on AGE removal, which is illustrated 
by 50 % and 300 % higher reduction ratios in online HDF (61.5 %) compared to
high-flux HD (40.4 %) and low-flux HD (20.5 %), respectively [104].

The reduction ratios of various compounds are summarized in Table 14.1.

 Influence of Modified Online HDF on Uremic Toxin Removal

Besides widely practiced predilution and postdilution HDF techniques, several
modifications of HDF exist, which have shown to even further improve middle mol-
ecule removal, to achieve excellent middle molecule removal at reduced albumin 
loss or to allow safer operation conditions.

Mid-dilution HDF using a specific single cartridge dialyzer allows removal of 
middle molecules even exceeding that of postdilution HDF [105]. In the standard 
configuration, excessive blood inlet pressures were frequently observed, which led 
to the wide use in reverse mode without significant impairment of the treatment 
efficacy [106]. With regard to protein-bound toxin removal, mid-dilution HDF has 
no further advantage compared to postdilution HDF [107].

Online mixed-dilution HDF has shown to better preserve the dialyzer integrity 
than postdilution HDF by avoiding excessive hemoconcentration and dangerous 
pressure gradients [108]. At optimized flow rates controlled via TMP-
ultrafiltration feedback, the clearance of β2M is improved, while the loss of albu-
min is reduced [109].

Other existing modifications of HDF do not qualify as online techniques because 
the substitution fluid is not infused in a controlled manner after ultrapure filtration. 
These techniques use the backfiltration of dialysate through the dialysis membrane 
as replacement fluid after excess forward-filtration of plasma water, thereby skip-
ping redundancy as a safety feature in the ultrapure filtration process. Nevertheless, 
both push/pull HDF and double high-flux HDF achieve remarkably high middle 
molecule removal [110, 111].
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 Technical Limitations of Uremic Toxin Removal 
with Online HDF

The solute removal in convective dialysis techniques is linearly proportional to the 
substitution flow rate. Or in other words, best toxin removal is achieved at the high-
est feasible substitution flow rate. For predilution HDF, this increase is less steep 
and, hence, with respect to the substitution volume applied, less effective compared 
to postdilution HDF because of dilution of the blood and, thus, the solute concentra-
tions entering the dialyzer. For equivalent clearance, the ultrafiltration rate needs to 
be at least two times greater for pre-dilution HDF compared with post-dilution 
[112]. In postdilution HDF, a critically high filtration fraction as a function of the 
convective flow rate (i.e., the sum of the substitution flow rate and the ultrafiltration 
flow rate set to achieve the patient’s dry weight) exists. This filtration fraction puts
the dialysis membrane at risk for clogging and may lead to an uncontrolled break-
through of albumin, which passes the dialysis membrane in a controlled manner at 
lower flow rates [113, 114].

Despite being an essential protein associated with malnutrition, the maximum 
leakage of albumin during dialysis procedures is currently not defined [115]. In 
Japan, a limit of 4 g per session is recommended. This issue highlights the impor-
tance of choosing an appropriate dialyzer for HDF, which should represent a trade- 
off between maximum permeability for middle molecules and low leakage for 
albumin [115].
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    Chapter 15   
 Effects of Hemodiafi ltration on Platelets 
and Coagulation                     

       Menso     J.     Nubé       and     Auguste     Sturk    

    Abstract     In patients with chronic kidney disease (CKD) the hemostatic balance is 
disturbed due to alterations in the coagulation cascade, inhibitors of the coagulation 
system, the fi brinolytic pathway, platelets and endothelial cells. As a result, CKD is 
characterized by both a bleeding tendency and a pro-thrombotic state. In hemodi-
alysis (HD) patients, coagulation is activated during the passage of blood through 
the extra-corporeal circuit, which depends largely on the type of dialyzer and indi-
vidual patient characteristics. Furthermore, platelets are stimulated and release their 
granule contents. With the exception of the platelet degranulation product beta-
thromboglobulin, treatment-induced alterations in hemostatic parameters are more 
pronounced during HDF than HD, most probably due to a higher trans- membrane 
pressure (TMP) and increased hemoconcentration. In clinical practice, the required 
doses of both unfractionated heparin and low molecular weight heparin are higher 
during HDF as compared to HD. 

   Keywords     Hemodialysis   •   Hemodiafi ltration   •   Clotting   •   Platelets   •   Platelet sur-
face marker CD62p   •   Thromboglobulin   •   Platelet factor 4   •   Heparin 

         Introduction 

 Patients with chronic kidney diseases (CKD) develop a variety of hemostatic disor-
ders during the course of their disease. Actually, derangements in opposite direc-
tions occur, as both the tendency for bleeding and clotting are increased in these 
patients. The underlying abnormalities include all components of the hemostatic 
system, i.e. the coagulation cascade, inhibitors of coagulation, the fi brinolytic 
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pathway, platelets and endothelial cells, which are infl uenced by uremic toxins and 
metabolic substances accumulating in renal insuffi ciency [ 1 – 3 ]. When renal failure 
progresses to end-stage kidney-disease (ESKD), renal replacement therapy becomes 
necessary for survival. During treatment with hemodialysis (HD), the blood of the 
patients is exposed to the foreign materials of the extra-corporeal circuit (ECC), 
consisting of needles, blood lines, air bubble trap and dialyzer. In addition, blood 
components are subjected to the mechanical forces of the roller pump and the trans- 
membrane pressure (TMP) within the dialyzer needed for ultrafi ltration (UF). 
Finally, anticoagulants are administered intravenously to prevent clotting over the 
entire length of the ECC, especially at the dialyzer because of the large surface area 
and high TMP. As a result of UF, blood viscosity progressively increases during the 
treatment session, which may also contribute to the susceptibility for clotting. All 
these factors may further infl uence the already disturbed hemostatic balance in 
patients with CKD. As both TMP and hemoconcentration during postdilution 
hemodiafi ltration (HDF) are considerable higher as compared to HD [ 4 ], it is con-
ceivable that hemostasis is even further deranged during HDF.  

    Platelet Activation 

 Compared to healthy controls, ESKD patients have a low platelet count at the start 
of HD treatment. This declines even further during fi rst passage through the extra- 
corporeal circuit (ECC), most probably due to adherence of platelets onto the dia-
lyzer membrane [ 5 ,  6 ]. Especially the fraction of immature platelets is decreased, 
suggesting reduced megakaryopoiesis as a cause for the low platelet number, which 
will be further reduced by HD. 

 During HD, platelets are activated, as indicated by an early upregulation of the 
platelet surface marker p-selectin (CD62p) [ 7 ]. Moreover, small deviations are 
observed in mean platelet volume, platelet distribution width and platelet large cell 
ration, suggesting degranulation and/or an altered balance between old (small) and 
young (large) platelets [ 6 ]. Electron microscopic evaluation of a blood sample from 
a chronic HD patient taken before the start of treatment indeed showed that the 
surface area of platelets is considerably smaller as compared to platelets from a 
healthy subject. The total area of the platelet granules called dense bodies, which 
contain serotonin, histamine, pyrophosphate and other low molecular weight secre-
tion products, was also noticeably reduced as quantifi ed by application of digital 
image masks (Fig.  15.1 ) [ 8 ]. Together, these fi ndings suggest severe depletion of the 
platelet granular content, most probably as a result of the repeated dialysis treat-
ment, which reduces their capability to function in the hemostatic process.  

 Release of the platelet granule content can also be estimated by measuring plate-
let degranulation products, such as platelet factor 4 (PF4) and beta-thromboglobulin 
(BTG), in the plasma. These constituents as well as all other proteins secreted by 
the platelet upon their activation, are localized in the so-called α-granules of the 
 platelet. From a cross-over analysis in eight chronic HD patients who were treated 
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alternatively with unfractionated heparin (UHep), low molecular weight heparin 
(LMWH) or citrate during the HD procedure, it appeared that degranulation was 
absent during treatment with citrate but did occur with UHep and LMWH, while 
differences between UHep and LMWH were not observed [ 9 ]. Of note, when 
LMWH was administered 10 min before the start of HD, a considerable increase in 
PF4 was observed, while CD62p expression and BTG levels remained unaltered. 
After starting dialysis, CD62p expression and BTG levels showed a marked rise, 
while PF4 values hardly increased any further. From this study it also appeared that 
the increase in CD62p expression correlated with both the drop in platelet count 
after fi rst passage and BTG release. Thus, treatment-induced PF4 release depends 
rather on heparin administration than on extracorporeal circulation and originates 
primarily from non-platelet derived sources, such as endothelial proteoglycans 
[ 10 ], and is therefore not correlated with CD62p expression on the platelet surface. 
By contrast, the HD-induced increase in plasma BTG levels is not affected by the 
administration of LMWH, but originates from platelets partially releasing their 
granular content during their activation in the extracorporeal circuit and is therefore 
highly correlated with the expression of CD62p. This platelet surface marker origi-
nates from the membrane of the α-granules and becomes exposed on the platelet 
surface by the fusion of that membrane with the outer membrane of the platelet 
during the secretory process. 

 Taking these fi ndings in mind, in a subgroup of CONTRAST, platelet activation 
was compared between nine patients who were treated with online post-dilution 
HDF and ten with low-fl ux HD [ 4 ]. From this study it appeared that the expression 
of CD62p was more pronounced and more protracted during HDF (Fig.  15.2 ). 
Moreover, the drop in platelet counts in the fi rst 30 min and the rebound after 1 h 
was signifi cantly greater during this mode of treatment.

a b

5µm 5µm

  Fig. 15.1    Digital masks of electron microscopic platelet evaluation of ( a ) a HD subject and ( b ) a 
healthy subject. Masks are shown in  blue . Magnifi cation: 2500× (Reprinted from Schoorl et al. [ 8 ]. 
With permission from Page Press)       
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   As for the degranulation product PF4 (MW 29 kD), only minor differences were 
observed between HD and HDF, which is in line with the observation that its 
increase during the treatment is mainly due to LMWH-induced detachment from the 
endothelium. Considering BTG, however, a completely different picture emerged. 
In a previous study in patients who were dialyzed with low-fl ux HD, it was already 
found that BTG is almost exclusively released within the ECC [ 11 ]. In that study, 
BTG levels rose almost twofold over the dialyzer, with a maximum after 30 min. At 
the end of HD, blood levels in the arterial line were still elevated. During HDF how-
ever, BTG levels hardly changed, both over the ECC and over time (Fig.  15.3 ).

   As the molecular weight of BTG is 36 kilo Dalton (kD), it is plausible that this 
substance is removed by convection during HDF, which is obvious not the case in 
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low-fl ux HD. Alternatively, it is conceivable that platelets are exhausted as a 
result of the repetitive stimulation by HDF treatment, and hence, incapable of 
further secreting granule contents. The combined data from HD and HDF patients 
showed a highly signifi cant correlation between the hemoconcentration (during 
HDF up to 49 %) on the one hand and a drop in platelet numbers (r=−0.82) or 
platelet activation (r=0.68), as measured by CD62p expression, at the other. 
Lastly, as TMP values appeared approximately three times higher in HDF than in 
HD, the high pressure gradient over the dialyzer may also contribute to platelet 
activation [ 4 ]. 

 Altogether, from these data it appears that, while platelet activation occurs to a 
similar extent during low-fl ux and high-fl ux HD [ 12 ], it is more pronounced during 
HDF. Both activation and trapping within the ECC are correlated with the extent of 
hemoconcentration within the dialyzer. It is currently unknown, however, whether 
the chronic platelet activation by HDF treatment is more harmful to the patients than 
the degree of platelet stimulation by HD. As activated platelets adhere to both intact 
and activated endothelium and may thus contribute to the process of atherosclerosis 
[ 13 ], depletion by exhaustion may prevent or delay platelets from their involvement 
in this process.  

    Activation of Coagulation 

    Introduction 

 Coagulation is generally divided into the intrinsic pathway, initiated by contact of the 
blood with negatively charged surfaces and leading to activated coagulation factor 
XII (XIIa), and the extrinsic pathway initiated by tissue factor (TF), which is exposed 
at sites of vascular injury and activates the coagulation system via factor VII (VIIa). 
Both pathways activate factor X (Xa), which together with activated factor V (Va) is 
capable of converting prothrombin into thrombin. Once formed, thrombin converts 
fi brinogen to fi brin monomers, which polymerize to form stable fi brin strands. 
Finally, a three dimensional network is formed by interaction of thrombin- induced 
factor XIII activation (XIIIa). Calcium is a cofactor required at several phases of 
these activation processes. The coagulation cascade is regulated by several inhibitory 
mechanisms, including antithrombin (AT), the protein C system and the TF pathway 
inhibitor (TFPI). Once a clot is formed its proteolytic degradation occurs, exerted by 
the plasmin system, fi nally leading to fi brin and thrombus dissolution (Fig.  15.4 ).

   In HD patients, the clotting cascade is activated once the blood interacts with the 
ECC. Without anticoagulation, this would lead to clot formation, obstruction of the 
dialyzer and a reduction in the effectiveness of the dialysis procedure. In clinical 
practice, the tendency for clotting is reduced by the intravenous administration of 
unfractionated heparin (UHep) or low molecular weight heparin (LMWH). UHep 
inhibits the coagulation cascade by inducing a conformational change in the enzyme 
inhibitor AT that results in its binding to thrombin, leading to thrombin- antithrombin 
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complexes (TAT) with inactivated thrombin, and thereby inhibition of fi brin forma-
tion. By contrast, LMWH almost exclusively inhibits activation of factor X to Xa. 
In the following subparagraphs, the status of the coagulation system is generally 
estimated by measuring different steps in the coagulation cascade, such as factor X 
and Xa, TAT complexes, the prothrombin fragment F1+2, the immediate precursor 
of insoluble fi brin named thrombus precursor protein (TpP) and the fi brin degrada-
tion product D-dimer.  

    Activation of Coagulation in End-Stage Kidney Disease (ESKD) 

 Despite a compromised platelet function and a hemorrhagic tendency, uremic 
patients not yet on dialysis are generally characterized by a pro-coagulant state, as 
measured by increased plasma concentrations of fi brinogen, D-dimer, increased 
prothrombin fragment 1+2, tissue factor (TF) antigen, coagulation factor VII, and 
reductions in the levels of antithrombine, protein S and factor X [ 13 ,  15 – 17 ]. 
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  Fig. 15.4    Markers of activated coagulation and fi brinolysis together with main alterations of 
coagulation and fi brinolysis in the cause of HD treatment [ 14 ]. Abbreviations:  F1 + 2  prothrombin 
fragment FI + 2, the peptide originating from the prothrombin molecule upon its proteolytic con-
version into thrombin,  FPA  fi brinopeptide A, one of the peptides originating from fi brinogen upon 
its proteolytic conversion into the fi brin monomr,  PAI-1  plasminogen activator inhibitor,  PAP  
plasmin-antiplasmin complexes,  TAT  thrombin-antithrombin complexes,  t-PA  tissue type plasmin-
ogen activator,  vWf  von Willebrand factor (Modifi ed from Miljic et al. [ 14 ]. With permission from 
Hormones Journal)       
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 During HD a complex interaction occurs between the hemostatic system and 
the ECC, which depends on individual characteristics of the patient and the mem-
brane material of the dialyzer. As already mentioned, anticoagulants are adminis-
tered directly at the start of the treatment to prevent clotting. From a number of 
studies in HD patients who were treated with different membranes, it was con-
cluded that HD patients already show signs of coagulation activation before treat-
ment, as measured by increased concentrations of the prothrombin fragment F1+2. 
Studies on dialyzers with different membranes [polyacrylonitrile (AN69), poly-
methylmethacrylate (PMMA) and polysulphon (PS)], all showed a decrease of 
factor XII levels over time, which, however, depended highly on the material of 
the membranes used (PMMA: mean decrease 80 % of the initial value, PS: mean 
40 % and AN69: mean 28 %). Plasma TpP levels, a measure of fi brin clot forma-
tion, remained unaltered during HD with PS membranes and showed an increase 
during treatment with both AN69 and PMMA dialyzers [ 18 ,  19 ]. Comparable 
fi ndings were obtained for the coagulation activation marker F1+2. TAT com-
plexes remained unaltered during HD with PMMA, but peaked sharply after 
30 min during treatment with both AN69 and PS. All measurements showed large 
inter-individual variations. Of note, some of these intra-dialytic changes (TAT, 
F1+2) can easily be missed when measuring only before and after a session, as 
return of these parameters to pre-dialytic values may occur towards the end of the 
treatment [ 16 ,  20 ]. 

 Altogether, it can be concluded that the coagulation system in patients with 
ESKD is already activated prior to the start of HD. During treatment with various 
types of dialyzers further stimulation occurs, which, however, is highly dependent 
on the individuals under study and the material of the membranes used. 

 Only a few studies have addressed the question whether coagulation activity dif-
fers between HD and HDF. From a comparative analysis between high-fl ux HD and 
pre-dilution HDF it appeared that TAT and D-dimer generation at identical anti-Xa 
levels was considerably higher during HDF [ 21 ]. On the other hand, when the dose 
of the LMWH enoxaparin was kept constant and anti-Xa activity was compared 
between online postdilution HDF (substitution volume 18 L), low fl ux HD and 
high-fl ux HD, anticoagulant activity was signifi cantly lower during HDF than dur-
ing both high-fl ux HD and low-fl ux HD (low-fl ux HD: 0.71 ± 0.17, high-fl ux HD: 
0.35 ± 0.17 and HDF: 0.19 ± 0.11 IU/ml, p < 0.005) [ 22 ]. UHep and LMWH dose- 
fi nding studies are described in the paragraph below.   

    Anti-coagulation During Hemodialysis and Hemodiafi ltration 

 Unfractionated heparin (UHep) has been the standard anticoagulant in HD for decades 
[ 23 ]. It has both anti-Xa and anti-IIa activity and its presence can be estimated by the 
activated prothrombin time (aPTT). More recently, low molecular heparins (LMWH) 
have emerged as an alternative anticoagulant, because of a more simple mechanism 
of action (more powerful inhibition of the conversion of factor X to factor Xa without 
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an effect on thrombin, which reduces the bleeding risk in patients on this anticoagu-
lant therapy), a more rapid onset of action, less platelet activation [ 24 ] and less fi brin 
deposition onto the dialyzer [ 25 ]. In addition, a single bolus injection at the start of 
HD is usually suffi cient to obtain adequate anticoagulation during the entire duration 
of the dialysis session [ 26 ]. A detailed discussion of the merits and disadvantages of 
both types of anticoagulants in HD is beyond the scope of this chapter [ 27 ,  28 ]. 

 Data comparing UHep and LMWH use in HDF are limited. From a study in patients 
who were treated with low-fl ux HD (n = 28) and HDF (n = 26), it appeared that both 
treatments induced adequate anticoagulation without major risk of  bleeding [ 29 ]. Plasma 
anti-Xa activities were similar. Laboratory measurements in HDF patients indicated that 
aPTT and TAT (MW 90 kD) values were lower during treatment with the LMWH nad-
roparin (MW 1.7 kD), while plasma anti-Xa activity was higher. In addition, platelet-
derived BTG (MW 36 kD) and PF4 (MW 358 kD) were lower after administration of 
LMWH. Other differences between HD and HDF were not described in this study. 

 From a dose-fi nding study in patients who underwent either high-fl ux HD (n = 22) 
or online post-dilution HDF (n = 33) it appeared that the optimal dalteparin (MW 
6 kD) dose is approximately 60 ± 10 IU/kg, the desirable target range of anti- Xa 
activity at 1 h 0.4–0.75 IU/ml and <0.4 IU/ml at the end of a session [ 30 ]. Differences 
in effi cacy and side effects were not found between HD and HDF while  accumulation 
did not occur in either modality. As dialysis time is an important determinant of end-
dialysis anti-Xa activity, it was concluded that patients with a shorter dialysis time 
may need dosing in the lower range and individuals with longer dialysis time near 
the upper range. Comparable results were described with the synthetic LMWH 
fondaparinux (MW 1.7 kD) in fi ve patients suffering from heparin- induced thrombo-
cytopenia (HIT), who were treated with online postdilution HDF [ 31 ]. Despite its 
almost complete renal excretion and a terminal half-life of 17–20 h, accumulation 
did not occur during this type of treatment, most likely due to removal by convection. 
To obtain the desired anti-Xa activity both after 1 h (0.4–0.6 IU/ml) and at the end of 
the session (<0.4 IU/ml), 0.03 mg/kg appeared to be the optimal bolus at the start of 
HDF after a number of adjustments. At this dose no bleeding episodes were observed 
and only minor clotting occurred. Thrombocytopenia did not occur in 160 sessions. 

 Two large randomized, controlled trials, comparing HDF with HD, reported anti-
coagulant use during treatment with the two modalities. In the Turkish HDF Study 
the dose of UHep was approximately 25 % higher in HDF patients as compared to 
individuals who were treated with high-fl ux HD [ 32 ]. In CONTRAST [ 33 ], the dose 
of LMWH (mainly nadroparin and dalteparin) was approximately 10 % higher in 
the HDF group as compared to patients who were treated with low-fl ux HD [ 34 ]. As 
the MW of UHep is 5–30 kD and of LMWH 2–8 kD, removal by convection, as 
demonstrated for the LMWH enoxaparin during HD with high-fl ux membranes, 
[ 35 ] is a potential option for both substances. Of note, protein binding, which deter-
mines the free fraction available for elimination and bioavialability, differs consid-
erably between the commercially available LMWHs, varying between 80 % for 
enoxaparin and <10 % for dalteparin [ 36 ]. For UHep protein binding is approxi-
mately 90 %. Other explanations for the requirement of high doses of anticoagu-
lants during HDF include the elevated TMP and marked hemoconcentration. 
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    Hemodiafi ltration with Reduced Doses or No Anticoagulation 
in the Extra-Corporeal Circuit 

 As the administration of both UHep and LMWH has been related to unfavorable 
side effects, including platelet activation and hypertriglyceridemia, attempts have 
been made to reduce their doses. From a recent study in online postdilution HDF 
with a heparin-grafted polyacrylonitril (HeprAN) membrane, it appeared that the 
dose of the LMWH nadroparin (MW 1.7 kD) could be reduced by 60 % without 
noticeable clinical side-effects but with similar concentrations of TAT complexes, 
i.e. coagulation activation, as found during standard anticoagulation [ 37 ]. Other 
attempts to reduce or even avoid the use of UHep or LMWH during HDF include 
the application of pre-dilution HDF and regional citrate anticoagulation without 
[ 38 ] or with calcium-containing dialysate [ 39 ]. While especially the latter modality 
was characterized by a high incidence of clotting in the venous bubble trap, a study 
on pre-dilution HDF with reduced doses of the LMWH enoxaparin (MW 4.5 kD) 
was prematurely discontinued because of a signifi cantly higher occurrence of major 
clotting incidents compared to standard regimes [ 40 ]. In CONTRAST, a small sub- 
study was performed in patients with a temporarily contra-indication for systemic 
anticoagulation. Patients who were randomized to postdilution HDF were switched 
to the predilution mode and those randomized to HD were treated with regional 
citrate anticoagulation. A total of 14 patients (HDF 9; HD 5) underwent 29 treat-
ments. Preliminary data indicate that 74 % of the HDF patients successfully com-
pleted the sessions compared to 90 % in the HD group. 

 Interestingly, the use of a citrate-based dialysate in online postdilution HDF 
appeared safe and allowed the exclusion of both the LMWH enoxaparin and UHep 
in most cases [ 41 ]. As ionized calcium diffuses from the blood into the dialysate and 
the calcium-citrate-complex from dialysate into the blood, ionized calcium 
decreased while total calcium remained unaltered, if compared to treatment with 
standard dialysate. The maximum plasma citrate concentration only slightly 
exceeded the upper limit of the normal range. In 120 sessions, side effects were not 
described.   

    Summary and Practical Advice 

 During the course of CKD, the hemostatic balance is disturbed due to alterations in 
the coagulation cascade, inhibitors of the coagulation system, the fi brinolytic path-
way, platelets and endothelial cells. Hence, CKD is characterized by both a bleeding 
and a pro-thrombotic tendency. 

 During dialysis the blood of the patients is exposed to the foreign materials of the 
ECC, mechanical forces within the ECC and the anticoagulation administered dur-
ing treatment. As a result, coagulation activation, as measured particularly by an 
increase in plasma TAT complexes and a decrease of individual clotting factors, 

15 Effects of Hemodiafi ltration on Platelets and Coagulation



192

increases depending on the type of dialysis membrane used and individual patient 
characteristics. In addition, activation of platelets, as measured by an increase in 
the expression of the platelet surface marker CD62p and release of platelet granu-
lation products, occurs. With the exception of the platelet degranulation product 
BTG, treatment-induced alterations in hemostatic parameters are more pro-
nounced during HDF than HD, most probably due to a higher TMP and increased 
hemoconcentration. 

 Clinical studies revealed that anti-Xa activity is lower during HDF than during 
HD, at similar LMWH dosage. When anti-Xa was kept constant, higher doses of 
LMWH were necessary during treatment with HDF. In two randomized controlled 
trials comparing HDF with HD, post hoc analysis showed that both heparin and 
LMWH doses were higher in patients treated with HDF. Therefore, visible clotting 
of the dialyzer and air bubble trap, and pressure monitoring at the arterial line is of 
utmost importance. To avoid clot formation within the dialyzer and guarantee an 
undisrupted HDF procedure as much as possible, a higher loading dose may be 
advisable. When measuring anti-Xa activity, a concentration of 0.4–0.6 IU/ml after 
1 h and 0.4 IU/ml at the end of the session appears suffi cient. When using the LMWH 
fondaparinux, a dose of 0.3 mg/kg appeared the optimal bolus at the start of treat-
ment while 60 IU/kg appears appropriate for dalteparin. In case of a contraindication 
for intravenous anticoagulation, use of pre-dilution HDF without administration of 
UHep or LMWH is an option, although published results are somewhat disappoint-
ing. Depending on the experience of the medical and technical staff, application of 
online post-dilution HDF with citrate-based dialysate may offer a suitable option. 

 Future studies are needed to assess fi rst, whether the higher doses of UHep and 
LMWH during HDF are a refl ection of the more bio-incompatible conditions within 
the dialyzer or result from removal by convection. Second, to assess whether higher 
doses of anticoagulants are correlated with clinical outcome (either favorable or 
adverse) or just an innocent bystander of HDF treatment. 

 Teaching Points 
•     Patients with chronic kidney disease (CKD) develop a variety of hemo-

static disorders over time  
•   As a result, CKD patients suffer from both a bleeding tendency and a pre-

disposition for clotting  
•   Abnormalities include the coagulation cascade, inhibitors of coagulation, 

fi brinolytic pathway, platelets and endothelial cells  
•   In hemodialysis (HD) patients, both the accumulation of uremic toxins and 

the bio-incompatibility of the extracorporeal circuit (ECC) play an impor-
tant role in the hemostatic abnormalities  

•   Not only the dialyzer, but also other components of the ECC, intra-dialyzer 
hemoconcentration, mechanical forces and administration of intravenous 
anticoagulants contribute to this process  
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    Chapter 16   
 Clinical Trials on Hemodiafi ltration                     

       Muriel     P.  C.     Grooteman      ,     Menso     J.     Nubé      , and     Michiel     L.     Bots   

    Abstract     In the present chapter, several clinical hemodiafi ltration (HDF) studies 
are discussed, with special emphasis on the reliability of the methodology used. 
These studies differ widely in design, end points, patient numbers, treatment and 
comparator groups, and amount of convection volume in the treatment arms. 
Recently, three large randomized controlled trials (RCT) have been performed com-
paring survival between online postdilution HDF and hemodialysis (HD). While 
neither CONTRAST nor the Turkish HDF study showed differences between study 
arms, in the Spanish ESHOL study the mortality risk was signifi cantly lower in 
HDF patients (HR 0.70; 95 % CI 0.53–0.92). In all three studies, post-hoc (on-
treatment) analysis showed a survival benefi t up to 40 % for patients treated with 
high- volume HDF (convection volume >20–22 L/treatment). Apart from these 
RCTs, in the last 4 years fi ve meta-analyses on convective therapies have been per-
formed, including four on aggregated study results and one on pooled individual 
patient data (IPD). Since in the latter approach all individual patient data from trials 
are ascertained, put together and combined to a new data base, this type of meta-
analysis is most reliable for making adjustments and evaluating subgroup results. 
Notably, in both types of meta-analyses the hazard ratio (HR) for mortality of online 
HDF (as compared to HD) was about 0.83–0.86, indicating a 15 % lower mortality 
risk for patients treated with HDF. From the IPD meta-analysis it appeared that the 
mortality risk was even lower when high convection volumes are applied (HR 0.78; 
95 % CI 0.62–0.98). Finally, meta-analysis on modern convective therapies should 
include only online treatments with a convection volume >20 L/session.  
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     Introduction: Hemodiafi ltration Trials 

 Since the start of hemodiafi ltration (HDF) in the seventies of the twentieth century 
[ 1 ], many reports have been published on the clinical effects of convective tech-
niques. These studies, however, vary considerably with respect to the techniques 
compared (e.g. off-line HDF, pre-and post-dilution online HDF, acetate free biofi l-
tration [AFB], hemofi ltration [HF]), the treatment modality in the reference arms 
(low or high-fl ux hemodialysis [HD]), the achieved convection volume in the treat-
ment arm, their design (observational studies, intervention studies and meta- 
analyses of randomized clinical trials [RCTs]), the diverse end points (ranging from 
the effect on single solutes or cytokines to fatal and non-fatal disease) and patient 
numbers (from less than 50 to several thousands). 

 This chapter will focus on the results of RCTs with clinical endpoints on online 
post-dilution HDF. First, however, we will discuss the results of large observational 
studies which were conducted before the publication of these RCTs. Thereafter, a 
number of systematic reviews and meta-analysis on convective therapies will be 
described, that have been published in the past 10 years. Meanwhile, a variety of 
methodological issues important for the interpretation of the fi ndings from the vari-
ous studies will be addressed.  

    Observational (Cohort) Studies on Hemodiafi ltration 
and Clinical Endpoints 

 In Europe, several cohorts of patients were studied in order to compare the treat-
ment effects of HD with HDF in the last decades. 

 In 1999, an observational Italian study was published, including 6444 patients 
with end stage kidney disease [ 2 ]. Of these, 188 started on HDF or HF, whereas 
6256 started treatment with HD. During the study, therapy was changed in several 
patients, mainly to HDF (n = 894). Treatment was analyzed as a time dependent 
covariate. No differences in mortality were observed (RR H(D)F compared to HD: 
0.90, 95 % CI 0.76–1.06). The main fi nding reported by the authors was that the risk 
of dialysis related amyloidosis decreased in patients treated with convective tech-
niques (risk of surgery for carpal tunnel syndrome H(D)F: RR 0.59, 95 % CI 0.36–
0.96, p = 0.034). 

 In 2006, the results of treatment with online HDF in patients in the European 
Clinical Database (EuCliD) were presented in a letter [ 3 ], precluding critical 
appraisal of the study. In this observational study encompassing 2564 patients, 
 followed for 12 months, an odds ratio for all-cause mortality of 0.57 (95 % CI 0.38–
0.87, and an odds ratio after adjustment OR 0.65 [95 % CI 0.42–0.99]) was observed 
in patients treated with online HDF (n = 394) compared to HD. The convection vol-
ume was not reported. 
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 The DOPPS data were reported in 2006 by Canaud et al. [ 4 ]. In this prospective, 
non-randomized observational study, 2165 patients were followed between 1998 
and 2001 in fi ve European countries. Four different treatment modalities were com-
pared: low-fl ux HD (n = 1366), high-fl ux HD (n = 546), low-effi ciency HDF (n = 156, 
substitution volume 5–14.9 L/treatment), and so-called high-effi ciency HDF (n = 97, 
substitution volume 15–24.9 L/treatment). Treatment with high-effi ciency HDF 
was associated with a relative risk reduction of mortality of 35 % (p = 0.01), as com-
pared to low-fl ux hemodialysis, a fi nding which remained after extensive 
adjustments. 

 In Italy, a prospective observational study was performed in 757 patients (the 
RISCAVID study) which was published in 2008 [ 5 ]. Treatment with low- or high- 
fl ux HD (n = 424) was compared to treatment with HDF with bags (n = 130: AFB, 
n = 74: HDF, convection volume 10–15 L/treatment) and online HDF (n = 129, con-
vection volume 22–25 L/session). After a follow up of 30 months, treatment with 
HDF (either online or with bags) was associated with a reduced risk of all-cause 
mortality, after adjustment (RR 0.78, p = 0.01). 

 In the United Kingdom, the results of an observational study in 858 incident 
patients were reported in 2009 [ 6 ]. Patients were treated predominantly with online 
HDF (n = 232). In this group, 79 % of treatments were delivered as HDF, with a 
mean fi ltration volume of 14.9 L/treatment (range 5.8–33.2 L). The comparator 
group was treated exclusively with high-fl ux HD (n = 626). The mortality risk was 
signifi cantly reduced in patients treated predominantly treated with HDF (HR 0.45; 
95 % CI 0.35–0.59, p < 0.001), after adjustment for age, gender, BMI and 
comorbidity. 

 Quite recently, several observational analyses were derived from the EuClid 
Database [ 7 – 10 ]. In Romania, 221 prevalent patients treated with online HDF (mean 
convection volume 22.2 L) were matched with a propensity score (PS) to 431 
patients treated with HD [ 8 ]. Online HDF was associated with a reduced mortality 
risk (HR 0.62; 95 % CI 0.42–0.93). As before matching both patients groups dif-
fered markedly (due to the indication for HDF as formulated in the Romanian law), 
unmeasured confounding might play a considerable role. For incident patients, the 
mortality risk was lower as well (PS score matched groups, 265 patients on HDF, 
530 HD patients, HR 0.22; 95 % CI 0.11–0.43). 

 A study on 442 incident patients in three other Balkan countries failed to show a 
signifi cant effect on mortality risk in high-volume HDF (substitution volume 23.3 L/
treatment) as compared to high-fl ux HD, in a time dependent analysis (HR 0.48; 
95 % CI 0.20–1.16) [ 7 ]. In this study, somewhat healthier patients were treated with 
HDF and 44 % changed treatment modality during follow up. 

 From the same database, data were used from NephroCare centers in 12 European 
countries and 2 propensity score matched groups of 795 incident patients were 
formed. Patients were followed for 2.0 years (HD group) or 1.6 years (high-volume 
HDF group) [ 9 ]. About 20 % of patients were lost to follow up in both groups and a 
large number of modality switches occurred. In this study, a non-signifi cant survival 
advantage of HDF was found (HR 0.88; 95 % CI 0.67–1.15). 
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 Finally, the optimal convection volume was evaluated in a retrospective analysis 
on 2293 incident HDF patients from the EuClid database [ 10 ]. After correction for 
several confounders, the survival benefi t started at a weekly convection volume of 
>55 L (i.e. 18.3 L/treatment) and reached a plateau at 75 L/week (25 L/treatment). 

    Some Methodological Issues Regarding Cohort Studies 
in Evaluation Treatment Effi cacy 

 Generally, the estimate of a treatment effect from cohort studies is regarded less reliable 
than from RCTs. In studies comparing the effect of treatment on a specifi c end point 
(e.g. reduction in mortality), one is interested in the treatment effect only. However, the 
risk of death in the hemodiafi ltration study arm that is observed is a summation of the 
treatment effect, the natural history of the patient group, bias due to observers, changes 
in the patient group that affect the risk of death and effects of loss to follow-up. The 
same accounts for the risk of death in the hemodialysis group. Therefore, these factors 
should be controlled for when evaluating the treatment effects in cohort studies. 
Adjustment for baseline factors that are related to the treatment and to the risk of the 
outcome is mandatory. Observer bias should be minimized by choosing an outcome 
measurement that cannot be biased by observers, e.g. death. Changes in patient group, 
e.g. behavior and lifestyle of patients or treatments may be adequately addressed by 
using adjustments for those variables that change over time, e.g. salt intake, weight loss, 
occurrence of non-fatal disease (pneumonia, fractures), or transplantation (time vary-
ing co-variables). When the risk of receiving a kidney transplantation is related to the 
treatment and the transplantation is related to the risk of the outcome, relations are 
biased. Finally, loss of follow-up should be evaluated, in order to check whether it dif-
fers across treatment arms and whether it relates to the risk of death. For example, when 
during the conduct of a study, half of the patients withdrew because they knew they 
would not survive the next 6 months, the risk of death in that study would be severely 
underestimated, and thus the result is biased. As these aspects are not always clearly 
addressed in cohort studies, the reported estimates may be biased to a varying extent.   

    Randomized Controlled Trials on Hemodiafi ltration, Other 
Clinical End Points 

 Many randomized or cross-over trials on clinical end points other than mortality 
have been performed. Here, we discuss some of the larger trials briefl y. 

 In 1996, Locatelli et al. published the results of a RCT in which 380 patients were 
included. Patients were randomized to four groups: HD with cuprophane mem-
branes (n = 132), low-fl ux HD with polysulfone membranes (n = 147), high- fl ux HD 
with polysulfone membranes (n = 51) or post-dilution HDF with a convection vol-
ume of 8–12 L/session (n = 50) [ 11 ]. During the study, which lasted 24 months, 228 
patients were lost to follow up for other reasons than death (among which 139 for 
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‘technical reasons’). Loss to follow-up does not necessarily bias the results. This 
only occurs when loss to follow-up is differential, i.e. related to both treatment and 
risk of death. An example of the latter is when patients receive a kidney transplant. 
Since these individuals leave the study alive, and are censored (i.e., no longer fol-
lowed for death) they are no longer at risk to die in a study context. When loss to 
follow-up is non-differential (random), the consequence is only loss of precision, i.e. 
large confi dence intervals, whereas a true relative risk is reported. In the present 
study, no differences were found in the two primary end points: hypotensive epi-
sodes and nutritional status, whereas mortality was similar in the four groups. 

 In 2000, two relatively small RCTs were published, in which 44–50 patients 
were randomized between low-fl ux HD or HDF. These trials were too small to draw 
conclusions on clinical end points [ 12 ,  13 ]. 

 In a recent Italian study, the effect of several techniques on intradialytic hypoten-
sion was investigated in 146 patients randomized to low-fl ux HD (n = 70), online 
pre-dilution HF (n = 36, median substitution volume 60.4 L/session) and online pre- 
dilution HDF (n = 40, median substitution volume 39.9 L/session) [ 14 ]. Patients with 
residual diuresis of >200 ml/day were excluded. After a median follow up of 1.5 year, 
a risk reduction of 31–54 % for intradialytic symptomatic hypotension was observed 
for the convective treatments (online pre-dilution HDF: OR 0.46, 95 % CI 0.33–
0.63). Of note, this large effect might have been overestimated, since it was unclear 
how the repeated correlated nature of the data (hypotensive episodes occurring more 
than once in a single patient) was taken into account in the statistical analysis. 

 Tessitore et al. compared AFB, a form of HDF with bags (off-line, convection 
volume about 10 L/treatment) with low- or high-fl ux HDs in a randomized con-
trolled trial in 371 patients [ 15 ]. During the study, about 20 % of patients were lost 
to follow-up in both treatment arms. After 36 months, treatment with AFB resulted 
in a signifi cant reduction in the number of intradialytic hypotensive episodes. 
Cardiovascular mortality was comparable in the two treatment groups, although this 
trial was not designed to assess such an effect. 

 Thus, from these studies it appears that the incidence of intradialytic hypotension 
is reduced in patients treated with convective techniques. For further reading see 
Chaps.   17     and   19    . 

 Finally, over the past decades there have been several (cross-over) trials that 
addressed the effects of online HDF on alternative outcomes, such as left ventricular 
mass, anemia, quality of life, hemoglobin, beta-2 microglobulin and other labora-
tory measurements. These items are discussed in other chapters.  

    Randomized Controlled Trials on Online Post-Dilution 
Hemodiafi ltration Designed for Mortality as Primary 
End-Point 

 In this paragraph, the results of three large RCTs, comparing HDF with HD and 
primarily designed to assess hard clinical outcomes, will be discussed in order of 
publication date. The results of some other studies are pending [ 16 ]. 
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    The Dutch CONvective TRAnsport STudy (CONTRAST) 

 The CONTRAST study (NCT 00205556) was performed in 29 centers in the 
Netherlands (n = 26), Canada (n = 2) and Norway (n = 1) [ 17 ]. Seven hundred four-
teen patients were randomized between 2004 and 2009 between treatment with low- 
fl ux HD and online post-dilution HDF, both with ultrapure dialysate. Main exclusion 
criteria were treatment with high-fl ux HD or H(D)F in the preceding 6 months, 
severe non-adherence regarding the dialysis treatment and a life-expectancy of 
<3 months due to non-renal disease. Neither vascular access, nor residual renal 
function was considered an exclusion criterion. 

 The primary endpoint was all cause mortality, and the main secondary end-
point was a composite of fatal and non-fatal cardiovascular events. Of 358 HDF 
patients, 121 discontinued treatment during the study due to transplantation, 
switch to another center or therapy, or other reasons. Of 356 HD patients, 
118 patients discontinued the allocated treatment. Importantly, despite discontin-
uation of the allocated treatment, all patients (100 %) were followed until the end 
of the study in 2010 or death, whichever occurred fi rst. 

 Mean follow up was 36 months (range 5–79); during this period 269 deaths 
occurred in 2170 person-years. The incidence of all-cause mortality was not affected 
by treatment assignment (HR 0.95; 95 % CI 0.75–1.20), as was the incidence of the 
composite end point of fatal and non-fatal cardiovascular events (HR 1.07; 95 % CI 
0.83–1.39). In pre-specifi ed subgroup analysis, clinical outcome was not related to 
residual kidney function, diabetes, low serum albumin or a high dialysis vintage. 
While the target convection volume was set at 24 L/treatment, the mean achieved 
volume was only 20.7 L/treatment. Post hoc analysis showed a signifi cantly lower 
mortality in the group of patients treated with a high convection volume: >21.95 L/
treatment (highest tertile) was associated with a 39 % lower mortality as compared 
to HD (HR 0.61; 95 % CI 0.38–0.98), which remained after extensive adjustment 
for determinants of mortality and convection volume.  

    The Turkish Hemodiafi ltration Study 

 The Turkish HDF study (NCT00411177) was conducted between 2007 and 2010 in 
10 centers, including 782 patients, randomized between online post-dilution HDF 
and high-fl ux HD [ 18 ]. Patients with central venous catheters were excluded, as were 
patients with blood fl ow <250 ml/min and/or residual urine output of >250 ml/day. 

 The primary end point was a composite of all-cause mortality and fi rst non-fatal 
cardiovascular event. Of 391 patients treated with HDF, 110 discontinued the study 
(28 %), including 40 (10 %) who terminated early due to vascular access problems, 
resulting in insuffi cient blood fl ow rate. Of 391 patients randomized to HD, 90 
patients (23 %) dropped out (none due to vascular access problems). Importantly, 
these patients were censored alive at the moment they discontinued the treatment 
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and not followed for the primary outcome after discontinuation. Hence, when the 
reasons for discontinuation are related to the treatment modality and to the risk of 
the primary outcome, the main treatment effect may be biased. Mean follow up 
was 23 months (range 1–38) and the HR of HDF for the composite of mortality 
and fi rst cardiovascular event was 0.82 (95 % CI 0.59–1.16), for all-cause mortal-
ity 0.79 (95 % CI 0.55–1.14) and for cardiovascular mortality 0.72 (95 % CI 
0.45–1.13). 

 The mean substitution volume in the HDF group was 17.2 L/treatment. As the 
mean intradialytic weight gain was 2.4 L per treatment (3.5 % of body weight, mean 
post dialysis body weight in the HDF group 68.1 kg), the average convection vol-
ume was 19.6 L/treatment. From a post-hoc analysis it appeared that patients who 
achieved a convection volume above the median showed a lower mortality risk than 
patients with a convection volume below the median (HR 0.54; 95 % CI 0.33–0.88). 
These association remained after extensive adjustments for age, gender, diabetes, 
cardiovascular disease, dialysis vintage, vascular access, interdialytic weight gain, 
blood fl ow rate, hemoglobin, albumin, phosphate and eKt/V (HR 0.54; 95 % CI 
0.31–0.93).  

    The Catalonian Hemodiafi ltration Study (ESHOL) 

 The ESHOL study (NCT00694031) included 906 Spanish dialysis patients in 27 
units, who were randomized between online post-dilution HDF (n = 456) and HD 
(n = 450) [ 19 ]. In the HD group, 8 % of the patients was treated with low-fl ux and 
92 % with high-fl ux membranes. Patients with a temporary non-tunneled venous 
catheter were excluded, as well as patients on immunosuppressive therapy. After 
randomization, patients not achieving >18 L of convection volume, or not receiving 
the allocated treatment for >2 months were withdrawn from the study (information 
on number of patients withdrawn was not provided). No information was collected 
on residual kidney function. 

 Mean follow up was 23 months. Three hundred fi fty fi ve patients prematurely 
completed the study and were censored alive, being 36 % of participants in the HD 
group and 42 % in the HDF group. As described earlier, this may have introduced 
an information bias (overestimation of the treatment effect) in the main estimate, if 
premature discontinuation of the study was related to the treatment modality (HDF) 
and to the risk of death. In patients treated with HDF, the median convective volume 
achieved was 22.9–23.9 L/treatment. Two hundred seven events were observed in 
1730 patient-years. A signifi cant 30 % risk reduction in mortality was observed in 
the HDF group (HR 0.70; 95 % CI 0.53–0.92), while the HR for cardiovascular 
mortality was 0.67 (95 % CI 0.44–1.02). Similarly, as in CONTRAST and the 
Turkish HDF study, in a post hoc analysis, a higher achieved convection volume 
was associated with a lower mortality risk (HR highest tertile, i.e. >25.4 L/treatment 
0.55; 95 % CI 0.34–0.84), if compared to HD patients.  
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    Refl ection on Individual RCTs 

 The three RCTs primarily designed for assessing an effect of online HDF on mortal-
ity showed different results. In general there is a number of issues one has to address 
in order to explain such fi ndings assuming the studies were suffi ciently powered for 
the primary outcome: (1) differences are due to biases that are differently operating 
across the studies; (2) differences are due to differences in treatment intensity (dos-
age) across studies; (3) differences are due to chance; (4) differences are due to 
differences in participants across studies. 

    Bias 

 As all three RCTs were well balanced in baseline characteristics, the natural history 
of the disease (i.e., risk of death) in both treatment modality groups was comparable 
at the start of the study. In addition, since follow-up measurements were equal 
between treatment modalities in each of the study, no bias is expected in this respect. 
All trials had all-cause mortality as primary or secondary outcome, which is an 
unbiased outcome. Causes of death were generally assessed by an event committee 
blinded to allocation of treatment modality. Notably, the three RCTs did differ in 
their approach of censoring alive. Only in CONTRAST all patients were followed 
for death, irrespective of what happened during the trial (e.g. transplantation, or 
switch to another modality), whereas in the other trials this did not happen (indi-
viduals were censored alive). In fact, the other RCTs reported results from an ‘on 
treatment’ analysis. In CONTRAST the ‘on treatment’ analyses yielded similar 
results as the other three trials (HR around 0.82).  

    Treatment Intensity 

 The three RCTs clearly differed with respect to the average dose of convective vol-
ume that was delivered. Assuming that the convective volume is indeed important, 
this difference might explain the different trial results. However, informative bias, 
as described above, cannot be ruled out as an explanation for the different results. A 
clue that differences in the magnitude of the achieved convection volume across 
studies may indeed be the explanation for the dissimilar clinical outcome may come 
from the observation that the convective volume analyses were comparable, despite 
differences in informative bias across studies.  

    Differences in Patients 

 In order to have the differences in patient characteristics explain the differences in 
trial results, one should compare whether death rates differ across trials, and, from 
a pathophysiological point of view explain why effects of treatment differ by risk of 
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death. In all three RCTs, prevalent patients were studied. In ESHOL and CONTRAST 
mean age was about 65 years, dialysis vintage about 2–3 years, and 24–25 % of the 
patients suffered from diabetes mellitus. In Contrast, 44 % of patients had previous 
cardiovascular disease and 53 % residual diuresis; for ESHOL these data are not 
available. Death rates were 12 deaths/100 patient years in both trials. In the Turkish 
HDF study, however, patients were markedly younger (mean age 56 years), had a 
longer dialysis vintage (almost 5 years), and suffered more often from diabetes 
(34.7 %). No patients with residual diuresis were included, and 26.4 % had a history 
of cardiovascular disease. Death rates were lower than in the other two trials: 8 
deaths/100 patient years. As of yet, no subgroups are identifi ed in which HDF is of 
more benefi t. Hence, although some differences in patients characteristics between 
the trials were observed, they do not directly seem to explain the different results.  

    Chance Finding 

 A RCT can be viewed as “just a measurement of a therapy effect” and as such, dif-
ferences may indeed be just a chance fi nding as studies may falsely or correctly 
provide the good answer to the research question.    

    Meta-analyses of Convective Therapies 

 Generally it should be realized that when individual studies are biased, a meta- 
analysis is no more than the pooling of biased results. Only when adjustment for the 
biases that occurred in the studies involved can be performed, the truth will come 
closer. In addition, there are two types of meta-analyses to distinguish: the fi rst is 
pooling aggregated results from publications, the second is one that collects all the 
individual participant data (IPD) from all trials and have the analysis rerun. The IPD 
meta analyses are best for making adjustments and evaluating subgroup results. 
This paragraph deals with the fi rst approach. 

 In recent years, several meta-analyses on convective therapies have been pub-
lished, see Table  16.1 . The fi rst was a Cochrane analysis in 2005 [ 20 ], that included 
20 trials with 657 patients (8 cross over studies and 12 parallel arm studies). 
Mortality data were available from only 4 trials with 336 patients, depended heavily 
on the results of one single trial (with 205 patients) and suggested no difference in 
mortality risk for patients treated with HDF (after correction of an error: RR 1.68; 
95 % CI 0.23–12.13) [ 21 ]. The authors concluded no treatment modality could be 
preferred over another because of inadequate power of the studies, which were of 
insuffi cient quality. Obviously, none of the recent RCTs could be included in this 
analysis.

   Eight years later, a meta-analysis was published by Susantitaphong, comparing 
‘convective therapies’ with low-fl ux HD [ 22 ]. Remarkably, ‘convective therapies’ 
included not only HF, HDF, and AFB but also high-fl ux HD. Hence, a therapy with 
virtually no convection (low-fl ux HD) was compared to therapies with a large range 
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of convection volumes. This meta-analysis based on aggregated data included 
12,182 patients; mortality data were available for 4766 patients. In the ‘convective’ 
arm, more than 50 % of patients were treated with high-fl ux HD. The relative risk 
of mortality was 0.84 (95 % CI 0.71–0.98) for patients in the ‘convective’ arm as 
compared to low-fl ux HD. At the time of this meta-analysis, only one of the three 
recent RCTs on online HDF was included [ 17 ]. 

 Mostavaya et al. compared exclusively HDF to (both low- and high-fl ux) HD in 
2014 [ 23 ], including 2402 patients. The HDF arm consisted of both online post- 
dilution HDF (n = 1205, achieved convection volume in post-dilution >19  L/treat-
ment) [ 17 – 19 ]; online mid-dilution HDF (n = 23, target convection volume 60 L/
treatment, achieved volume not reported) [ 13 ]; offl ine HDF (n = 50, target convec-
tion volume 8–12 L/treatment) [ 11 ] or online pre-dilution HDF (n = 40, reinfusion 
volume 39.9 L/treatment) [ 14 ]. The RR for all-cause mortality with HDF was 0.84 
(95 % CI 0.73–0.96), as compared to low- and high-fl ux HD. 

 In 2014 Nistor and colleagues compared (low- and high-fl ux) HD to convective 
techniques, including HF, offl ine HDF (with bags, including AFB) and online HDF 
[ 24 ]. Effects on mortality was estimated for 3396 patients. Of 1648 patients treated 
with convective techniques, 14 % (n = 227) were treated with low volume HDF 
(including AFB; convection volume ca 10 L/treatment) [ 11 ,  15 ]. The authors con-
cluded that ‘in low-quality evidence, convective therapies had little or no effect on 
all-cause mortality’. However, the RR for mortality was 0.87, indicating a 13 % 
lower mortality risk, with a corresponding p value of 0.10. Furthermore, after 

   Table 16.1    Overview of meta-analyses on convective therapies   

 1st author and 
year of 
publication 

 Convective 
therapy  Comparator 

 No of 
RCTs a  

 No of 
patients a  

 Effect on 
all- cause 
mortality 

 Effect on 
cardiovascular 
mortality 

 RR (95 % CI)  RR (95 % CI) 

 Rabindranath 
(2005) [ 20 ] 

 HF, HDF, 
AFB 

 lfHD, hf HD  4  326 (−)  1.68 
(0.23–12.13) 

 – 

 Susantitaphong 
(2013) [ 22 ] 

 HF, HDF, 
AFB, hfHD 

 lfHD  21 (3) b   4766 
(3207) 

 0.88 
(0.76–1.02) 

 0.84 
(0.71–0.98) 

 Mostovaya 
(2014) [ 23 ] 

 HDF  lfHD, hf HD  6 c  (3)  2885 
(2402) 

 0.84 
(0.73–0.96) 

 0.73 
(0.57–0.92) 

 Nistor (2014) 
[ 24 ] 

 HF, HDF, 
AFB 

 lfHD, hf HD  11 (6)  3396 
(2889) 

 0.87 
(0.70–1.07) d  

 0.75 
(0.58–0.97) 

 Wang (2014) 
[ 26 ] 

 HF, HDF, 
AFB 

 lfHD, hf HD  10 (4)  2998 
(2487) 

 0.83 
(0.65–1.05) 

 0.85 
(0.66–1.10) 

   RCT  randomized controlled trial,  RR  relative risk,  CI  confi dence interval,  HF  hemofi ltration,  HDF  
hemodiafi ltration,  AFB  acetate free biofi ltration,  hfHD  high-fl ux hemodialysis,  lfHD  low-fl ux 
hemodialysis 
  a Number of trials (resp patients) used for meta-analysis effect on all-cause mortality or (between 
brackets) cardiovascular mortality, 
  b For the Susantitaphong meta-analysis: number of convective study arms 
  c Only parallel arm RCTs (others: both cross-over and parallel arm RCTs) 
  d If studies with low convection volumes (<12 L/treatment) are excluded from this meta-analysis, 
the RR for mortality is 0.82 (95 % CI 0.72–0.93) [ 25 ]  

M.P.C. Grooteman et al.



209

removing studies with low-convection volume therapies from this analysis, the RR 
for mortality was 0.82 (95 % CI 0.72–0.93), suggesting a 18 % and signifi cantly 
lower mortality risk [ 25 ]. The ‘low-quality’ of the evidence is partly due to the lack 
of treatment concealment, which is unrealistic in trials on dialysis therapies. It is up 
to the clinician to decide whether this is not only a statistically signifi cant but also a 
clinically relevant effect. 

 Wang et al. reported in 2014 the results from a systematic review and meta- 
analysis, and compared 3220 patients treated with HDF or HF with low- and high- 
fl ux HD as comparator therapy in 16 trials [ 26 ]. The mortality data (2998 patients) 
showed a relative risk of 0.83 (95 % CI 0.65–1.05). In this analysis, one low-volume 
HDF study was included with 205 patients and 13 events [ 11 ]. 

    Refl ection on Recent Meta-analyses 

 As nicely pointed out by others, the results of a systematic review and meta-analysis 
depend on several factors, such as defi ning the research question, the literature 
search, the selection of trials to be included, and the choice of outcome measures 
[ 27 ]. Among these, the defi nition of ‘convective therapy’ seems of utmost impor-
tance. Strictly spoken, even high-fl ux HD is a convective therapy, as convection 
occurs due to internal fi ltration and net ultrafi ltration. Although the exact convection 
volume in high-fl ux HD cannot be measured, it is estimated to be about 10 L/treat-
ment [ 28 ]. The convection volume in the other therapies varied between 10 L/ses-
sion in AFB [ 15 ] or offl ine HDF [ 11 ] and 22.9–23.9 L/session in the Spanish HDF 
study [ 19 ]. In modern convective therapies, high convection volumes are easily 
achievable. Hence, a relevant systematic review and meta-analysis should exclude 
low-convection volume treatments, such as high-fl ux HD, offl ine H(D)F and AFB, 
from the intervention arm. Only then, a proper statement can be made on the effect 
of modern (i.e. online) convective therapies.  

    Individual Participant Data Meta-analysis 

 The HDF pooling initiative has recently started. This project is an ongoing individual 
participant data (IPD) meta-analysis using data from large multicenter RCTs that 
compared the effects of online post-dilution HDF with standard HD on mortality in 
adult patients. At present, data have been collected from four large RCTs on this issue: 
CONTRAST, the ESHOL study, the Turkish HDF study and the French HDF study 
[ 16 – 19 ]. In the published papers, mortality follow-up data were complete for 
CONTRAST [ 17 ], but incomplete for 355 (39 %) of patients in the ESHOL study 
[ 19 ], and for 199 (25 %) patients in the Turkish HDF study [ 18 ], as patients were 
censored alive at the time they discontinued the randomized treatment. In the pooling 
project, additional follow-up data were collected and obtained for 352 of the 355 
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(99 %) ESHOL patients, and 148 of the 199 (74 %) Turkish study patients who had 
been censored alive. For the French study, data were complete for 95 % of patients. 
With these data, hazard ratios (HRs) and 95 % confi dence intervals (95 % CI) compar-
ing the effect of online HDF versus HD on all-cause and cause-specifi c mortality were 
calculated using Cox proportional hazard regression models. After a median follow-
up of 2.5 years (IQR 1.9–3.0), 769 of the 2793 participants had died (among which 
292 cardiovascular deaths). Online HDF reduced the risk of all-cause mortality by 
14 % (95 % CI: 1–25 %), and cardiovascular mortality by 23 % (95 % CI: 3–39 %). 
There was no evidence for a differential effect in subgroups. The largest survival ben-
efi t was for patients receiving the highest delivered convection volume (>23 L/1.73 m 2  
BSA per session), with a multivariable-adjusted HR of 0.78 (95 % CI 0.62–0.98) for 
all-cause mortality and 0.69 (0.47–1.00) for cardiovascular mortality [ 29 ].   

    Summary and Conclusions 

 In recent years, several RCTs on online post-dilution HDF have been completed, 
and several meta-analysis on convective therapies have been performed. Despite 
the negative results of some RCTs, combination of study results in meta-analysis 
(both with aggregated study results and with individual patient data) suggest a sur-
vival benefi t of about 15 % appears for patients treated with online HDF. The dif-
ferent studies do not show differential effects across various subgroups. Finally, in 
post- hoc analysis, the largest survival benefi t was observed in patients receiving the 
highest delivered convection volume (>22-23 L/treatment/1.73m2 BSA/session). 

 Teaching Points 
•     Studies in convective techniques differ widely in design, end points, patient 

numbers, treatment and comparison arms, and convection volume in the 
treatment arms.  

•   In the last decade, three large randomized controlled trials on online post-
dilution hemodiafi ltration primarily designed to assess effects on mortality 
have been performed: the Dutch CONvective TRansport Study 
(CONTRAST), the Turkish Hemodiafi ltration Study and the Catalonian 
Hemodiafi ltration Study (ESHOL).  

•   The CONTRAST-study and Turkish HDF study showed no signifi cant sur-
vival benefi t of hemodiafi ltration, whereas the mortality risk was signifi -
cantly lower in patients treated with hemodiafi ltration in the ESHOL study 
(HR 0.70;95 % CI 0.53–0.92).  

•   In all three large RCTs, post-hoc (on-treatment) analysis showed a survival 
benefi t of up to 40 % for patients treated with high-volume hemodiafi ltra-
tion (convection volume >20–22 L/treatment).  

•   Trials seem simple, yet they are not. Results from trials can be biased when 
insuffi cient care is taken with respect to comparability between the 
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Chapter 17
Hemodynamic Stability and Cardiovascular 
Effects of Convective Therapies

Jeroen P. Kooman, Frank M. van der Sande, and Karel M.L. Leunissen

Abstract This chapter addresses the acute and chronic cardiovascular effects of 
convective therapies. The most important acute cardiovascular complication in 
intermittent dialysis therapies is intra-dialytic hypotension (IDH) which causes 
patient discomfort, but is also related to end organ ischemia and mortality. The 
pathogenesis of IDH is multifactorial, in which both patient- and treatment-related 
factors are involved. The effect of the dialysis treatment on IDH is mediated by 
three factors: a decline in blood volume, an impaired reactivity of the resistance and 
capacitance vessels and myocardial contractility.

Various studies have shown that the incidence of IDH is reduced by the use of 
convective techniques. Available evidence suggests that the most important respon-
sible factor for the positive hemodynamic effects of convective techniques is an 
improved reactivity of the resistance and capacitance vessels as compared to hemo-
dialysis (HD). This phenomenon also appears to be at least partly mediated by ther-
mal factors. Post-dilution hemodiafiltration (HDF) has an increased cooling effect 
as compared to HD due to additional heat loss from the infusion line. Smaller stud-
ies showed an equivalent incidence of IDH and hemodynamic response between 
HD and convective techniques after control for thermal factors. As for the chronic 
cardiovascular effects of convective therapies, available evidence does not suggest a 
major role of convective therapies on inter- dialytic blood pressure, arterial stiffness 
or left ventricular mass. Evidence on cardiovascular events and outcomes are as yet 
conflicting, one randomized study showing a positive effect of post-dilution on-line 
HDF on cardiovascular mortality and incidence of stroke, whereas other studies did 
not show a significant effect on cardiovascular outcomes. Future randomized stud-
ies, carefully controlled for thermal factors, are needed to fully establish the poten-
tial of convective techniques in preventing both short-and long-term cardiovascular 
complications in dialysis patients.
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 Intradialytic Hypotension

 Introduction

The most important acute complication of dialysis therapies is intra-dialytic hypoten-
sion (IDH). IDH is a frequently occurring phenomenon which can cause significant 
patient discomfort but can, in some cases, even lead to severe complications. IDH has 
been defined in different ways. By K/DOQI and the European Best Practice Guidelines 
(EBPG), IDH is defined as a decline in systolic blood pressure (BP) ≥20 mmHg or a 
decline in mean arterial pressure (MAP) by 10 mmHg versus baseline, associated 
with clinical events and need for nursing interventions [1, 2]. However, in the litera-
ture, also other definitions, e.g. based on the nadir BP have been proposed [3].

The incidence of IDH during hemodialysis is significant. Historically, IDH is 
assumed to occur in 20–30 % of dialysis sessions [4]. More recent surveys have 
addressed this issue in more detail. In a survey from Great Britain in 2,193 patients 
including 6,579 dialysis sessions, symptomatic IDH (defined as a sudden decline in
BP, which required intravenous fluid replacement) occurred in 14.9 % of non- 
diabetic and 20.3 % of diabetic dialysis patients [5]. In a study from the US in 1,137
patients including 44,801 treatments [6], IDH (defined as an intradialytic decline in 
systolic BP by more than 30 mmHg to a level of less than 90 mmHg) occurred in 
17.2 % of patients with a large intra-individual variability: whereas 25.1 % of
patients did not experience IDH at all, in 16.2 % IDH occurred in more than 35 %
of treatments. The incidence of IDH also varies between centers [7]. In a report 
based on audits in the Greater London area in the UK including 11 centers, the inci-
dence of IDH varied between 7 % and 28 % of treatments.

In the largest survey available so far, Stefansson et al. studied records of 39,497
patients in the USRDS database during a 90 days assessment period. IDH, defined 
in line with the K/DOQI guidelines (≥20 mmHg fall in systolic BP plus ≥2 respon-
sive measures) was observed in 31 % of patients at least once [8]. In a study in 1,409 
patients of the HEMO cohort, the incidence of IDH according to the K/DOQI defi-
nition was 9.6 % [3]. Summarizing, even in contemporary dialysis treatment, IDH 
remains a common problem. However, it also becomes clear that the definition of 
IDH used in the literature varies widely.

The consequences of IDH are substantial. On the short term, IDH leads to clini-
cal symptoms such as nausea, vomiting, cramps and cardiovascular collapse. It has 
also been involved in the pathogenesis of vascular access thrombosis [9]. At a sub-
clinical level, indirect evidence suggests that IDH as such may contribute to revers-
ible regional myocardial dysfunction (“stunning”) as well as circulating endotoxemia 
due to splanchnic hypoperfusion [10–12].
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In addition, various [3, 8, 13] reports found a relation between IDH and outcome. 
In a study in 1,244 dialysis patients, Shoji et al. observed that a fall in intra-dialytic 
systolic BP of more than 40 mmHg, was associated with an increase in 2-years 
mortality as compared to patients with a lower intra-dialytic fall in systolic BP after 
adjustment for age, gender, diabetic status, serum creatinine, ultrafiltration per body 
weight, and body weight after HD [13]. In a study by Stefansson et al. the occur-
rence of one or more episodes of IDH during a 90 day period was associated with an 
increased risk for all-cause and cardiovascular mortality, as well as for major adverse 
cardiac events during a mean follow-up time of 398 days [8]. Despite correction for 
comorbid factors, these observations do not necessarily imply causation, although 
for instance, repetitive cardiac stunning might result in persistent left ventricular 
dysfunction and is also in itself an important risk factor for mortality [14, 15].

The relation between IDH and outcome also appears to depend on its definition. 
In a recent analysis in 11,801 patients, the strongest association with mortality was 
observed with a nadir in systolic BP of 90 mmHg or less in patients with pre-dialytic 
systolic BP below 160 mmHg. In patients with pre-dialytic systolic BP levels of
160 mmHg or higher, the strongest association was observed with nadir systolic BP
levels below 100 mmHg. Unlike the results of Shoji et al. [13], in this study, symp-
toms, interventions or the magnitude of the decline in BP per se were not associated 
with outcome [3].

Nevertheless, regardless of the differences in the literature and the uncertainties 
with regard to causation, it is well established that IDH is an important risk factor 
for mortality in dialysis patients and that both for this reason, as well as to prevent 
patient discomfort, its prevention is of great clinical importance.

 Pathophysiology of IDH

The pathophysiology of IDH is multifactorial, but three major components can be 
distinguished [2, 16]. In analogy to hypovolemic shock, the first driver is the decline 
in circulating blood volume leading to a decline in venous return to the heart [17, 
18]. However, in contrast to previously healthy persons, in whom a decline in 
plasma volume up to 15 % (and in some cases up to 25 %) is not associated with 
significant clinical features, IDH can occur at a much lower decline in blood vol-
ume. In a survey in 60 IDH-prone patients, intra-morbid events (two out of three
related to IDH) occurred at a decline in relative blood volume varying between 2 % 
and 29 % [19].

The fact that IDH may occur at a much lower decline in blood volume as com-
pared to healthy subjects indicates that the normal compensatory response to hypo-
volemia can be disturbed in dialysis patients. The acute compensatory response to 
hypovolemia, subsequently activated by low and high pressure receptors in the car-
diovascular system, results in an increase in myocardial contractility and heart rate, 
as well as an increase in peripheral arterial and venous tone through sympathetic 
activation [17, 20].
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In dialysis patients, both patient as well as treatment related factors may interfere 
with the hemodynamic response during dialysis. Patient related-factors contributing 
to IDH, which will not be discussed in detail further in this chapter, include factors 
such as age and dialysis vintage, as well as structural cardiovascular abnormalities, 
such as a reduction in left ventricular systolic or diastolic function, a reduction in 
compliance of the venous system, and autonomous neuropathy [2, 6, 14, 21, 22]. 
Treatment related factors contributing to the occurrence or prevention of IDH can 
be conceptually summarized as factors influencing respectively blood volume, vas-
cular reactivity and myocardial contractility [2].

Ultrafiltration volume, the major determinant of the decline in blood volume dur-
ing dialysis [23], is mainly influenced by ultrafiltration rate, a resultant of the inter- 
dialytic weight gain and treatment time. Various studies [6, 8] showed inter-dialytic 
weight gain to be important predictors of IDH. Next to ultrafiltration, an important 
treatment-related determinant of the fall in blood volume is the sodium concentra-
tion of the dialysate [24].

When blood volume declines, an adequate vascular reactivity is of pivotal impor-
tance to maintain BP. This reactivity concerns both a constriction of the resistance 
vessels, leading to an increase in systemic vascular resistance, as well as a constric-
tion of the capacitance vessels. The latter contain 80 % of circulating blood volume, 
and mobilization of so-called “unstressed” (i.e. hemodynamically inactive blood 
volume [20]) allows for maintenance of venous return and preservation of cardiac 
output despite a fall in blood volume [25]. During dialysis, this process may be 
impaired. In search for the pathogenesis of this phenomenon, it has become clear 
that thermal factors play a major role.

The dialysis membrane is an efficient heat exchanger due to the close and con-
tinuous contact between the blood and dialysis fluid. An important determinant of 
body temperature changes during dialysis is therefore the ratio between the pre- 
dialytic body temperature of the patient and the dialysate temperature [26, 27]. It has 
been shown that core temperature generally increases in patients with a dialysate 
temperature of 37–37.5 °C [26, 28, 29], which may interfere with the normal reactiv-
ity of the vascular system by inducing vasodilation of the cutaneous blood vessels in 
order to remove the excess heat. One of the most potent methods to prevent IDH is 
cooling of the patient by reducing the dialysate temperature [30, 31], which is mainly 
explained by its beneficial effect on vascular reactivity [29]. In a systematic review, 
the incidence of IDH with the use of cool dialysis was reduced by 7.1 times [32].

Interestingly, core temperature increases during dialysis even without addition of 
heat from the extracorporeal circuit [33], which suggests that, apart from the effects 
of dialysate temperature, the dialysis treatment itself contributes to the increase in 
core temperature. Available literature suggests that both an initial reduction in heat 
loss from the skin due to peripheral vasoconstriction in response to a decline in 
blood volume (later followed by vasodilation), but also as yet unidentified factors 
related to the hemodialysis procedure per se play a role in the increase in core tem-
perature during dialysis [33–35]. Without additional removal of thermal energy 
from the extracorporeal circuit, a mean increase in arterial temperature of 0.47 °C
was observed during dialysis [36].

J.P. Kooman et al.



219

The amount of thermal energy which needs to be removed in order to keep body 
temperature stable (isothermic) during dialysis is substantial, and has been assessed 
by monitoring extracorporeal heat flow (Jex) during dialysis by a specific device 
(Blood Temperature Monitor®). Jex is calculated by the formula: 
J c T T Q UFRex art ven b= - -( ) -( )r * 1 [35]. The product c ρ (3.81 J/°C/m3) refers to 
the heat capacity and density of blood, Tart and Tven to respectively the temperature 
in the arterial and venous blood line, Qb to extracorporeal blood flow rate and UFR 
to ultrafiltration rate. One study found a Jex of −0.25 W/kg during isothermic treat-
ments, corresponding to 24 % of the resting energy expenditure, whereas in another 
study a mean Jex of −17.9 W was observed [33, 36]. Whether it suffices to maintain 
body temperature or whether further cooling is needed to maintain optimal hemo-
dynamic stability during dialysis remains to be determined, although only small, 
albeit significant differences in the blood pressure decline during dialysis were 
observed between isothermic treatments (in which core temperature was kept sta-
ble) and dialysis during which the core temperature was decreased by 0.5 °C [37].

Regarding cardiac contractility, in important treatment-related factor is dialysate 
calcium [38], which may have relevance for the intra-dialytic blood pressure course 
[38, 39]. In addition, the dialysis procedure itself, but especially ultrafiltration may 
induce myocardial stunning [14, 15]. Whether the latter phenomenon also plays a 
role in the pathogenesis of IDH remains to be determined.

 IDH During HDF

The first study showing a difference in the hemodynamic response between convec-
tive therapies (conventional hemofiltration [HF] with infusion of bags) and HD was 
already published in 1980 by Quellhorst et al. [40]. (These results were confirmed in 
later studies with conventional HDF [41]. However, different studies also showed a 
reduction in IDH with on line convective therapies as compared to hemodialysis, 
both for on-line HF as well as HDF [42–44]. In the largest study so far (ESHOL
study), in which 906 patients were randomized to post-dilution o-HDF or HD with a
mean follow up of 1.9 years, the incidence rate ratio of IDH with on-line HDF 
(oHDF) was 0.72 [CI 0.68–0.77] as compared to HD [43]. In this study, IDH was not 
clearly defined, but the results are of significant relevance given the reduction in CV 
mortality and stroke observed in this study with the use of HDF. In a multicenter 
study in 146 patients randomly allocated to either pre-dilution oHDF (n=40), on-
line HF (n=36) or HD (n=70), a reduction [44] of IDH was observed with both 
o-HF (OR 0.69; 95 % confidence interval 0.51–0.92) as well as o-HDF (OR 0.46,
95 % confidence interval 0.33–0.63). In this study, IDH was defined as a rapid symp-
tomatic fall of systolic BP by at least 30 mmHg or that required nursing and/or medi-
cal intervention. In a meta-analysis of RCT published in 2013 in which 1,006 patients
divided over 12 study arms were pooled, the relative risk of IDH with convective 

1 A negative Jex reflects heat flow from the patient to the extracorporeal system (“cooling”)
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therapies (which also included the use of high flux treatments) was 0.55, 95 % CI 
0.35, 0.87, P=0.01) as compared to low-flux HD [45]. Comparable results (RR, 
0.49; 95 % CI, 0.30–0.81) in which HF or HDF therapies were compared to HD were
observed in a later meta-analysis [46] in five trials with in total 1,259 participants, as 
well as in another meta-analysis (RR 0.72 [CI 0.66–0.88]) [47]. Summarizing, there 
is extensive evidence that IDH is reduced by the use of convective treatments.

 Effects of Convective Therapies on the Pathophysiologic 
Determinants of IDH

Whereas the benefits of HDF on hemodynamic instability have been independently 
shown in various trials, the mechanism behind this effect has not been completely 
elucidated. Previous reports with conventional HF suggested that, possibly due to 
an increase in the Donnan effect due to protein coating of the dialyzer, sodium 
removal was lower during convective therapies [48, 49], which could result in 
improved blood volume preservation [50, 51]. However, other studies with on-line 
HF or HDF [52] did not observe differences in sodium removal, blood volume pres-
ervation, or body water compartments [50, 53, 54] between convective therapies 
and on-line convective therapies. In contrast, one study even observed a larger 
decline in blood volume during post-dilution on on-line HDF as compared to HD 
[55]. With regard to myocardial contractility, no study as yet addressed potential 
differences between HD and convective therapies.

The main mechanism affected by convective therapies appears to be an improved 
vascular reactivity [56]. Studies from the early 1980s showed an increase in sys-
temic vascular resistance as well as plasma noradrenaline levels during conven-
tional HF as compared to HD [40, 57, 58]. These results were later confirmed by 
others [59, 60], showing both an increase in peripheral vascular resistance as well as 
venous tone. The mechanisms behind the differences in vascular response between 
convective therapies and HD have not been definitely elucidated. Various mecha-
nisms, such as differences in removal of larger molecular weight vasoactive sub-
stances such as calcitonin-related gene peptide, or ouabain-like factors, or a 
reduction in inflammatory mediators have been suggested [56, 61–63]. However, 
most available evidence suggests an important role of extracorporeal cooling as an 
important contributory factor to the improved hemodynamic response during con-
vective strategies [55, 59].

 Effects of Convective Therapies on Thermal Balance

As discussed previously, the temperature in the venous blood line (Tven) is an 
important contributor to the extracorporeal heat flow rate Jex. Tven is dependent 
on the temperature of the dialysate, and the heat loss from the venous line to the 
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environment (which is approximately 7–15 W) [35, 64]. From this, it becomes 
clear that, irrespective of dialysate temperature, post-dilution HDF leads to 
additional cooling of the patient because of heat loss from the infusion line, next 
to the heat loss from the venous blood lines. This has been quantified in the 
study of Donauer et al. in which mean Jex was −5.4 W during HD and −16.6 W
during post-dilution on-line HDF with a mean dialysate/infusate temperature of 
36.8 °C and an infusion rate of 50 ml/min [55]. In this study, the rise in mean 
blood temperature in the arterial line was significantly higher during HD 
(0.39 °C) as compared to on-line HDF (0.26 °C). In order to achieve the same Jex 
during HD as compared to on-line HDF, the dialysate temperature had to be 
lowered to a mean of 35.6 °C in order to achieve the same Jex as post-dilution 
on-line HDF. It should be noted that the infusion rate in this study was substan-
tially less as compared to recent recommendations [65]. However, in a more 
recent study, mean Jex was 16.2 W during post-dilution on-line HDF with a mean
infusion rate of 59 ml/min and a dialysate temperature between 35.5 and 36.5 °C
[53]. The thermal effects are different for pre-dilution on-line HDF, where this 
additional heat loss does not play a role because the infusion fluid enters the 
blood stream before the dialyzer. This was confirmed by a study comparing pre- 
dilution HDF with HD, during which the body temperature of the patient was 
kept stable (isothermic) by the feedback module of the Blood temperature moni-
tor®. During a 4.5 h treatment, the mean energy which needed to be removed to 
allow an isothermic treatment was 155 kJ during HD and 135 kJ during pre-
dilution on-line HDF, corresponding to an approximate Jex of 9.6 and 8.3 W
respectively [66].

With regard to the other, less commonly used convective strategies, no detailed 
in vivo data on thermal balance are available. For post-dilution on-line HF, the 
cooling effect will likely be larger as compared to HD with an equivalent dialysate 
temperature, because the additional heat exchange due to contact between blood 
and dialysate does not take place and because of the heat loss through the infusion 
line, as discussed previously for oHDF [46]. For pre-dilution HF, the cooling 
effect will likely be less pronounced because the infusion volumes are generally 
high and because the additional cooling due to the venous line does not take place 
[46]. In an in vitro study, the estimated thermal balance (expressed as kJ/h) was 
−35 kJ/h with pre-dilution HF (−9.7 W) at an infusate temperature of 37 °C, as
compared to 72 kJ/h with post-dilution HF (−20.0 W, −10 kJ/h (−2.8 W) with
conventional HD and −170 kJ/h (−47.2 W) with cool dialysis (35.5 °C). However,
translation from in vitro to in vivo data is hazardous because regulation of “arte-
rial” temperature, which occurs constantly in vivo, is not possible in the in vitro 
setting.

The heat loss may be larger with conventional convective techniques given the 
fact that the temperature of the infusion fluid is generally lower as compared to 
on- line convective therapies, with fluids mostly infused at room temperature [35]. 
This explains the finding that during conventional HDF, the cooling effect was 
dependent upon the infusion volume. In a crossover study in 12 patients, mean Jex 
was comparable between HD 35.5 °C (−26.6 W) and post-dilution HDF with an
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infusion rate of 2.5 L/h (mean −25.3 W) and was significantly more negative
compared with HD 37.5 °C (−3.5 W) and HDF at an infusion rate of 1 L/h
(−15.9 W) [41].

 The Relation between Extracorporeal Cooling 
and the Hemodynamic Response to HDF

These thermal effects appear to have a major impact on the hemodynamic stability 
during treatments. In a crossover study in 17 patient with frequent IDH, in which 25
treatments were compared between 3 different treatment settings the incidence of 
IDH (defined as a decline in systolic BP below 100 mmHg in the presence of symp-
toms) was 40 % higher during HD as compared to on-line HDF without correction 
for this additional energy loss, whereas no difference in hypotensive episodes 
between HD and on-line HDF was observed when the dialysate was additionally 
cooled during HD (4 % during both modalities), in order to achieve a comparable 
energy balance [55], see Fig. 17.1. In addition, in a single treatment study, no differ-
ences in the hemodynamic response to HD and on-line HDF were observed with 
comparable negative Jex [53], see Fig. 17.2. Another study in 12 dialysis patients 
found a significantly larger decline in BP during HD with a dialysate temperature of 
37.5 °C as compared to conventional HDF, but no difference in the BP fall between
HDF and cool dialysis (temperature 35.5 °C) [41]. In earlier study, by van Kuijk 
et al. vascular reactivity was clearly different between HD and conventional HF, 
when the latter was associated with a significant cooling effect whereas no differ-
ence was observed when the temperature of the infusion fluid was heated in order to 
obtain comparable thermal effects [59]. In a non-controlled prospective study in 
which 44 patients on cooled HD (median dialysate temperature 35 °C) were com-
pared to 34 patients on post-dilution oHDF (median dialysate/infusate temperature 
36 °C, infusion volume 65–85 ml/min), the incidence of IDH was even higher in the
oHDF group (25.9 % versus 16.5 %; p =0.01) [62]. In a crossover study in 12 
patients, no difference in change in cardiac output, BP or total peripheral resistance 
was observed between pre-dilution on-line HDF and HD under thermal controlled 
conditions [66]. In contrast to these findings, in the study of Locatelli, IDH was
significantly reduced despite the fact that pre-dilution HDF was used [44]. As dis-
cussed previously, theoretically, this should have resulted in the comparable thermal 
balance between the convective techniques and HD, although data on this aspect 
were not available. Also in the ESHOL study, in which a significant reduction in
IDH was observed with post-dilution HDF, which has likely resulted in significant 
cooling effects, unfortunately no data on thermal effects of the different modalities 
were available [43].

Thus, there is substantial clinical evidence for an important effect of thermal 
balance as an important contributing factor to the improved hemodynamic sta-
bility during convective therapies. Whether additional factors are also involved 
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Fig. 17.1 This figure shows that the incidence of IDH is significantly reduced by on line HDF as 
compared to HD without correction for thermal energy balance (a), but a comparable reduction in 
IDH during HD when both treatments were matched for thermal balance (Temp-HD) (b) (Reprinted 
from Donauer et al. [55]. With permission from Oxford University Press)
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in the reduction of IDH during convective therapies should be investigated in 
future randomized trials with strict control of thermal balance between HD and 
HDF.

 Long Term Effects on Cardiovascular Parameters

Cardiovascular events are the most important contributor to the greatly increased 
risk of mortality in dialysis patients [67]. Uncontrolled hypertension and struc-
tural cardiovascular abnormalities such as increased arterial stiffness and left ven-
tricular hypertrophy are important risk factors for mortality in dialysis patients 
[68–70]. It has been suggested that convective techniques are associated with 
improved cardiovascular outcomes, but also with an improved BP regulation and 
cardiovascular structure due to increased removal of larger molecular weight ure-
mic toxins and vasoactive substances such as asymmetric dimethylarginine 
(ADMA) [71]. In the following paragraphs, the available evidence for an effect of 
convective techniques on BP regulation, cardiovascular structure and outcomes 
will be summarized.
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Fig. 17.2 Figure showing that the change in systolic blood pressure (BP) during treatment was 
more dependent on the duration of the treatment than on the modality choice of HD (mean dialy-
sate temperature 35.9 °C) or on-line HDF. The number behind the modalities reflect the treatment
duration in hours (Reprinted from Cornelis et al. [53]. With permission from Elsevier)
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 Hypertension

Earlier reports suggested an improved regulation of hypertension with the use of 
conventional HF [72]. However, these results were not confirmed in later random-
ized studies with longer follow-up durations. Beerenhout et al. did not observe a 
difference in BP regulation, assessed by 48-h ambulatory BP measurements with 
the use of pre-dilution on-line HF [71]. Notably, in this study, also no effect of oHF 
on serum levels of ADMA was observed. Neither in the ESHOL nor in the
CONTRAST an effect of oHDF on BP were observed [43, 73], whereas in the 
Turkish on-line HDF study significantly higher time averaged systolic BP levels 
were observed with oHDF (129 ±13 versus 126±13 mmHg, P=0.001) as compared
to HD [74]. Also a cross-sectional study did not show differences in pre-dialytic BP 
between patients treated with HD or oHDF [62]. Therefore, there is at present no 
evidence for a direct positive additional effect on inter-dialytic BP regulation and 
hypertension control. It cannot be excluded that the earlier positive results of con-
ventional HF on BP resulted from a better volume regulation due to an improved 
hemodynamic tolerance during HF.

 Structural Cardiovascular Parameters

Few studies have assessed the effect of convective therapies on structural cardiovas-
cular parameters. In two observational studies, no differences in pulse wave veloc-
ity, as a marker of arterial stiffness, were observed between patients on oHDF and 
matched HD patients [75, 76].

Two randomized studies have studied the effect of convective techniques on 
structural cardiovascular parameters. In a study in patients comparing on-line HF 
with low-flux HD during a follow-up time of 1 year, arterial stiffness or left 
 ventricular mass did not differ between the groups [71]. Also in a subgroup of the 
CONTRAST study, no differences in arterial stiffness or left ventricular mass were 
observed between the groups randomized either to low-flux HD or post-dilution 
HDF [73].

 Cardiovascular Outcomes

Three large randomized controlled trials were recently published which, in addition 
to all-cause mortality, also assessed the risk of cardiovascular mortality and/or 
events.

The CONTRAST study did not find a difference in the composite cardiovascular 
outcomes between low-flux HD and post-dilution on-line HDF (hazard ratio, 1.07;
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95 % confidence interval, 0.83–1.39) [77]. Also in the Turkish OL-HDF study,
 comparing on-line HDF with high flux HD, no difference in cardiovascular mortal-
ity or events was observed in the primary analysis, although an improved cardiovas-
cular outcome was observed in the subgroup which achieved higher substitution 
volumes [74]. In the ESHOL study, a near significant difference in cardiovascular
mortality (HR, 0.67; 95 % CI, 0.44–1.02; P=0.06) between post-dilution on-line
HDF and high-flux dialysis was observed in the primary analysis. A reduction in 
stroke risk was a significant contributor to the reduced cardiovascular mortality in 
this study [43]. The reason for the improved cardiovascular outcome in this study 
was not clear, although the authors hypothesized that a reduction in systemic inflam-
mation might be involved. However, it should be noted that in this study also a sig-
nificant reduction in IDH was observed, which might have contributed to lesser 
variations in cerebral perfusion.

Also in systematic reviews, the effect of convective techniques on cardiovas-
cular outcomes has yielded conflicting results. In one analysis, no effect of 
convective techniques (defined as filtration techniques and high-flux dialysis) 
on cardiovascular outcomes was observed as compared to low-flux dialysis 
[46]. Another systematic review observed a reduction in cardiovascular mortal-
ity, but not in non-fatal cardiovascular events between convective techniques 
(including HDF, HD and acetate-free biofiltration) as compared to HD tech-
niques [47].

Summarizing, there is no solid evidence for a beneficial effect of convective 
techniques on either inter-dialytic BP regulation or structural cardiovascular param-
eters. The effect on convective techniques on cardiovascular outcome is conflicting. 
One randomized study observed a near significant reduction in cardiovascular out-
come and a reduction in stroke incidence. More studies are needed to definitely 
address the effect of convective techniques on cardiovascular outcome in dialysis 
patients.

Teaching Points
• The most important acute cardiovascular complication in intermittent dial-

ysis therapies is intra-dialytic hypotension (IDH), which is related to end 
organ ischemia and mortality.

• The effect of the dialysis treatment on IDH is mediated by three factors: a 
decline in blood volume, impaired reactivity of the resistance and capaci-
tance vessels and myocardial contractility.

• The incidence of IDH is reduced by the use of convective techniques.
• The most important responsible factor for the positive hemodynamic 

effects of convective techniques is an improved reactivity of the resistance 
and capacitance vessels as compared to hemodialysis (HD). This phenom-
enon appears to be at least partly mediated by thermal factors.

• Post-dilution hemodiafiltration (HDF) has an increased cooling effect as 
compared to HD due to additional heat loss from the infusion line.
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    Chapter 18   
 Nutritional Aspects of On-Line 
Hemodiafi ltration                     

       Pieter     M.     ter     Wee      and     Denis     Fouque     

    Abstract     As renal function deteriorates, worsening of appetite and a decline in 
the nutritional state is frequently observed in patients with chronic kidney dis-
ease (CKD). The term Protein Energy Wasting (PEW) describes a state of 
decreased body protein and energy stores. PEW is defi ned as the presence of 
three out of the following four categories: decreased serum albumin or choles-
terol levels, low or a fall in body mass, decreased muscle mass or unintentional 
loss of dietary protein (and calorie) intake. Besides infl ammation, oxidative 
stress and an altered metabolic and hormonal balance, retention of middle molec-
ular weight (MMW) and protein bound uremic toxins may contribute to the 
decreased appetite and poor nutritional state in patients with CKD, especially 
when treated by hemodialysis (HD). In these patients, blood levels of phosphate, 
which is considered a uremic toxin, are considerably elevated. Of interest, its 
control in online post dilution HDF is markedly better than in low-fl ux HD, but 
comparable to high-fl ux HD. In HD, loss of amino-acids occurs concomitantly 
with proteolysis of body stores. As a result, blood levels of amino-acids remain 
unaltered at the cost of muscle catabolism. As of yet, major differences are not 
observed between patients who are treated with HD or HDF. Future studies are 
needed to resolve the question whether treatment with high volume HDF will 
alleviate PEW in our patients.  
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     Introduction 

 Chronic kidney disease (CKD) is associated with metabolic derangements and late 
complications, including a substantially increased risk of all-cause and cardiovas-
cular morbidity and mortality, especially in dialysis patients. Since the increased 
risk on an adverse clinical outcome is still signifi cant after correction for tradi-
tional risk factors such as age, smoking, hypertension, diabetes and lipid abnor-
malities, other factors may contribute as well. One of these factors is protein energy 
wasting (PEW), which has been defi ned as abnormalities in at least three out of 
four categories: decreased serum albumin or cholesterol levels, low or a fall in 
body mass, decreased muscle mass or unintentional loss of dietary protein (and 
calorie) intake [ 1 ]. 

 Thus, insuffi cient intake of nutrients is one of the factors contributing to 
PEW. Patients with CKD frequently have loss of appetite, which increases in sever-
ity during the course of the disease and is worst in dialysis patients [ 2 ]. After the 
start of renal replacement therapy, appetite usually improves, but with ongoing time 
it drops again progressively. Similarly, as demonstrated by Ikizler et al. [ 3 ], sponta-
neous protein intake decreases in patients with advancing GFR loss, which clearly 
contributes to the risk of developing PEW and frailty. Although the exact reasons for 
the loss of appetite and decreased protein intake are at present unknown, it is gener-
ally assumed that accumulation of toxic uremic substances is at least partially 
responsible for these observations. As uremic retention products, especially those in 
the middle molecular weight (MMW) range, are better removed by (on-line) hemo-
diafi ltration (HDF) as compared to standard HD [ 4 ], treatment with HDF may 
improve the nutritional state in patients with end-stage-renal disease (ESRD).  

    Hemodiafi ltration and Phosphate Removal 

 Serum phosphate, which is actually a low molecular weight substance, behaves like 
a MMW compound as it is surrounded by water molecules that makes it water sol-
uble. Indeed, it could be demonstrated that HDF results in a higher clearance of 
phosphate than standard HD, possibly due to mobilization from a deep compart-
ment induced by the high intradialytical removal of this solute [ 5 ]. Comparable 
results were obtained in a large recent randomized prospective trial (RCT) compar-
ing post-dilution on-line HDF with low-fl ux HD three times a week HD [ 6 ]. In this 
study, the drop in phosphate could not be explained by changes in the prescribed 
medication, as the amount of non-calcium containing phosphate binders remained 
unchanged or tended to decline in HDF patients and increased in individuals treated 
with HD. Assuming that dietary intake had not changed over time in either group, 
this observation could indeed be explained by better phosphate removal during on- 
line HDF. This was confi rmed in a recent meta-analysis [ 7 ]. Thus, increased phos-
phate removal could not only contribute to a better phosphate control, but potentially 
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also to an increased dietary protein intake, a better clinical outcome and a reduced 
amount of unpalatable phosphate binders. In this respect, it should be mentioned 
however, that two other large recent RCTS comparing HDF with high-fl ux HD did 
not show marked differences in phosphate levels between treatment arms, despite 
the achievement of high convection volumes in the latter [ 8 ,  9 ].  

    Hemodiafi ltration and Protein Losses 

 It has been long known that standard HD per se results in a substantial loss of amino 
acids [ 10 ]. Subsequently, Deleaval et al. [ 11 ] demonstrated that serum levels of 
amino acids especially dropped during the fi rst hour of HD and remained constant 
during the following 3 h. Since it was previously shown that treatment with HD 
induces proteolysis of body proteins [ 12 ], the same authors concluded that the fall 
in amino acid levels during the part of HD is counterbalanced by substitution from 
proteolysed proteins, resulting in a stabilizing of blood amino acid levels during the 
last part of the session [ 11 ]. Thus, HD per se might contribute to PEW in at least two 
ways, fi rst through the loss of amino acids from the blood into the dialysate and 
second through muscle and whole body protein catabolism during treatment. Similar 
conclusions may hold true for HDF, as with this technique losses of essential and 
non-essential amino acids have been reported as well, although a direct comparison 
between intermittent HDF and standard HD techniques is lacking [ 13 ]. Since, how-
ever, a lower infl ammatory response has been described during HDF than during 
HD [ 14 ,  15 ], which could result in less catabolism, the long-term outcome of HDF 
treatment on nutritional status is unclear upfront.  

    Hemodiafi ltration and Nutritional State 

 In 2005 Bossola et al. [ 16 ] reported on a single center experience in which they 
prospectively followed eight patients for 8 months after switching them from 
thrice weekly intermittent HD to HDF with on-line regeneration of ultrafi ltrate. 
After 12 months no changes in nutritional parameters were seen, although the 
malnutrition infl ammation score (MIS) tended to improve. In 2006 the results of 
a 4-years prospective observational study on 31 subjects treated with on-line HDF 
were reported [ 17 ]. Signifi cant changes in normalized protein catabolic rate, albu-
min, prealbumin, transferrin and creatinine, however, were not observed. By con-
trast, body mass index, fatty mass and free fatty mass improved in 12 patients 
after 6 months of treatment with predilution on-line HDF [ 18 ]. Likewise, it was 
demonstrated in a prospective single center study that 3 years of treatment with 
on-line HDF resulted in an improved appetite and overall well-being, which was 
associated with increases in dry weight, body mass index and normalized protein 
nitrogen appearance [ 19 ]. In a large cohort study, Vilar et al. [ 20 ] showed that 
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after a 5 year observation period 232 patients treated with on-line HDF had a 0.66 
hazard for death compared to 626 patients treated with high-fl ux HD. Despite 
these promising fi ndings, however, difference in nutritional status between the 
groups could not be found. In 15 children who had been treated with growth hor-
mone but still were growth retarded, switching from standard thrice weekly HD to 
daily predilution on- line HDF for an average period of 20.5 months resulted in 
catch up growth and a rise in body mass, which was attributed by the investigators 
to less malnutrition and less cachexia [ 21 ]. In a cross over study in 24 patients 
treated with conventional bicarbonate HD, Matsuyama et al. [ 22 ] found that on-
line HDF with acetate-free bicarbonate dialysis fl uid improved leptin and neuro-
peptide Y levels together with lower levels of interleukin 6 and C-reactive protein, 
and a trend towards a higher protein catabolic rate (PCR), which is considered a 
reliable measure of protein take. From these observations the authors suggested 
that on-line HDF with acetate-free bicarbonate resulted in a decrease in micro-
infl ammation and an improved nutritional status. In 22 patients who were switched 
from thrice weekly daytime on-line HDF to nocturnal every-other-day on-line 
HDF for 1 year, a rise in dry body weight was observed, although other markers 
of nutritional status like normalized PCR (nPCR), albumin and prealbumin did 
not change [ 23 ]. In contrast to the above mentioned results, Orasan et al. [ 24 ] 
recently showed in 44 patients that after switching from standard HD to on-line 
HDF, both serum albumin levels and nPCR were signifi cantly lower during the 
HDF period, while body mass index tended to decrease. In a large multi-center 
RCT (the CONvective TRAnsport Study; CONTRAST), in which 714 dialysis 
patients were randomized to either low-fl ux HD or on-line post dilution HDF, 
both serum albumin and body mass index decreased signifi cantly over time [ 15 ], 
without differences between patient groups. At present results on all-cause mor-
tality of two other large prospective RCTs comparing HD and HDF have been 
reported, but so far data on nutritional aspects of those studies is limited. Time 
averaged serum albumin was slightly lower in the HDF group of the Turkish study 
(3.93 ± 0.24 vs 3.99 ± 0.27 g/dL, p < 0.001) [ 8 ]. In the ESHOL study there was a 
slight but signifi cant trend for albumin and dry body weight to decrease in the 
HDF group as well [ 9 ].  

    Summary and Conclusions 

 In summary, from the currently available literature it can be concluded that there are 
no convincing data demonstrating that on-line HDF leads to improvements in the 
nutritional status of ESRD patients. Although some benefi ts have been described in 
observational studies, differences between groups were not found in a large RCT 
comparing on-line HDF with conventional HD [ 15 ]. While most studies showed 
either no change or some benefi cial effects, so far in only one study a negative infl u-
ence of on-line HDF on nutritional outcome was reported. The disadvantage of an 
increased loss of nutrients and vitamins, as may occur in high volume HDF, should 
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be weighed against benefi ts on infl ammatory status, appetite and (less) protein 
catabolism. Altogether it can be concluded that more research is warranted to fi nally 
conclude what the impact of on-line HDF specifi cally has on the nutritional state of 
ESRD patients. 
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    Chapter 19   
 Why Is High Volume Online Post-dilution 
Hemodiafi ltration Associated with Improved 
Survival?                     

       Menso     J.     Nubé     

    Abstract     Retention of middle molecular weight (MMW) uremic toxins has been 
related to mortality in patients with end-stage kidney disease (ESKD). Therefore, 
interest has shifted from pure diffusive dialysis techniques, such as low-fl ux hemo-
dialysis (HD), which remove only small water solutes, towards convective thera-
pies, such as hemodiafi ltration (HDF), which remove larger compounds as well. 
Controversy exists, however, as to whether the positive effect of HDF on MMW 
solutes translates in a superior clinical outcome. Here, we describe the results of 
three recent large randomized controlled trials (RCT), comparing online post- 
dilution HDF with HD, and four systematic reviews on convective therapy, and 
discuss the discrepancies between these studies. Actually, it appears that the con-
cept of ‘convective therapy’ is confusing, as it is not strictly defi ned and differently 
interpreted. When convection volumes >21 L/session are applied, especially cardio-
vascular (CV) mortality is markedly reduced, while the incidence non-CV death 
due to infections or malignancies, remains unaltered. Echocardiographic analysis 
suggests that left ventricular (LV) function and structure worsen in HD and remain 
stable in HDF. Moreover, intradialytic hemodynamic stability appears better pre-
served during HDF. Currently, there is no convincing evidence that HDF lowers CV 
mortality by improvements in infl ammation, nutrition, CKD-mineral and bone dis-
ease, dyslipidemia and anemia control.  

  Keywords     Hemodialysis   •   Hemodiafi ltration   •   Survival   •   Mortality   •   Hemodynamic 
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     Introduction 

 HD is the standard renal replacement therapy for patients with ESKD. Despite 
major technological improvements over the last decades, however, overall survival 
remains poor. Standard HD with low permeable membranes has shown to be an 
effective treatment for removing small water soluble substances, such as urea by 
diffusion, but simply increasing urea clearance did not improve survival [ 1 ]. To 
remove MMW uremic toxins more effi ciently, high permeable dialyzers were intro-
duced, which however, also did not reduce mortality [ 1 ,  2 ]. To enhance the clear-
ance of MMW, HDF was developed, which combines diffusive transport of small 
molecules with an effective removal of larger solutes by convection. In modern 
HDF, fl uid balance is maintained by the administration of  online  prepared ultrapure 
substitution fl uid which can be infused before (predilution), midway (middilution) 
and after (postdilution) the dialyzer. As the majority of recent clinical studies is 
performed in the postdilution mode, this overview deals particularly with this type 
of treatment. Currently, controversy exists as to whether the positive effect of HDF 
on MMW solutes translates into a superior clinical outcome. In addition, the amount 
of convection required to obtain optimal benefi t, is unknown [ 3 ]. In the present 
chapter, a summary is given of current literature on all-cause, CV and non-CV mor-
tality, and a possible dose-response effect. In addition, potential mechanisms behind 
the benefi cial effects of high volume HDF on survival are discussed.  

    Clinical Aspects: Overall and Cardiovascular Mortality 

 Recently, three large RCTs, comparing  online  post-dilution HDF with HD, were 
published [ 4 – 6 ]. While the Dutch CONTRAST and the Turkish HDF Study 
(THDFS) showed no differences in clinical outcome between treatment arms, in the 
Spanish ESHOL study a favorable effect of HDF on overall survival was found 
(Table  19.1 ). Both ESHOL and THDFS showed a lower, but non-signifi cant, inci-
dence in cardiovascular events in HDF patients.

   Table 19.1    All cause and cardiovascular mortality in the three major RCTs on postdilution online 
hemodiafi ltration   

 CONTRAST (n = 714)  THDFS (n = 782)  ESHOL (n = 906) 

 HDF versus lowfl ux 
HD 

 HDF versus highfl ux 
HD 

 HDF versus highfl ux 
HD 

 Overall  0.95 (0.75–1.20)  0.79 (0.55–1.14)  0.70 (0.53–0.92) 
 Cardiovascular  0.80 (0.52–1.24)  0.72 (0.45–1.13)  0.67 (0.44–1.02) 

  Hazard ratio for mortality and cardiovascular mortality with 95 % confi dence limits, in the three 
major RCTs on postdilution online HDF 
  HDF  hemodiafi ltration,  HD  hemodialysis,  CONTRAST  [ 4 ] CONvective TRAnsport STudy,  THDFS  
[ 6 ] Turkish HDF Study,  ESHOL  [ 5 ] Estudio de Supervicencia de Hemodiafi ltracion OnLine  
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   To further answer the question whether dialysis treatment with ‘convective thera-
pies’ improves clinical outcome, in the last 2 years four large meta-analyses have been 
published, which, however, showed a discordant outcome [ 7 – 10 ]. Yet, as discussed 
more extensively in Chap.   16    , it appeared that these analyses differ in the number of 
studies and patients included, the defi nitions of comparator and intervention therapy, 
and type of studies, varying from small observational to large prospective RCTs. 

 In one meta-analysis low-fl ux HD was the reference therapy [ 9 ], while both low- 
fl ux and high-fl ux HD were reference therapies in three others [ 7 ,  8 ,  10 ]. Considering 
the intervention arm, inclusion covered different combinations of high-fl ux HD,  off -
 line  HDF, hemofi ltration (HF), acetate-free biofi ltration (AFB) and on-line postdilution 
HDF. Some of these modalities, however, can hardly be considered modern convective 
therapies, as convection volumes of 10–12 L/session are similar to the amount of inter-
nal fi ltration in high-fl ux HD and completely different from high volume HDF (>21 L/ 
session) [ 11 ]. In our opinion, a statement on today’s convective therapies should be 
based on a convection volume of at least 17–19 L/session in the postdilution mode [ 12 ]. 
The only meta-analysis which largely fulfi lls this criterion clearly shows an all cause 
and CV survival advantage of HDF over HD [ 7 ]. Interestingly, after removing AFB and 
 off - line  HDF from the meta-analysis by Nistor et al. [ 8 ], all cause mortality was supe-
rior in HDF patients [RR 0.82 (95 % CI 0.72–0.93)], Table  19.2  [ 12 ].

   The latter fi ndings were confi rmed in an individual participant data meta- analysis 
(IPD), using data from CONTRAST, ESHOL, THDFS and a fourth not yet pub-
lished French HDF study. Recent data indicate that HDF reduces the risk of all-
cause mortality by 14 % (HR 0.86 [95 % CI 0.75–0.99]) and cardiovascular mortality 
by 23 % (HR 0.77 [95 % CI 0.61–0.97]) [ 4 – 6 ,  13 ]. 

    Causes of Cardiovascular Death in HD and HDF 

 As shown by the meta-analysis by Mostovaya et al. [ 7 ], CV mortality is reduced 
by 27 %, and perhaps even further (55 %) when high volumes are applied.[ 5 ] In 
theory, both a decrease in the incidence in heart failure, which is diffi cult to 

   Table 19.2    All cause and cardiovascular mortality in meta-analysis on convective therapies   

 Studies a   Participantsb 
 All cause 
mortality 

 Cardiovascular 
mortality 

 Nistor [ 8 ]  11/6  3396/2889  0.87 (0.70–1.07)  0.75 (0.58–0.97) 
 Nistor (without AFB 
and  offl ine  HDF) [ 12 ] 

 0.82 (0.72–0.93)  na 

 Susantitaphong [ 9 ]  21/3  4766/3207  0.88 (0.76–1.02)  0.84 (0.71–0.98) 
 Mostovaya [ 7 ]  6/3  2885/2402  0.84 (0.73–0.96)  0.73 (0.57–0.92) 
 Wang [ 10 ]  10/4  2998/2478  0.83 (0.65–1.05)  0.85 (0.66–1.10) 

  Relative risk for mortality and cardiovascular mortality with 95 % confi dence limits
 a  Before/: number of studies used for calculations on all cause mortality, after/: number of studies 
used for calculations on cardiovascular mortality 

  b  Before/: participants in studies on all cause mortality, after/: participants in studies on cardiovas-
cular mortality  
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diagnose in ESKD, ischemic heart disease, sudden death and stroke may play a 
role in this respect. Interestingly, in ESHOL a reduction in stroke was found, 
while the incidence of heart failure and ischemic heart disease was similar [ 5 ]. 
None of the three recent RCTs found a difference in sudden death between HDF 
and HD.  

    Cardiovascular Abnormalities in HD and HDF 

 Echocardiographic analysis may provide an answer to the question whether varia-
tions in LV structure and function explain the CV survival benefi t of HDF. Indeed, 
the scarce studies performed showed improvement or stabilization in the HDF 
group and cardiac worsening in HD patients [ 14 ,  15 ]. Interestingly, from a small 
RCT in incident patients it appeared that treatment with predilution HF, a pure con-
vective therapy, was associated with a more favorable development of LV mass 
(LVM) than low-fl ux HD [ 16 ]. Analysis of a large subset of the CONTRAST cohort 
revealed that, whereas both LVM and ejection fraction deteriorated over time in HD 
patients, these parameters remained stable in the HDF group [ 17 ]. Moreover, in a 
small RCT it was recently shown that high volume HDF (>22 L/session) prevented 
the endothelial dysfunction and stiffening of conduit arteries that was observed in 
HD patients [ 18 ]. 

    Relation Between Clinical Outcome and Magnitude of the Convection 
Volume 

 Post hoc analysis of all three recent RCTs suggested a positive relationship between 
convection volume and clinical outcome, Fig.  19.1  (see also Chap.   16    ). Similar fi nd-
ings were suggested before by DOPPS [ 19 ]. Although the optimal convection vol-
ume is unclear, a minimum of 21 L/session appears appropriate [ 7 ].

       Hemodynamic Aspects 

 Intradialytic hypotension (IDH) is a common problem in HD, which has been 
related to cardiac stunning, bowel ischaemia and brain hypoperfusion. By echocar-
diography, during HD a compromised cardiac function was found in 65 % of the 
patients, which depended on the ultrafi ltration rate and severity of IDH [ 20 ]. 
Moreover, patients with marked IDH have higher serum levels of cardiac enzymes 
[ 21 ] and reduced life expectancy [ 22 ]. Interestingly, treatment with cooled dialysate 
(CD-HD) reduced IDH, HD-induced brain injury [ 23 ] and improved CV survival 
[ 24 ]. In two large RCTs, blood pressure stability during HDF was superior to HD 
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[ 5 ,  25 ] but not in a third [ 6 ]. When cool dialysate was used both in HDF and HD, 
hemodynamic changes, as measured by blood pressure, blood volume, cardiac out-
put and microcirculation, did not differ [ 26 ]. Similarly, solute movements between 
the intra and extracellular compartments during HDF and CD-HD were similar 
[ 27 ]. Hence, it appears that intradialytic hemodynamic stability is better preserved 
during HDF than during standard HD, but analogous to CD-HD. Unfortunately, 
none of the recent RCTs reported dialysate temperature.    

    Clinical Aspects: Non-cardiovascular Mortality 

 Besides a high risk of CV death, ESKD patients have an elevated risk of non-CV 
mortality. As shown in a large study from the ERA-EDTA registry, the standardized 
mortality risks were equally increased, if compared to the general population (RR 
8.8; 95 % CI 8.6–9.0 and RR 8.1; 95 % CI 7.9–8.3, resp.) [ 28 ]. Since the excess 
mortality in ESKD shows a ‘normal’ distribution, it is vital to know whether HDF 
decreases not only CV death, but also non-CV events. 
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  Fig. 19.1    Association between hazard ratio for mortality and convection volume in the different 
tertiles (or below/above the median) of convection volume in RCTs on hemodiafi ltration: 
 CONTRAST  [ 4 ]: CONvective TRAnsport STudy,  THDFS  [ 6 ]: Turkish HDF Study,  ESHOL  [ 5 ]: 
Estudio de Supervicencia de Hemodiafi ltracion OnLine       
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    Infection-Related Mortality 

 Infectious complications, which account for one quarter of total mortality in patients 
with ESKD, [ 29 ] are usually linked to bacterial spread from vascular access, par-
ticularly in case of central venous catheters (CVC). Whereas no overall difference 
was found in CONTRAST [ 30 ], infection-related mortality in ESHOL was lowest 
in HDF patients (HR 0.45, 95 % CI 0.21–0.96) [ 5 ]. Whether this outcome results 
from a lower CVC use in the HDF group (7 % versus HD 13 %) or from the high 
convection volumes applied remains to be established. Unpublished data from the 
IPD meta-analysis, as outlined before, showed a similar incidence of infection- 
related mortality (HDF HR 0.94; 95 %CI 0.66–1.30) in both treatment arms [ 13 ].  

    Other Causes of Death 

 None of the meta-analyses or RCTs reported a decline in other causes of death, such 
as withdrawal from dialysis [ 29 ] or malignancies. Considering this ‘rest group’, 
unpublished fi ndings from the IPD meta-analysis showed similar mortality rates: 
HDF HR 0.92; 95 %CI 0.73–1.15.   

    Pathophysiological Aspects 

 Both classical risk factors, such as high blood pressure and cholesterol levels, and 
non-traditional risk factors, including the toxicity of uremia itself and the bio- 
incompatibility of the extra-corporeal system, have been implicated in the high 
mortality risk of ESKD. 

    Classical Risk Factors 

    Blood Pressure 

 From a large sub-study of CONTRAST, it appeared that mean arterial pressure 
(MAP) decreased over time, mainly due to a reduction in peripheral resistance. As 
cardiac output remained unaltered, the authors speculated that loss of functioning 
renal tissue ultimately leads to a reduced stimulation of the renin-angiotensin- 
aldosteron- and sympathic systems [ 17 ], which are overactivated in CKD [ 31 ]. 
Differences between the HD and HDF groups, however, were not observed. By 
meta-analysis, HDF treatment did not infl uence systolic BP, diastolic BP, MAP or 
prescription of anti-hypertensive drugs [ 8 ,  9 ]. In accordance with these fi ndings, 
Georgianos et al. found that HDF did not have benefi cial effects on arterial stiffness, 
wave refl ections or central aortic pressure [ 32 ].  
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    Dyslipidemia 

 Dyslipidemia is frequently observed in ESKD. Controversy exists as to whether 
high lipid levels contribute to the greatly elevated CV risk in these patients. Whereas 
HDL-C exerts potent anti-thrombotic, anti-infl ammatory and anti-apoptotic effects 
in the general population, in CKD fundamental structural alterations of this particle 
have been identifi ed [ 33 ]. Therefore, the mere measuring of lipid profi les may not 
reliably refl ect CV risk. In short term HDF studies, confusing data were published, 
from higher HDL-C and lower triglyceride (TG) levels to increased LDL-C and 
stable TG values [ 34 ,  35 ]. A recent meta-analysis showed a reduction in TG and 
stabilization of total cholesterol and LDL-C [ 9 ]. Interpretation, however, is diffi cult 
as the mere raising of HDL and lowering of LDL does not automatically entail 
return of their (anti) atherogenic properties.  

    Other Risk Factors 

 Large RCTs comparing high-fl ux with low-fl ux HD suggested that besides diabet-
ics, patients with a albumin <40 g/L and subjects with a dialysis vintage >30 months 
would benefi t from ‘convective therapy’ [ 1 ,  2 ]. However, with the exception of a 
high co-morbidity index in ESHOL, none of the meta-analyses or recent large 
RCTs showed different effects of HDF in these and other selected subgroups, such 
as age and gender.   

    Non-traditional Risk Factors 

    Infl ammation and Oxidative Stress 

 A chronic low grade infl ammatory state is common in ESKD [ 36 ]. Besides uremia- 
related factors, such as accumulation of uremic toxins, dialysis-related factors, 
including the bio-incompatibility of the extracorporeal system, have been impli-
cated in this process. HDF may decrease infl ammatory activity by enhanced clear-
ance of MMW uremic toxins; on the other hand, the infusion of large amounts of 
substitution fl uid may aggravate the micro-infl ammatory state. Whereas some 
observational studies reported on a decrease of infl ammation and oxidative stress 
after treatment with convective therapies [ 37 ,  38 ], several small RCTs did not [ 39 ]. 
Comparison in observational studies is often hampered by the fact that, while in 
HDF ultrapure (UP) dialysis fl uid (micro-organisms <0.1 CFU/ml; endotoxins 
<0.025 EU/ml) is mandatory, in HD the dialysis fl uid is frequently consistent with 
‘standard quality’ (<100 CFU/ml; <0.25 EU/ml) [ 40 ,  41 ]. Of note, use of UP fl uid 
in HD resulted not only in a decline in markers of infl ammation and oxidative stress, 
but also in increased serum albumin and hemoglobin levels [ 42 ]. As the same water 
treatment system was used in both arms of CONTRAST and ESHOL, it is unlikely 
that differences in clinical outcome, as observed in ESHOL and in the high volume 
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group of CONTRAST, result from a dissimilar quality of dialysis fl uid. Moreover, 
CRP levels did not differ between treatment arms in either study (Table  19.3 ).

       CKD-Mineral and Bone Disorder 

 Chronic kidney disease-mineral and bone disorder (CKD-MBD) is the term used to 
describe a constellation of abnormalities that may lead to bone disturbances and 
extra-skeletal calcifi cations in soft tissues and arteries. Biochemically this syn-
drome is characterized by abnormalities in serum phosphate, parathyroid hormone 
(PTH), fi broblast growth factor 23 (FGF23), calcium and vitamin D. 

 Retention of phosphate has been implicated in all cause and CV mortality [ 43 , 
 44 ]. Phosphate levels are generally lower during treatment with convective therapies 
than with low-fl ux HD [ 9 ]. When comparing HDF with high-fl ux HD, results are 
contradictory [ 26 ,  45 ]. Actually, treatment of hyperphosphatemia consists of both 
phosphate-binding agents and dialysis. Hence, when comparing phosphate control 
between modalities, phosphate levels as well as the amount of phosphate- binding 
drugs should be taken into account. Both in CONTRAST and the PAN Thames 
Renal Audit, phosphate levels were lower in HDF than in HD patients treated with 
low-fl ux dialyzers [ 46 ,  47 ]. By contrast, neither in THDFS nor in ESHOL differ-
ences were observed between (high-fl ux) HD and HDF (Table  19.3 ) [ 5 ,  6 ]. 

 Phosphate is excreted by the kidney in response to PTH (9.5 kD) and FGF23 
(see below). High serum PTH levels in ESKD have been related to a poor clinical 
outcome [ 48 ], although suppression by cinacalcet did not reduce mortality [ 49 ]. In 

          Table 19.3    Effect of HDF on biochemical parameters in the three major RCTs   

 CONTRAST (n = 714)  THDFS (n = 782)  ESHOL (n = 906) 

 HDF versus lowfl ux 
HD 

 HDF versus highfl ux 
HD 

 HDF versus highfl ux 
HD 

 Kt/Vurea  ↑  ↑  ↑ 
 B2 microglobulin  ↓  ↔  ↓ 
 PTH  NA  ↔  ↔ 
 Phosphorus  ↓  ↔  ↔ 
 ESA index  ↔  ↓  ↔ 
 Albumin  ↔ a   ↓  ↔ a  
 Bicarbonate  NA  ↑  NA 
 Total cholesterol  ↔  NA  ↔ 
 CRP  ↔  ↔  ↔ 

  The arrows indicate higher (↑) in HDF, lower (↓) in HDF, or no difference (↔) between HDF and 
HD.  NA  not available,  RCT  randomized controlled trial,  ESA  erythropoietin stimulating agent, 
 PTH  parathormon,  Kt/V   urea   K = dialyzer clearance of urea, t = dialysis time, V = urea distribution 
volume,  CRP  C-reactive protein 
  CONTRAST  [ 4 ] COnvective TRansport STudy,  THDFS  [ 6 ] Turkish HDF Study,  ESHOL  [ 5 ] 
Estudio de Supervicencia de Hemodiafi ltracion OnLine 
  a Albumin decreased equally in both groups  
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THDFS as well in ESHOL, PTH levels were similar in both treatment arms 
(Table  19.3 ). Of note, previously it was shown that PTH levels decrease after a ses-
sion with low volume HDF, but increase after high volume HDF, possible as a result 
of a negative calcium balance [ 50 ]. In a meta-analysis comparing convective thera-
pies with low-fl ux HD, differences between treatment strategies were not found [ 9 ]. 

 Both human and animal data suggest that an increased FGF23 (32 kD) value is 
the earliest detectable biochemical alteration in CKD-MBD [ 51 ]. Levels of this 
phosphatonin, which is produced by bone marrow cells, are 100–1000-fold higher 
in ESKD than in healthy individuals. While no intra-dialytical changes were 
observed during low-fl ux HD [ 52 ], FGF23 removal was markedly higher during 
HDF than during high-fl ux HD [ 26 ,  53 ]. As FGF23 has been related to LVH [ 54 ] 
and CV events, especially congestive heart failure [ 55 ,  56 ], reduction by HDF may 
lower CV mortality in ESKD.   

    Other Conditions Which Have Been Related to Mortality 
in ESKD 

 Worsening of the nutritional state is a well known feature in ESKD. The term 
Protein Energy Wasting (PEW) describes a state of decreased body stores of protein 
and energy fuels [ 57 ]. Various score systems have been applied to measure PEW, 
such as the Subjective Global Assessment (SGA), Malnutrition Infl ammation Score 
(MIS), Geriatric Nutritional Risk Index (GNRI) and the composite Protein Energy 
Nutrition Score (cPENS) [ 58 ]. Recent observations from CONTRAST indicate that 
SGA and MIS predict mortality no better than a single albumin measurement [ 58 , 
 59 ]. While in the THDFS, time averaged albumin levels were lower in HDF patients, 
both in ESHOL and CONTRAST albumin levels decreased over time, without dif-
ferences between groups (Table  19.3 ) [ 5 ,  60 ]. 

 Anemia is a hallmark of ESKD. Besides a reduced production of erythropoietin 
(EPO) and EPO resistance, a diminished enteric uptake of iron and a shortened 
lifespan of red blood cells may play a role. EPO resistance has been associated with 
(functional) iron defi ciency, impaired nutritional state, chronic micro-infl ammation 
and retention of MMW solutes. As for the latter, it was suggested that convective 
treatment would improve EPO resistance and hence anemia [ 61 ]. Against expecta-
tions, however, a large RCT did not show any advantage of HDF [ 62 ]. Moreover, in 
CONTRAST, ESHOL and THDFS, neither Hb values, nor transferrin saturation 
index or ferritin levels differed between groups (Table  19.3 ) [ 5 ,  6 ,  63 ]. With respect 
to the EPO resistance index in HDF patients, contradictory results were obtained, 
being lower in THDFS, and similar in ESHOL and CONTRAST. In a sub-analysis 
of CONTRAST, EPO resistance did not differ between low (<18 L) and high 
(>22 L) volume HDF [ 63 ]. 

 Accumulating evidence indicates that mild acidosis in ESKD is related to an 
adverse clinical outcome. Correction has been positively associated with SGA, 
residual renal function and normalized protein appearance rate [ 64 ], shorter 
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 hospitalization and lower mortality [ 65 ]. In a cross-over study, net bicarbonate gain 
was slightly higher during HDF, while at the end of the session acid-base status was 
similar to HD [ 66 ]. In THDFS, a positive trend was observed between bicarbonate 
levels and convection volume (Table  19.3 ) [ 6 ]. Hence, although not yet convinc-
ingly demonstrated, a better correction of acidosis during HDF may contribute to 
the improved survival in this patient group.   

    Treatment-Related Aspects 

    Platelet Activation and (Anti)coagulation 

 In HD, unfractionated heparin or low-molecular-weight heparin (LMWH) is 
administered to prevent clotting. During HDF, however, the intra-dialyzer trans-
membrane pressure is considerable higher and, due to the high ultrafi ltration rate, 
blood viscosity increased [ 67 ]. Consequently, platelet activation and coagulation 
are more pronounced. Indeed, in THDFS the heparin dose was 25 % higher in HDF 
than in HD patients, while in CONTRAST the LMWH dose was 10 % higher [ 6 , 
 68 ]. Currently, however, it is unknown whether increased platelet activation and 
coagulation at the one hand and use of additional heparin or LMWH on the other is 
benefi cial or harmful to the patients. The use of relatively high doses, three times 
per week, year after year, may reduce CV events in subjects with a high cardiovas-
cular risk profi le. In addition, malfunctioning and chronic depleted platelets, as 
demonstrated before in HD patients [ 67 ,  69 ], may protect against vascular disease 
[ 70 ]. Alternatively, it is conceivable that these side effects of HDF actually harm 
the patients.  

    Clearance of Low-Molecular Weight, Middle-Sized and Protein- 
Bound Solutes 

 Uremic solutes are generally subdivided in three major classes: (1) water soluble 
compounds (<500 Da), which are easily removed by any dialysis strategy, (2) 
MMW substances (0.5–40 kD), which can only be removed by convection, and (3) 
protein-bound uremic toxins, which are diffi cult to remove [ 71 ]. With respect to the 
adequacy parameter Kt/V urea , a measure of small water soluble molecule clearance, 
all three recent RCTs showed an improvement in HDF patients (Table  19.3 ), while 
mortality was only reduced in ESHOL [ 4 – 6 ]. Considering MMW solutes, high 
beta-2-microglobulin (β2M) levels have been shown to be independently associated 
with overall and CV mortality [ 72 ]. However, while in CONTRAST and ESHOL 
β2M levels were lower in HDF than in HD patients, only ESHOL showed a benefi t 
of HDF (Table  19.3 ). Multiple toxic effects have been attributed to protein-bound 
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phenolic compounds, such as p-cresylsulfate. P-cresol is generated by intestinal 
bacteria and conjugated to p-cresylsulfate and p-cresylglucuronide. In-vitro these 
compounds induce toxic effects on endothelial integrity and leucocyte rolling [ 73 ]. 
Clinically, these substances have been associated with an adverse CV outcome [ 71 ]. 
Whereas high-fl ux HD did not augment the reduction of protein-bound toxins, addi-
tion of convective transport by HDF improved the removal of these compounds 
slightly [ 74 ].   

    Summary and Conclusions 

    Is Online Post-Dilution HDF Associated with an Improved 
Survival? 

 From this overview it appears fi rst, that all-cause mortality is signifi cantly reduced 
by HDF, CV events almost exclusively accounting for this benefi cial effect. Other 
causes of mortality, such as infections and sudden death, are not different between 
HDF and HD. Second, it remains unclear whether the reduction in CV mortality is 
caused by a decline in stroke, heart failure or ischemic heart disease. Third, a con-
vection volume of at least 21 L/session appears required for the desired effect.  

    Why Is High Volume HDF Associated with Improved Survival? 

 Having illustrated that high volume HDF is related to an improved CV survival, 
what are the underlying mechanisms? Are the aforementioned RCTs confounded by 
a favorable clinical profi le of HDF patients beforehand? Although this option was 
not discussed in this chapter and cannot completely be ruled out, it should be men-
tioned that extensive corrections were made in all RCTs. Moreover, we recently 
showed that centre policy, rather than patient factors, determine the magnitude of 
the convection volume [ 75 ]. Indeed, recent data from a large prospective observa-
tional study indicate that at least 21 L of substitution fl uid is feasible in more than 
80 % of ESKD patients [ 76 ]. As published in individual RCTs and by meta- analysis, 
predialysis blood pressure was not different between groups, but HDF may improve 
intra-dialytic hemodynamic stability. Analysis by echocardiography indicated that 
the functional and structural deterioration of the LV over time in HD patients was 
mitigated or even absent in HDF. Convincing arguments are not available that HDF 
reduces CV mortality by improvements in traditional or non-traditional risk factors. 
With respect to solute removal, neither Kt/V urea  nor β2M was related to survival. By 
contrast, FGF23 appears a promising candidate toxin for the HDF-induced benefi t 
on survival. Whether high doses of heparin or better correction of acidosis adds to 
the reduced mortality in HDF is a matter for future research. 
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    Chapter 20   
 Hemodiafi ltration in Children                     

       Michel     Fischbach      ,     Ariane     Zaloszyc     , and     Rukshana     Shroff    

    Abstract     Hemodiafi ltration (HDF) is a safe and highly effi cient renal replacement 
therapy that allows diffusive and convective clearance of uremic toxins across a 
wide molecular weight range. Advances in technology with the availability of dialy-
sis machines that allow controlled ultrafi ltration (UF) and smaller dialysis fi lters 
and lines have enabled the use of HDF as a safe technique of routine renal replace-
ment therapy even in small children. In this chapter the technique, advantages and 
clinical studies on HDF in children are described. We depict our experience in the 
developing and refi ning of the HDF technique in children over four decades, and 
clinical outcomes of intensifi ed daily on-line HDF, particularly on growth. Careful 
attention to achieving the highest possible convective volume is important as this is 
likely to improve patient outcome. A clinical trial comparing the outcomes of HDF 
versus conventional hemodialysis (HD) in children is in progress.  

  Keywords     Hemodiafi ltration (HDF)   •   Hemodialysis (HD)   •   Convective volume   • 
  Diffusion   •   Ultrapure water   •   Growth     

     Introduction 

 Hemodiafi ltration (HDF) was initially described in adults [ 1 ] and later used in chil-
dren in the early 1980s [ 2 ]. HDF is the addition of a determined convection volume 
to HD [ 3 ], thereby allowing for blood purifi cation combining diffusive transport of 
small uremic toxins and convective mass transfer of larger middle-molecular weight 
uremic toxins. The total convection volume achieved over a HDF session is the sum 
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of both the prescribed weight loss and the pre-determined amount of ultrafi ltration 
(UF), with UF replaced by an equal volume of substitution fl uid [ 3 ]. Recent clinical 
trials in adults on HDF have suggested that the total convective volume achieved is 
an independent predictor of survival [ 4 – 6 ]. Advances in technology with the avail-
ability of dialysis machines that allow controlled UF and smaller dialysis fi lters and 
lines have enabled the use of HDF as a safe technique of routine renal replacement 
therapy in children [ 7 – 9 ]. In this chapter we describe the technique, advantages and 
clinical studies on HDF in children.  

    History of HDF in Children, a Single Centre Experience 

 HDF in children was fi rst performed in the dialysis unit in Strasbourg, France in 
July 1981 when the children’s dialysis unit separated from the adult unit [ 10 ]. 
Several modifi cations to the HDF circuit used in adults were required before it could 
be safely performed in children. 

 The fi rst aim was to improve volume control: in order to achieve hemodynamic 
stability over the dialysis session, the osmotic stability of the substitution fl uid was 
a major contributing factor (iso-osmotic hemofi ltration substitution fl uid). The 
selection of a suitable dialysis membrane was based on its hydraulic permeability 
(K UF ; coeffi cient of UF: mL/mm of transmembrane pressure, [TMP]) [ 11 ] with an 
upper limit of the TMP at 300 mmHg. Using the CS Ultrafi lter (Polycrylonitrile/
ASAHI), post-dilution HDF was performed with a convective fl ow of one third of 
the blood fl ow, and well tolerated with fewer hypotensive episodes compared to 
conventional HD (Fig.  20.1 ). In addition, the urea clearance dramatically increased 
compared to hemofi ltration alone, and despite the urea clearance per session increas-
ing fi vefold (>5 mL/min/kg body weight), the dialysis tolerance increased with no 
or rare and mild hemodynamic instability on dialysis [ 2 ].

   Secondly, the importance of membrane permeability, not only in the range of low 
molecular weight uremic toxins like urea, but also middle molecular weight uremic 
toxins and their potential importance was being discovered [ 10 ]. Starting in 1981, 
we monitored dialysis kinetics not only of urea but also of phosphate, inulin, β 2 - 
microglobulin (B2M) and 25-hydroxyvitamin D and noted a signifi cant improve-
ment in the removal of larger molecular weight uremic toxins with HDF compared 
to HD (Fig.  20.2 ) [ 12 ]. A simultaneous reduction in the need for blood transfusions 
was noted, even in the era preceding Erythropoietin Stimulating Agent use 
(Fig.  20.3 ) [ 13 ].

    In the early days of starting HDF, the substitution fl uid was delivered in bags of 
sterilized fl uid, but no determination of endotoxin levels could be performed. 
Although this ensured substitution fl uid purity, both in terms of its chemical compo-
sition and microbiological contamination, its high cost limited the convection vol-
ume used per session. Later, on-line HDF technology was developed: dialysis water 
was fi ltered through a reverse osmosis system followed by two disposable mem-
branes in the dialysate circuit to produce ‘ultra-pure’ dialysis fl uid (both ‘ultra-pure’ 
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dialysate and sterile substitution fl uid) with >100-fold lower bacterial and endo-
toxin levels than the water used for conventional HD. Thus, on-line HDF technol-
ogy allowed the use of large volumes of sterile substitution fl uid to achieve high 
convective volumes over a HDF session, without increased cost. This allowed us to 
perform pre-dilution HDF as well as daily on-line HDF, with substantial 

  Fig. 20.1    When HDF was fi rst started in our unit, a balance system and bags for the hemofi ltration 
substitution volume were used [ 2 ] (Courtesy of Prof. Michel Fischbach)       

  Fig. 20.2    Molecular permeability of the polysulfone membrane: impact of the dialysis modality: 
 HD  hemodialysis,  HF  hemofi ltration,  HDF  hemodiafi ltration (Based on data from Ref. [ 10 ])       
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 improvements in B2M clearance [ 12 ] and improved patient well-being as described 
below. Our experience with monitoring the dialysis kinetics of middle-molecular 
weight substances revealed a discrepancy between an improved B2M dialytic 
removal on HDF, but persistently high blood level of B2M over time (Fig.  20.4 ) 

  Fig. 20.3    Hemodiafi ltration in the era before erythropoietin stimulating agents were available: 
children on HDF had a signifi cant reduction in the number of transfusion per year to maintain a 
hematocrit over 20 % (Based on data from Ref. [ 13 ])       
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  Fig. 20.4    Despite enhanced removal by hemodiafi ltration, serum β2 microglobulin levels 
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[ 12 ]. We intensifi ed the dialysis dose by using daily pre-dilution HDF with high 
convection volumes and were able to achieve pre-dialysis B2M blood levels below 
20 mg/l, even in anuric children [ 14 ]. However, as dialysis effi ciency with improved 
B2M clearance was achieved, the risk of excessive albumin loss through highly 
permeable membranes was also noted [ 15 ]. Applying daily in-centre intensive HDF, 
we were able to show that children are free of symptoms: there was no post-dialysis 
recovery time, few or no medication requirements, normal diet and optimized vol-
ume control on a free fl uid intake [ 16 ,  17 ]. These improvements with daily intensive 
HDF allowed catch-up growth with normal height in the target mid-parental height 
range achieved even before kidney transplantation [ 14 ,  18 ].

       Requirements for HDF in Children 

 HDF in children requires dialysis machines that allow careful regulation of UF, 
highly permeable membranes and sterile fl uid for replacement of convective fl ow. 
These items are described in detail in the Chaps.   2    ,   3    ,   4    ,   5    ,   6    ,   7    ,   8    ,   9    , and   10     and their 
adjustment for children is shortly complemented here. 

 Today, all new dialysis machines allow for both HD and HDF. HDF machines 
suitable for children are manufactured by Gambro and Fresenius Medical Care 
(FMC): currently available machines include the Gambro AK200 UltraS and 
FMC4008 and FMC5008 machines. All these machines are suitable for children 
above 15 kg body weight. Pediatric lines that are suitable for HDF in children 
<15 kg would require an extracorporeal volume of less than 80 mL (including both 
lines and fi lter), and are available only for the older generation of FMC4008 
machines, and currently under manufacture for the FMC5008 machine. Only highly 
permeable membranes are suitable for HDF, both in adults and children [ 19 ].  

    Writing a HDF Prescription for Children 

 The dialysis prescription (blood fl ow, duration of the session and dialysate fl ow) 
should be individually adapted to achieve an urea dialysis dose of Kt/V ≥1.4, which 
is a surrogate for predominantly diffusive blood purifi cation [ 19 ,  20 ] as well as the 
highest possible convective clearance. 

 The following points should be considered when writing an HDF prescription for 
children:

    1.    HDF requires an optimal arterial blood fl ow of 5–8 ml/min/kg body weight or 
150–240 ml/m 2  body surface area [ 19 ]. This can be achieved through either a 
fi stula or a central venous line.   

   2.    A high-fl ux membrane with surface area equal to the child’s body surface area is 
used [ 19 ].   

   3.    Dialysate fl ow of 1.5 times the blood fl ow is adequate to optimize the diffusive 
blood purifi cation process using highly permeable membranes for HDF.   
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   4.    Convective fl ow is equal to total UF fl ow i.e. the sum of the weight loss and the 
replacement fl uid (convective dialysis dose per session).

•    Post-dilution HDF – the convective fl ow is ≤33 % of the blood fl ow, and lim-
ited by the risk of fi lter clotting. It typically decreases over the dialysis session 
(TMP should be limited to less than 300 mmHg).  

•   Pre-dilution HDF – the convective fl ow is set at ≥50 % of blood fl ow, but 
optimally can be increased to 75–100 % of blood fl ow; despite the dilution of 
the blood potentially impacting negatively on urea clearance, B2M and phos-
phate dialytic removal is optimized as is the clearance of uremic protein 
bounded toxins.      

   5.    Optimal anticoagulation is necessary so as to prevent fi lter clotting, particularly 
in post-dilution HDF. A single dose of low molecular weight heparin is effective 
for a 4 h session. Alternatively, a continuous heparin infusion can be used.   

   6.    The dialysate composition is similar to that used in HD, but careful attention to 
dialysate sodium concentration is important, particularly when high convective 
volumes are infused, as with pre-dilution HDF. To avoid the risk of a positive 
sodium balance the dialysate sodium concentration required is lower than in con-
ventional HD.   

   7.    Replacement fl uid that is generated on-line from the dialysate must be ‘ultra- 
pure’ as discussed above. The microbiological purity (bacterial count and endo-
toxin level) should be determined regularly at one to three monthly intervals.      

    Advantages of HDF Over Conventional HD: Paediatric 
Studies 

 The advantages of HDF over conventional HD can be discussed under the three 
main mechanisms of the benefi cial effects of HDF:

    1.     Improved dialysis effi ciency and clearance of toxins across a wide molecular 
weight range : Middle and large molecular weight compounds such as B2M that 
normally accumulate in patients with end-stage kidney disease have >70 % bet-
ter removal on HDF, if compared to low-fl ux HD [ 21 – 23 ]. Likewise, plasma 
phosphate has a 30 % greater clearance by HDF [ 24 ]. Confl icting data have been 
published on erythropoietin resistance, which has been linked to reduced infl am-
mation and removal of erythropoiesis-inhibiting factors during treatment with 
HDF. For further reading on these subjects see Chaps.   11    ,   12    , and   14    .   

   2.     Improved haemodynamic stability : HDF increases UF and improves intradialytic 
hemodynamic stability [ 25 ], leading to less intradialytic hypotension and faster 
recovery time post-dialysis, both in children and adults [ 14 ,  26 ]. See also Chap.   17    .   

   3.     Biocompatibility and reduced infl ammation : The use of ‘ultrapure’ dialysate and 
increased removal of infl ammatory cytokines may reduce infl ammation and oxi-
dative stress [ 14 ,  18 ]. See Chap.   13    .     
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 Most importantly, these benefi ts of HDF appear to translate into improved sur-
vival. In adults, three randomised controlled trials have suggested improved survival 
and reduced cardiovascular mortality when higher substitution volumes (>17.4 L 
and >20 L in the respective studies) were used. In children, HDF leads to impressive 
catch-up growth with a projected fi nal height approaching target mid-parental 
height with daily HDF [ 14 ,  18 ]. 

 Using daily HDF, these benefi ts may be further improved. Our group noted 
that conventional three-times a week HDF improved B2M dialytic removal but 
stable high blood levels of B2M persisted (Fig.  20.4 ). When HDF was given 
5 days per week with high convective volumes, predialysis B2M levels decreased 
below 20 mg/l even in anuric children [ 14 ,  16 ]. Overall, children on intensive 
daily HDF had symptom free dialysis sessions, no postdialysis recovery time, no 
or limited medications, an unrestricted diet, optimized blood purifi cation and 
optimized volume control [ 14 ,  16 ]. The UF required in each dialysis session was 
minimal, a major prognostic factor for improved patient outcome [ 3 ,  14 ,  17 ]. 
Taken together, daily intensive HDF led to an anabolic state and catch up growth, 
with children achieving a normal height, at or above their target mid-parental 
height, even before kidney transplantation [ 14 ]. 

 Currently, only single centre data are available on the outcomes of HDF in chil-
dren. An international non-randomised clinical trial is under progress to compare 
the effects of HDF versus conventional HD on growth and cardiovascular markers 
in children (HDF, hearts and height [3H] study), with data available in 2017 
(ClinicalTrials.gov identifi er: NCT02063776).  

    Conclusions 

 HDF is a safe and highly effi cient renal replacement therapy that allows diffusive 
and convective clearance of uraemic toxins across a wide molecular weight range. 
Recent advances in technology have enabled its use as a safe therapy for chronic 
dialysis even in small children, the most clear benefi ts being an improved nutritional 
state and catch-up growth. Careful attention to achieving the highest possible con-
vection volume is important as this is likely to improve patient outcome. 

 Teaching Points 
•     Water quality and safety requirements of HDF treatment are similar for 

children and adults  
•   In children, the major benefi ts of HDF over HD are an improvement in 

nutritional state and catch-up of growth  
•   In analogy to the concept of high volume HDF in adults, achievement of 

high (BSA adjusted) convection volumes may be benefi cial in children as 
well  
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    Chapter 21   
 Intensifi ed Hemodiafi ltration                     

       Francisco     Maduell      ,     Raquel     Ojeda     , and     Marta     Arias-Guillén    

    Abstract     Mortality in patients under a conventional dialysis regimen of three 4-h 
sessions per week is four times higher than in the general population older than 
65 years and new therapeutic regimens are required to improve patient survival. The 
thrice-weekly frequency of hemodialysis (HD), established the 1960s, has mainly 
been accepted and maintained since then for logistic, pragmatic and economic rea-
sons. However, longer and more frequent dialysis sessions have produced excellent 
survival and clinical advantages. The results of the Tassin experience of long, slow-
fl ow HD were fi rst reported 30 years ago and showed excellent fl uid and blood 
pressure control with the highest survival rates achieved at that time. Since then, 
multiple publications reported on the superiority of long-duration HD over conven-
tional therapy. On-line postdilution hemodiafi ltration (OL-HDF) offers an optimal 
form of extracorporeal treatment for patients with end-stage kidney disease. This 
technique, which combines diffusion with a considerable amount of convection, 
provides the highest clearances per unit of surface area for small, medium and large 
molecules. In this chapter we describe our experience with OL-HDF in two extended 
dialysis schemes: short daily OL-HDF and nocturnal, every-other-day, OL-HDF.  

  Keywords     Daily dialysis   •   Frequent dialysis   •   Long dialysis   •   Nocturnal dialysis   • 
  Every-other- day dialysis   •   Occupational rehabilitation   •   Medication reduction     

     Introduction 

 Although the mortality rate for hemodialysis (HD) patients fell by 25 % from 2003 
to 2012 in comparison with only 3 % from 1993 to 2002 [ 1 ], clinical outcome in this 
patient groups is still unacceptable poor and has recently been linked to the long 
inter-dialytic interval [ 2 – 4 ]. The limitations of thrice-weekly conventional HD in 
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preventing the sequelae of chronic kidney disease (CKD), such as cardiovascular 
disease, CKD-mineral and bone disorder (CKD-MBD), hypertension, metabolic 
acidosis, hyperkalemia, infl ammation, malnutrition and poor quality of life, are well 
known to the nephrology community [ 5 ]. Potential mechanisms for the adverse 
effects related to intermittent HD have recently been reviewed. [ 6 ] Most observa-
tional data agree that frequent dialysis schemes reduce fl uctuations in metabolic and 
volume parameters, if compared with thrice-weekly schedules [ 7 ]. A recent review 
suggested that intensifi ed dialysis schemes (daily, nocturnal or every-other-day) sig-
nifi cantly improved blood pressure control, CKD-MBD and quality of life [ 8 ]. 
On-line postdilution hemodiafi ltration (OL-HDF), which combines diffusion with 
high convective transport, provides the highest clearances per unit of surface area 
for small, medium, and large molecules. During the last 10 years, three randomized 
clinical trials have analyzed OL-HDF survival as a primary end point [ 9 – 11 ]. Only 
the ESHOL study [ 10 ] demonstrated improved survival in patients receiving 
OL-HDF and recent meta-analyses have confi rmed the lower overall and cardiovas-
cular mortality of this modality [ 12 ,  13 ]. This chapter aims to describe our personal 
experience with OL-HDF in two extended dialysis schemes: short daily OL-HDF 
and nocturnal, every-other-day, OL-HDF [ 14 – 16 ].  

    Daily Hemodiafi ltration 

    Introduction 

 Daily HD has been shown to improve clinical outcomes and laboratory parameters, 
if compared to intermittent HD. The underlying mechanisms are the more physio-
logical technique, which avoids volume overload and electrolyte and acid-base bal-
ance disturbances in the inter-dialytic periods, and better removal of uremic toxins 
[ 6 ]. The combination of daily dialysis and a high convective transport technique, 
such as OL-HDF, offers both higher removal of middle-sized and large molecules 
and better tolerance to dialysis, and is currently considered a good treatment option 
for patients requiring chronic renal replacement therapy [ 14 ].  

    Study Design and Practical Implementation 

 In 2003, we reported the fi rst experience of combining a more physiological and 
effective dialysis schedule – daily dialysis – with the dialysis modality that offers the 
highest solute and uremic toxin removal (OL-HDF) [ 14 ]. This single-center, prospec-
tive and nonrandomized study, included eight stable patients treated for 4–5 h with 3×/
week ‘standard’ OL-HDF (S-OL-HDF), who were switched to 2–2 1 / 2  h 6×/week 
‘daily’ OL-HDF (D-OL-HDF). In both treatment options, bicarbonate based buffer 
was used, a 1.8 m 2  high-fl ux polysulfone fi lter (HF80, Fresenius, Bad Homburg, 
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Germany), a blood fl ow (Qb) of 445 ± 54 mL/min (350–560 mL/min), a dialysate fl ow 
(Qd) of 800 mL/min minus the infusion fl ow (Qi 80–150 mL/min) and a Fresenius 
4008 monitor. Reinfusion was performed in the postdilution mode. All patients had 
native arteriovenous fi stulas and 15-gauge needles were used in both OL-HDF sched-
ules. Hence, the only changes were the frequency and duration of each session.  

    Impact of Daily Hemodiafi ltration on Various Biomarkers 

 Although dialysis time was similar in both schedules, an increase in the dialysis 
dose was obtained with D-OL-HDF, confi rming the benefi cial effect of the higher 
frequency. Although weekly spKt/V and weekly eKt/V were similar between the 
two study periods, the EKR and standard Kt/V, proposed to measure the dialysis 
dose in dialysis regimens with different frequencies, were 26 % and 48 % higher on 
D-OL-HDF, respectively. Weekly urea reduction rate (URR) was 52 % higher in the 
daily schedule. This parameter is especially useful for showing differences between 
regimens with dissimilar frequencies and can be used for any solute. 

 Mean reduction ratios for urea, creatinin, osteocalcin, β 2 -microglobulin (B2M), 
myoglobin and prolactin were lower per session with D-OL-HDF, but the weekly 
reduction ratios were signifi cantly increased on D-OL-HDF (see Fig.  21.1 ). The 
increased solute removal was more signifi cant in solutes with greater molecular size 
or lower intercompartment mass-transfer coeffi cient (Kc) and could be explained by 
the creation of solute disequilibrium gradients by resistance to diffusion within  tissues 

  Fig. 21.1    Increase in the weekly percentage removal of a broad spectrum of solutes with short 
daily on-line hemodiafi ltration (D-OL-HDF) in comparison with three times a week on-line hemo-
diafi ltration (OLHDF). Abbreviations are:  Crea  creatinine,  Osteo  osteocalcin,  β2-m  microglobu-
lin,  Myo  myoglobin,  PRL prolactin  (Reprinted from Maduell et al. [ 14 ]. With permission from 
Nature Publishing Group)       
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and organs. The resistance to diffusion can be quantifi ed as Kc and is molecular 
size – sensitive. To obtain the same time average concentration in patients treated 
intermittently, a higher dialysis dose must be used than in daily or continuous 
 treatment. This phenomenon is magnifi ed in solutes with a lower Kc than urea.

   Although serum phosphate did not change, phosphate binders (calcium carbon-
ate in seven patients and calcium acetate plus aluminium hydroxide in one patient) 
were reduced from 7.3 ± 3 tablets/day in S-OL-HDF to 2.9 ± 3 tablets/day after 
3 months and 2.85 ± 4 after 6 months ( P  < 0.001) in D-OL-HDF. As reported by 
Daugirdas et al. [ 17 ] and Ayus et al. [ 18 ], for better control of predialysis phosphate 
levels, it is probably not enough to change the frequency of the schedule when the 
duration of weekly dialysis treatment is not increased as well. 

 The impact of frequent HD regimens on anemia control remains unclear. Some 
studies showed minor improvements in hemoglobin (Hb) and reductions in 
erythropoiesis- stimulating agent (ESA) requirements with more frequent weekly 
sessions, whereas others did not [ 8 ]. In our study, changes in Hb levels or ESA dose 
were not observed. Ferritin levels decreased over time and iron supplements were 
raised gradually to improve functional iron defi ciency. The use of intravenous iron 
in daily dialysis experiences has not been clearly specifi ed in the literature, but it is 
possible that iron needs are higher than in standard HD.  

    Clinical Impact of Daily Hemodiafi ltration 

 After 6 months of treatment with D-OL-HDF, mean body weight increased by 
1.5 kg, which was accompanied by an improvement in appetite and normalized 
protein catabolic rate (nPCR). These fi ndings were confi rmed in a 1-year extension 
of the study when the gain in body weight reached 3 kg [ 15 ]. There were no changes 
in nutritional parameters in the control group. A similar experience was published 
in children who were treated with daily predilution OL-HDF [ 19 ]. The authors dem-
onstrated improved catch-up growth and signifi cant weight gain with D-OL-HDF, 
which was related to better nutritional status and less uremic protein wasting, and 
possibly with a better response to growth hormone administration. 

 The most common cause of mortality in chronic HD patients is cardiovascular 
disease, amounting up to 50 % of cases. In our experience, the switch to D-OL-HDF 
improved several risk factors, such as hypertension, hyperuricemia and hyperhomo-
cysteinemia. Although our patients were relatively well controlled at baseline (only 
three patients were hypertensive and two were receiving drugs), better blood pressure 
control was achieved without antihypertensive medications. In addition, we observed 
a marked regression of left ventricular hypertrophy (LVH) and left ventricular mass 
index (LVMI) 6 months after switching from S-OL-HDF to D-OL-HDF. 

 In all patients who were treated with D-OL-HDF, the treatment schedule was 
well accepted and tolerated. There were no local infections, thrombosis or bleeding 
of the vascular access. No changes were observed in the frequency of nausea, dizzi-
ness, cramps, or hypotensive episodes. In the fi rst 4 weeks, a rapid improvement 
was reported in headache (n = 3), sleep (n = 3), sexual disorders (n = 2), thoracic pain 
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(n = 1), appetite (n = 5) and thirst (n = 2). The most apparent benefi t was the reduc-
tion in the mean post-dialysis fatigue intensity score, from 1.88 ± 1.2 in S-OL-HDF 
to 0.38 ± 0.7 in D-OL-HDF (P < 0.01), and the mean fatigue duration score from 
1.75 ± 1.4 in S-OL-HDF to 0.25 ± 0.5 in D-OL-HDF (P < 0.01).  

    Summary of Daily Hemodiafi ltration 

 D-OL-HDF is a well tolerated dialysis scheme, which improves clinical outcome and 
quality of life. For logistic and economic reasons, however, this modality should be 
restricted to certain patient groups, such as those with severe cardiovascular disease 
not allowing long inter-dialytic periods and patients with poorly controlled hyperten-
sion, as recommended by the European Best Practice Clinical Guidelines [ 20 ]. 
D-OL-HDF schedule is also suitable for patients with hyperphosphatemia, but only 
if accompanied by an increased duration of the dialysis treatment. See Table  21.1 .

    Table 21.1    Practical recommendations for intensifi ed HDF schemes   

 Short daily 
OL-HDF  Nocturnal, every-other-day OL-HDF 

 Td (min)  150–180  420–480 
 Qb (mL/min)  400–500  400–500 
 Qd (mL/min)  500–800  300–400 
 Membrane surface (m 2 )  1.4–2.0  1.1–1.4 
 UF coeffi cient (ml/mmHg/h)  >40  >40 
 Qi (mL/min)  100–120  100–120 
 Replacement vol. (L/ses)  14–18  45–55 
 Replacement vol. (L/week)  84–108  157–192 
 P dialysate supplementation  No  Yes 

 Teaching Points (I) 
    Daily hemodiafi ltration recommended in

•    Severe cardiovascular disease  
•   Poorly controlled hypertension  
•   Hyperphosphatemia     

  Clinical advantages of daily hemodiafi ltration

•    Higher dialysis dose (Kt/V)  
•   Improved nutritional state  
•   Regression of LVH  
•   Improved phosphate control  
•   Reduction in phosphate binders and antihypertensive medication       
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         Nocturnal, Every-Other-Day Hemodiafi ltration 

    Introduction 

 More than 30 years have passed since the Tassin group reported their experience of 
long, slow-fl ow HD sessions, showing excellent blood pressure and fl uid control with 
the highest survival rates achieved at that time [ 21 ]. Since then, multiple publications 
have demonstrated the superiority of long-duration HD (8 h) over conventional ther-
apy (3–4 h) in terms of blood pressure control, reduction of LVH and reduced serum 
phosphate levels, often allowing phosphate binders to be discontinued [ 22 – 24 ]. Apart 
from these clinical advantages, longer (nocturnal) HD also improves quality of life 
and patient survival [ 25 ]. Interest in this thrice weekly prolonged HD modality has 
increased in the last 10 years, resulting in publications from Canada [ 23 ], Germany 
[ 24 ], USA [ 25 ], the United Kingdom [ 26 ], and Turkey [ 27 ]. An every-other-day HD 
scheme has been used by the Lecce group in Italy since 1972. Survival at 10 years 
was 60 %, with a lower incidence of ischemic heart disease, stable high depurative 
effi ciency and improvements in anemia, acid-base and nutritional status [ 28 ].  

    Study Design and Practical Implementation 

 Our experience of combining a more physiological and effective dialysis schedule – 
long (nocturnal) and more frequent (every-other-day) dialysis – with the dialysis 
modality that offers the highest solute and uremic toxin removal (OL-HDF) was the 
fi rst reported in the literature. The study began in September 2007, and the fi rst data 
published were the results of 26 patients receiving this dialysis schedule for at least 
12 months. The study was initially designed as a cross-sectional study, which com-
pared the effect of a switch from 4–5 h 3×/week OL-HDF to 7–8 h nocturnal, every-
other- day OL-HDF with the same (20–30 L) or higher (35–50 L) convective volume 
to evaluate the impact of this schedule on solute removal and analytical and clinical 
outcomes [ 16 ]. Since the publication of these data, we have increased the number of 
patients to 52, and 26 patients have completed 24 months of follow up (unpublished 
data). As all these patients were stable and had good prospects for improved occu-
pational, psychological and social rehabilitation, they were younger than the gen-
eral dialysis population. In nocturnal dialysis schemes, patients are free to carry out 
their routine activities during the day, which enhances their quality of life. 

 At baseline, OL-HDF parameters consisted of conventional OL-HDF, 4–5 h 3×/
week with bicarbonate buffered dialysate, 1.4–1.8 m 2  high-fl ux helixone fi lters 
(FX60 or FX80, Fresenius), Qb of 440 ± 33 mL/min (400–500 mL/min), Qd 800 mL/
min, Qi 90–110 mL/min and a Fresenius 4008 or 5008 dialysis monitor. Reinfusion 
was always performed in the postdilution mode. All patients had native arteriove-
nous fi stulae and only 15-G needles were used. The duration of the sessions 
increased from 273 ± 19 min (240–300 min) at baseline to 471 ± 22 min 
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(420–480 min) in nocturnal every-other-day OL-HDF. Qb was 439 ± 33 mL/min at 
baseline and 421 ± 32 mL/min at 12 months. The convection volume was 26.7 ± 2 L 
at baseline, 27.5 ± 2 with the unchanged volume and 42.9 ± 4 L with the higher vol-
ume. Once these patients fi nished the 12-month follow-up, all received the maxi-
mum convective volume, the average being 45.8 ± 4 L. This study was performed 
with a new generation of dialysis machines with auto-substitution systems as 
described in Chaps.   5    ,   6    ,   7    ,   8    ,   9    , and   10    . We have used these 5008 monitors since 
2013 and observed a 13 % increase in the convective volume [ 29 ]. 

 During the study, the surface area of the dialyzers was reduced to 1.0–1.4 m 2 , while 
Qd fall to 500 mL/min. At present, it is unknown whether a high Qd improves convective 
transport. Recently, we reported our experience of varying the Qd (300, 400, 500, 600 
and 700 ml/min) on convection volume and removal effi cacy in 59 patients treated with 
OL-HDF. As expected, dialysate volume increased from 86.5 ± 4 L (Qd 300 ml/min) to 
201 ± 10 L (Qd 700 ml/min) per session, while changes in the amount of substitution 
volume were not observed. Kt increased from 67.98 ± 6.9 L (Qd 300 ml/min) to 
75.53 ± 7.3 L (Qd 700 ml/min). No changes were observed in other medium and large 
molecules studied. As the variation of Qd in OL-HDF did not change the convection 
volume we recommend reducing it as far as possible to ensure an adequate dialysis dose 
at the lowest consumption of water and dialysis concentrate [ 30 ].  

    Impact of Nocturnal Every-Other- Day Hemodiafi ltration 
on Various Biomarkers 

 To match the dialysis dose in frequent dialysis regimens, stdKt/V has been pro-
posed, and in comparison with thrice-weekly dialysis schemes, our study employed 
a higher dose per session. Lecce [ 28 ] reported a weekly Kt/V of 4.6, which is com-
parable to a stdKt/V of 2.36, while in our study stdKt/V increased from 1.75 at 
baseline to 3.77 at the end of the study [ 16 ]. 

 All studies of long-duration dialysis have reported excellent anemia control. 
Initially, we observed a reduction in ESA dosing, while at the end of the study, ESA 
was discontinued in 29 % of the patients [ 16 ]. In a subsequent follow-up in a larger 
number of patients, ESA dosing fall by 40 % and was discontinued in 35 % of the 
patients, while the erythropoietin resistance index (ERI) decreased by 50 %. 

 During follow-up, bicarbonate levels increased signifi cantly. Comparable results 
are reported by Ok et al. [ 27 ] with nocturnal dialysis and by the Lecce experience 
with every-other-day dialysis [ 28 ]. As expected, blood-urea-nitrogen (BUN) and 
serum creatinin levels were also signifi cantly reduced. 

 We also found better phosphate control (pre-treatment phosphate decreased from 
4.93 to 3.74 mg/dL) and a decreased need for phosphate binders, from 77 to 4 %. 
Actually, addition of phosphorus supplements in the dialysate was required in 55 % 
of the patients (see Fig.  21.2 ). This improved phosphate control could be explained 
by the sum of several factors. First, the dialysis dose was higher than in other stud-
ies; second, some studies have demonstrated that OL-HDF increases phosphate 
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depuration with a reduction in predialysis levels [ 31 ,  32 ]. Finally, the increased 
frequency (every-other-day) is another advantage, as studies of daily nocturnal dial-
ysis have observed excellent phosphate control without phosphate binders and with 

  Fig. 21.2    Evolution of serum phosphate, phosphorus binders and phosphate dialysis supplement 
when switching from thrice-weekly OL-HDF to nocturnal every-other-day OL-HDF. Patients were 
randomized to 6 months with the same convective volume as previously (20–30 L) followed by 
6 months with a higher (35–50 L) convective volume ( Group A ) or to the same two schedules but 
in reverse order ( Group B ) (Reprinted from Maduell et al. [ 16 ]. With permission from Oxford 
University Press)       
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phosphate supplementation in the dialysate [ 33 ,  34 ]. In children, Thumfart et al. 
also reported a signifi cant reduction in serum phosphate and PTH levels in both 
dialysis modalities (NHD and NHDF) in comparison with standard HD, despite 
discontinuation of phosphate binders [ 5 ].

   Surprisingly, plasma β2M levels did not decrease during follow-up, despite a 
signifi cant increase in convection volume, treatment time and frequency. Of note, 
Ok et al. [ 27 ] did not observe reduced pre-dialysis β2M levels just by changing the 
dialysis duration. The result of β2M removal, as a marker of middle molecule sol-
utes, largely depends on convection processes. In our study, there were no differ-
ences between values at baseline and at 6 months with the same convective volume, 
indicating that removal of β2M mainly depends on the total convective volume, 
independent of the dialysis time. 

 Different patterns of solute removal were observed, which were related to dial-
ysis time, convection volume, and/or Qi. To confi rm this clinical observation, we 
performed a new study to evaluate the infl uence of dialysis duration and infusion 
fl ow on the removal of different molecular weight solutes and to verify the useful-
ness of two-compartment mathematical models in quantifying the changes in 
removal kinetics when the type of dialysis is changed. In this study, the removal 
of β2M was signifi cantly increased after changes in both Qi and treatment dura-
tion, resulting in an 11 % higher reduction ratio, on average, by doubling the 
treatment time, and a 6 % improved reduction ratio by doubling convection. These 
results were confi rmed in the mathematical two-compartment model [ 35 ]. The 
removal of larger molecules, such as myoglobin and prolactin, was signifi cantly 
lower when the same convection volume was applied (see Fig.  21.3 ). For these 
high molecular weight molecules the impact of Qi is clearly independent of dialy-
sis time [ 35 ].

  Fig. 21.3    Comparison of percentages of the reduction ratio in myoglobin (17,184 Da) and prolac-
tin (23,000 Da) for each study situation. Group A (n = 12): convective volume of 20–30 L for the 
fi rst 6 months followed by 6 months of 35–50 L. Group B (n = 12): convective volume of 35–50 L 
for the fi rst 6 months followed by 6 months of 20–30 L (Reprinted from Maduell et al. [ 16 ]. With 
permission from Oxford University Press)       
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       Clinical Impact of Nocturnal Every-Other-Day 
Hemodiafi ltration 

 Mean body weight (measured as dry weight after dialysis) increased from 70.1 ± 19 
to 72.2 ± 19 Kg ( P  < 0.01) and was accompanied by a greater interdialytic weight 
gain and protein intake. The improvement in nutrition was not accompanied by 
changes in infl ammation markers, probably because the patients were not previ-
ously infl amed and received treatment with biocompatible dialyzers, ultrapure dial-
ysis fl uid and convective techniques. These nutritional advantages could also be 
explained by the reduced fl uid overload and uremic milieu after the switch to 7–8 h 
nocturnal, every-other-day OL-HDF. These results have been corroborated by 
Thumfart et al. in children [ 5 ]. 

 Regarding cardiovascular risk factors, Chan et al. found that the switch from 
conventional HD, three 4 h sessions per week, to nocturnal HD, 8–10 h six nights 
per week, resulted in an improvement in the heart rate response to pulsatile blood 
pressure changes (baroreceptor response and arterial compliance) [ 36 ]. In our study, 
blood pressure control improved and only 8 % of patients required antihypertensive 
medications at the end of the observation period. In the study by Thumfart et al. the 
switch from conventional HD to NHD and NHDF resulted not only in discontinua-
tion of antihypertensive therapy in fi ve out of seven children but also in fewer intra-
dialytic hypotensive episodes [ 5 ]. Another independent cardiovascular risk factor 
strongly associated with mortality in dialysis patients is LVH, which is present in 
70–80 % of this population. Echocardiographic assessment revealed a 12 % decrease 
in LVMi after 1 year. 

 In our experience of 52 patients, 60 % were working and continued working 
throughout the study with practically no absenteeism, in many different occupa-
tions, varying from restaurant workers to a university professor. All patients com-
pleted a fatigue index questionnaire on the intensity, duration and frequency of 
postdialysis fatigue [ 37 ], which showed no signifi cant changes over time.  

    Summary of Nocturnal Every-Other-Day Hemodiafi ltration 

 Conversion from 4–5 h thrice weekly OL-HDF to 7–8 h every-other-day OL-HDF 
shows excellent clinical tolerance and patient acceptance, adequate social and occu-
pational rehabilitation, better dialysis adequacy, marked improvement in nutritional 
status, regression of LVH, good phosphate and hypertension control, and a marked 
reduction of phosphate binders and antihypertensive medication. Different patterns 
of solute removal were observed, which were related to dialysis time, convective 
volume and/or to the infusion fl ow rate. Therefore, long-term, nocturnal, in-center, 
every-other-day OL-HDF with high convective volumes appears to be a good thera-
peutic dialysis scheme with improvements in clinical and social-occupational 
rehabilitation.   

F. Maduell et al.



275

    Intensifi ed Hemodiafi ltration Schemes: Conclusion 

 D-OL-HDF is a well tolerated dialysis scheme with adequate clinical outcomes and 
improved quality of life. Due to logistic and economic reasons, however, this modal-
ity should be restricted to patients with severe cardiovascular disease and/or poorly 
controlled hypertension. In case of hyperphosphatemia D-OL-HDF needs to be 
accompanied by an increase in dialysis time. Nocturnal every-other-day OL-HDF 
shows excellent clinical tolerance and patient acceptance, adequate social and occu-
pational rehabilitation, better dialysis adequacy, marked improvement in nutritional 
status, regression of LVH, good phosphate and hypertension control and a marked 
reduction of phosphate binders and antihypertensive medication. This modality 
could be prescribed to patients who need to improve clinical and biochemical 
parameters (hypertension, hyperphosphatemia and other cardiovascular risk fac-
tors) and social-occupational rehabilitation. Our recommendations for intensifi ed 
HDF schemes are summarized in Table  21.1 . 
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    Chapter 22   
 Are There Any Disadvantages of 
Hemodiafi ltration?                     

       Peter     J.     Blankestijn       and     Jeroen     P.     Kooman     

    Abstract     Online postdilution hemodiafi ltration (HDF) has been related to an 
improved patient survival as compared to HD, especially when high convection 
volumes are applied. Apart from this favorable result, however, online-HDF may 
evoke side effects that may counteract part of its benefi ts. Moreover, specifi c draw 
backs, related to the set up and maintenance phases of HDF treatment, may hinder 
the implementation of online HDF on a large scale. So, what are the disadvantages 
when performing HDF in every day clinical practice? From a medical perspective 
these may include safety concerns related to the large amounts of substitution fl uids 
directly infused into the patients, the unintended removal of nutrients and other use-
ful compounds including medication, and activation of blood cells. From a fi nancial 
perspective additional costs may be of relevance. From a practical perspective the 
main downside of HDF is that starting up a HDF program needs extra efforts of the 
dialysis staff. In this chapter we discuss the above mentioned issues.  

  Keywords     Hemodiafi ltration   •   Safety   •   Side effects   •   Disadvantages     

     Introduction 

 After the publication of three recent large randomized controlled trials (RCT) com-
paring online HDF with HD [ 1 – 3 ], and four meta-analyses on convective therapies 
[ 4 – 7 ], it seems appropriate to address the question whether there are any side effects, 
disadvantages or downsides of online hemofi ltration (HF) or -HDF. To the best of 
our knowledge, there are no studies specifi cally designed to address that question. 
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We will discuss the subject from a medical, practical and fi nancial/economic per-
spective, with a primary focus on online HDF, which is currently the most fre-
quently performed convective technique.  

    Medical Perspective 

 Possible disadvantages which are discussed in this chapter are related to the sterility 
of the infusion fl uid and the subsequent possibility of infl ammatory reactions, the 
loss of nutritional and other relevant substances, and endothelial or blood cell acti-
vation during the treatment. 

    Sterility of Infusion Fluid 

 Theoretically, infusion of substitution fl uid, when unsterile, might provoke infl am-
matory and febrile reactions. In clinical practice, however, there is no evidence that 
even when performed on a wide scale, online HDF contributes to infl ammatory or 
pyrogenic reactions when performed according to the recommendations of manu-
facturers and guidelines. From a study on 11.258 online HDF sessions in 97 
CONTRAST patients over a 1 year period it appeared that the ultrapure dialysis 
fl uid was compliant with bacteriological (bacterial count <0.1 CFU/ml) and endo-
toxin (LAL <0.03 EU/ml) reference levels in 99.3 % and 98.7 % of the samples, 
respectively. Elevated bacterial and endotoxin levels were not confi rmed in repeated 
samples, suggesting sampling-induced contamination [ 8 ]. 

 These results confi rmed those of earlier studies. Canaud et al. reported that no 
intra-dialytic interleukin-1 receptor antagonist (IL1-RA) induction was detected 
during a 3 month observational period in 16 patients treated with online HDF [ 9 ]. In 
a study by Pizzarelli et al., no pyrogenic reactions were observed during 4,284 
online HDF treatments in 13 patients over a period of 6 years [ 10 ]. Comparing the 
effects of online HDF with low fl ux HD on systemic infl ammation, in a cross-over 
study in 27 patients who were switched from low fl ux HD to onine HDF and vice 
versa, differences in infl ammatory parameters such as IL-1 RA, TNF-alpha, and 
C-reactive protein (CRP) were not observed between the two techniques [ 11 ]. 
Moreover, in a sub-study of CONTRAST in 405 patients, both CRP and interleukin 
6 (IL6) showed a signifi cant difference over time in favor of online HDF as com-
pared to HD during 3 years of follow up [ 12 ]. 

 Summarizing the available evidence, there is no indication that online HDF, 
when performed according to accepted quality standards, results in an increased 
incidence of pyrogenic reactions. The data also show that indeed adequate quality 
water can be produced over a prolonged period of time and that online HDF does 
not aggravate the micro-infl ammatory state that is commonly observed in ESKD 
patients. Rather the contrary.  
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    Nutritional Factors: Loss of Amino Acids, Albumin, Trace 
Elements and Albumin 

 Due to the larger pore size of the membranes and the high convection volumes, 
online fi ltration techniques might lead to unwanted losses of essential nutritional 
substances, such as amino acids, albumin, trace elements and water soluble 
vitamins. 

 With regard to the loss of amino acids, plasma levels of total, essential and 
branched-chain amino acids decreased by respectively 24 %, 23 % and 18 % during 
a single session of acetate free biofi ltration (AFB) with a fi ltration volume of 
approximately 12 L [ 13 ]. 

 Albumin loss has been quantifi ed in various studies. Combarnous et al. showed a 
mean albumin loss of 4 g per treatment during predilution online HDF in a single- 
treatment study in seven patients using polysulfone membranes [ 14 ]. The major part 
of albumin loss occurred by convective removal, while only a small part (0.7 mg) 
was removed by adsorption. Subsequent studies showed lesser degrees of albumin 
loss during online HDF. When comparing super-fl ux HD (using albumin permeable 
membranes) with both pre- and postdilution online HDF, albumin loss was highest 
during superfl ux HD (>2 g/treatment), followed by postdilution (around 1 g/treat-
ment) and predilution onine HDF (around 0.5 g/treatment) [ 15 ]. Using two different 
types of high fl ux polysulfone membranes, Krieter et al. observed a mean albumin 
loss of respectively 1430 mg/session and 809 mg/session in a study on eight patients 
during postdilution online HDF with fi ltration volumes well above 20 L per session 
[ 16 ], as shown in Fig.  22.1 . A substantial higher mean albumin loss was observed in 
the study of Fournier et al. (3,134 mg/session), although also a signifi cant variation 
(SD 2,450 mg) was observed) [ 17 ]. From this study it appeared that the dialyzer, as 
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  Fig. 22.1    Albumin loss in dialysate of a single session of HD and online post-dilution HDF with 
two high-fl ux membranes (PU− and more permeable PU+). Mean and standard deviations. 
*P < 0.05 vs PU+ HD; **P < 0.001 versus PU− HDF and PU+ HDF;  # P = 0.0002 versus PU+ HDF 
(Reprinted from Krieter et al. [ 16 ]. With permission from Oxford University Press)       
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well as transmembrane pressure (TMP), infusate fl ow, and the use of automatic 
pressure adjustment by the module were important determinants of albumin loss 
[ 10 ]. That albumin loss during online HDF treatment is dependent both on the fi ltra-
tion volume and the type of membrane was recently confi rmed in a controlled study, 
which however only assessed albumin loss during the fi rst hour of treatment [ 18 ]. 
The clinical relevance of some extra albumin loss during post dilution online HDF, 
however, is uncertain. Fournier et al. did not observe a relation between albumin loss 
and nutritional parameters. Moreover, RCTs comparing HD with online HF or 
-HDF, did not show a negative effect of these modalities on nutritional parameters 
or serum albumin [ 19 ,  20 ]. In CONTRAST, the decline in serum albumin levels over 
a 3 year period was comparable between online HDF and low fl ux HD [ 12 ]. Likewise, 
differences in serum albumin levels were not observed between low fl ux HD and 
online HF during a 12 month follow up period in a randomized study in 40 patients. 
In the latter study, insulin-like growth factor-1 (IGF-1), as a parameter of nutritional 
status, remained stable during online HF but declined in the HD group [ 19 ].

   Cross et al. did not observe a difference in trace elements such as zinc and 
selenium levels between 44 patients who switched to online HDF and 34 patients 
who remained on high fl ux HD [ 21 ]. In the same study, online HDF did also not 
affect serum levels of vitamin B12 and folate. However, the majority of patients 
in this study used folate supplementation, whereas it has been shown that folate 
can be removed by both high fl ux HD and online HDF [ 14 ]. The same holds true 
for vitamin C, which can result in a defi ciency of this vitamin when replenished 
by oral supplementation [ 22 ]. Still, differences in the reduction ratios of vitamin 
C (51 % versus 53 %) were not observed when comparing 15 patients who were 
treated with high fl ux HD with 14 patients treated with online HDF [ 22 ]. In a 
study in 19 patients using paired fi ltration dialysis (a modifi ed HDF technique) 
with an infusion rate of 45–60 ml/min, mean plasma vitamin C levels decreased 
from 1.87 to 0.98 μg/ml. The mean loss of vitamin C was 66 mg session. It was 
estimated that approximately two-thirds of the loss occurred by diffusion and 
one-third by convection. In this study, no comparison was made with HD [ 23 ], 
see Fig.  22.2 .
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   Concluding, loss of amino acids and albumin may occur during treatment with 
online HDF. The magnitude of albumin loss is related to the type of the membrane 
used, the amount of convection volume achieved and the magnitude of TMP applied. 
At present, no solid evidence exists that these losses have important clinical conse-
quences for the patient, but it should be mentioned that only limited data are avail-
able on this subject. There is also no clear evidence for a clinically relevant difference 
in the loss of trace elements, or water soluble vitamins between on-line convective 
techniques and standard HD. Nevertheless, as in HD, water soluble vitamins should 
be substituted in patients treated with on-line fi ltration techniques.  

    Antioxidant Status 

 The decline in vitamin C levels and/or loss of other antioxidant substances might affect 
the anti-oxidant status of the patient [ 23 ]. In a RCT comparing predilution online HF 
with low fl ux HD, after 1 year of treatment, Beerenhout et al. observed a decline in 
antioxidant status without differences between groups. In this study, the relation 
between changes in vitamin C levels and antioxidant status, however, was not assessed 
[ 19 ]. In another study, comparing 25 patients who were treated with HDF with on-line 
regeneration of infusate with 15 patients who were treated with high fl ux HD, no sig-
nifi cant difference in antioxidant status was observed [ 24 ]. In contrast to these results, 
after 9 months an increase in antioxidant status was observed in an uncontrolled study 
in nine patients who switched from standard HD to online HDF [ 25 ]. 

 Summarizing, whereas on line fi ltration techniques may infl uence antioxidant 
status, currently there is no fi rm evidence for a major difference between these tech-
niques and HD.  

    Activation of Blood Cells 

 During HD, both activation of endothelial cells and circulating blood cell elements 
has been described. Notably, the degree of activation appeared to depend on patient 
characteristics rather than on the type of dialyzer used [ 26 ]. However, as both hemo-
concentration and TMP within the dialyzer are greatly increased in online HDF, it 
has been suggested that these unwanted side effects of dialysis treatment are more 
pronounced in online HDF as compared to HD. In this respect it is interesting to 
note, that the serum levels of the endothelial surface marker ICAM-1 were signifi -
cantly higher after postdilution online HDF than after predilution online 
HDF. Interestingly, phagocytic function of neutrophils increased after predilution 
online HDF but decreased after postdilution OL-HDF, while the lymphocytic pro-
liferative response was higher after predilution online HDF. In a crossover study in 
fi ve patients, Sakurai observed less monocyte activation as a result of lower IL-6 
levels during predilution online HDF (substitution volume 50 L/session) versus no 
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change in post-dilution online HDF (10 L/session) [ 27 ]. A sub-analysis in 19 
CONTRAST patients showed a more pronounced drop in the number of circulating 
platelets and a higher expression of the platelet surface marker P-selectin (CD 62p) 
across the dialyzer in patients treated with postdilution online HDF as compared to 
HD [ 28 ]. Moreover, in this study, the degree of hemoconcentration correlated sig-
nifi cantly with the drop in platelet numbers and the rise in the expression of CD62p. 
Considering platelet derived micro-particles, similar results were obtained patients 
treated with predilution and postdilution online HDF [ 27 ]. 

 Summarizing, although it is highly likely that postdilution online HDF is less 
bio-incompatible than HD due to the more pronounced hemoconcentration and 
higher TMP, little information is available on this subject. Both platelet activa-
tion and coagulation (see Chap.   19    ) are most pronounced during postdilution 
online HDF. Due to the diluting effect of the infusion in predilution online HDF, 
its bio- incompatibility profi le seems less prominent as compared to postdilution 
online HDF.   

    Financial/Economic Perspective 

 An often heard comment is that online HDF is more expensive than standard 
HD. Indeed, as argued above, starting up online HDF may mean extra investments 
in equipment, organization and training. However, once online HDF has become a 
routine treatment in a particular center, its costs appear comparable to those of HD 
with high fl ux dialyzers. 

 The CONTRAST investigators did a formal cost-effectiveness analysis and 
reported that online HDF was approximately 3 % more expensive than standard 
low-fl ux HD, based on 2009 cost levels. The extra costs were mainly caused by 
more frequent cultures of the dialysate and the more expensive disposables [ 29 ]. 
Since the frequency of testing has decreased considerably in recent years and dis-
posables became cheaper, the costs of online HDF have decreased considerably. 
Indeed, recent studies showed that online HDF may be as cost-effective as high fl ux 
HD or even cheaper [ 30 ,  31 ].  

    Practical Perspective 

 Is HDF more diffi cult to perform than standard HD? If we accept the idea that a 
certain minimum dosage is necessary to obtain the benefi ts of HDF, it is clear that 
we need to focus on HDF with online production of substitution fl uids. Key require-
ments for performing high volume postdilution HDF are mentioned in   Table 25.1    . 
Do these requirements mean any disadvantage of the treatment? 

 It is clear that the technical infrastructure needs to be such that water of adequate 
quality can be produced consistently and permanently. It is important to realize that 
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it is conceptually incorrect to demand different and stricter quality levels for the 
water treatment system when it is used for HDF than for the use of high fl ux mem-
branes only. Standard HD using high fl ux membranes, which is presently preferred 
guide line based treatment, should actually be considered as “low dose” HDF, 
because back fi ltration of dialysate into the patient occurs [ 32 ,  33 ]. So, if one accepts 
that the use of high fl ux membranes is standard and that the same quality standards 
are necessary, one might as well choose for the treatment for which available evi-
dence suggests that it is benefi cial to the patients, i.e. online HDF. Technical staff 
responsible for the maintenance of the technical infrastructure needs to be aware of 
this situation. It seems appropriate to institute a platform/committee within the 
institution that is responsible for the monitoring and assurance that water of con-
tinuous adequate quality is produced. In such a committee the nephrologist, dialysis 
staff, hospital pharmacist and microbiologist and the technical department should 
be present or represented. 

 To ensure the achievement of high convection volume in clinical practice, the 
dialysis staff should be aware of the factors that determine the magnitude of the 
convection volume. Therefore, special training and constant inspiration are neces-
sary, as was done in ESHOL [ 2 ]. So, indeed, extra investments in manpower and 
motivation are necessary when aiming for a permanent and uninterrupted delivery 
of high convection volumes in online HDF [ 32 ]. 

 Effects on the coagulation system are discussed elsewhere. Online HDF may 
need 10–25 % more of heparin than regular HD treatment. Further, it is very well 
possible that handling of various medications during HDF differ from that during 
standard HD. Therefore, this subject is discussed in a separate chapter (Chap.   24    ). 

 Is HDF possible in all patients? An often heard comment on the fact that high 
volume is achieved in certain patients while not in others, is that this is a sign of 
selection bias. In other words, that patients with well performing vascular access are 
the “healthier” patients within the dialysis population. The CONTRAST investiga-
tors argued that in their study population there is no reason whatsoever to suggest 
that this idea is correct [ 34 ]. In fact the contrary. They argued that practice patterns 
rather than patient characteristics determine the level of achieved convection vol-
umes [ 34 ]. How to achieve adequate convection volumes is discussed in much detail 
in Chap.   23    .  

    Summary and Conclusions 

 Although the infusion of large volumes of online produced substitution volume may 
carry the risk of contamination, at present there is no concern about the microbio-
logical safety of online fi ltration techniques, provided that state of the art water 
treatment systems, able to produce water of adequate quality, is used and its func-
tioning is systematically monitored. With regard to other medical aspects, loss of 
albumin may be more pronounced during online fi ltration techniques as compared 
to conventional HD. Regarding bio-incompatibility, activation of platelets and 
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coagulation is more pronounced during online HDF, most likely due to the high 
hemoconcentration and TMP within the dialyzer. So far, no clear clinical side effects 
have been described, although data on potential side effects other than microbio-
logical safety, are scarce. 

 Starting up an online HDF program may mean to set up a new infrastructure and 
an education plan, which, indeed, may be associated with some extra costs and 
efforts to stimulate and motivate the employees of the dialysis department. 
Thereafter, the costs of the maintenance phase appear more or less identical to a 
regular HD program using high fl ux membranes. Accepting the likelihood of its 
superiority, online HDF is probably cost effective. 
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Chapter 23
Practical Guide to Performing High Volume 
Hemodiafiltration

Muriel P.C. Grooteman, Isabelle Chapdelaine, and Menso J. Nubé

Abstract The achievement of high volumes in online hemodiafiltration seems 
mandatory to obtain clinical benefit of the treatment. As of yet, evidence suggests 
that practice patterns rather than patient characteristics determine convection vol-
ume. The most important determinants of convection volume are treatment time, 
blood flow rate, and probably filtration fraction. Hematocrit plays a minor role. In 
this chapter, the treatment related factors are discussed in detail.

In order to achieve high convection volumes, a treatment time of at least 4 h, a 
blood flow rate of at least 300 ml/min (preferably up to 400 ml/min) and a filtration 
fraction up to 30 % is advisable. Knowledge of the characteristics of the dialysis 
machine used for optimization of the filtration fraction is helpful, as can be the case 
for automated machine settings. A central venous catheter is not a contra-indication 
to high volume HDF. Generally, the dose of anticoagulation is increased by 10–25 % 
as compared to standard HD. Finally, training of the dialysis staff and regular re-
evaluation of convection volume are an essential part of the treatment optimization.

Keywords High volume hemodiafiltration • Treatment time • Blood flow •
Convection flow • Substitution flow • Needle • Filtration fraction • Anticoagulation •
Vascular access • Dialyzer

 Introduction

From the three recently published large randomized clinical trials comparing online 
post-dilution hemodiafiltration (HDF) with hemodialysis (HD), a stepped relation-
ship was demonstrated between convection volume and survival benefit [1–3]. 
Furthermore, in the only trial in which a convection volume of 22–23 L/treatment 
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was achieved, a significant 30 % reduction in mortality was shown in the group of 
patients randomized to online post-dilution HDF [2]. Hence, convection volume 
appears to be of utmost relevance and one of the key parameters in the prescription 
of HDF [4].

In most smaller clinical trials and observational studies on post-dilution HDF, the 
convection volume ranged between 15 and 23 L per session. Convection volumes of 
<15 L per treatment are mainly observed in HDF with bags (so called off-line HDF), 
and will not be discussed in this chapter. In the CONTRAST study, the target con-
vection volume of 24 L per treatment was achieved in only 22 % of the patients. 
Hence, just performing post-dilution online HDF does not automatically result in 
high convection volumes. In this chapter, not only determinants of convection vol-
ume will be discussed, but also several practical and technical issues when aiming 
for high volume HDF.

 Determinants of Convection Volume in Post-dilution Online 
Hemodiafiltration

The variability in the magnitude of the convection volume in different studies is 
remarkable. The most obvious and intuitive explanation seems to be the assumption 
that high convection volumes can more easily be obtained in healthier patients with 
better vascular access. If so, the survival benefit of high volume HDF would be 
confounded by patient characteristics (dose targeting bias) [5]. This issue was inves-
tigated in CONTRAST. From this analysis, it appeared that treatment related param-
eters, such as blood flow and treatment time, rather than patient-related parameters 
including co-morbidity, vascular access, age and BMI, are the main determinants of
the convection volume. Hematocrit and albumin played only a minor role [6, 7]. 
Moreover, this study clearly showed that patient characteristics did not differ 
between the lower, middle and highest tertile of achieved convection volume [6].

In another recent large observational study an association between treatment 
time and blood flow was also observed. From this study it appeared that the magni-
tude of the convection volume depended on the type of vascular access (fistula ver-
sus catheter), the filtration fraction (although this parameter was not assessed, but 
calculated from convection flow rate and blood flow rate), serum albumin and day 
of the week (Monday versus other days) [8]. The relative importance of these fac-
tors, however, was not reported in this study.

Chapdelaine et al. showed that the achieved convection volume varied roughly 
between 15 and 23 L in the participating CONTRAST centers. This was accompa-
nied by large between-center differences in mean blood flow, treatment time and 
filtration fraction, as is shown in Fig. 23.1. In some facilities, all patients were 
treated with exactly the same blood flow rate, or with exactly the same treatment 
time, suggesting that center policy rather than patient characteristics influences the 
magnitude of the convection volume.
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 Definitions

The convection volume (or total ultrafiltration volume) consists of the substitu-
tion volume, the net ultrafiltration volume (difference between patient weight 
before and after dialysis), and the amount of extra fluids administered to (and 
removed from) the patient during the treatment. As the latter factor is usually 
modest and disregarded in clinical practice, it will not be taken into account in 
this chapter.

 

Convectionvolume L substitutionvolume L
net ultrafiltrati

( ) = ( )
+ oonvolume L( )  

The convective flow rate is the convection volume divided by the treatment time.
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Fig. 23.1 Data from the 29 different centers participating in the CONTRAST study; boxes and 
whiskers represent median, 25th and 75th percentile, and range. Each box represents one single
center. Left upper panel: achieved convection volume, left lower panel: set blood flow; right upper 
panel: filtration fraction (convective flow rate/blood flow rate); right lower panel: treatment time 
(Reprinted from Chapdelaine et al. [6]. With permission from Karger Publishers)

23 Practical Guide to Performing High Volume Hemodiafiltration



294

Hence, the convection volume is determined by the convective flow rate and the 
treatment time:

 Convectionvolume convective flowrate treatment time= *  

Substitution volume is the amount of replacement fluid infused in the post-dilution
mode (in case of post-dilution HDF) per treatment. Substitution flow rate is the
amount of replacement fluid divided by treatment time:

 

Substitution flowrate ml or L h substitutionvolume ml or/ , / ,min( ) = LL
treatment time or h

( )
( )/ ,min

 

 Determinants of Convection Volume and Their Modulation

 Treatment Time

Treatment time is tightly associated with, and one of the two main determinants of 
the achieved convection volume [6]. As convection volume is determined by the 
convective flow rate and treatment time, it is obvious that with increasing treatment 
time, the convection volume augments. A simple calculation was proposed by 
Penne et al. [9]. From Fig. 23.2, it is clear that an increase in treatment time from 3 
to 4 h (+60 min), at a blood flow of 350 ml/min and a filtration fraction of 25 %, 
results in an increase in convection volume of 5.2 L. The same increase in time 
(+60 min) with a blood flow of 400 ml/min and a filtration fraction of 30 % results 
in a 7.2 L higher convection volume.

Probably, decisions on treatment time result from a complex interplay between 
practice patterns, patient preferences and characteristics, and commercial aspects [10]. 
Worldwide, treatment time varies significantly between different regions. According 
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Fig. 23.2 Convective volumes in post-dilution hemodiafiltration in relation to treatment time, 
blood flow rate and filtration fraction (Reprinted from Penne et al. [9]. With permission from 
Oxford University Press)
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to DOPPS I-III data on >37,000 patients treated with HD three times a week, treatment
time was shortest in the United States (214 min), and longest in Australia/New Zealand
(256 min) [11]. Of note, in these regions treatment time increased in the period 1996–
2008, possibly due to increasing awareness of its importance. More locally and con-
fined in one time period, in CONTRAST, median treatment time varied from 3.5 to 4 h
in participating dialysis centers. While in some centers treatment time varied between 
2.5 and 4 h, in other centers all patients were treated for 4 h [6]. Hence, practice pat-
terns indeed seem to play an important role in this respect.

 Blood Flow

Besides treatment time, blood flow is a main determinant of convection volume, and
hence, a high blood flow is a prerequisite for high volume HDF. The mean blood flow 
rates in CONTRAST and in the Turkish HDF study were 332 and 318 ml/min, respec-
tively [1, 3], whereas in the Catalonian ESHOL study a markedly higher mean blood
flow rate of 367–380 ml/min was achieved [2]. Mean blood flow differs widely between 
various geographic regions, being 400 ml/min (IQR 360–445) in the United States,
300 ml/min (IQR 300–340) in Europe and Australia/New Zealand, and 200 ml/min
(IQR 180–200) in Japan [12]. In CONTRAST, the average blood flow rate differed
widely between participating centers (275–375 ml/min) [6]. As can be deducted from 
Fig. 23.2, an increase in blood flow from 300 to 400 ml/min during a 4 h treatment with 
a filtration fraction of 25 %, results in an increase in convection volume of 6.0 L. 

In clinical practice, a high blood flow did not result in hemodynamic instability 
[13], decreased cardiac function [14], or hemolysis, provided that the needle size is 
large enough [15].

 Needle Size

Like blood flow and treatment time, the size of the needle used for puncture of the 
vascular access also varies greatly between dialysis centers and patients [16, 17]. 
Needle size is measured in gauge (G). This size indication is derived from standard
scaling system originally designed for iron wire manufacture and has been approved 
by the International Organization for Standardization (ISO) of medical devices [18, 
19]. The gauge of the needle refers to its outer diameter. Hence, the size of the 
lumen also depends on the thickness of the needle [20], as is shown in Fig. 23.3.

According to Poiseuille’s law, the volumetric flow rate (Q) through a lumen is
equal to:

 
Q

r P

L
=
p

h
* *

*

4

8

∆

 

Where r = internal radius of the tube; |ΔP| = pressure difference between the two 
ends; η = dynamic fluid viscosity; L = tube length. Hence, a small increase in radius 
(r) translates into a relatively large increase in flow rate.
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For example, a simple calculation using the abovementioned formula shows that 
just the switch from a 16 G needle, with a needle wall thickness of 0.229 mm and 
hence an inner diameter of 1.194 mm (r1), to a 15 G needle, with the same thickness 
and an inner diameter of 1.372 mm (r2), results in a (r2/r1)4 =1.7-fold increase in
volumetric flow rate. At the same time, if the increase in flow rate is somewhat less, 
the pressure difference over the needle will be lower [13].

In an elegant study, it was shown that a change to a 1 G larger needle (mostly from 
16 to 15 G) translated into higher delivered blood flow rates (from 379 to 402 ml/min)
with a less negative arterial pressure and a lower venous pressure [21]. At maximized 
blood flow rates (arterial and venous pressure −250 and +250 mmHg, respectively), 
the increase in delivered blood flow was even higher (from 379 to 461 ml/min) after
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Fig. 23.3 All needles depicted (blue circles) have the same gauge (= outer diameter). The bound-
ary of the lumen is indicated with the red dotted line, and differs between the different needles. 
Left: thick wall (dark blue), small lumen (white); middle: thin wall, large lumen; right: plastic 
cannula (light grey circle), largest lumen after removal of the needle
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changing (increasing) the needle size with −1 G. The other way round, a nice link 
between arterial and venous pressures at different blood flow rates was shown when 
using the same needle size [13], Fig. 23.4.

Standard needle sizes range from 14 to 18 G (outer diameter 2.1 and 1.2 mm,
respectively), see Table 23.1. The choice of needle size is often made by the nursing 
staff, and based on the type and vintage of the vascular access, bleeding tendency, or 
preference of the patients. Individual center practice patterns seem to play a pivotal 
role, as there is no evidence to support one practice over another [16]. In a survey in 
171 European and South African dialysis centers, 61 % of shunts were cannulated with
15 G needles and 33 % with 16 G needles [17]. A clear relation was observed between 
needle size and blood flow rate, being <300 ml/min in >80 % of patients cannulated
with a 17 G needle, and >400 ml/min in almost 50 % of patients cannulated with a 14
G needle. As especially shear stress may induce hemolysis [22], the combination of 
small needles and high blood flow should be avoided [23]. During dialysis with a 14 G 
needle and a blood flow rate of 500 ml/min both hemolysis and venous pressures were 
comparable to dialysis with a 17 G needle and a blood flow rate of 250 ml/min [15].

Unfortunately, there is little information on the influence of needle size on shunt
outcome, which is possibly confounded by indication (smaller needles may be 
applied for fistulas or grafts at risk). In an observational study, the complication risk 
was similar with 14 G, 15 G or 16 G needles in both fistulas and grafts [24], whereas 
others found a slightly elevated risk of bleeding with 14 and 15 G needles as com-
pared to 16 and 17 G [25].

In most vascular access guidelines, no specific gauge value is recommended, 
except for first cannulation [26]. In general, manufacturers advice needle size to 
match blood flow rate. For high volume online HDF, a blood flow of >350 ml/min
and a needle size of 14 G or 15 G appears a rational choice.

 Plastic Fistula Cannulae

At times, plastic fistula cannulae are used instead of steel needles, in order to allow 
some degree of movement to the patient. After puncture, the metal needle is removed 
from the covering cannula, which remains in situ. The gauge size listed on the prod-
uct corresponds to the outer diameter of the central metal needle. Once this is 
removed, the lumen allowing for the flow of blood in the cannula is approximately 
1 gauge larger than indicated on the packaging, see the right part of Fig. 23.3.

Table 23.1 Dialysis cannula 
size in gauge and 
corresponding outer diameter

Gauge Outer diameter (mm)

14 2.11
15 1.83
16 1.65
17 1.47
18 1.22
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 Set Versus Actual Blood Flow

As has been well established, the effective or actual blood flow rate is somewhat 
lower than the set blood flow rate. The difference is 5 % on average, but increases 
during dialysis treatment, with higher set blood flow rates and with smaller needles 
(higher Gauge value) [21, 27, 28]. Furthermore, the difference between actual and 
set blood flow depends on vascular access, being higher in central venous catheters 
than in arteriovenous (AV) fistulae [28, 29]. At a set blood flow rate of 348 ml/min, 
the actual blood flow was 2 % lower in AV fistula and 9 % lower in central venous 
catheters. Of note, these are mean values, with differences between set and actual 
blood flow up to 50 % in individual patients [29].

 Single Needle Post-dilution Hemodiafiltration

In single needle HD, measured blood flow rates are approximately half of the rates 
during double needle dialysis [30], and blood flow rates should be doubled in order to 
achieve comparable processed blood volumes. Hence, the achievement of high con-
vection volumes will be virtually impossible. Furthermore, as the blood flow is vari-
able during single-needle dialysis, considerable variations in transmembrane pressure 
and filtration fraction will occur, probably hampering high filtration rates. Furthermore, 
even a high blood flow rate in single needle dialysis (500 ml/min for each pump) 
results in a lower dialysis dose as compared to double needle dialysis [31]. Hence, in 
order to achieve high volume HDF, single needle dialysis should be discouraged.

 Blood Flow and Vascular Access

In order to achieve high blood flow rates, an adequate vascular access is mandatory. 
Guidelines do not recommend specific limits for access flow rate, but advise ‘suffi-
cient access blood flow for adequate hemodialysis’ [32–34]. Huge differences exist 
in the distribution of vascular access type across countries and regions, with a preva-
lence of arteriovenous fistulae in Japan and the United States of 91 % and 47 %,
respectively, and a prevalence of central venous catheters in Canada and Japan of
39 % and 2 %, respectively (in DOPPS III: 2005–2007) [35]. In vitro studies indi-
cate that an access flow rate of 500 ml/min in a graft together with a blood flow rate 
of 400–500 ml/min in the extracorporeal circuit (ECC) lead to unacceptably high
venous pressures [36].

Furthermore, in some studies an association was observed between blood flow 
rates, both at the high (>390 ml/min) and the low end of the spectrum (<312 ml/
min), and access failure [12, 37]. As these data are observational, they do not allow 
conclusions on causality.
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As for HDF, little information is available on this subject. In the Turkish HDF 
study, patients with central venous catheter were excluded [3]. In CONTRAST, 6 %
of patients in the HDF group had a central venous catheter [1], and in ESHOL 7.5 %
[2]. In CONTRAST, the achieved convection volume did not differ between patients
with a central venous catheter and patients with a fistula or graft [6]. In a cross-over 
study in 63 patients, the convection volume was 8–9 % lower in patients with a 
central venous catheter as compared to a fistula. Nevertheless, convection volume in
patients with catheters was 25–29 L during 4.7 h of treatment [38]. In none of these 
studies, however, information is available on the relation between access flow rate, 
blood flow rate in the extracorporeal circuit and convection volume. Nevertheless,
to prevent recirculation, access flow should be markedly higher than blood flow in 
the ECC [37]. Taken together, when the blood flow rate in the extracorporeal circuit 
is at least 300 ml/min, high volume HDF is feasible, independent of the type of 
vascular access.

 Filtration Fraction

Technically, the filtration fraction is defined as the ratio between the total ultrafiltra-
tion rate (or volume) and the plasma water flow rate (or volume):

 
FFpw Q Qpwconv= ( )/ *100

 

where FFpw = plasma water filtration fraction (%), Qconv = convection flow rate (ml/
min or L/h), and Qpw = (actual) plasma water flow rate (ml/min or L/h). The plasma
water flow rate is defined as:

 
Qpw Qb Ht TP= −( ) −( )* * .1 1 0 0107

 

Where Qpw = plasma water flow rate (ml/min or L/h), Qb = (actual) blood flow rate
(ml/min or L/h), Ht = hematocrit and TP = total protein concentration in plasma (g/
dL). According to the literature, in post-dilution HDF the FFpw can amount to 50 % 
[39]. For practical purposes however, it is much more convenient to use the blood 
flow rate instead of the plasma water flow rate, as the blood flow rate is readily avail-
able at the bed side [4]. Thus, the filtration fraction is defined as:

 
FF Q Qbconv= ( )/ *100

 

where FF = filtration fraction (%), Qconv = convective flow rate, and Qb = (actual)
blood flow rate.

The convective flow rate is determined by the sum of the substitution rate and 
intradialytic weight loss or net ultrafiltration.
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 Q Q Qconv subs netUF= +  

At a higher filtration fraction, more plasma water is extracted from the blood and 
convection volume increases. As the substitution fluid is administered after the dia-
lyzer in post-dilution HDF, hemoconcentration increases along the dialyzer capil-
laries, which may result in clotting, altered membrane performance, and increased 
filter entrance pressure (and hence alarms) [40].

It is important to realize that there are a few caveats when using the blood flow 
rate as a surrogate for plasma water flow rate. First, for a stable FF as calculated by 
the blood flow rate, the plasma water filtration fraction and resulting hemoconcen-
tration can vary significantly due to variations in hematocrit (Table 23.2), and 
plasma protein content.

Second, as discussed before, the actual blood flow may be lower than the set
blood flow. Hence, the actual filtration fraction will be somewhat higher than the 
filtration fraction estimated by the set blood flow. If, for example, the actual blood 
flow is 12.5 % lower than a set blood flow of 400 ml/min (i.e. 350 ml/min), the 
actual filtration fraction will be 28.6 % instead of 25 %.

Third, online HDF is a dynamic treatment. Several variables may change
over time, such as net ultrafiltration rate (e.g. by individualized ultrafiltration 
profiles), protein deposition and micro-clotting within the dialyzer [41], and 
hemoconcentration due to net ultrafiltration. Hence, a high filtration fraction 
may be tolerated at the start of the session but not during the course of the 
treatment.

Substitution ratio and filtration fraction: Usually, treatment time, blood flow rate
and net ultrafiltration volume are pre-set parameters. Indeed, in clinical practice, the 
desired weight loss of the patient is an important parameter and requires a distinct 
prescription, apart from the total convection volume. However, none of the dialysis 
systems currently on the market allows the setting of filtration fraction as a separate 
treatment parameter, and in order to target a certain convection volume, there is only 
one more parameter to prescribe:

1. Substitution ratio, or

Table 23.2 Variation of plasma water filtration fraction at given filtration fractions (based on 
bloodflow) and hematocrit at dialyzer inlet

Filtration fraction 
of bloodflow (%)

Hematocrit at 
dialyzer inlet

Corresponding plasma water 
filtration fraction (FFpw, %)

Estimated hematocrit
at dialyzer outlet

25 0.25 36 0.33
25 0.30 39 0.40
25 0.35 42 0.47
30 0.25 43 0.36
30 0.30 46 0.43
30 0.35 50 0.50

Dialyzer outlet is before infusion port of substitution fluid. For simplicity, hematocrit values do not 
take the influence of time into account and total plasma protein remains stable at 7 g/dL
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2. Substitution flow rate, or
 3. Target substitution volume

It is important to realize that the abovementioned target parameters based on 
substitution (and not convection) flow or ratio do not take net UF into account,
although this can be a significant part of the total convection volume.

For example, in a patient with a desired intradialytic weight loss of 4 kg, a target 
substitution volume of 24 L equals to a convection volume of 28 L. If this patient is 
treated for 4 h with an actual blood flow of 400 ml/min, a substitution ratio of 25 % 
equals to a filtration fraction of 29 %; and a substitution flow rate of 100 ml/min 
translates into a convection flow rate of 117 ml/min.

When using an UF profile, these parameters do not remain steady throughout
treatment: UF is usually highest at the start of the treatment, and so will be filtration
fraction. If the same patient is starting at a net UF rate of 1,500 ml/h for the first
hour, convection flow rate will be 125 ml/min and, with a substitution ratio of 25 %, 
the filtration fraction will amount to 31 % at that particular moment.

In most studies, filtration fraction is not assessed as such, but calculated from 
blood flow rate and convection flow rate [6, 8]. When doing this, a wide variation 
was shown in the median filtration fraction per participating center in CONTRAST
(19–28 %, Fig. 23.1). Hence, although filtration fraction as such does not seem to be 
a practical parameter to set, increasing the convective flow rate or convection vol-
ume for a certain blood flow rate or blood volume seems rational, taking the achieved 
filtration fraction into account.

 Automated Machine Settings

Prescribing HDF based on a substitution target (volume, rate or ratio) will lead to 
pressure alarms when one tries to manually optimize convection volume [42]. 
Indeed, the calculated convective flow rate will be more or less attainable, depending 
on the permeability of the dialyzer for plasma water (Kuf) and the transmembrane 
pressure (TMP) [43], which is mostly determined by the filtration fraction [40].

Therefore, automated machine settings have been developed in order to make 
treatment less complicated and less operator-dependent. For example, when the 
substitution flow rate was guided by a predefined range of the transmembrane pres-
sures, convection volumes could be increased by 20–50 % [42, 44], and when an 
automatic stepwise increase in transmembrane pressure was allowed, convection 
volumes could even be increased up to 90 % [42]. The latter method resulted in a 
filtration fraction of 30 % [45], and a clear increase in alarm-free sessions [44]. 
Another approach is to adapt the substitution flow rate automatically to changes in 
blood viscosity within the dialyzer, based on transmembrane pressure assessment 
and pressure transmitted by the peristaltic blood pump [8, 38].
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It is crucial to realize that automated machine settings try to optimize the filtration 
fraction at the lowest possible occurrence of machine alarms, but do not control the two 
main determinants of convection volume, namely treatment time and blood flow rate.

 Anticoagulation

Both platelet activation and coagulation activity are increased during online post-
dilution HDF, as compared to HD. Its cause is multifactorial and results most prob-
ably from a combination of greater hemoconcentration and shear stress within the 
dialyzer, and, depending on the degree of protein-binding, removal of anticoagulant 
medication. Only a few studies have addressed this subject. Gritters et al. found a 
markedly increased upregulation of the platelet surface marker CD62b during 
online post-dilution HDF [46], while Klingel et al. observed higher thrombin- 
antithrombin (TAT) complexes and D-dimer levels during pre-dilution hemo(dia)
filtration, despite similar anti Xa levels [47]. In this study, patients were anticoagu-
lated with enoxaparin (a low molecular weight heparin LMWH). By contrast, in
comparison with HD, Sombolos et al. found reduced levels of anti-Xa activity after
enoxaparin administration during online post-dilution HDF [48]. In clinical prac-
tice, the dose of the prescribed anticoagulant, either unfractionated heparin or 
LMWH was 10–25 % higher in patients treated with online post-dilution HDF than 
in HD patients [3, 49]. For further reading see Chap. 15.

 Dialyzers

The hydraulic characteristics of a dialyzer are determined by the material of the 
membrane, the characteristics of the capillaries and the design of the dialyzer itself. 
According to Poiseuille’s law, both the length and the internal radius of the capillar-
ies determine the pressure drop over the dialyzer [50].

Little information is available on the performance of different dialyzers in online 
post-dilution HDF. In CONTRAST, dialyzers with a surface area between 1.7 and
2.2 m2, an ultrafiltration (UF) coefficient between 56 and 85 ml/mmHg/h, a capil-
lary lumen diameter between 185 and 215 μm and capillary length between 225 
and 280 mm were applied. Despite these highly dissimilar characteristics between 
the various dialyzers, the achieved convection volumes were rather similar. Of 
note, however, as these data are observational by nature and the dialyzers were 
clustered in the participating centers, local practice patterns may have influenced 
these results considerably [6]. In a cross over study in 18 patients, 4 different dia-
lyzers were tested with constant dialysis parameters. The dialyzer surface area 
 varied from 1.8 to 2.2 m [2], the UF coefficient from 63 to 85 ml/mmHg/h, the
lumen diameter from 200 to 215 μm and capillary length from 200 to 286 mm. As 
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expected, the highest convection volumes and filtration fractions were achieved by 
a dialyzer with the largest surface area, a high UF coefficient of 75 ml/mmHg/h, a
wide capillary lumen diameter of 210 μm and a rather short capillary length of 
200 mm [45]. Hence, it appears rational to choose a dialyzer presenting a smart 
combination of features minimizing pressure (wide capillary lumen and short fiber 
length) while optimizing filtration surface (large surface area). At this point it 
should be mentioned, however, that high convection volumes (up to 30 L) were 
also found using dialyzers with a capillary diameter of 185 μm and a 1.4 m2 surface 
area [38, 51]. Therefore, further research on this topic is urgently warranted. For 
further reading see Chap. 4.

 Practical Advice

In conclusion, the magnitude of the convection volume is determined mainly by 
blood flow rate and treatment time. In daily practice, both these parameters depend to 
a large extent on local habits and treatment patterns. Hence, in order to achieve high 
convection volumes, first the blood flow rate (>300 ml/min, ideal around 400 ml/min)
and treatment time (≥4 h) should be optimized. Thereafter, filtration fraction should 
be increased (possibly to around 30 %), being aware of the target parameter used by 
the dialysis machine. An automated mode for the optimization of filtration fraction 
can be of help. Finally, training of the team, constant awareness and re-evaluation of 
the treatment and treatment goals at a regular basis are of utmost importance.

Teaching Points
• The main determinants of convection volume are treatment time and blood 

flow rate
• To obtain high convection volumes, optimize treatment time (at least 4 h), 

blood flow (up to 400 ml/min) and filtration fraction (up to 30 %)
• For an optimal blood flow, use a 14 G or 15 G needle, avoid single needle 

cannulation, consider discrepancies between set and actual blood flows
• Know the characteristics of the dialysis machine used for optimization of 

the filtration fraction
• Increase the coagulation dose of standard HD by 10–25 %
• Use a dialyzer with a large membrane surface area (>2 m2), short capillar-

ies, a high KUF (>55 ml/mmHg/h) and an appropriate capillary diameter
(>200 μm)

• Training of the dialysis staff and regular re-evaluation of convection 
 volume goals is mandatory
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Chapter 24
Medication and Hemodiafiltration

Anthe S. Zandvliet, Daniel J. Touw, and E. Lars Penne

Abstract The amount of drug clearance during online hemodiafiltration (HDF) is 
determined by (1) the pharmacokinetic properties of a drug defined by its absorp-
tion, distribution, metabolism and elimination (ADME) characteristics, (2) dialysis 
characteristics, including membrane properties, treatment time and blood-, dialy-
sate- and ultrafiltration flow rates, and (3) patient factors. For several drugs, espe-
cially those within the middle molecular weight range, with low protein binding and 
neutrally or positively charged, clearance may be substantially higher during HDF 
as compared to conventional low flux hemodialysis. Based on drug characteristics, 
the expected additional effect of a high ultrafiltration rate, as indicated by a high 
convection volume, can be estimated. This is shown for anticoagulants, antibiotics 
and antiviral drugs. For drugs with an expected additional effect of convection and 
for drugs with a narrow therapeutic window, therapeutic drug monitoring may be 
advisable. Comparative data from clinical studies is scarce. Hence, for an individual 
patient it may be relevant to calculate the total amount of a drug excreted during an 
HDF session. This can easily be performed in routine clinical practice and may 
guide the clinician to estimate the dose of the drug needed for suppletion upon 
completion of HDF treatment. Examples are provided how to calculate drug 
 suppletion after HDF. Collectively, this chapter is intended as a guidance to  optimize 
pharmacotherapy in online HDF patients.
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 Introduction

Online hemodiafiltration (HDF) is increasingly used in clinical practice as a routine 
intermittent dialysis modality. During HDF diffusive and convective solute removal 
are combined to optimize clearance of uremic waste products. Three large random-
ized controlled trials have suggested improved clinical outcomes after long term 
HDF as compared to low-flux or high flux hemodialysis (HD), as long as large 
convection volumes are applied [1–3].

It is well recognized that renal impairment and dialysis can substantially affect
the pharmacokinetics of a drug. Dosing adjustments are usually either an alteration 
of the administered dose or an alteration of the dosing interval. Not only drugs that 
are primarily cleared by the kidneys require dosage adjustment. Drugs that are pre-
dominantly metabolized by the liver may also be affected by dialysis, as long as 
metabolites are active (or toxic), water soluble and protein binding is low. There is 
only limited evidence whether additional dose adjustments are required when solute 
removal is increased during HDF as compared to HD. Potentially, increased clear-
ance by HDF may lead to underdosing of several drugs.

In this chapter, factors that determine drug clearance in intermittent HD and HDF
patients are presented. These factors comprise drug characteristics, dialysis charac-
teristics and patient factors. Published studies supporting dosing recommendations
in online HDF as compared to conventional HD are reviewed, focusing on antico-
agulants and antibiotics. Continuous dialysis therapies used for acute kidney injury 
are beyond the scope of this chapter.

In many pharmacotherapeutic areas, clinical pharmacokinetic studies in HDF
patients are lacking, possibly since online HDF is a rather new development in 
dialysis practice. Hence, especially for drugs with a narrow therapeutic window, it 
may be relevant to determine the total amount of a drug excreted during an HDF 
session, to estimate the dose needed for suppletion after the dialysis session. In this
chapter these calculations are explained and recommendations for therapeutic drug 
monitoring (TDM) are provided.

Collectively, this chapter is intended as a guidance to optimize pharmacotherapy 
in online HDF patients.

 Determinants of Drug Clearance in HDF Patients

The clearance of a drug during renal replacement therapy (RRT) depends on dialysis 
characteristics, drug characteristics and patient factors. Together, these determinants 
guide the physician about the need for dose adjustments to optimize pharmacother-
apy in patients treated with online HDF. Dosing regimens suitable for patients with 
normal renal function may result in drug accumulation due to renal impairment. 
Conversely, dosing regimens suitable for patients treated with conventional HD may 
result in undertreatment when a patient is treated with online HDF. A solid under-
standing of the various determinants affecting drug clearance by dialysis may help to 
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judge the risk of over- and undertreatment, which is especially relevant when clinical 
studies are lacking and/or when therapeutic drug monitoring is not possible.

 Dialysis Characteristics

Drug clearance by dialysis is determined by (1) treatment duration, (2) treatment 
frequency and (3) treatment intensity.

Increasing treatment time, e.g. from 4 to 8 h as in nocturnal dialysis or increasing
treatment frequency, as in short daily dialysis, results in significantly increased 
removal of drugs with a low or middle molecular weight. Clearance of drugs with 
high protein binding also increases, although to a lesser extent [4–7]. Necessary 
drug dosing adjustments that are required for these dialysis modalities are beyond 
the scope of this chapter.

Dialysis intensity is dependent on the amount of diffusion and convection during 
treatment [8]. Diffusion is based on a concentration gradient between the blood and 
dialysate compartment in the dialyzer, and is dependent on the blood flow rate, 
dialysate flow rate and dialyzer specifications [9]. Diffusion is the predominant 
form of solute removal in conventional low flux HD. Diffusion is very efficacious 
for removal of drugs with low molecular weight, low protein binding and low vol-
ume of distribution. When drugs become larger, molecule charge is becoming more 
important, as well as dialyzer specifications. During HDF, convection is added to 
diffusion to optimize solute removal. Convective transport is based on a pressure 
gradient between the blood and dialysate compartment in the dialyzer, resulting in 
a flux (or ultrafiltration [UF]) across the membrane. The amount of drug clearance
by convection is directly related to the magnitude of the convection volume. The 
convection volume is dependent on blood flow rate, dialysis treatment time and 
dialyzer specifications [10]. Molecule size is of minor importance, as long as the 
molecule fits through the pores of the membrane. Of the drugs with high protein 
binding, only the free fraction is cleared by dialysis.

 Dialyzer Specifications

Current dialyzers may differ from each other with respect to membrane material, 
hollow fiber dimensions, membrane pore-related characteristics, surface area, and 
non-membrane related determinants of dialyzer performance, e.g. sterilization pro-
cess or fiber packing [11]. The dialyzer specifications that are most relevant for drug 
clearance in clinical practice are the total surface area and the UF coefficient (KUF) 
[12]. The total surface area of the dialyzer is the maximal area available for blood 
contact and is directly related to the clearance of small molecular weight solutes. 
The KUF is defined as the amount of fluid per hour transferred through the mem-
brane per mmHg pressure gradient across the membrane. Membranes with high KUF 
(high-flux dialyzers; KUF >20 ml/min/mmHg) have large pores that are capable of 
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passing larger molecules, as compared to membranes with lower KUF (low-flux dia-
lyzers; KUF ≤20 ml/min/mmHg). For drug clearance during dialysis this implies that 
larger molecules (arbitrarily defined a molecular weight >500 kD) can only be 
removed with high-flux dialyzers. HDF is exclusively performed with high-flux dia-
lyzers. Recently, high-efficiency high-flux dialyzers have been developed to further 
optimize middle molecular weight removal during HDF. The main benefit of these 
filters was observed with a molecular weight ranging from 17 to 33 kD [13]. Since 
the vast majority of therapeutic drugs have a molecular weight below 1 kD, it is 
unlikely that these high efficiency high-flux membranes will have therapeutic con-
sequences for drug dosing and suppletion.

Notably, the flux of the dialyzers has increased over the years due to technical 
advances. Practical dosing advise for dialysis patients as mentioned in textbooks
often originate from studies in which traditional dialyzers were used with very low 
KUF. Following such advice may lead to underdosing, especially when patients are 
treated with high-flux HD or HDF. Switching patients from low-flux HD to high- flux 
HD or online HDF should trigger a reassessment of dosing regimens, especially for 
chronically applied drugs with a narrow therapeutic index. Failure to individualize 
and optimize the dosing regimen may result in suboptimal treatment. This was illus-
trated by a case of a patient treated with valproic acid who experienced seizures, 
following a switch from conventional low flux HD to online HDF. Increased drug
removal had resulted in subtherapeutic valproic acid exposure after online HDF [14].

 Adsorption

During dialysis treatment, a protein layer is formed on the dialyzer membrane [15]. 
On the one hand, the adsorbed protein layer on the membrane may negatively affect 
solute removal during dialysis, since the permeability of the membrane decreases. 
On the other hand, adsorption can contribute to the total clearance of a drug, espe-
cially if it has a high protein binding. The amount of adsorption largely depends on 
the membrane material. Only limited data is available on the importance of adsorp-
tion for therapeutic drug clearance during dialysis [16].

 Drug Characteristics

The potential increment of drug removal by convection during online HDF can be 
assessed based on molecular weight, protein binding, volume of distribution and 
charge. Compounds with low protein binding and a low volume of distribution are 
typically efficiently eliminated by dialysis. An additional effect on drug clearance 
due to convection during online HDF can be anticipated for compounds with a rela-
tively large molecular weight (provided that protein binding is low and volume of 
distribution is small). In contrast, for low molecular weight drugs, the removal during
RRT is typically not largely impacted by convection, but mostly driven by diffusion.
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A systematic evaluation of drug characteristics can be conducted to assess the 
potential increment of drug removal by convection. In Fig. 24.1, an algorithm is 
presented which can help to determine if increased drug removal seems likely. For 
drugs with a narrow therapeutic range, where online HDF may result in increased 
drug clearance, TDM could be considered to prevent undertreatment.

 Patient Factors

Pharmacokinetic processes, i.e. absorption, distribution, metabolism and elimina-
tion (ADME) may be altered in patients with renal impairment. Obviously, renal 
elimination is reduced. In addition, other pharmacokinetic processes may also differ
from patients with normal renal function.

Absorption may be decreased due to uremic neuropathy or concomitant medica-
tion and intestinal edema. The volume of distribution could be increased in case of 
sepsis, chronic fluid overload, or due to reduced protein binding (resulting in a larger 
amount of free drug which may distribute into the tissues leading to a decrease in 
plasma concentration). For example, for valproic acid it has been shown that protein 
binding was lower in uremic conditions due to drug displacement by uremic toxins 
[17]. Protein binding may also be reduced due to hypoalbuminemia. Free fraction of
protein bound drugs will be higher in patients with hypoalbuminemia. Although it 
has been shown that albumin loss in the dialysate is significantly greater during HDF 
as compared to HD [18], albumin levels are similar in HDF and HD patients [2, 19].

Additional drug removal
by convection: UNLIKELY

Example: amoxicillin Example: rituximab

Example: LMWHs

<400 Da >50,000 Da

2000-50,000
Da

400-2,000
Da

400 – 500 Da 500 – 50,000 Da

No drug removal
during RRT

Variable drug removal
during RRT, depending
on dialyzer characteristics

Example: dolutegravir

Example: azithromycin

Example: gentamicin Example: vancomycin

Low drug removal
during RRT

molecular weight

charge negative

protein binding high

volume of
distribution

lzarge

Incomplete drug removal
during RRT

Additional drug removal by convection:

POSSIBLE LIKELY

Fig. 24.1 Algorithm to assess the potential increment of drug removal by convection
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The impairment of renal clearance may for some drugs be limited to reduced 
glomerular filtration, but may for other drugs also comprise disruption of active 
tubular secretion (e.g. piperacillin, oseltamivir) or reabsorption (e.g. levetiracetam, 
lithium). In patients with renal dysfunction, not only renal elimination may be
reduced, but hepatic metabolism may also be altered. Oxidative pathways for cer-
tain drugs may be accelerated, and other metabolic functions such as acetylation, 
hydrolysis, and reduction may be reduced. These concepts are elucidated into more 
detail by Swan et al. [20]. Notably, not only the parent drug but also relevant active/
toxic metabolites should be taken into consideration. For instance, only trace 
amounts of oseltamivir are eliminated unchanged in urine, but since the active 
metabolite of oseltamivir is renally eliminated, dose adjustments are indicated in 
patients with renal impairment.

In patients with end stage renal disease, RRT contributes to drug clearance. In
addition, residual kidney function can be an important contributor to drug clearance 
[21]. The presence of residual kidney function may especially affect drugs that are 
actively secreted (piperacillin, oseltamivir) or reabsorbed (lithium, levetiracetam) 
by the tubulus. Although oseltamivir is eliminated during RRT, dialysis is not 
equally efficient as active tubular secretion [22]. For oseltamivir, drug clearance 
could be highly variable between dialysis patients depending on the amount of 
residual kidney function. For removal of endogenous compounds, preservation of 
residual kidney function is also considered of high importance and may even out-
weigh the effect of intensifying dialysis treatment [23]. It is unfortunate that resid-
ual renal function is often an exclusion criterion in farmacokinetic studies in HD 
patients [24].

 Calculation of Drug Suppletion After Online HDF

In an individual patient, it may be relevant to determine the total amount of a drug
excreted during an HDF session. This may influence the dose needed for suppletion 
of a drug with a narrow therapeutic window upon completion of HDF treatment. 
The total amount excreted may be assessed by concentration measurements before 
and after the dialyzer (pre and post dialyzer samples) collected at various time 
points during the HDF session (Table 24.1).

Table 24.1 Samples to be collected during HDF to assess total amount of drug excreted

Sample Location Time Specimen

Cart start Pre dialyzer 0 % 5 min after start of HDF Plasma/serumǂ

Cven start Post dialyzer
Cart 50 % Pre dialyzer 50 % Half-way HDF session
Cart end Pre dialyzer 100 % 5 min before end of HDF
Cven end Post dialyzer

Cart is the drug concentration in the arterial line of the extracorporeal circuit, Cven is the drug con-
centration in the venous line. ǂ Samples to be collected
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Pre and post dialyzer concentrations can be used to calculate drug clearance (CL)
during HDF, using Eqs. 24.1a and 24.1b. Plasma clearance is a composite of:

• Plasma flow rate Qplasma Qblood hematocrit= ´ -( )1 100/ , and

• Extraction ratio ER ER C C Cart ven art( ) = −( ) /
where Q is flow rate, Cart is the concentration of the drug in the arterial line of the 
extracorporeal circuit, and Cven in the venous line.

Ideally, when flow rates are maintained at constant values throughout the time
course of an HDF session, drug clearance in mL/min at the start and end of the ses-
sion should be similar.

The total amount of excreted drug during the HDF session can be derived using 
Eq. 24.2 and is a composite of:

• Plasma clearance (mL/min)
• HDF duration (min)
• Plasma concentration (mg/mL)

Plasma concentration is not constant during the time course of a HDF session. A
conservative estimate of the total amount of drug excreted can be obtained using the 
pre dialyzer concentration at the end of the HDF session (Cart end) as illustrated in 
Eq. 24.3a. Alternatively, the pre dialyzer concentration when the HDF session is 
half-way completed (Cart 50 %) could be used, which will result in a reasonable 
approximation of the total amount of drug excreted (Eq. 24.3b). For drugs with one 
compartment pharmacokinetic characteristics (i.e. no substantial tissue distribution, 
fast redistribution processes and no rebound after completion of HDF), Eq. 24.3c 
can be used which represents an integration of drug clearance over the HDF time 
interval resulting in an exact calculation of the total amount of drug excreted.

Drug concentrations are typically measured in plasma or serum (Eq. 24.1a). In
selected cases, e.g. drugs highly bound to or incorporated in erythrocytes, whole 
blood bioanalytical assays may be used (Eq. 24.1b).

 
CLplasma Qblood hematocrit / C C / Cart ven art= × − × −1 100( ) ( )( )

 
(24.1a)

 
CLblood Qblood= × ( )( )C C Cart ven art− /

 
(24.1b)

 Amount excreted clearance duration plasma concentration= ∗ ∗  (24.2)

Amount excreted conservative estimate clearance duration Ca( ) = ∗ ∗ rrt end  
(24.3a)

Amount excreted reasonable estimate clearance duration Cart( ) = ∗ ∗ 550%
 
(24.3b)

Amount excreted exact estimate clearance duration

C staart

#$( ) = ∗ ∗
rrt C end

C C end
art

art art

−( )
( )/ /ln start

 
(24.3c)
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Exact estimate for drugs with one compartmental pharmacokinetics; this equation 
may result in an overestimation of the amount excreted for drugs with slow redistri-
bution from tissue compartments.

As an example, this strategy may be used to determine the dose of lithium to be 
suppleted after HD or HDF. For instance, a lithium clearance of 130 mL/min 
(calculated from Eq. 24.1) and a Cart end of 0.35 mmol/l would result in  conservative 
estimate of lithium removal of 10.9 mmol (equivalent to 400 mg lithiumcarbonate)
to during a 4-h dialysis session. An alternative method to assess the lithium removal
would be to determine the lithium concentration in dialysate as illustrated by 
Schmidt et al. [25]. However, dialysate concentration measurement seems to have 
low feasibility in HDF due to large dialysate volumes and consequently low drug 
concentrations at risk of falling below the lower limit of quantification.

 Relevant Drug Groups

Therapeutic drug classes that are typically used in dialysis patients have been 
selected for a more in-depth evaluation in this chapter:

• Erythropoietin
• Vitamins
• Anticoagulants
• Antimicrobial agents

Especially the anticoagulants and antimicrobial drugs typically have a narrow 
therapeutic range, while their clearance during online HDF has typically not been 
studied in clinical trials. In this section, we aim to provide tools to support risk
assessments when patients are treated with online HDF. This may help to judge 
whether therapeutic drug monitoring (TDM) based on serum concentration mea-
surements is indicated to optimize the dosing regimen in an individual patient.

 Erythropoietin Stimulating Agents (ESA)

Most dialysis patients suffer from chronic anemia. As extensively described in 
Chap. 12, renal anemia is a multifactorial process driven by reduced erythropoietin 
(EPO) production by the kidneys, EPO resistance of the bone marrow, decreased
red blood cell life span and disturbed iron homeostasis. Generally, anemia in dialy-
sis patients can be well controlled with erythropoietin stimulating agents (ESA) and 
iron suppletion. However, in some patients high ESA doses are required, which is 
associated with adverse clinical outcome [26].

Apart from chronic inflammation and malnutrition, the accumulation of uremic 
toxins has been implicated in the pathogenesis of ESA resistance. Various uremic
toxins may directly inhibit erythropoiesis and EPO synthesis. Also for red cell life
span, that is reduced independent of mechanical damage during hemodialysis 
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 treatment, potential uremic toxins have been identified that may promote early 
phagocytosis of red blood cells [27].

Increasing the dialysis dose (as measured by Kt/Vurea) does improve ESA resistance 
as long as Kt/V <1.4 [28]. However, data are conflicting whether an increase in convec-
tive transport, as occurring in online HDF, can further improve ESA resistance. All 
studies on this topic are reviewed in Chap. 12. Two out of three large HDF trials, 
CONTRAST and ESHOL, did not show any difference in ESA resistance between HDF 
and HD patients, whereas a decrease in ESA resistance was observed in the Turkish 
HDF study [2, 3, 29]. As of yet, there is insufficient data to advise a patient to switch 
from conventional HD to high efficiency HDF in order to improve ESA resistance.

 Vitamins

The great majority of dialysis patients is taking vitamin suppletion to compensate 
for losses of water soluble (B and C) vitamins during dialysis treatment and prevent 
vitamin deficiency. Without suppletion, deficiency of vitamin C (molecular mass 
176D, negligible protein binding) occurs in approximately one third of HD patients 
[30]. Dialytic clearance of vitamin C is high, predominantly by diffusion [31]. It has
been shown that vitamin C concentrations were not lower in HDF as compared to 
HD patients. Cobalamin (Vit B12; molecular mass 1346D) is a larger molecule but
is highly protein bound. Hence dialytic removal is limited and is also not different 
for HDF and HD [32]. Dialytic removal of thiamin (Vit B1, molecular mass 265D),
rivoflavin (Vit B2, 376D) and folate (B9, molecular mass 441D) is low due to a large
volume of distribution. Pyridoxine (Vit B6; molecular mass 169D) is cleared by
HD, however, the molecule is too small to expect differences in clearance between 
HD and HDF [33]. Taken together, there is no evidence that vitamin suppletion in 
dialysis patients should be adjusted based on treatment modality.

 Anticoagulants

Anticoagulants are prescribed for prophylaxis or treatment of venous, arterial or 
extracorporeal thrombosis. Several main categories can be defined: coumarins, 
unfractionated heparin (UFH), low molecular weight heparines (LMWH), pentasac-
charide inhibitors of factor Xa, direct factor Xa inhibitors, direct thrombin inhibitors. 
In Table 24.2, the typical application of the various anticoagulants are outlined.

For arterial thrombosis, coumarins or direct factor Xa/thrombin inhibitors are 
typically used. For peri-operative bridging, for treatment of venous thrombosis and 
for anticoagulation of the extracorporeal circuit, heparins (UFH or LMWH) are
indicated. For patients with heparin induced thrombocytopenia (HIT) and
 consequently a contraindication for heparins, fondaparinux/danaparoid/argatroban 
can be applied. Since anticoagulants have a narrow therapeutic range, dose titration 
based on INR/aPTT/anti Xa/ACT is typically recommended in RRT.
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 Coumarins

Coumarins are largely hepatically eliminated, highly protein bound and most likely not 
susceptible for removal during HDF. In patients with renal dysfunction, accumulating
waste products may compete with coumarins for protein binding. This results in increased 
hepatic clearance (unless saturation occurs) resulting in lower total concentrations and 
not necessarily in different effects. Regular INR monitoring in this patient population is
warranted. Coumarins are not indicated for anticoagulation of the extracorporeal circuit. 
However, in patients treated with a coumarin, the heparin (UFH/LMWH) starting dose
for extracorporeal anticoagulation may be reduced to 50 % of normal [37]. See below.

 Low Molecular Weight Heparines (LMWH)

During HD, the coagulation system is activated. Therefore, to prevent clot formation 
in the extracorporeal circuit (ECC), anticoagulation is required. During HDF, both 
thrombin formation, as measured by thrombin–antithrombin-III complexes (TAT),
and platelet activation, as measured by an upregulation of the cell surface marker 
CD62p, are more pronounced than during HD [10, 38, 39]. These phenomena are 
attributed not only to the high transmembrane pressure during HDF, but also to the 
prominent hemoconcentration within the dialyzer. As a result, prevention of clot 
formation within the ECC in HDF patients may require higher LMWH doses than 
HD patients. Moreover, as LMWHs have a mean molecular weight of 4,000–
5,000 Da and therefore qualify as middle molecular weight molecules, the convec-
tive component of HDF treatment may result in an incremental clearance as compared 
to HD. Indeed, in CONTRAST the LMWH dose was approximately 10 % higher in
HDF patients as compared to HD [35]. Thus, while it is generally assumed that an 
anti Xa activity of 0.4 IU/l is required to minimize the risk of coagulation in HD [40], 
the treatment target may in fact be higher in HDF patients. In clinical studies, how-
ever, the clearance of enoxaparin and dalteparin appeared rather low during both HD 
and HDF, which is explained by the negative charge of LMWHs and their resistance 
to adsorption onto the negative surface of dialyzer membranes [38, 41]. Hence, 
membrane characteristics, especially its electrical charge, rather than the dialysis 
mode appear to be important determinants of LMWH removal during both HD and 
HDF [34]. For dalteparin, a starting dose of 60 IU/kg appeared adequate in HDF
patients [42]. See also Chap. 15. The increased activation of the coagulation system 
in HDF may motivate future monitoring of TAT in addition to anti Xa activity.

 Unfractionated Heparin (UFH)

Unfractionated heparin molecules (MW 12,000–15,000 Da) are more negatively
charged than LMWH. As most dialyzer membranes are also negatively charged, heparin 
removal during HDF is probably lower than suggested by its molecular size. As a result, 
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UFH dose during this type of treatment may be lower than anticipated. By contrast, due
to the highly unphysiological conditions within the dialyzer, as aforementioned, treat-
ment with HDF may require higher doses. Ultimately, the UFH dose in HDF is deter-
mined by the balance between its relatively low adsorptive tendency at the one hand and 
a higher propensity for clot formation at the other. In the Turkish HDF Study, the unfrac-
tionated heparin dose was ∼25 % higher in the HDF group when compared with HD 
patients [2]. Heparin dosing is titrated based on aPTT and on visual inspection of clot
formation in the air trap chamber, which is indifferent between HDF and HD.

 Indirect Factor Xa Inhibitors

For patients with heparin induced thrombocytopenia (HIT), fondaparinux can be con-
sidered as an alternative. Fondaparinux is a middle molecular weight pentasaccharide, 
which carries a lower negative charge than the LMWH enoxaparin. As expected, the 
clearance of fondaparinux is higher during high flux HD as compared to low flux HD 
[43]. The optimal starting dose was determined to be 0.3 mg/kg followed by anti Xa 
guided dose titration [36]. Another alternative for patients with HIT is danaparoid.
Substantial experience with danaparoid for ECC anticoagulation is available [Summary 
of Product Characteristics (SPC), danaparoid]. No clinical data in HDF patients have
been published. Anti Xa guided dose titration is indicated for HD as well as HDF.

 Direct Thrombin and Direct Factor Xa Inhibitors

For bivalirudin and argatroban no clinical data in HDF patients have been published. 
Both thrombin inhibitors may be used in HIT for ECC anticoagulation using aPTT or
ACT for dose titration. No marked differences between HD and HDF are anticipated.

The NOACs (non-vitamin K antagonist oral anticoagulants) are contraindicated
for anticoagulation in patients with severe renal insufficiency [24]. Removal by HD 
or HDF is not very efficient due to high protein binding and a large volume of dis-
tribution resulting in a rebound phenomenon [44].

For ECC anticoagulation in HD citrate can be used as an alternative for UFH/
LMWH. In HDF, however, insufficient evidence for its safe application is currently
available [45].

 Antimicrobial Agents

The various categories of antimicrobial drugs contain a wide variety of drug charac-
teristics. Table 24.3 lists the most relevant drug characteristics including molecular 
weight, protein binding and volume of distribution. While data on conventional HD 
are available for a selection of antimicrobial drugs, removal by online HDF has 

24 Medication and Hemodiafiltration



320

Ta
bl

e 
24

.3
 

D
ru

g 
ch

ar
ac

te
ri

st
ic

s 
an

d 
an

tic
ip

at
ed

 im
pa

ct
 o

f 
co

nv
ec

tiv
e 

tr
an

sp
or

t f
or

 a
 s

el
ec

tio
n 

of
 a

nt
im

ic
ro

bi
al

 a
ge

nt
s

C
at

eg
or

y
D

ru
g

M
ol

ec
ul

ar
 

w
ei

gh
t 

(D
a)

V
ol

um
e

of
di

st
ri

bu
tio

n 
(L

/k
g)

Pr
ot

ei
n

bi
nd

in
g 

(%
)

R
en

al
 

cl
ea

ra
nc

e 
(%

)

R
em

ov
al

 b
y 

in
te

rm
itt

en
t 

H
D

 s
es

si
on

A
dd

iti
on

al
 

ef
fe

ct
 o

f 
co

nv
ec

tio
n

R
ef

A
nt

ib
io

tic
s

Te
tr

ac
yc

lin
es

D
ox

yc
yc

lin
e

46
2.

4
0.

7
>

90
33

–4
5

−
U

nl
ik

el
y

Te
tr

ac
yc

lin
e

44
4.

4
>

0.
7

20
–6

5
55

–6
0

±
 (

10
 %

)
Po

ss
ib

ly
Pe

ni
ci

lli
ne

s
A

m
ox

ic
ill

in
36

5.
4

0.
3

20
60

+
U

nl
ik

el
y

C
la

vu
la

ni
c 

ac
id

19
9.

2
0.

3
25

40
+

U
nl

ik
el

y
B

en
zy

lp
en

ic
ill

in
33

4.
4

0.
3–

0.
42

60
60

–9
0

+
U

nl
ik

el
y

Fl
uc

lo
xa

ci
lli

n
45

3.
9

0.
13

95
66

–7
6 

ac
tiv

e 
se

cr
et

io
n

−
U

nl
ik

el
y

Pi
pe

ra
ci

lli
n

51
7.

6
0.

18
–0

.3
20

–3
0

60
–8

0 
ac

tiv
e 

se
cr

et
io

n
+

(3
0–

40
%

)
L

ik
el

y

Ta
zo

ba
ct

am
30

0.
3

0.
18

–0
.3

3
20

–3
0

80
 a

ct
iv

e 
se

cr
et

io
n

+
(3

0–
40

%
)

U
nl

ik
el

y

C
ep

ha
lo

sp
or

in
s

C
ef

ta
zi

di
m

63
7.

7
0.

28
–0

.4
<

10
80

–9
0

+
L

ik
el

y
C

ef
ur

ox
im

e
42

4.
4

0.
13

–1
.8

50
85

–9
0

+
Po

ss
ib

ly
C

ef
ot

ax
im

e
45

5.
5

0.
15

–0
.5

5
40

40
–6

0
+

Po
ss

ib
ly

C
ef

tr
ia

xo
ne

55
4.

6
0.

12
–0

.1
8

85
–9

5
40

–6
0

−
Po

ss
ib

ly
C

ar
ba

pe
ne

m
s

Im
ip

en
em

31
7.

4
0.

23
20

20
–7

0
+

 (
55

 %
)

U
nl

ik
el

y
[5

5]
C

ila
st

at
in

38
0.

4
0.

22
40

75
+

 (
63

 %
)

U
nl

ik
el

y
[5

5]
M

er
op

en
em

43
7.

5
0.

35
2

70
+

Po
ss

ib
ly

D
or

ip
en

em
42

0.
5

0.
2

9
>

70
+

Po
ss

ib
ly

[4
6]

Su
lf

on
am

id
es

 a
nd

 
tr

im
et

ho
pr

im
T

ri
m

et
ho

pr
im

29
0.

3
1–

2.
2

45
40

–6
0

+
U

nl
ik

el
y

Su
lf

am
et

ho
xa

zo
le

25
3.

3
0.

28
–0

.3
8

70
15

–3
0

+
U

nl
ik

el
y

Su
lf

ad
ia

zi
ne

25
0.

3
0.

29
20

–5
5

80
+

+
U

nl
ik

el
y

A.S. Zandvliet et al.



321

(c
on

tin
ue

d)

M
ac

ro
lid

es
, 

lin
co

sa
m

id
es

A
zi

th
ro

m
yc

in
78

5
31

.1
12

–5
2

6–
12

−
U

nl
ik

el
y

C
la

ri
th

ro
m

yc
in

74
8

2–
4

80
15

–4
0

±
Po

ss
ib

ly
C

lin
da

m
yc

in
42

5.
0

0.
6–

1.
2

>
90

10
−

U
nl

ik
el

y
E

ry
th

ro
m

yc
in

73
3.

9
0.

6–
1.

2
70

–9
5

2–
15

−
Po

ss
ib

ly
A

m
in

og
ly

co
si

de
s

To
br

am
yc

in
46

7.
5

0.
25

<
5

90
+

Po
ss

ib
ly

G
en

ta
m

ic
in

47
7.

6
0.

3
0–

30
90

+
Po

ss
ib

ly
[5

1]
A

m
ik

ac
in

58
5.

6
0.

22
–0

.2
9

<
20

94
–9

8
+

L
ik

el
y

St
re

pt
om

yc
in

58
1.

6
0.

26
34

–3
5

29
–8

9
+

L
ik

el
y

N
et

ilm
ic

in
47

5.
6

0.
16

–0
.3

<
5

80
+

L
ik

el
y

[5
0]

Q
ui

no
lo

ne
s

C
ip

ro
flo

xa
ci

n
33

1.
3

2.
5

20
–4

0
40

–7
0

±
U

nl
ik

el
y

L
ev

ofl
ox

ac
in

36
1.

4
1.

1–
1.

5
30

–4
0

>
85

±
U

nl
ik

el
y

M
ox

ifl
ox

ac
in

40
1.

4
2

30
–5

0
19

±
U

nl
ik

el
y

N
or

flo
xa

ci
n

31
9.

3
2.

5–
3.

1
14

30
±

U
nl

ik
el

y
G

ly
co

pe
pt

id
es

Te
ic

op
la

ni
n

1,
87

5–
1,

89
1

0.
94

–1
.4

90
>

97
±

L
ik

el
y

[5
2]

V
an

co
m

yc
in

14
49

.3
0.

47
–1

.1
10

–5
0

80
–9

0
±

L
ik

el
y

O
th

er
 a

nt
ib

io
tic

s
C

ol
is

tin
~1

,7
48

(c
ol

is
ti-

 
m

et
ha

te
 

so
di

um
)

0.
09

–0
.3

4
55

80
+

L
ik

el
y

[5
6]

M
et

ro
ni

da
zo

l
17

1.
2

0.
7–

1.
5

10
–2

0
20

+
U

nl
ik

el
y

L
in

ez
ol

id
33

7.
3

0.
6

31
30

+
 (

30
 %

)
U

nl
ik

el
y

24 Medication and Hemodiafiltration



322

A
nt

im
yc

ot
ic

s
T

ri
az

ol
es

Fl
uc

on
az

ol
e

30
6.

3
0.

65
–0

.7
11

–1
2

80
+

 (
50

 %
)

U
nl

ik
el

y
It

ra
co

na
zo

le
70

5.
6

10
99

.8
<

0.
03

−
U

nl
ik

el
y

V
or

ic
on

az
ol

e
34

9.
3

4.
6

58
<

2
±

 (
13

 %
)

U
nl

ik
el

y
[4

7]
Po

sa
co

na
zo

le
70

0.
8

1,
77

4
l

>
98

<
0.

2
−

U
nl

ik
el

y
O

th
er

 a
nt

im
yc

ot
ic

s
A

m
ph

ot
er

ic
in

 B
92

4.
1

2–
4

>
90

2–
5

−
U

nl
ik

el
y

Fl
uc

yt
os

in
e

12
9.

1
0.

65
–0

.9
1

2–
4

90
+

U
nl

ik
el

y
C

as
po

fu
ng

in
10

93
.3

0.
15

97
1.

4
−

Po
ss

ib
ly

A
ni

du
la

fu
ng

in
11

40
.2

30
–5

0 
l

>
99

<
1

−
U

nl
ik

el
y

A
nt

im
yc

ob
ac

te
ri

al
 a

nt
ib

io
tic

s
E

th
am

bu
to

l
27

7.
2

1.
6–

3.
2

20
–3

0
50

+
U

nl
ik

el
y

Is
on

ia
zi

d
13

7.
1

0.
75

0
4–

32
+

U
nl

ik
el

y
R

if
am

pi
ci

ne
82

2.
9

0.
64

–0
.6

6
80

15
–3

0
−

Po
ss

ib
ly

Py
ra

zi
na

m
id

e
12

3.
1

0.
75

–1
.3

10
4

+
U

nl
ik

el
y

A
nt

i (
re

tr
o)

 v
ir

al
 d

ru
gs

N
uc

le
os

id
e 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
in

hi
bi

to
rs

N
R

T
Is

Z
id

ov
ud

in
e

26
7.

2
1.

6
34

–3
8

8–
25

±
U

nl
ik

el
y

L
am

iv
ud

in
e

22
9.

3
1.

3
<

36
70

+
U

nl
ik

el
y

D
id

an
os

in
e

23
6.

2
1

<
5

20
+

U
nl

ik
el

y
St

av
ud

in
e

22
4.

2
0.

5
<

1
40

+
U

nl
ik

el
y

A
ba

ca
vi

r
28

6.
3

0.
8

49
2

±
U

nl
ik

el
y

E
m

tr
ic

ita
bi

ne
24

7.
2

1.
1–

1.
7

<
4

86
+

 (
30

 %
)

U
nl

ik
el

y
E

nt
ec

av
ir

29
5.

3
L

ar
ge

13
75

±
 (

13
 %

)
U

nl
ik

el
y

Ta
bl

e 
24

.3
 

(c
on

tin
ue

d)

C
at

eg
or

y
D

ru
g

M
ol

ec
ul

ar
 

w
ei

gh
t 

(D
a)

V
ol

um
e

of
di

st
ri

bu
tio

n 
(L

/k
g)

Pr
ot

ei
n

bi
nd

in
g 

(%
)

R
en

al
 

cl
ea

ra
nc

e 
(%

)

R
em

ov
al

 b
y 

in
te

rm
itt

en
t 

H
D

 s
es

si
on

A
dd

iti
on

al
 

ef
fe

ct
 o

f 
co

nv
ec

tio
n

R
ef

A.S. Zandvliet et al.



323

N
uc

le
ot

id
e 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
in

hi
bi

to
rs

N
tR

T
Is

Te
no

fo
vi

r
28

7.
2

0.
8

0.
7–

7.
2

O
ra

l: 
32

±
 (

10
 %

)
U

nl
ik

el
y

A
de

fo
vi

r 
di

pi
vo

xi
l

50
1.

5
0.

4
<

4
45

+
 (

35
 %

)
Po

ss
ib

ly
C

id
of

ov
ir

27
9.

2
0.

3–
0.

8
<

6
80

–1
00

+
 (

52
–7

5 
%

)
U

nl
ik

el
y

N
on

-n
uc

le
os

id
e 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
in

hi
bi

to
rs

N
N

R
T

Is

E
fa

vi
re

nz
31

5.
7

2–
4

>
99

<
1

−
U

nl
ik

el
y

N
ev

ir
ap

in
e

26
6.

3
1.

12
–1

.3
60

<
3

+
U

nl
ik

el
y

E
tr

av
ir

in
e

43
5.

3
42

2
l

(a
pp

ar
en

t 
V

d)

>
99

1.
2

−
U

nl
ik

el
y

SP
C

In
te

le
nc

e

R
ilp

iv
ir

in
e

36
6.

4
15

2 
l 

(a
pp

ar
en

t 
V

d)

>
99

<
5

−
U

nl
ik

el
y

FD
A

 
as

se
ss

-m
en

t 
re

po
rt

Pr
ot

ea
se

in
hi

bi
to

rs
Sa

qu
in

av
ir

67
0.

8
10

98
<

4
−

U
nl

ik
el

y
R

ito
na

vi
r

72
0.

9
0.

4
98

–9
9

3.
5

−
U

nl
ik

el
y

In
di

na
vi

r
61

3.
8

14
60

10
.4

−
U

nl
ik

el
y

N
el

fin
av

ir
56

7.
8

2–
7

>
98

1–
2

−
U

nl
ik

el
y

A
m

pr
en

av
ir

50
5.

6
6

90
<

3
−

U
nl

ik
el

y
L

op
in

av
ir

62
8.

8
0.

5
98

–9
9

2.
2

−
U

nl
ik

el
y

A
ta

za
na

vi
r

70
4.

9
88

 l 
(a

pp
ar

en
t 

V
d)

86
7

±
Po

ss
ib

ly
[5

7]

Fo
sa

m
pr

en
av

ir
58

5.
6

6
90

<
1

−
U

nl
ik

el
y

T
ip

ra
na

vi
r

60
2.

7
7.

7–
10

.2
 l

>
99

.9
0.

5
−

U
nl

ik
el

y
D

ar
un

av
ir

54
7.

7
29

–1
81

 l
95

7.
7

±
Po

ss
ib

ly
Si

m
ep

re
vi

r
74

9.
9

N
o 

da
ta

>
99

<
1

−
U

nl
ik

el
y

B
oc

ep
re

vi
r

51
9.

7
77

2 
l

75
3

−
U

nl
ik

el
y

SP
C

V
ic

tr
el

is
;

[5
8]

Te
la

pr
ev

ir
67

9.
8

25
2 

l
59

–7
6

<
1

±
Po

ss
ib

ly
SP

C
In

ci
vo

(c
on

tin
ue

d)

24 Medication and Hemodiafiltration



324

In
te

gr
as

e
in

hi
bi

to
rs

R
al

te
gr

av
ir

44
4.

4
N

o 
da

ta
83

9
+

Po
ss

ib
ly

[4
8]

E
lv

ite
gr

av
ir

44
7.

8
N

o 
da

ta
98

–9
9

<
7

−
U

nl
ik

el
y

SP
C

V
ite

kt
a

D
ol

ut
eg

ra
vi

r
41

9.
4

N
o 

da
ta

>
99

<
1

−
U

nl
ik

el
y

SP
C

T
iv

ic
ay

D
N

A
 p

ol
ym

er
as

e 
in

hi
bi

to
rs

A
ci

cl
ov

ir
22

5.
2

0.
7

9–
33

40
–7

0
+

U
nl

ik
el

y
G

an
ci

cl
ov

ir
25

5.
2

0.
54

–0
.8

7
<

2
85

–9
5

+
U

nl
ik

el
y

Fo
sc

ar
ne

t
30

0
0.

4–
0.

6
14

–1
7

85
+

U
nl

ik
el

y
N

eu
ra

m
in

id
as

e 
in

hi
bi

to
rs

O
se

lta
m

iv
ir

31
2.

4
0.

3–
0.

4
42

(3
ac

tiv
e

m
et

ab
ol

ite
)

99
 (

ac
tiv

e 
m

et
ab

ol
ite

)
+

 a
ct

iv
e 

se
cr

et
io

n
U

nl
ik

el
y

[2
2]

B
as

ed
 o

n 
da

ta
 f

ro
m

 [
59

]

SP
C

 s
um

m
ar

y 
of

 p
ro

du
ct

 c
ha

ra
ct

er
is

tic
s

Ta
bl

e 
24

.3
 

(c
on

tin
ue

d)

C
at

eg
or

y
D

ru
g

M
ol

ec
ul

ar
 

w
ei

gh
t 

(D
a)

V
ol

um
e

of
di

st
ri

bu
tio

n 
(L

/k
g)

Pr
ot

ei
n

bi
nd

in
g 

(%
)

R
en

al
 

cl
ea

ra
nc

e 
(%

)

R
em

ov
al

 b
y 

in
te

rm
itt

en
t 

H
D

 s
es

si
on

A
dd

iti
on

al
 

ef
fe

ct
 o

f 
co

nv
ec

tio
n

R
ef

A.S. Zandvliet et al.



325

typically not been investigated. Therefore, based on the drug characteristics and 
based on the algorithm presented in this chapter, we have assessed the likelihood of 
convection to increase drug clearance during RRT.

 Small Molecules <500 Da

Since conventional low-flux HD results in an effective removal of small molecules 
with a low volume of distribution and low protein binding, including the sulfon-
amides, carbapenems and the majority of the penicillins, these drugs should be 
supplemented after completion of a dialysis session. Due to the small molecular 
weight, the amount of drug that is removed is determined by the blood flow rate, 
dialysate flow rate, dialyzer characteristics and treatment duration, while the addi-
tion of convection, as in high-flux HD and HDF, is unlikely to substantially increase 
their clearance. Nevertheless, from a pharmacokinetic study on doripenem (car-
bapenem group) in patients with sepsis, who were treated with high volume HDF, it 
appeared that a substantial amount was eliminated, in this special case most proba-
bly by a combination of diffusion and an extremely high amount of convective 
transport [46]. Although comparative studies between HD and HDF are lacking, 
based on the small molecular weight, in general, large differences in the clearance 
between the two modalities are not to be anticipated.

A large volume of distribution may result in limited drug removal during dial-
ysis. For instance, voriconazole (349.3 Da) has a distribution volume of 4.6 L/kg.
Hafner et al. conducted a clinical trial and indeed demonstrated that only a lim-
ited proportion of the administered dose was removed during a 6-h treatment with 
HD (12.7 %) or online HDF (13.1 %) [47]. High protein binding explains the 
limited clearance of the new integrase inhibitors during RRT. Especially for 
elvitegravir and dolutegravir, protein binding is high (>98 %). Hence suppletion 
after RRT is not indicated. For raltegravir, protein binding is lower (~83 %) 
allowing the removal of free drug during HD, as observed by Moltó et al. [48]. 
Due to the low molecular weight, no increased removal during online HDF should 
be anticipated.

 Larger Molecules >500 Da

As opposed to the other penicillins, piperacillin has a relatively high molecular 
weight of 517.6 Da. Therefore, the addition of convection to diffusion might increase 
its clearance. Indeed, piperacillin clearance was larger during online HDF as com-
pared to historical data from patients who were treated with conventional HD [49]. 
Increased drug removal during online HDF is also anticipated for ceftazidim
(637.7 Da), colistin (1,748 Da as colistimethate sodium), the aminoglycosides and
the glycopeptides.
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The aminoglycoside netilmicin was studied by Basile et al. in 1985, comparing 
low volume HDF with standard low flux HD. From this study it appeared that a 
markedly increased clearance was observed by the implementation of a high flux 
filter [50]. Sombolos et al. observed increased removal of the aminoglycoside genta-
micin in a small study comparing online HDF with low flux HD [51]. Given their
relatively large molecular weight, similar effects of convective transport can be antic-
ipated for the other aminoglycosides, especially for amikacin and streptomycin.

For the glycopeptides teicoplanin and vancomycin, differences between conven-
tional low flux HD and online HDF may be mostly relevant as substantial evidence 
exists that substantial drug removal occurs during high flux HD [52, 53]. 
Unfortunately, however, for online HDF only limited clinical data are available.
Sombolos et al. observed subtherapeutic vancomycin levels in online HDF patients, 
even when anuric, after treatment with 15 mg/kg during the last hour of a 4-h session
[54]. In coherence with the drug characteristics, these findings suggest that teico-
planin and vancomycin may be more efficiently removed by online HDF. Therapeutic 
drug monitoring is warranted to mitigate the risk of subtherapeutic exposure.

Considering antiviral drugs, especially the protease inhibitors have a relatively 
large molecular weight and could therefore be candidates for increased clearance by 
convection. However, the majority of the protease inhibitors are highly protein 
bound and/or have a large volume of distribution. Based on the overview presented 
in Table 24.2, for most antiviral drugs, convective transport unlikely substantially 
contributes to drug removal during RRT.

 Conclusions

Unfortunately, only a few clinical pharmacokinetic studies in patients undergoing
online HDF have been published. In this chapter, an algorithm for drug characteris-
tics is presented. Convection typically increases drug clearance during renal replace-
ment therapy for substances with large molecular weight (>500 Da), low to moderate 
protein binding and a small volume of distribution. This information can help to 
assess the potential impact of convective transport on drug removal during online 
HDF and may support the decision whether therapeutic drug monitoring (TDM) is 
required to optimize a patient’s dosing regimen. Especially for drugs with a narrow 
therapeutic range, concentration measurements may be indicated. Based on drug 
concentrations in samples collected pre and post filter at several time points, the 
amount of drug removal during an online HDF session can be calculated. Particularly
for the glycopeptides teicoplanin and vancomycin, TDM is strongly recommended 
to prevent undertreatment.
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    Chapter 25   
 Summary and Current Status 
of Hemodiafi ltration                     

       Menso     J.     Nubé      ,     Muriel     P.  C.     Grooteman     , and     Peter     J.     Blankestijn    

    Abstract     In this last chapter, the contents of the Hemodiafi ltration: Theory, 
Technology and Clinical Practice are summarized according to the various subjects 
discussed, instead of reviewing all 25 chapters separately. First, a short overview is 
given of the various hemodiafi ltration (HDF) modalities, including some of their 
pros and cons. As most clinical studies were performed in the online postdilution 
mode, most attention is paid to this type of HDF. Most important, of course, are the 
results of online HDF on clinical outcome parameters and various biomarkers. After 
that, attention is paid to the potential mechanisms behind the benefi cial effects of 
high volume HDF on outcome. After a short discussion on topics which should be 
further exploited, some disadvantages and practical issues when implementing a 
HDF program are reviewed. This chapter comes to an end with a vision on the 
future, including the responsibility of institutions and the nephrology community.  

  Keywords     Hemodiafi ltration   •   Clinical outcome   •   Biomarkers   •   Mechanisms   • 
  Disadvantages   •   Future aspects     

     Introduction 

 In the past decades, online hemodiafi ltration (HDF) has been developed towards a 
safe and effective treatment that is widely applied nowadays. In this last chapter we 
give an overview of the contents of this book, and refl ect on the current place and 
the future of hemodiafi ltration. For references please have a look at the respective 
chapters.  
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    Modes of Hemodiafi ltration 

 As described in Chap.   2    , in HDF the diffusive capacity of low-fl ux HD and the con-
vective transport of hemofi ltration are combined. Strictly speaking, high-fl ux HD is 
a type of HDF, as the trans-membrane-pressure (TMP) gradient in the proximal part 
of the dialyzer promotes the transfer of water and larger solutes from the blood to 
the dialysate. As the hydraulic pressure on the blood side drops progressively along 
the fi bers while oncotic pressure increases concomitantly, TMP reverses its direc-
tion and water moves from the dialysate to the blood. This mechanism, called ‘inter-
nal fi ltration’, is the underlying principle of convection in high-fl ux HD and has 
been estimated 10–12 L/treatment. 

 Post-dilution online infusion is todays most widespread infusion mode in hemodi-
afi ltration and the most effi cient in removing middle molecules, such as 
β2-microglobulin (β2M: 11.8 kD). Sterile substitution fl uid is produced online from 
the dialysate and infused post-fi lter to replace the excess ultrafi ltration (UF). Up to 
5–7 L UF per hour can obtained by applying appropriate fl ux-pressure regimens. 

 Pre-dilution hemodiafi ltration offers more favorable rheological and hydraulic 
conditions than the post-dilution mode, by better preserving the permeability of the 
membrane, as the infusion site of the replacement fl uid at the dialyzer inlet prevents 
excessive hemoconcentration and clotting in the dialyzer. This advantage may be 
offset by the diluting effect on plasma solute concentrations available for diffusion 
and convection, with consequent reduction of the cumulative solute mass transfer. 
Clinical application of pre-dilution HDF is limited by these drawbacks and may be 
indicated in patients with a high hematocrit and in patients with a contra-indication 
for intravenous administration of anticoagulants. 

 Several other techniques are applied, such as acetate free biofi ltration, mixed 
hemodiafi ltration, and mid-dilution hemodiafi ltration. The latter two were devel-
oped with the aim to overcome the limits and risks of pre- and post dilution HDF, 
while coupling their advantages. Little clinical data on these techniques are 
available as of yet.  

    Results of Hemodiafi ltration on Clinical Outcome 

    Infl uence of HDF on Mortality 

 As listed in Chap.   16    , many reports have been published on the clinical effects of 
HDF, which, however, vary considerably in the techniques compared, reference 
arms, achieved convection volume in HDF patients, study design, end points and 
patient numbers. As these studies are hard to interpret and three recent RCTs 
(CONTRAST, the Turkish HDF Study and ESHOL), all comparing online post- 
dilution HDF with HD, are the only large studies with mortality as a primary end 
point, the results on all-cause and cardiovascular mortality as discussed below are 
mainly derived from these studies. 
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 While neither CONTRAST nor the THDFS showed a difference in clinical out-
come between treatment arms, ESHOL did fi nd a favorable effect of HDF on overall 
survival. Both ESHOL and THDFS showed a lower, albeit non-signifi cant, cardio-
vascular mortality risk in HDF patients.  Post-hoc  analyses of all three RCTs showed 
a positive relationship between the magnitude of the convection volume and clinical 
outcome, as suggested before in observational studies. 

 Notably, in the last 2 years, four meta-analyses on convective therapies have 
been published, pooling the aggregated results of separate investigations, which, 
however, showed discrepant conclusions. The only meta-analysis which included 
only HDF clearly showed an all-cause and cardiovascular survival advantage of 
HDF over HD (HR 0.84; 95 % CI 0.73–0.96 and 0.73; 95 % CI 0.57–0.92, resp). 
Of note, after removing low volume/ offl ine  HDF (including AFB) from one of the 
other meta-analyses, a comparable conclusion was reached (HR for mortality 
HDF 0.82; 95 % CI 0.72–0.93). Similar results were obtained in a recent meta- 
analysis on individual patient data (IPD). The largest survival benefi t was 
obtained in the group of patients receiving the highest convection volume 
(>23 L/1.73 m 2 /session). In these subjects, the adjusted HR for all-cause mortal-
ity was 0.78; 95 % CI 0.62–0.98, and for cardiovascular mortality 0.69; 95 % CI 
0.47–1.00. 

 Besides a high risk of cardiovascular death, ESKD patients also have an elevated 
risk of non-cardiovascular mortality. Since the excess mortality in ESKD follows a 
‘normal’ distribution, it is interesting to know whether the reduced mortality in HDF 
patients is mainly due to a decline in cardiovascular events or also to a lower inci-
dence of other causes. Actually, as shown in the IPD meta-analysis, no evidence 
whatsoever was obtained that infection-related mortality or other causes of death, 
such as withdrawal from dialysis or malignancies, were different between HDF and 
control patients. Hence, it seems justifi ed to conclude that the reduction in all-cause 
mortality in HDF is mainly caused by a decrease in fatal cardiovascular events.  

    Infl uence of HDF on Other Clinical Conditions 

 As described in Chap.   17    , intradialytic hypotension (IDH) is an important compli-
cation of dialysis treatment, which has been related to bowel hypoperfusion, brain 
white matter ischaemia, cardiac stunning and mortality. In two large RCTs, blood 
pressure stability during HDF was superior to HD, but not in a third. When cool 
dialysate (CD-HD) was used in both groups, changes in blood pressure (BP), blood 
volume, cardiac output and microcirculation, did not differ. Hence intradialytic 
hemodynamic stability appears better preserved during HDF than during conven-
tional HD, but analogous to CD-HD. The contribution of this mechanism to the 
survival advantage of high volume HDF is more extensively discussed in Chap.   19    . 
With respect to pre- and postdialysis BP, mean arterial pressure and pulse pressure, 
differences were not found. Altogether, it appears that HDF improves IDH, without 
marked benefi cial hemodynamic changes in the interdialytic interval.  
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    Infl uence of HDF on Various Biomarkers 

 As outlined in Chap.   13    , ESKD patients suffer from a micro-infl ammatory state 
which has been partly related to the bio-incompatibility of HD treatment itself and 
partly to the accumulation of uremic toxins. Since especially MMW compounds 
have been implicated in this process, a switch from HD to HDF may improve this 
condition. On the other hand, administration of large amounts of substitution fl uid 
may worsen infl ammation by the infusion of bacterial-derived and chemical con-
taminants. Therefore it is reassuring to note that HDF is at least as safe as HD and 
possibly better. Cross-over trials described both lower and similar C-reactive pro-
tein (CRP) levels, a lower number of CD14+CD16+ cells and a lower production of 
the pro-infl ammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin 6 
(IL-6) in HDF patients as compared to HD. A secondary analysis of CONTRAST 
showed stable IL-6 and CRP levels over time in HDF and an increase in HD patients. 
Since CRP levels over time did not differ in ESHOL and THDFS between the HD 
and HDF groups, it appears that HDF is a safe treatment with, if anything, a benefi -
cial effect on infl ammation. 

 The effect of convective techniques on renal anemia has been thoroughly inves-
tigated, as ESA resistance might be induced by the (chapter   12    ) retention of MMW 
solutes. Although observational studies suggested a benefi cial effect of HDF, this 
could not be confi rmed in randomized trials. Only very few studies on the effect of 
convective therapies on nutritional state have been performed (chapter   18    ), preclud-
ing fi rm results. Finally, CKD-MBD (chapter   11    ) might be positively infl uenced by 
treatment with HDF, as fi broblast growth factor 23 (FGF23) removal is higher dur-
ing convective treatments, and phosphate levels are lower. The clinical effects of 
these changes remain to be established.  

    Why Is High Volume HDF Associated with Improved Survival? 

 As extensively discussed in Chap.   16    , HDF, especially when applied with high 
convection volumes, is strongly related to an improved cardiovascular survival. 
So, what are the underlying mechanisms? As published in individual RCTs and 
by meta-analysis, HDF may improve intradialytic hemodynamic stability. 
Moreover, echocardiographic analysis indicates that the deterioration of the left 
ventricle over time as observed in HD patients was mitigated or even absent in 
the HDF group. Convincing arguments are not available that HDF reduces car-
diovascular mortality by improvements in traditional or non-traditional risk fac-
tors. With respect to solute removal, neither Kt/V urea , β2M or any other single 
uremic retention product has been specifi cally related to clinical outcome in 
HDF. Whether high doses of heparin or better correction of acidosis adds to the 
reduced mortality in HDF is a matter for future research. For further reading see 
Chap.   19    .  
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    Areas in HDF That Should Be Further Exploited 

 As mentioned in Chap.   20    , HDF was already performed in children in the early 
1980s. Advances in technology with dialysis machines that allow controlled UF and 
smaller dialysis fi lters enabled the use of online HDF as a safe therapy in children. 
Using in-centre intensive HDF for 5 days a week, children were free of symptoms 
and post-dialysis recovery time, with few or no medication requirements, a normal 
diet and optimized volume control on a free fl uid intake. These features allowed 
catch-up growth with normal height. Currently, an international non-randomised 
clinical trial is in progress to compare the effects of HDF versus conventional HD 
on growth and cardiovascular markers. 

 Observational data indicate that frequent dialysis schemes reduce fl uctuations in 
metabolic and volume parameters, if compared with thrice-weekly schedules. A 
recent review suggested that these schemes (daily, nocturnal or every-other-day) 
signifi cantly improve blood pressure control, CKD-MBD and quality of life. As 
mentioned in Chap.   21    , limited data are available on extended HDF schedules, such 
as short daily online HDF and nocturnal, every-other-day online HDF. One year 
after the switch from standard HDF to daily online HDF, there was an increase in 
body weight, better blood pressure control and a marked regression of left ventricu-
lar hypertrophy. Local infections, thrombosis or bleeding of the vascular access 
were not observed. Likewise, conversion from 4 to 5 h thrice weekly standard HDF 
to nocturnal online-HDF showed excellent clinical tolerance and patient accep-
tance, adequate social and occupational rehabilitation, better dialysis adequacy, 
marked improvement in nutritional status, regression of LVH, good phosphate and 
hypertension control with less medication. Hence, it appears that intensifi ed HDF, 
either applied daily for 2–3 h or every-other-day at night for 7–8 h, is associated 
with improvements in clinical and social-occupational rehabilitation. These attrac-
tive results await confi rmation in a prospective trial.   

    Disadvantages and Side-Effects of Hemodiafi ltration 

 Apart from its benefi cial effects on survival, treatment with HDF also has been 
associated with undesirable reactions, such as complement activation and platelet 
activation, as outlined in Chaps.   15     and   22    . Due to the high TMP and hemoconcen-
tration within the dialyzer, these effects are pronounced in online postdilution HDF, 
as indicated by the degree of platelet activation and need for heparin. Moreover, 
during HDF, unwanted loss of nutrients may occur, such as vitamin C and albumin. 
Furthermore, due to the high convection volume, kinetics and dynamics of fre-
quently prescribed oral and intravenous medication during HDF may be different 
from HD, as described in Chap.   24    . Finally, it is conceivable that an enhanced con-
vective transport of MMW uremic toxins in HDF may be accompanied by an unde-
sirable removal of useful metabolic and hormonal substances. However, since high 
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volume HDF is associated with a better clinical outcome than HD, the balance 
between desired removal and unwanted losses is probably most favorable during 
HDF treatment.  

    Practical Aspects 

 Just performing post-dilution online HDF does not automatically result in high con-
vection volumes. As described in Chap.   23    , the magnitude of the convection volume 
appears mainly determined by treatment-related factors and only to a limited extent 
by patient characteristics. From a retrospective analysis in CONTRAST patients, it 
appeared that blood fl ow and treatment time are the main determinants of the con-
vection volume. Interestingly, while the convection volume varied roughly between 
15 and 23 L/session, in some facilities,  all  patients were treated with exactly the 
same blood fl ow rate or treatment time, suggesting that center policy rather than 
patient characteristics is an important determinant of the magnitude of the convec-
tion volume in every day clinical practice. 

 Especially an increase in treatment time and blood fl ow rate (with matching nee-
dle size) will improve convection volumes. Although in general, lower blood fl ow 
rates are attained with a central venous catheter as compared to an AV fi stula or graft, 
a CVC is not a contra-indication for high volume HDF. As for the choice of the 
dialyzer, the highest convection volumes are obtained with a large membrane sur-
face area (>2 m 2 ), a high UF coeffi cient (>55 mL/mmHg/h), a wide capillary lumen 
diameter (>200 μm) and intermediate capillary length; more research on this topic 
is needed. For more details on dialyzers see Chap.   4    . Finally, it should be mentioned 
that adequate anticoagulation is mandatory in high volume HDF, as the high TMP 
needed for high UF volumes and the resulting hemoconcentration may induce pre-
mature fi lter clotting. In clinical practice, the dose of the prescribed anticoagulant 
was 10–25 % higher in HDF than in HD patients. Finally, training of the team, 
avoidance of recirculation, constant awareness and re-evaluation of the treatment 
and treatment goals at a regular basis are of utmost importance. Key requirements 
for performing high volume postdilution online HDF are mentioned in Table  25.1 .

       Implementation of HDF and Vision on the Future 

 The percentage of ESKD patients that is treated with HDF shows considerable vari-
ability worldwide, being 15–20 % in Europe, 8 % in Japan and virtually nil in the 
USA. Accepting the fact that mortality is reduced by approximately 30 % in high 
volume HDF, what are the reasons not to implement HDF as a fi rst choice treatment? 
First, practitioners may not yet be convinced about the superiority of high volume 
HDF, because RCTs showed confl icting results and the dose- response effect was 
obtained from  post hoc  analyses. Second, achievement of high volume HDF 
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necessitates extra training, attention and efforts from the technical and medical staff, 
as the high TMP and high fi ltration fraction may lead to bothersome alarms and some-
times interruption of the treatment. Third, while online production of fl uids (so-called 
“cold sterilization”) is offi cially accepted by the European Medicines Agency (EMA), 
this is not the case for the US Federal Drug Agency (FDA). 

 How should we proceed? Most importantly, the dialysis industries should make 
reliable water treatment systems and dialysis machines, able to deliver high dose 
HDF consistently, and without interruptions and frequent machine alarms. For the 
nephrologic community it may be time for a paradigm shift, since the dose of 
dialysis treatment should be based on the magnitude of the convection volume 
rather than on (changes in) biochemical variables. The dialysis staff should be 
trained and motivated to operate the dialysis machines in such a way that the pre-
defi ned amount of convection volume will be achieved in everyday clinical prac-
tice. Notably, high volume HDF can be performed in the same organizational and 
logistical infrastructure as is currently available in most centers in the Western 
world. Since online HDF has the potential of being one of the few real break-
throughs in nephrology over decades, an “end of discussion” trial, comparing high 
volume HDF with HD, should be done in the near future, taking not only ‘hard 
endpoints’ into account, but also patient’s well being. Lastly, to further optimize 
HDF additional studies should be designed to clarify the potential mechanisms 
behind its benefi cial effects. 

    Responsibility of Institutions, Insurance Companies 
and the Nephrologic Community 

 Although the “end of discussion” trial has not yet started, the available evidence 
indicates that HDF has a benefi cial effect on survival. Moreover, modern HDF is at 
least as safe and probably also cost-effective. Therefore, fi rst, the FDA should 

   Table 25.1    Key requirements for performing high volume postdilution HDF   

  Center level  
 Presence of modern dialysis machines, water treatment and delivery system 
 Technical staff able to deliver online HDF matching quality reference standards 
 Dialysis staff adequately trained on and aware of specifi c features of online HDF, also including 
the fact that a certain minimum dose is necessary to obtain full benefi t 
  Patient level  
 No specifi c subgroup of ESKD patients has been identifi ed to benefi t more than others. So, HDF 
may be choice of treatment for a wide range of ESKD patients 
 Vascular access should be able to deliver a blood fl ow 350–400 mL/min in the extracoporeal 
circuit. In order to limit the risk of (frequent) machine alarms, it seems advisable that an 
arteriovenous fi tula or graft should have a fl ow of at least 600 mL/min 
 Dialysis over a central venous catheter is not a contra-indication to perform high volume HDF 
beforehand 
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reconsider their moratorium on the cold sterilization process, as thousands of 
American ESKD patients are now restrained from a mode of dialysis therapy that 
may prolong their lives without loss of well being. Second, health insurance compa-
nies should promote and accept high volume HDF as fi rst choice treatment, because 
it most likely offers the best therapy within the presently accepted thrice-weekly 
treatment schedule. Lastly, the nephrologic community should implement high vol-
ume HDF in every day clinical practice, since we have the obligation to offer the 
highest level of care to our patients.     
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