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Abstract

High-volume hemodiafiltration involves filtration of >23 L/treatment and its replace-

ment by sterile non-pyrogenic substitution fluid, while maintaining the patient's fluid

balance. That volume of substitution fluid precludes the use of prepackaged sterile

fluid. Instead, substitution fluid must be prepared on-line using machines that incor-

porate a series of bacteria- and endotoxin-retentive filters. The sterilizing ultrafilters

are validated to deliver sterile, non-pyrogenic fluid to the patient when operated

according to the machine manufacturer's instructions and in compliance with interna-

tional standards and regulatory oversight. A successful hemodiafiltration program

also places important responsibilities on the user. Specifically, the user is responsible

for ensuring that the dialysis water or dialysis fluid delivered to the sterilizing filters

of the hemodiafiltration machine meets the machine manufacturer's specifications

and is consistent with the quality used in the sterilization validation process. The user

is also responsible for ensuring that the treatment prescription allows a filtration vol-

ume >23 L/treatment to be achieved by careful selection of a dialyzer, blood flow

rate and treatment time. Questions related to assurance that the substitution fluid

will routinely be sterile and non-pyrogenic have limited the uptake of on-line

hemodiafiltration as a therapeutic option in some countries, such as the

United States.

1 | INTRODUCTION

Solute removal in conventional high-flux hemodialysis (HD) occurs

mainly by diffusion, which limits the removal of larger molecular

weight solutes.1 Hemodiafiltration (HDF) addresses that limitation by

adding enhanced convection to diffusion. Convective solute removal

is achieved by ultrafiltering a volume greater than that required to

return the patient to their dry weight and replacing the excess by infu-

sion of substitution fluid. High-volume HDF, defined by a convective

volume of more than 23 liters per treatment,2 is associated with bet-

ter patient outcomes compared to conventional hemodialysis.3 The

volume of substitution fluid needed to achieve a convective volume

greater than 23 liters precludes the use prepackaged bags of substitu-

tion fluid. Instead, substitution fluid is prepared online from dialysis

fluid using HDF machines designed specifically for that purpose. The

following sections outline the prerequisites for machines used to

perform post-dilution HDF and discuss the role of the machine manu-

facturer and the user in assuring a safe and effective treatment.

2 | HDF MACHINES

Machines for HDF are based on conventional hemodialysis machines

with three additional components: (1) a means of producing sterile,

non-pyrogenic substitution fluid; (2) a pump for delivering that substi-

tution fluid to the patient; and (3) a system for maintaining fluid and

electrolyte balances while exchanging the required volumes of ultrafil-

trate and substitution fluid. Incorporation of a means of processing

non-sterile dialysis fluid and delivering it to the patient as sterile sub-

stitution fluid, priming fluid, or rinse-back solution is what differenti-

ates HDF machines from conventional HD machines from a functional

and regulatory perspective.4
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2.1 | Substitution fluid

HDF machines prepare dialysis fluid from dialysis water and concen-

trates in the same manner as conventional hemodialysis machines.

The dialysis fluid then undergoes further processing to produce

substitution fluid compliant with international standards for sterility

and non-pyrogenicity.5 Since the substitution fluid is used extempora-

neously, it is not possible to demonstrate compliance with standards

by prior laboratory testing. Instead, the substitution solution must be

produced by a process validated to produce sterile, non-pyrogenic

substitution fluid when the system is used according to the manufac-

turer's instructions.

The process used to produce substitution fluid in current HDF

machines is based on ultrafiltering dialysis fluid through a series of

bacteria- and endotoxin-retentive filters. The sterilizing ultrafilters

typically provide a six-log reduction in the number of incoming

bacteria and a three-log reduction in incoming endotoxin.6 The pro-

cess is validated to produce substitution fluid meeting the applicable

quality standard when supplied with dialysis water or dialysis fluid of

a specified quality for a specified filter lifetime, including all

anticipated disinfection cycles. The filters form an integral part of the

dialysis fluid pathway and are disinfected when the HDF machine is

disinfected. Safety is ensured by a filter integrity test performed

automatically before each treatment, by including redundant

ultrafilters, or by including an additional sterile single-use ultrafilter in

the disposable substitution fluid tubing set. At the end of their

specified lifetime, the filters are replaced according to the manufac-

turer's instructions.

The levels of electrolytes in the dialysis fluid used for high-volume

HDF might need to be adjusted from those used in conventional

hemodialysis to avoid electrolyte imbalances. For example, it may be

necessary to reduce the bicarbonate concentration in the dialysis fluid

to avoid over-correction of the metabolic acidosis seen in hemodialy-

sis patients.7 It might also be necessary to adjust the dialysis fluid

sodium concentration. The Gibbs-Donnan effect causes ultrafiltrate to

have a lower sodium concentration than the plasma water from which

it is derived, leading to an increase in plasma water sodium concentra-

tion along the length of the dialyzer. In conventional hemodialysis, the

concomitant diffusion of sodium into the dialysis fluid limits any ten-

dency for sodium to accumulate in the patient. However, at the higher

ultrafiltration rates used in post-dilution HDF, the diffusive loss of

sodium can be insufficient to counter the increase in concentration

arising from the Gibbs-Donnan effect, resulting in an increased

sodium burden for the patient.8 Since that increase would be propor-

tional to the convection rate, the effect would be more pronounced

with high-volume post-dilution HDF. The impact of the Gibbs–

Donnan effect can be negated by using a dialysis fluid sodium concen-

tration lower than that of the plasma water. A recent study comparing

sodium removal in post-dilution HDF and high-flux hemodialysis

showed no difference between the two modes of treatment when a

dialysis fluid sodium concentration 1 mmol/L lower than the

pre-dialysis plasma sodium concentration (138 and 139 mmol/L,

respectively) was used.9

2.2 | Substitution fluid infusion

HDF machines incorporate a pump to infuse substitution fluid into

the extracorporeal circuit. While the most common point of infusion

for high-volume HDF is in the venous line (post-dilution HDF), substi-

tution fluid may be infused into the arterial blood line (pre-dilution

HDF) or into the blood compartment of the dialyzer (mid-dilution

HDF). This discussion is limited to post-dilution HDF.

2.3 | Maintenance of fluid balance

The large volumes of fluid exchanged with the patient during an HDF

treatment require a precise fluid balancing system in the HDF

machine. The balancing chamber systems developed for conventional

hemodialysis with high-flux dialyzers can maintain fluid balance with a

precision of ±100 mL/treatment and, thus, are well suited for HDF.

3 | DIALYSIS WATER FOR HDF

HDF machines used to produce substitution fluid on-line are validated

to produce a sterile, non-pyrogenic fluid and deliver it to the patient

under specified operating conditions. An important component of

those operating conditions is the quality of the input dialysis water,

and the dialysis fluid prepared from it, as specified by the HDF

machine manufacturer. Dialysis water is produced from potable water

using a dedicated water treatment system. While local conditions can

influence the design of a water treatment system, in general the

design of a system for HDF does not differ from that of one used to

provide dialysis water for conventional hemodialysis.10 Both systems

will comprise a series of purification devices usually based on reverse

osmosis to remove chemical and microbial contaminants and a piping

loop to distribute the treated water to its points of use.11,12 While

there are no differences regarding the removal of chemical contami-

nants between the two applications, systems used for HDF can

require more rigorous controls for microbial contaminants than sys-

tems used for conventional hemodialysis. For example, the quality

requirements for dialysis water in current regulations published by the

United States Center for Medicare and Medicaid Services10 are not as

stringent as those in international standards5 and an upgrade in the

design and operation of the water treatment and distribution system

might be necessary to routinely comply with the specifications of the

HDF machine manufacturer.

4 | USER RESPONSIBILITIES

Dialysis fluid is produced from dialysis water and electrolyte concen-

trates meeting widely accepted quality standards.5 While responsibil-

ity for the design and validation of an HDF machine, and specification

of its input fluid quality, rests with the manufacturer of the machine

and is subject to compliance with international standards12 and
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regulatory oversight, the user is responsible for ensuring that the

quality of the input water or dialysis fluid meets the machine manu-

facturer's specifications on a day-to-day basis. That responsibility

includes following all manufacturers' instructions for the operation

and maintenance of the water treatment and distribution systems as

well as the HDF machines, including regular testing to confirm compli-

ance with the manufacturers' specifications. In the United States, that

responsibility for the quality of dialysis water and dialysis fluid is

clearly assigned to the Medical Directors of individual dialysis

facilities13

5 | ENSURING A HYGIENIC INTEGRITY

A rigorous approach to cleaning (descaling) and disinfection is an

important part of maintaining the quality of dialysis water and dialysis

fluid. A disinfection schedule shown to routinely produce dialysis

water of the requisite quality should be implemented and validated,

with testing for bacteria and endotoxin used to confirm the adequacy

of that schedule rather than being used to indicate when disinfection

is needed. Where permitted under the manufacturer's instructions for

use, thermal disinfection of the dialysis water storage and distribution

system with hot water is preferred to chemical disinfection because

the lack of residuals with the former allows daily disinfection, which is

increasingly recommended in many jurisdictions. Descaling is used

before disinfection to remove calcium deposits and help prevent bio-

film formation. The two processes can be combined by using citric

acid in conjunction with thermal disinfection. Detailed guidance on

maintaining and monitoring water storage and distribution systems as

well as HDF machines can be found in international standards for the

preparation and quality management of fluids for hemodialysis and

related therapies, including HDF.5

Concentrates should be obtained from commercial sources in a

form ready to use, either as a liquid or sterile powder cartridges. Batch

preparation of bicarbonate concentrates at the dialysis facility, a com-

mon practice in the United States and Japan, is not recommended

because of their susceptibility to microbial contamination except

when sterilizing ultrafiltration can be implemented as the final step of

preparation.

6 | REGULATORY CONSIDERATIONS

HDF machines incorporating the features described above have been

demonstrated to be highly reliable in large clinical studies.14–16

Despite that, and the widespread use of such machines in Europe and

Asia, on-line HDF is generally not available as a treatment option in

the United States. Part of the reason is a lack of HDF machines that

have received approval for use from the United States Food and Drug

Administration (FDA). Machines for HDF that generate substitution

fluid on-line are considered medical devices by the FDA and the

agency has outlined a pathway for their regulatory approval.4 To date,

however, only one HDF system has cleared the FDA process, in part

because of a perceived lack of clarity regarding what is required to

complete certain aspects of that regulatory process, particularly those

related to demonstrating the sterility and non-pyrogenicity of the sub-

stitution fluid.6 While the fluid balancing systems and the pumps used

for infusion of the substitution fluid are similar, and in some cases

identical, to what can be found in standard hemodialysis machines,

the infusion of large volumes of substitution fluid directly into the

blood during HDF has no direct equivalent in hemodialysis. Although

it is generally recognized that the internal filtration/back-filtration

associated with high-flux hemodialysis is an uncontrolled form of

HDF,17 the FDA does not consider it to be a form of HDF.6 That lack

of a predicate has made it almost certain that, in addition to bench

testing, clinical trials will be needed to demonstrate the safety of the

systems used to prepare substitution fluid. While approaches to

addressing the bench testing requirements of the FDA approval

pathway have been suggested,6 important questions remain about the

design of the clinical trials and what data are required to satisfy the

agency's concerns about the risks posed by on-line production of sub-

stitution fluid.6 Examples of areas outlined in the FDA's guidance on

the approval pathway that need clarification include how to demon-

strate that the substitution fluid remains sterile and non-pyrogenic

under conditions of routine clinical use and how to demonstrate that

biofilm will not develop in the substitution fluid pathway.

7 | ACHIEVING HIGH-VOLUME HDF

7.1 | Choice of a dialyzer

Uremic toxins are thought to extend in size up to 55–60 kDa18 and

the benefits of high-volume HDF are thought to arise from its ability

to remove larger uremic toxins.19 Achieving the removal of larger ure-

mic toxins requires the use of a dialyzer with a membrane permeabil-

ity profile that permits the convective clearance of small peptides and

proteins that would normally cross the glomerular basement

membrane. The removal of larger uremic toxins, however, must be

balanced against the possible loss of beneficial solutes, such as albu-

min. Currently available data suggest that long-term albumin loss

should be limited to <12 g/week,20 with a lesser amount (6–8 g/

week) being favored by many. Therefore, attention needs to be paid

to selecting a dialyzer for high-volume HDF that has a membrane

permeability profile that allows the maximum removal of large sized

uremic toxins while maintaining a low level of albumin loss.

In addition to a favorable membrane permeability profile, dia-

lyzers intended for high-volume HDF should incorporate design fea-

tures which favor convective solute removal. Dialyzers best suited for

HDF should have fibers with an increased internal diameter compared

to those used for hemodialysis to reduce the resistance to blood flow

and allow the filtration fraction to be maximized. Ultrafiltration rates

and, hence, rates of convective solute removal are low in conventional

hemodialysis compared to HDF. To partially offset that difference,

dialyzers intended for hemodialysis frequently have fibers with a

reduced internal diameter and an increased length to promote internal
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ultrafiltration and back-filtration, thereby increasing large solute

removal.21 These design features are undesirable in dialyzers intended

for HDF because they can increase viscosity and oncotic pressure

and, thus, limit the filtration fraction that can be achieved, as well as

reducing individual fiber flow and increasing the risk of clotting.22

7.2 | Blood flow rate

Prescribing and routinely achieving an adequate blood flow rate (QB)

is critical for successful implementation of high-volume HDF. The QB

must be high enough to provide the necessary filtrate flow rate while

limiting the filtration fraction to <30%. A filtration fraction greater

than 30% can lead to a high hematocrit in the dialyzer, which

increases pressures, membrane fouling, increased albumin loss, and

risk of clotting. In practice, the actual filtration fraction that can be

achieved for a given patient is limited by that patient's hematocrit.

The high filtration fraction used in high-volume HDF leads to the

development of a secondary protein layer at the surface of the dia-

lyzer membrane, which compromises both the hydraulic and solute

permeability profile of the membrane. The extent to which that sec-

ondary protein layer forms is dependent on the shear rate and shear

stress within each hollow fiber. To maintain an adequate shear rate

and make best use of the dialyzer, QB should be >200 mL/min-m2.

7.3 | Achieving the desired convective volume

Changes in blood flow rate and hematocrit during a treatment can

require regular adjustment of the ultrafiltration rate if the target con-

vective volume is to be achieved without triggering repeated

transmembrane pressure (TMP) alarms. Some HDF machines now

incorporate an ultrafiltration control system that automatically adjusts

the TMP to optimize the ultrafiltration rate in response to changes in

hematocrit and viscosity while maintaining a safe filtration

fraction.23–25
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