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Extracorporeal renal replacement therapy and
blood purification in critical care
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Abstract

Objective – To review indications methods of renal replacement therapies (RRT) and practical considerations
for the creation of a RRT program.
Data Sources – Current human and veterinary literature review with a focus on advanced renal physiology and
clinical experience in RRT and acute/chronic kidney diseases.
Data Synthesis – Renal replacement therapies encompass intermittent hemodialysis, continuous renal replace-
ment therapy as well as some “hybrid” techniques. Each method of RRT has practical and theoretical advantages
but currently there is no evidence that one technique is superior to the other.
Conclusions – RRT is a valuable therapeutic tool for treatment of acute kidney injury and chronic kidney
disease. The implementation of an RRT program needs to take into consideration multiple parameters beyond
the choice of an RRT platform.
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Introduction

Extracorporeal renal replacement therapy (RRT) has
evolved over the past 40 years to become the advanced
standard of care for the management of acute kidney in-
jury (AKI) in veterinary medicine.1, 2 The demand for
RRT in veterinary therapeutics and especially in vet-
erinary critical care has expanded rapidly in the past
10 years. Today, the availability of renal replace-
ment modalities for companion animals has flourished
throughout the world but particularly in the United
States. The expansion of RRT also has resulted in
a transition in the perspective of dialytic therapies
from the purview of nephrologist to the attraction of
the criticalist or intensivist. The paradigm also has
caused a transition away from utilization of intermit-
tent extracorporeal modalities established by nephrolo-
gists to continuous modalities embraced by some crit-
icalists. In human medicine, this has prompted spir-
ited debate and encampment of advocates for each
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Abbreviations

AKI acute kidney injury
CRRT continuous renal replacement therapy
CVVH continuous veno-venous hemofiltration
CVVHD continuous veno-venous hemodialysis
CVVHDF continuous veno-venous hemodiafiltration
IHD intermittent hemodialysis
RRT renal replacement therapy
PIRRT prolonged intermittent renal replacement

therapy
TPE therapeutic plasma exchange

approach.3–8 Acknowledging specific benefits associated
with each modality, overall there appears to be no ob-
vious evidence-based advantages in outcomes of hu-
man patients with AKI when comparing intermittent
versus continuous modalities.9–19 Consequently, when
establishing a veterinary RRT program it is impor-
tant to consider beyond specific therapeutic modalities
based on specialty orientation established in human
medicine to therapeutic considerations, practicalities,
and economic realities specific to veterinary medicine.
It also is important to consider provision of broader
extracorporeal procedures such as hemoperfusion and
therapeutic plasma exchange in addition to RRT as
forms of extracorporeal blood purification. Our aim
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is to provide an overview and perspective on the
benefits, differences, and potential similarities afforded
by divergent extracorporeal platforms to nephrologists
and criticalists considering establishing an extracorpo-
real blood purification program.

Dogs and cats equally share the demand and
utilization for RRT, and techniques and equipment for
the delivery extracorporeal RRT are safe and effective
for animals as small as 1.5 kg or as large as 600 kg.20

The primary therapeutic applications for extracorporeal
blood purification in animals is to support the conse-
quences and homeostatic disorders associated with acute
uremia as a RRT, but there are equally important applica-
tions of blood purification following acute poisoning and
drug overdoses and for the management of fluid over-
load (Table 1).20 Conventional medical therapies cannot
reproduce the efficacy of extracorporeal procedures for
correction of the cumulative azotemia, biochemical al-
terations, and the acid-base, endocrine, and fluid disor-
ders associated with kidney failure or the intoxication
of an acute poisoning. Generally, delay or inopportunity
to initiate RRT in patients with AKI or acute poison-
ing leads to greater uremic symptomology, morbidity,
recruitment of additional organ dysfunction, and less
favorable outcomes.2, 19, 21

Modalities and Principles of Renal Replacement
Therapies

Currently applied extracorporeal RRT modalities are
broadly categorized into intermittent hemodialysis
(IHD) and continuous renal replacement therapy
(CRRT). Extending from these, broad categories are a
variety of modified procedures that better serve par-
ticular therapeutic goals and patient needs. Both IHD
and CRRT share common features that blood is circu-
lated in an extracorporeal circuit, and its composition
is modified by the mass transfer of solute and water
by diffusive and/or convective forces across an inter-
facing semipermeable membrane. The magnitude and
spectrum of the solute transfer is predicated by the na-
ture of the force(s) imposed across the membrane, on the
chemical and physical characteristics of the solute, and
the structural properties of the porous membrane. Water
and low molecular weight solutes (<500 daltons) pass
readily through the membrane pores, but the movement
of larger solutes, plasma proteins, and the cellular com-
ponents of blood are restricted by pore size and physical
characteristics of the membrane. The composition of the
blood returning to the patient is further influenced by the
prescribed composition of the dialysate solution used in
diffusive hemodialysis procedures or the replacement
solution used in convective dialysis.

Diffusive transfer of solutes used for hemodialysis oc-
curs by the thermal motion of the molecules in each so-
lution (blood and dialysate) causing their random en-
counter with the membrane and subsequent transfer
through porous channels of the appropriate size. These
random events are proportional to the respective con-
centration and thermodynamic potential of the solute
on each side of the membrane. Net solute transfer is
directed from the solution at higher concentration to
the solution at lower concentration or thermodynamic
potential.1, 20, 22 When there is no concentration gradient
for a solute across the membrane, the solute is at fil-
tration equilibrium. At this point, the driving force for
diffusion stops, and there is no further net change in con-
centration of the respective solutions despite ongoing
bidirectional and equal molecular exchanges between
them. The diffusive potential for every solute varies un-
der differing physiologic condition. Molecular weight is
the main determinant of kinetic motion and contributes
inversely to the rate of diffusion for individual solutes.
Small solutes such as urea (60 daltons) diffuse faster than
larger solutes such as creatinine (113 daltons), and gen-
erally the plasma concentration of small solutes decrease
faster than those of larger solutes during the course of
dialysis.20, 22 The intrinsic permeability of a membrane
for each solute is determined by its thickness, its effec-
tive surface area, and the number, size, and shape of its
pores or diffusion channels.23 In addition to these intrin-
sic membrane characteristics, net transfer of solutes is
influenced further by its molecular charge, protein bind-
ing, volume of distribution, and cellular seclusion.

Convective transport of solutes used in hemofiltra-
tion procedures is achieved by the process of ultrafiltra-
tion, in which water is driven through the membrane
by hydrostatic pressure gradients (rather than diffusive
concentration gradients). Diffusible solutes dissolved in
the water are swept through the membrane by solvent
drag.20, 22, 24 Convective transport does not require a con-
centration gradient across the membrane and does not
generate diffusive gradients or alter serum concentra-
tions. The transmembrane hydrostatic pressure gradi-
ent, hydraulic permeability, and the surface area and
sieving coefficient of the membrane determine the rate
of ultrafiltration and solute transfer. During hemofil-
tration, the transmembrane pressure generated by the
blood and effluent pumps initiate and control the rate
and volume of ultrafiltrate that is transferred to a waste
container. Convective transport has a greater capacity
to transfer middle and large molecular weight solutes
that have limited diffusibility. The solute concentration
of blood returning from the hemofilter (and ultimately
the patient’s blood composition) is modified or cor-
rected by the composition of a replacement solution in-
fused into the returning blood before (prefilter) or after
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(postfilter) ultrafiltration at the filter. Hemodiafiltration
is a hybrid treatment modality that is used in both IHD
and CRRT procedures combining both diffusive dialy-
sis and large-volume hemofiltration to achieve better
small and large molecular weight solute removal and
greater fluid removal than achieved by either technique
alone.24, 25

Adsorption of solutes is a third mechanism of blood
purification and occurs to a small extent on the mem-
branes of both hemodialyzers and hemofilters but is
maximized in the process of hemoperfusion. Hemop-
erfusion is an adsorptive extracorporeal therapy used to
manage endogenous and exogenous intoxications that
are not cleared efficiently by hemodialysis or hemofil-
tration. Adsorption is the principle of molecular attach-
ment of a solute to a material surface. In contrast to the
physical separation between blood and dialysate that oc-
curs during hemodialysis, during hemoperfusion blood
is exposed directly to an adsorbent with the capacity
to selectively or nonselectively bind solutes or toxins
of defined chemical composition within the blood path.
Hemoperfusion is an important adjunct to other extra-
corporeal blood purification therapies and should be in-
tegrated into veterinary RRT programs.26–29 Hemoper-
fusion is effective at eliminating high-molecular weight,
protein-bound, or lipid-soluble toxins or drugs that are
cleared poorly, if at all, by hemodialysis or hemofil-
tration (ie, diffusion and convection). Ideally, hemop-
erfusion adsorbents should have a high adsorptive
capacity for target solutes, be nontoxic and hemocom-
patible, minimally adsorptive for normal blood con-
stituents, sterile, free of endotoxins, noncarcinogenic,
and maintain a stable composition when exposed to
blood. Activated charcoal has been the adsorbent used
most commonly to eliminate endogenous and exoge-
nous toxins in vivo.28–30 Toxic substances are cleared
according to their molecular size and affinity for the
charcoal, their concentration in extracellular fluid, dis-
tribution volume, degree and affinity of protein binding,
and lipid solubility. Activated carbons can remove so-
lutes with a molecular mass ranging from 60 to greater
than 21,000 daltons.30

Delivery of Extracorporeal Therapy

All extracorporeal modalities share a requirement for
vascular access and the delivery of a large, continu-
ous flow of blood to the extracorporeal device. Typ-
ically, vascular access is provided by a temporary or
permanent, dual-lumen catheter placed surgically or
transcutaneously in the jugular vein by interventional
techniques.31–33 Each extracorporeal procedure requires
anticoagulation to prevent clotting of blood in the ex-
tracorporeal circuit. Most importantly, all extracorpo-

real modalities require a team of highly dedicated, ex-
ceptionally well-trained and experienced professionals
(nephrologists, intensivists, and technicians), and an ap-
propriately equipped facility to provide critical patient
care. Both IHD and CRRT demand the same degree of
technical expertise, dedicated experience, and under-
standing of extracorporeal therapies, nephrology, and
critical patient care.

The emergence of new RRT programs in veterinary
therapeutics has been entangled by the debate associ-
ated with which RRT delivery platform is most appro-
priate for human critical care nephrology. Consequently,
nephrology-based or critical care-based veterinary pro-
grams have tended to align with their counterpart hu-
man discipline for selection of an RRT platform. There
are, however, fundamental differences in the type and
characteristics of the patients, the etiologies and clinical
manifestations of disease, therapeutic indications, facil-
ities, professional staffing, and economics between hu-
man and veterinary RRT programs. Consequently, the
therapeutic platforms and treatment modalities used to
deliver extracorporeal RRT to animal patients should not
be based exclusively on discipline (nephrology versus
intensivist) preference or bias, latest trends, or market-
ing hype. Rather, decisions should be based on realistic
and considered understanding of veterinary therapeu-
tics, animal diseases, veterinary practice patterns, and
veterinary economics.

Intermittent Hemodialysis

Intermittent hemodialysis technically incorporates all
modalities (diffusion, convection, and adsorption) of
solute and fluid removal but is primarily a diffusive
process with convection and adsorption contributing
only to a minor extent depending on the capabilities
of the delivery system, the degree of ultrafiltration for
fluid removal, and the membrane type. Intermittent
hemodialysis has been used for 40 years in veterinary
therapeutics and has an established history of safety
and efficacy. Intermittent hemodialysis typically is pro-
vided for 3–6 hours per daily session and repeated on
a variable daily schedule (usually 3 times weekly) af-
ter an initial period of patient management that may
include 2–3 consecutive daily sessions. The overall effi-
ciency of IHD permits near normalization of body fluid
composition and volume during a single treatment ses-
sion, but its efficiency and intermittent delivery, results
in large, “saw tooth” excursions in solute concentra-
tion and fluid volume during and between treatments
that are nonphysiologic.34, 35 These rather drastic excur-
sions are generally tolerated in patients with chronic
kidney disease and in hemodynamically stable AKI,
but may be tolerated poorly in patients with severe or
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hemodynamically unstable AKI associated with sepsis,
shock, hypoxia, and severe fluid overload.36 The innate
efficiency for solute and fluid removal of IHD platforms
currently used for animal dialysis also may predispose
very small and severely azotemic animals to potentially
fatal complications associated with dialysis disequilib-
rium syndrome and hypovolemia if used inappropri-
ately by inexperienced personnel.20

Currently used IHD platforms have been designed
and certified for adult human (and not animal) use, but
their sophisticated design, monitoring systems, and in-
herent safeguards have made them safe, reliable, appro-
priate, and flexible enough for use in animal RRT. The
most fundamental differences between animal and hu-
man dialysis are the relative size of animal patients and
their requisite volume for the extracorporeal circuit. The
volume of the extracorporeal circuit is established by
disposable bloodlines and the hemodialyzer that are not
necessarily specific or intrinsic to the IHD platform per
se and can be configured independently to the require-
ments of the animal patient.

Intermittent hemodialysis platforms and treatment
prescriptions also can be configured to perform “hy-
bid therapies” in which the conventional modality is
adjusted to mimic a continuous modality if desired or
appropriate for the needs of the patient. Prolonged (or ex-
tended) intermittent renal replacement therapy, (PIRRT)
also termed sustained low-efficiency daily dialysis is a
modality performed on an IHD platform in which the
duration of the dialysis session is extended to 8–12 or
more hours. The intensity of the solute clearance and
ultrafiltration rate is minimized to facilitate more grad-
ual correction of solute and volume disturbances, to
provide greater protection from dialysis disequilibrium,
and enhanced hemodynamic tolerance. PIRRT pro-
motes efficacy and outcomes comparable to CRRT.36–40

(Figure 1).
Intermittent hemodialysis platforms generate an ul-

trapure dialysate solution on-line from highly purified
water and concentrated salt solutions. Dialysate compo-
sition, temperature, and flow rate are actively program-
able components of the dialysis prescription. Dialysate
is formulated to maximize elimination of uremia toxins,
prevent depletion of normal blood solutes, replenish de-
pleted solutes, and minimize physiologic and metabolic
perturbations during and after the dialysis sessions. The
countercurrent flow of warmed dialysate in the hemodi-
alyzer compensates for thermal losses from the blood in
the extracorporeal circuit and helps to prevent hypother-
mia in the patient. The requirement for an external puri-
fied water treatment system is often regarded as a deter-
rent to IHD platforms; however, small, self-contained,
and portable water purification systems that require a
minimum of operational expertise, maintenance, and

Figure 1: Changes in BUN before and during 420 minutes ex-
tended dialysis performed on a 2.9 kg cat with AKI secondary
to ureteral obstruction. The dialysate based, diffusive treatment
was performed on a Gambro Phoenix IHD hemodialysis plat-
form modified with a slow-dialysate bypass adaptor to provide
a dialysate flow (and urea clearance) of 3 mL/min.

monitoring can supply the water requirements for mul-
tiple IHD systems with relative portability.

Continuous Renal Replacement Therapy

Continuous renal replacement therapy encompasses a
variety of dialytic modalities depending on the pre-
scribed treatment to provide a slow and continuous rate
of solute and water removal over a prolonged period
approaching 24 hours per day.3, 6, 24, 34, 41 These therapies
have evolved to embrace the increasing severity of AKI
recognized in critically ill human patients in the ICU
setting who may not tolerate the physiologic and hemo-
dynamic excursions associated with IHD.8, 42 A variety
of continuous modalities are used singularly or in com-
bination to achieve the therapeutic goals. CRRT also in-
corporates all principles of solute and fluid removal but
is founded primarily as a convective process with dif-
fusion and adsorption contributing variably depending
on the modality of therapy. The basic modality, contin-
uous veno-venous hemofiltration (CVVH), is a purely
convective therapy in which a fraction (usually 15–30%)
of the blood volume passing through the hemofilter
is ultrafiltered removing water and toxic solutes to a
waste container at a rate between 20 and 45 mL/h/kg.
The composition and volume of the blood (and body
fluid volume and composition) are normalized by vari-
able replacement of the ultrafiltered volume by a sterile
commercially produced replacement solution of defined
composition to achieve the net removal of toxic solutes
and desired balance of normal solutes and water over
the course of the treatment. The replacement solution
can be added before the ultrafiltration process to mini-
mize hemoconcentration and clotting in the hemofilter
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or after the ultrafiltration process to maximize efficiency
of the treatment. Continuous veno-venous hemodialy-
sis (CVVHD) is a purely diffusive process conceptually
similar to IHD using relatively slow blood and dialysate
flow rates to promote continuous solute and water re-
moval over an extended 24-hour period. Continuous
veno-venous hemodiafiltration (CVVHDF) uses a com-
bination of convective and diffusive modalities to ex-
ploit the removal of water and larger molecular weight
solutes by the convective component and the efficiency
of the diffusive component for small molecular weight
solutes.

In distinction to IHD, CRRT modalities use ster-
ile dialysate or replacement solutions that are com-
mercially prepackaged rather than generated on-line.
This eliminates the need for a source of purified wa-
ter that makes the platform self-contained and generally
portable. However, the requirement for large volumes
of dialysate or replacement solution can be an economic
constraint for some modalities and for treatment of large
dogs.

Indications for RRT in Critical Care

The major application of dialytic therapy is the elimina-
tion of innumerable and unspecified solutes and fluid
retained during renal failure that would otherwise be
cleared by healthy kidneys. The management of AKI is
the most common indication for RRT.1, 20 The rapid ac-
cumulation of retained solutes with AKI intensifies ex-
pression of the clinical signs and metabolic disturbances
compared to the uremia of chronic kidney disease. Pre-
scriptions for RRT are prioritized to resolve hyper-
kalemia, profound azotemia, fluid imbalance, metabolic
acidosis, persisting nephrotoxins, and to accommodate
on-going therapies (eg, parenteral feeding) (Table 1).

In many circumstances, the therapeutic efficiency of
RRT must be applied judiciously to prevent overtreat-
ment. Correction of severe azotemia too rapidly height-
ens the risk of dialysis disequilibrium syndrome that
may be fatal.20 The risk of dialysis disequilibrium is espe-
cially accentuated in small animals with severe azotemia
whose depuration volume (ie, the volume subjected to
purification or clearance) is small relative to the effi-
ciency or clearance capacity of extracorporeal therapy.
With CRRT correction of the azotemia is performed grad-
ually over a protracted 24–48-hour treatment interval.
Delivery systems typically used for IHD are intrinsi-
cally more efficient than CRRT platforms and some-
times difficult to adapt to small animals requiring inef-
ficient treatment. Nevertheless, it is possible to provide
extended convective or diffusive hemodialysis sessions
(8–12+ hours) equivalent to CRRT rates of clearance on a
conventional human IHD platform. A dialysis treatment

Table 1: Indications for dialytic and extracorporeal therapies in
animals

Acute kidney injury

1. Anuria or severe oliguria
2. Failure of conventional medical therapy to initiate an adequate

diuresis
3. Failure of conventional therapy to control the azotemia, biochemical,

or clinical manifestations of acute uremia
4. Life-threatening fluid overload
5. Life-threatening electrolyte (hyperkalemia, hypernatremia,

hyponatremia) or acid-base disturbances
6. Severe azotemia—BUN > 80 mg/dL; serum creatinine > 8 mg/dL
7. Clinical course refractory to conservative therapy for 12–24 hours

Chronic kidney disease
1. Indefinite intermittent renal replacement therapy
2. Support for acute decompensation of chronic kidney disease
3. Finite renal replacement therapy for client transition to irreversible

disease status
4. Bridge to and/or from staged kidney surgery (ie, ureteral obstruction,

renal transplantation)

Miscellaneous
1. Severe overhydration, pulmonary edema, congestive heart failure
2. Acute poisoning/drug overdose (dialysis, hemoperfusion), ethylene

glycol, NSAIDs, caffeine
3. Endogenous intoxications, ie, liver failure (hemoperfusion, MARS R©)
4. Immune-mediated disease (therapeutic plasma exchange),

myasthenia gravis, polymyositis, polyneuropathy, IMHA, ITP, rapidly
progressive glomerulonephritis

5. Hyperproteinemia, ie, multiple myeloma (therapeutic plasma
exchange)

promoting a urea reduction of less than 5% per hour of
treatment has proven safe for animals of all sizes to pre-
vent the adverse effects rapid correction of the azotemia
when the blood urea nitrogen (BUN) concentration is >

107 mmol/L [300 mg/dL]20, 43 When the BUN concen-
tration is < 107 mmol/L [300 mg/dL], a schedule pro-
moting 10% urea reduction per hour can be delivered
safely. Consequently, the azotemia could be controlled
completely and safely in 20–24 hours of continuous ther-
apy or comparably in 2 sequential intermittent sessions
of 8–10 hours on the first day to establish a urea reduction
of 40–50% (Figure 1) followed with 3–6 hours of dialysis
on the second daily session to eliminate the residual urea
burden. It must be emphasized that evidence-based out-
comes data are not available in animals to support the
equivalency of these treatment regimens or the superior-
ity of one over the other, but they can provide equivalent
solute correction despite differences in treatment deliv-
ery. Regardless of the RRT platform, there is no alterna-
tive to providing a gradual and controlled rate of solute
clearance delivered over an extended time interval for
these high-risk patients.

A decision of considerable importance is when to tran-
sition from continuous to intermittent therapy for pa-
tients who remain dependent on RRT while the renal
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injury is repairing. It can challenging for patients to re-
main on continuous therapy for extended periods of
time, and it is uncommon for animals with typical eti-
ologies of AKI to recover sufficiently during a 1–3-day
window of therapy that might be provided practically
with continuous therapies. It is imperative the RRT pro-
gram have practical and cost-effective contingencies for
this transition, otherwise patients may be denied renal
support of sufficient duration to permit repair of the
renal injury and potential for recovery. To this end, a
RRT program emphasizing CRRT for the initial (critical)
phase of the AKI must also maintain a platform and per-
sonnel to provide intermittent therapy for all sizes of
animals for indefinite periods of time. If only a single
platform is to be available in an RRT program, it must be
capable of providing practical and cost-effective modal-
ities of renal replacement that are safe and efficient for
all stages of the disease. In other words, is the available
equipment equally capable to treat the critically azotemic
and hemodynamically unstable cat and St. Bernard from
presentation to discharge?

A fundamental requirement for all RRT indications is
the ability to provide ultrafiltration to correct fluid over-
load produced by medical therapies to manage the AKI,
fluids to support hemodynamics in critically ill animals,
or fluids to support other comorbidities or multiorgan
failure. Symptomatic hypotension during the delivery
of RRT lingers as a persistent threat due to the small
size of animal patients as well as the increasing require-
ment to treat animals with critical comorbidities. Bet-
ter maintenance of hemodynamic stability is one of the
expressed and historical foundations supporting selec-
tion of CRRT for critically ill human patients requiring
RRT and fluid removal.3–8 This perception, however, has
not been demonstrated convincingly, and many obser-
vational and randomized clinical human trials consis-
tently failed to document such superiority.9, 11–13, 15–17, 36

The maintenance of hemodynamic stability may not dis-
criminate IHD versus CRRT platforms per se but rather
reflect the prescription and delivery of therapy for the
management of solute removal and fluid balance by ul-
trafiltration. The susceptibility to hypotensive events is
influenced by body size, hydration status, the severity of
the uremia, the presence of cardiac disease or comorbid
conditions (eg, hemorrhage, anemia, sepsis, pancreati-
tis), and concurrent medications (eg, antihypertensives,
diuretics). For cats and small dogs, the volume of the ex-
tracorporeal circuit should be as small as possible but
may exceed 25–30% of the intravascular volume and
cause hypovolemia as the circuit is filled. Once the ex-
tracorporeal circuit is established, however, the rate of
blood flow through the circuit per se has little impact on
blood pressure but will influence the intensity of diffu-
sive and convective solute removal.

The rapid removal of plasma solutes in the early stages
of a dialysis treatment can decrease intravascular volume
and opposes refilling of the vasculature by fluid from
the extravascular space. More importantly, excessive or
rapid ultrafiltration that exceeds vascular refilling is the
most frequent cause of hypovolemia and transient hy-
potension during RRT. Consequently, the intensity of the
dialysis and ultrafiltration prescription has important in-
fluences on the hemodynamic stability of the patient.
These influences are not necessarily the consequence of
the RRT platform but rather the intensity of the prescrip-
tion for ultrafiltration and solute removal formulated by
the nephrologist or criticalist. Both platforms can be con-
figured to provide appropriate and equivalent therapies
if time and intensity of solute and fluid correction are
recognized as critical operational parameters.

An indication of increasing importance is detoxifica-
tion of animals subjected to accidental or malicious poi-
soning or acute drug over dosage. This use of extracor-
poreal therapy is especially important if there has been a
delay in medical management, there is limited endoge-
nous clearance of the toxin or its metabolites, or there
is no specific antidote for the toxicant. An RRT modal-
ity is often suitable and effective if the toxicant has a
low molecular weight (<1500 daltons), a small volume
of distribution and minimal protein binding. For toxi-
cants that do not match this profile, dialytic procedures
may be minimally effective and should be combined or
substituted with charcoal hemoperfusion or a selective
adsorbent. Consideration also should be given to the
efficiency of the extracorporeal platform used for the
detoxification. For the majority of intoxications, the most
expeditious elimination of the toxin is desired which
may be constrained by CRRT modalities. For acute life-
threatening intoxications (exogenous or endogenous, ie,
hyperkalemia), IHD is the most appropriate and efficient
blood purification modality. A partial list of removable
toxins is outlined in Table 1 and elsewhere.29, 33, 44 Ethy-
lene glycol (ie, antifreeze poisoning) is a common intox-
ication in companion animal practice, and it generally is
possible to eliminate 90–95% or more of the toxin with
a single intensive hemodialysis treatment.1 Many other
candidate toxins are emerging including barbiturates,
salicylates, antimicrobials, antidepressants, chemother-
apeutics, and especially nonsteroidal anti-inflammatory
drugs (NSAID) that may be removed poorly by dialytic
therapies and are more susceptible to hemoperfusion.
Hemoperfusion represents an important extension of the
extracorporeal therapies that can be provided when there
are no effective or efficient therapeutic alternatives.

Extracorporeal removal of inflammatory mediators or
endogenous toxins associated with sepsis or immune-
mediated processes are potential indications for selec-
tive hemoperfusion techniques or therapeutic plasma
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exchange (TPE). In veterinary medicine, preliminary
efficacy has been demonstrated for myasthenia gravis
and immune-mediated hemolytic anemia as examples
for immune-mediated disorders.45–48 Acute liver failure,
and more specifically hepatic encephalopathy also can
benefit from extracorporeal procedures including char-
coal hemoperfusion and molecular adsorbent recircu-
lating systems (MARS) that provide “artificial liver”
support.49 In sepsis, Systemic Inflammatory Response
and Multi-Organ Dysfunction Syndrome, RRT has been
used for cytokines removal, although the indications and
outcome benefit in humans are unclear50 and there are
no data in veterinary medicine. It is important to contact
individual manufacturers about the possibility of TPE as
specific CRRT and IHD platforms may have capacities
for these options.

Programmatic Considerations for a New Program

Important issues to confront at the outset of establishing
a RRT program are the components required to get the
program operational and sustainable. Many times the
decision to initiate a RRT program is based on frustra-
tions associated with the existing gap in the ability of
conventional medical therapy to adequately support the
immediate or ongoing needs of the acutely uremic or
intoxicated patient. This desire is bolstered by the attrac-
tion of available hardware and the exciting opportuni-
ties to embrace new and sophisticated therapies. Beyond
these incentives, it is important to formulate a realis-
tic plan that is programmatically sound, functional, and
medically proficient.

A RRT program has impact on the entire hospital, in-
cluding the ICU, the internal medicine and surgery ser-
vices, the interventional radiology service (if available),
and supportive services including radiology, nutrition,
ultrasound imaging, laboratory services, pharmacy, and
client services. It should be recognized also, that the call-
ing for extracorporeal therapies typically occurs on a
“feast or famine” basis. When active, a RRT programs
may do > 300 treatments a year, whereas, at other times,
a program may not be utilized for weeks at a time. Cre-
ation of a RRT program requires a hospital-wide com-
mitment, as it is considerably more complex than the
selection of a suitable extracorporeal platform and the
acquisition of the equipment to process blood. A series
of critical issues must be considered before the program
is launched.

Therapeutic Goals

All decisions fundamentally must be directed to the ther-
apeutic goals of the program. AKI is the most common
indication for RRT, but these patients present sporad-

ically, and the program with the broadest therapeu-
tic scope has the most potential to be programmati-
cally sound and economically viable. Dialysis patients
carry an overall poor prognosis associated with a 50–
60% mortality for some etiologies of AKI in dogs and
cats.21–24 These outcomes have potential to create a low
morale and overall sense of futility among the general
hospital staff. However, without RRT the 40–50% who
survive would have been included among the mortal-
ity statistics. Other indications for extracorporeal blood
purification including acute intoxications and immune-
mediated diseases appear to have better prognoses and
promote a sense of “magic” regarding the procedures.
Programs should have the capacity to effectively and
safely treat patients from 2 to 70 kg that represent the size
spectrum presented to small animal practice. In addi-
tion, capability for indefinite extracorporeal support be-
yond the initial 2–3 days of critical presentation must be
available for patients presenting for AKI. The calling for
finite periods of intermittent hemodialysis for animals
with chronic kidney disease is uncommon but provides
important opportunities to refine and extend the thera-
peutic expertise of the program, bolsters revenues, and
should be considered in program development. Beyond
the management of uremia, the value of an extracorpo-
real therapy program increases if it is equally capable to
support multiple modalities of blood purification includ-
ing hemoperfusion and potentially therapeutic plasma
exchange for acute intoxications and immune-mediated
diseases, respectively.

Professional Expertise

There have been profound technological advances in the
design of equipment for RRT in the past 2 decades to
facilitate safety and the interface between the doctor,
the patient, and the delivery system. Yet, extracorpo-
real therapies remain technically complex, profession-
ally demanding, and physiologically and metabolically
challenging for the patient. The delivery of extracorpo-
real RRT is not readily mastered by the untrained, self-
taught, or the casual RRT practitioner, regardless of the
perceptive simplicity of the platform or the provided in-
service training. Operational familiarity with the setup
and functionality of the delivery system, whether it is
a CRRT or an IHD platform, can be learned sufficiently
in a matter of a few practice sessions. However, this is
the least complicated and least important aspect of the
delivery of extracorporeal therapy. Beyond operation of
the machine, one must also master the establishment
and maintenance of vascular access, understanding of
materials biocompability, anticoagulation, dialysis effi-
ciency and kinetics, and critical care nephrology. The
clinician supervising a new RRT program should seek
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training opportunities at an established extracorporeal
program to more fully understand the complexities of
this sophisticated therapeutic modality and to acquire
the therapeutic standards and quality assurance required
for the delivered care. Unfortunately, formal training op-
portunities are sparse and may require commitments
from 6 months to 2 years. Many authorities in veteri-
nary RRT programs recommend active participation in
at least 100 RRT treatments as the minimum experience
for competency with these procedures. Beyond the me-
chanics and procedures of prescribing RRT, the attend-
ing clinician must have an advanced understanding of
nephrology that is generally beyond the training and
expertise of the internal medicine or critical care spe-
cialists. Be assured, the stewards of extracorporeal RRT
take great delight in the current recognition, perceived
need, and increasing demand for this discipline; how-
ever, the increasing number of evolving RRT programs
throughout the world has raised real concerns about the
consistency of the expertise and quality of de novo pro-
grams that have not been exposed to critical training or a
minimum of experience. There is increasing recognition
that quality assurance standards should be established
for the delivery of RRT in combination with certifica-
tion to recognize individuals and programs that have
acquired an advanced standard of expertise.

During RRT sessions performed on critically ill and
unstable patients, a clinician is usually warranted in at-
tendance during the entire treatment to consult on the in-
dications, timing, and modality of treatment; to establish
vascular access; to generate the dialysis prescription and
implement the treatment plan; and troubleshoot both
the patient and the equipment. In case of CRRT, clini-
cal coverage extends for 24 hours per day, and minute-
to-minute monitoring is required. Beyond active treat-
ments, a RRT program must maintain contingencies for
24-hour emergency coverage for every day of the year.
These clinical demands mandate a professional team of
at least 2 clinicians with appropriate expertise and expe-
rience in the discipline.

Technical expertise
The hemodialysis technician is the cornerstone of ev-
ery RRT program. Programmatic commitment to tech-
nical expertise should be established at the outset of
starting any program. Next to the professional ex-
pertise, the dialysis technician is the most important
component of the program and will require compara-
ble competency and patient experience. The safety and
minute-by-minute monitoring of the treatment as well as
the overall management and maintenance of the deliv-
ery systems is overseen by the dialysis technician. These
are responsibilities that require extensive training, expe-

rience, and on-going practice. They cannot be assigned
justifiably to technicians (students or house officers) with
primary competencies in other areas of nursing or criti-
cal care. This has considerable relevance to the delivery
of CRRT where the treatment will likely span multiple
shifts of nursing staffing, all of whom should share com-
parable competency.

If the RRT platform is part of the “regular” ICU, the
ICU technicians who help run the platform with the
clinician must all possess appropriate competencies to
perform the dialytic procedures and maintain a tech-
nician/patient ratio of 1:1. This likely will increase the
need for an “on-call” schedule to cover subsequent dial-
ysis shifts and the remainder of the ICU responsibilities
and the overall number of technicians needed for the
ICU. The CRRT nursing staff must be prepared for con-
secutive 24-hour shift commitments to deliver a treat-
ment that is likely to extend continuously over multiple
days. The “demand” on manpower probably doubles,
requiring 2–3 technicians, some of whom may be paid
extra due to overnight or overtime rates. The same is-
sue is relevant to a lesser extent for PIRRT treatments
delivered on IHD sessions that may extend beyond 6–
8 hours for the first treatment. A PIRRT treatment can
be delivered reasonably by a single technician with a
slightly prolonged initial shift who still can be prepared
for a subsequent treatment and normal shift the follow-
ing day. There also is unquestioned need for a training
and certification requirement for IHD and CRRT techni-
cians to assure competency for the skill set required for
the discipline.

Physical space
The dialysis environment should be quiet and distinct
from the fast pace, intermittent loud noises, and risk
for infectious agents associated with the ICU if possi-
ble. As the spectrum of patients requiring RRT shifts to
those with more critical care requirements, the proximity
of the “dialysis unit” to the ICU will become more im-
portant and may warrant appropriate accommodation
of space within the ICU.22 The IHD platform generally
requires a dedicated space to accommodate the piping
for the inlet water and drain requirements. Additional
space with inlet water and a drain is required for the
water purification system that is preferably located in an
isolated location in close proximity to the treatment area.
The CRRT platform theoretically is portable and can be
used at the “cageside” but is bulky enough to mandate
a dedicated space when in use.

Storage space is a consistently overlooked require-
ment of any RRT program. All RRT platforms require
ready access to a variety of bulky and heavy supplies
(multiple dialysate concentrates, CRRT replacement
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solutions, dialyzers and tubing sets, and CRRT car-
tridges), and adequate storage should be provided a high
priority in program planning.

Ancillary equipment
The RRT program requires its own dedicated patient
monitoring and ancillary equipment as required in
the “classic” ICU. If the ICU monitoring equipment is
“shared” with the RRT program, it will not be available
for the rest of the ICU when utilized for RRT necessi-
tating duplication of these equipment requirements. Al-
though some equipment sharing by the RRT program
and the ICU (eg, blood gas machine or point-of-care
chemistry analyzer) is effective, it requires a means to
transfer specimens if the programs are not colocated.
Guidelines for equipment requirements for an the RRT
program have been published.51 Some equipment re-
quirements distinctive or specialized for RRT include: a
patient-side coagulation monitor (ACT II by Medtronics,
Coag DX) and inline blood volume monitoring (CritLine,
HemaMetrics).1, 51

Extracorporeal RRT Platform

Perhaps the most polarizing and controversial decision
concerning a veterinary RRT program is the appropri-
ate platform or machinery to acquire. Veterinary RRT
evolved from the historical foundations of IHD that has
suited the needs of veterinary critical care nephrology
at its current state-of-the-art for nearly a half century.
The evolving attraction of veterinary critical care pro-
grams to follow lockstep with counterpart human pro-
grams and embrace CRRT needs thoughtful and unemo-
tional consideration. CRRT has evolved in the human
ICU as a niche RRT therapy to address unique and pre-
cise therapeutic requirement associated with the chang-
ing pathogenesis and clinical presentation of AKI in the
ICU associated with sepsis, shock, and multiple organ
dysfunction.3, 8, 42 In light of the lack of documented su-
periority of this platform the question must be asked, is
the scope of veterinary critical care nephrology equiv-
alent to critical care nephrology experienced in the hu-
man ICU? There is little doubt veterinary therapeutics
are becoming more complex and sophisticated, and the
pathogenesis of AKI in animals is broadening to include
sepsis, shock, and hemodynamic instability. Yet, in total,
these represent a small minority of animal patients re-
quiring RRT that today mostly involves infectious, toxic,
obstructive, and metabolic pathogeneses.

Ideally, a veterinary RRT program should incorpo-
rate the professional expertise, staff, commitment, and
equipment to appropriately address these traditional in-
dications for RRT, simultaneously prepare and meet the

emerging trends in veterinary critical care nephrology,
and embrace other forms of blood purification includ-
ing hemoperfusion and therapeutic plasma exchange.
For regional programs, and especially those without an
academic mandate, the resources to acquire and main-
tain the multiple platforms required to provide these
disparate therapies are extremely problematic. For pro-
grams operating a singular extracorporeal platform, it
should be one with the greatest flexibility for the spec-
trum of veterinary therapeutics while maintaining com-
patibility with the infrastructure of the hospital.

Intermittent Hemodialysis Platform

For some authorities, IHD currently represents the most
appropriate choice for a singular extracorporeal plat-
form for veterinary medicine. Current IHD equipment
has been uniquely applicable for the routine nephrolog-
ical indications that include AKI, chronic kidney dis-
ease, broad-spectrum intoxications, fluid overload, and
hemoperfusion. In addition, the current systems on most
IHD machines can be configured to perform intermit-
tent dialytic and convective prescriptions on all sizes
of animal patients. Creative prescription of the dialysis
treatment, facilitated by an understanding of the funda-
mentals of dialysis kinetics and the systems design and
operation of the delivery system, permit the safe, and ef-
fective delivery of dialysis for any clinical presentation.
The IHD platform also can be configured to perform
consistent and exceedingly slow (CRRT-like) dialysate-
based diffusive treatments with urea clearances as low
as 1.0 mL/min at any appropriate rate of ultrafiltration
for extended session lengths required for critical patients
with addition of a simple, external slow dialysate bypass
modifications to the machine (Cowgill, personal obser-
vation) (Figure 2). This slow dialysate bypass loop, main-
tains all the functionality, safety, and patient monitoring
configured into the IHD systems and permits PIRRT or
sustained low-efficiency daily dialysis treatment intensi-
ties while maintaining fast blood flow rates to minimize
clotting and anticoagulation requirements of the in the
extracorporeal circuit. As the patient emerges from ex-
tended dialysis requirements, it can be transitioned to an
indefinite IHD protocol on the same platform. The IHD
machine is not designed to perform convective prescrip-
tions as precisely as a CRRT machine in CVVH modality,
but a purely convective, PIRRT treatment could be pro-
vided if there were indication for such therapy.

Conventional IHD platforms have a variety of
circuit configuration, monitoring and operational
modalities generally not available with CRRT machines
including: blood volume monitoring, dialysate, and ul-
trafiltration profiling, on-line ionic dialysance for real-
time kinetic modeling and performance monitoring, and
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Figure 2: Illustration of a simplified external slow dialysate
flow adaptor used to divert and control the delivery of prod-
uct dialysate generated by a conventional IHD delivery system
to the hemodialyzer. The diversion circuit is depicted within the
dashed square. Within the box are illustrated (in the flow direc-
tion): inlet connection to the dialysate bulk flow (blue rectangle),
dialysate slow-flow fluid pump, inlet, and outlet connections to
the hemodialyzer, outlet “T” sampling port, and outlet connec-
tions to the dialysate bulk flow. Abbreviations: Qd, dialysate flow
rate; Qsd, slow dialysate flow rate; HD, hemodialyzer; Qb, blood
flow rate. Large arrows: (left, blue) dialysate flow direction; (right,
red) inlet and outlet (right, blue) blood flow direction. Small ar-
rows: inlet (blue) and outlet (red) slow-flow dialysate direction
(Cowgill LD, patent pending 2012).

thermal balance regulation. An IHD platform also is
more efficient for detoxification associated with acute
poisoning or drug overdose indications.

CRRT Platform

Newer CRRT platforms like the PrismaFlex have greater
versatility and flexibility than older CRRT technologies,
and proponents of this platform should not be enticed
by bargain prices for surplus or reconditioned machines
as they will be exceedingly limiting in operations and
difficult to service. Newer platforms perform all the con-
ventional CRRT modalities including: CVVH, CVVHD,
CVVHDF, slow continuous ultrafiltration, and TPE. A
CRRT platform with capacity for blood flow rates up to
450 mL/min provides the potential to transition a CRRT
patient to IHD when appropriate; although not at the
same economy as with an IHD platform.36, 52, 53 A CRRT
platform may be more portable for the management of
patients in multiple hospital locations as there is no need
for an external source of water. The extracorporeal cir-
cuit is limited to the cartridge options provided for the
machine that may limit prescription flexibility and the
opportunity for additional therapies including charcoal
hemoperfusion on some platforms. In addition, the ex-

tracorporeal circuit volume is slightly larger for available
CRRT platforms than possible with IHD. This is only
a relative draw back for patients weighing less than 6
kg, as there remains the option for blood priming for
patients whose hemodynamic stability would be com-
promised by the extracorporeal volume. A new CRRT
platform is likely to have a slightly higher initial setup
cost and will be more costly for individual treatments
but may have less costly service requirements than an
IHD platform.36, 52, 53

Future development of veterinary RRT will be secured
by ongoing technological advancements in its human
counterpart that likely will provide singular platforms
to deliver all RRT modalities. Applications and testing
of these advancements in animals should play a vital role
to foster and refine future extracorporeal procedures in
veterinary therapeutics. The area that remains most crit-
ical and pivotal for the future of this discipline lies in the
availability of high quality and comprehensive training
opportunities for the future advocates and practitioners
of extracorporeal blood purification.
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