Chapter 21
Intensified Hemodiafiltration

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-
flow HD were first reported 30 years ago and showed excellent fluid 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 hemodiafiltration (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 *
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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, inflammation, 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 fluctuations in metabolic and
volume parameters, if compared with thrice-weekly schedules [7]. A recent review
suggested that intensified dialysis schemes (daily, nocturnal or every-other-day) sig-
nificantly improved blood pressure control, CKD-MBD and quality of life [8].
On-line postdilution hemodiafiltration (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 confirmed 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 Hemodiafiltration

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 first 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 3x/
week ‘standard’ OL-HDF (S-OL-HDF), who were switched to 2-2'/,h 6x/week
‘daily’ OL-HDF (D-OL-HDF). In both treatment options, bicarbonate based buffer
was used, a 1.8 m? high-flux polysulfone filter (HF80, Fresenius, Bad Homburg,
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Germany), a blood flow (Qb) of 445 +54 mL/min (350-560 mL/min), a dialysate flow
(Qd) of 800 mL/min minus the infusion flow (Qi 80—150 mL/min) and a Fresenius
4008 monitor. Reinfusion was performed in the postdilution mode. All patients had
native arteriovenous fistulas 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 Hemodiafiltration on Various Biomarkers

Although dialysis time was similar in both schedules, an increase in the dialysis
dose was obtained with D-OL-HDF, confirming the beneficial 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, f,-microglobulin (B2M),
myoglobin and prolactin were lower per session with D-OL-HDF, but the weekly
reduction ratios were significantly increased on D-OL-HDF (see Fig. 21.1). The
increased solute removal was more significant in solutes with greater molecular size
or lower intercompartment mass-transfer coefficient (Kc) and could be explained by
the creation of solute disequilibrium gradients by resistance to diffusion within tissues
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Fig. 21.1 Increase in the weekly percentage removal of a broad spectrum of solutes with short
daily on-line hemodiafiltration (D-OL-HDF) in comparison with three times a week on-line hemo-
diafiltration (OLHDF). Abbreviations are: Crea creatinine, Osteo osteocalcin, f2-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 quantified 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 magnified 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 deficiency. The use of intravenous iron
in daily dialysis experiences has not been clearly specified in the literature, but it is
possible that iron needs are higher than in standard HD.

Clinical Impact of Daily Hemodiafiltration

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 findings were confirmed 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 significant 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 first 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 benefit 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 Hemodiafiltration

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 intensified HDF schemes

Short daily

OL-HDF Nocturnal, every-other-day OL-HDF
Td (min) 150-180 420480
Qb (mL/min) 400-500 400-500
Qd (mL/min) 500-800 300400
Membrane surface (m?) 1.4-2.0 1.1-14
UF coefficient (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 hemodiafiltration recommended in

» Severe cardiovascular disease
* Poorly controlled hypertension
* Hyperphosphatemia

Clinical advantages of daily hemodiafiltration

* 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 Hemodiafiltration

Introduction

More than 30 years have passed since the Tassin group reported their experience of
long, slow-flow HD sessions, showing excellent blood pressure and fluid 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
efficiency 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
first reported in the literature. The study began in September 2007, and the first 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 3x/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 3x/
week with bicarbonate buffered dialysate, 1.4-1.8 m? high-flux helixone filters
(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 fistulae 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 finished 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?, 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 efficacy in 59 patients treated with
OL-HDFE 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 Hemodiafiltration
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 significantly. 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 significantly 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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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)

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
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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
first 6 months followed by 6 months of 35-50 L. Group B (n = 12): convective volume of 35-50 L
for the first 6 months followed by 6 months of 20-30 L (Reprinted from Maduell et al. [16]. With
permission from Oxford University Press)

phosphate supplementation in the dialysate [33, 34]. In children, Thumfart et al.
also reported a significant 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 2M levels did not decrease during follow-up, despite a
significant increase in convection volume, treatment time and frequency. Of note,
Ok et al. [27] did not observe reduced pre-dialysis p2M levels just by changing the
dialysis duration. The result of f2M 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 f2M 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 confirm this clinical observation, we
performed a new study to evaluate the influence of dialysis duration and infusion
flow 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 p2M was significantly 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 confirmed in the mathematical two-compartment model [35]. The
removal of larger molecules, such as myoglobin and prolactin, was significantly
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].
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Clinical Impact of Nocturnal Every-Other-Day
Hemodidfiltration

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 inflammation markers, probably because the patients were not previ-
ously inflamed and received treatment with biocompatible dialyzers, ultrapure dial-
ysis fluid and convective techniques. These nutritional advantages could also be
explained by the reduced fluid 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 five 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 significant changes over time.

Summary of Nocturnal Every-Other-Day Hemodiafiltration

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 flow 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.
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Intensified Hemodiafiltration 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 intensified
HDF schemes are summarized in Table 21.1.

Teaching Points (IT)
Nocturnal every-other-day hemodiafiltration recommended for/in

* Optimal work-life balance
* Poorly controlled hypertension
* Hyperphosphatemia

Clinical advantages of Nocturnal every-other-day hemodiafiltration

* 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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