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Abstract

Objective: To describe the indications, clinical features, outcomes and complications associated with use of
continuous renal replacement therapy (CRRT) in 17 client-owned dogs and 16 client-owned cats with acute or
acute-on-chronic renal failure refractory to aggressive medical management.

Series summary: Twenty-nine percent of dogs and 44% of cats had evidence of pre-existing chronic kidney
disease (CKD). Median duration of CRRT was 16.3 hours (range 0.3-83.0 hours) in dogs and 11.5 hours (range
1.0-35.5 hours) in cats. Median canine blood urea nitrogen (BUN) improved from 41.0 mmol/L (115.0 mg/dL)
to 11.8 mmol/L (33.0mg/dL) and creatinine from 636.5 mmol/L (7.2mg/dL) to 274 mmol/L (3.1 mg/dL).
Median feline BUN improved from 46.4mmol/L (130mg/dL) to 13.9mmol/L (39.0mg/dL) and creatinine
from 1069.6 mmol/L (12.1mg/dL) to 291.7mmol/L (3.3mg/dL). Metabolic acidosis resolved in 80% of
affected dogs and 71% of affected cats. Hyperkalemia resolved in 100% of affected dogs and 88% of affected
cats. Complications noted with CRRT included iatrogenic hypokalemia, iatrogenic metabolic alkalosis, clinical
hypocalcemia, total hypercalcemia, filter clotting, anemia, hypothermia, and neurologic complications. Forty-
one percent of dogs and 44% of cats survived to discharge. No dogs and only 1 cat developed newly
diagnosed CKD.

New or unique information provided: CRRT can be a viable option for the management of acute or acute-on-
chronic renal failure in dogs and cats that are refractory to aggressive medical management. The frequency of
complications associated with CRRT in this study warrants further experience with this modality before its

widespread use can be recommended.
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Introduction

Acute renal failure (ARF) is a potentially life-threatening
disease in dogs and cats. ARF-induced changes in meta-
bolic state and fluid balance may cause life-threatening
arrhythmias, hypertension, vasculitis, hypervolemia,
interstitial fluid retention, gastrointestinal bleeding,
oliguria, and anuria. These abnormalities may lead to
respiratory and circulatory collapse and damage to
other organ systems. Standard ARF management in-
cludes removal of the inciting cause, IV fluid therapy,
use of osmotic and chemical diuretic agents, medical
management of acid-base and electrolyte abnormalities,
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correction of fluid volume irregularities and uremic
signs, and nutritional and cardiovascular suppor’c.1
Despite aggressive intervention, many ARF patients
remain refractory to medical management and succumb
to the consequences of uremia before renal recovery can
occur." It is well recognized that replacement of renal
function can be performed via dialysis while awaiting
renal recovery or transplantation. Peritoneal dialysis
(PD) and intermittent hemodialysis (IHD) have been
successfully used to manage severe uremia due to var-
ious disease processes in dogs and cats.>” PD is readily
available and less expensive when compared with other
modalities. IHD is becoming more readily available but
the distance to dialysis centers may render this modal-
ity unfeasible for many pet owners. Additionally, many
veterinary patients requiring dialytic therapy have con-
current critical illness requiring care within an intensive
care setting that may not be equipped with IHD.
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Continuous renal replacement therapy (CRRT) is an
emerging therapy that has been investigated in veter-
inary medicine for the treatment of ARF and can be
utilized within the intensive care unit (ICU) setting.**
CRRT is a dialytic therapy that is continuously admin-
istered 24 hr/day rather than on an intermittent basis.’
Depending on the machine, extracorporeal circuit
(ECC) and mode prescribed, CRRT may use the prin-
ciples of convection, diffusion, or both to achieve clear-
ance of solutes and excess body fluid. In humans, CRRT
has been effective in treating a number of life-threat-
ening conditions including ARE®” Two recent reviews
of the indications for, and the biophysical principles
related to, CRRT have been published.*® Although
standardized CRRT prescriptions and protocols have
arisen in the human ICU setting, similar protocols have
not been established in veterinary medicine. CRRT is
currently being utilized in only a few veterinary set-
tings where experience is limited. There are reports in
the veterinary literature on the management of 1 client-
owned cat with ARF due to suspected lily toxicity, 4
dogs with induced experimental ARF and 1 client-
owned dog with naturally occurring ARE** The pur-
pose of this report is to describe the use of CRRT in the
treatment of ARF and acute-on-chronic renal failure
(AOCREF), secondary to various disease processes, in a
series of dogs and cats.

Materials and Methods

Criteria for case selection

Medical records of patients that received CRRT for ARF
or AOCRF at Advanced Critical Care and Internal
Medicine between February 2002 and April 2006 were
reviewed. The criteria for inclusion in the study were
patients that received standard medical therapy for
ARF or AOCRF as described below. When medical
management failed to improve clinical status, inter-
ventional management options including PD, IHD, and
CRRT were discussed with the owners. The owners of
all patients enrolled in this study elected CRRT in con-
junction with standard medical care.

Case management and CRRT technique

All patients were initially treated with IV fluid therapy
with or without the administration of chemical diuret-
ics, osmotic diuretics, or vasopressor agents. Despite
appropriate therapy including adequate restoration of
perfusion parameters and resolution of dehydration, all
patients had either worsening of, or lack of significant
improvement in, blood urea nitrogen (BUN) and serum
creatinine concentration. A subset of the cases also ex-
hibited concurrent non-responsive hyperkalemia, evi-
dence of fluid overload, and anuria.

CRRT for acute renal failure in dogs and cats

Following owner consent, a temporary central ve-
nous dual-lumen hemodialysis catheter® was placed in
each patient utilizing systemic or local (or both) anal-
gesia alone or in combination with general anesthesia.
The largest diameter catheter that could reasonably be
placed was selected, based on patient weight and jug-
ular vein size. Size 8 Fr catheters were placed in all cats
and catheters ranging in size from 8 to 14.5 Fr were
placed in dogs. Catheters were preferentially inserted
into the right external jugular vein. The left external
jugular vein was used when right jugular vein place-
ment was not possible. The distal tip of the catheter was
advanced to the level of the right atrium when possible
or the cranial vena cava when catheter length pre-
cluded atrial placement. Thoracic radiography was
used to confirm appropriate catheter tip location. Ul-
trasound-guided needle® biopsy and histopathology of
the kidney were performed when owners consented.

Continuous venovenous hemodiafiltration (CVVHDEF)
was initiated using a combination of convective and
diffusive solute clearance with ultrafiltration. The dial-
ysis machine? utilized ECCs with integrated AN69
(acrylonitrile/sodium  methallyl sulfonate) hem-
odialyzer filters.® ECCs® with a priming volume of
50 mL were used for all patients weighing 10 kg or less.
ECCs® with a priming volume of 84 mL were used for
dogs weighing between 10 and 30kg. ECCs® with a
priming volume of 107mL were used for all dogs
weighing >30kg, with the exception of 1 dog weighing
60kg in which an ECC with a priming volume of 84 mL
was utilized due to unavailability of an ECC with
107 mL prime volume. The ECC was primed with 0.9%
sodium chloride.! Commercially available balanced
electrolyte dialysate solutions were used. A solution
containing 140mEq/L sodium, 5mEq/L potassium,
98 mEq/L chloride, 3mEq/L magnesium, 27 mEq/L
acetate, and 23 mEq/L gluconate was used before Feb-
ruary 2005.% A solution containing 140 mEq/L sodium,
2mEq/L potassium, 108 mEq/L chloride, 1mEq/L
magnesium, 3mEq/L lactate, and 32mEq/L bicarbon-
ate was used, thereafter." Regional citrate anticoagula-
tion (RCA) of the ECC was performed using 4.0%
sodium citrate solution' administered at the level of the
blood access line to remove ionized calcium from blood
within the circuit. Calcium chloride (0.8%) solution) was
administered at the level of the blood return line to
replace patient ionized calcium. Balanced isotonic crys-
talloid pre-filter replacement solution was used. The
specific composition of replacement fluid selected was
based on patient pre-CRRT laboratory values and in-
cluded either balanced alkalinizing isotonic crystallo-
ids®* or 0.9% sodium chloride. Initial extracorporeal
flow rates were based on a human pediatric CRRT pro-
tocol' and included blood flow rate of 2-5mL/kg/min,
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dialysate flow rate of 1150 mL/ m?/hr, sodium citrate
solution rate of 1.5 times the blood flow value (in mL/
hr), calcium chloride solution rate of 0.4 times the so-
dium citrate flow value (in mL/hr), replacement fluid
rate of 0-250mL/hr and net ultrafiltration rate of 1-
2mL/kg/hr depending on patient fluid balance at the
time of initiation of CRRT.

Paired venous blood samples were obtained hourly,
or more frequently, if indicated, from the ECC and a
patient central IV catheter. These samples were ana-
lyzed for ionized calcium levels using point-of-care an-
alyzers.”™" Adjustments to citrate and calcium rates
were made to maintain the extracorporeal ionized cal-
cium <0.4mmol/L (1.6mg/dL) and patient ionized
calcium between 1.1 and 1.4mmol/L (4.4-5.6 mg/dL).
Ultrafiltration rate was adjusted based on clinician as-
sessment of patient fluid balance status. The access and
return lines of the ECC were reversed if considered in-
dicated by inadequate blood flow from the catheter ac-
cess port. Heat support was provided via an in-line IV
fluid line warmer° internal cage heat support,? and
external circulating air heater.? Supplemental therapy
was administered at the discretion of the attending
clinician.

Patient monitoring during CRRT included rectal tem-
perature, pulse rate, and systolic blood pressure (SBP)
using a Doppler blood pressure device." Urine output
(UOP) was monitored via an indwelling urinary cath-
eter and closed collection system. Urine samples were
submitted for culture and antibiotic sensitivity if not
previously obtained. Patient BUN, serum creatinine,
central venous acid-base, electrolyte, and hematocrit
values were obtained on an hourly basis using point-of-
care analyzers.™" Additional labwork was performed
at the discretion of the attending clinician.

CRRT was continued until renal biochemical values
had normalized and uremic complications had re-
solved. Post-CRRT supportive therapy was prescribed
at the discretion of the attending clinician. CRRT was
reinstituted in patients whose renal function remained
inadequate on post-CRRT support.

Extraction of data from medical records

The following information was collected from each
medical record: signalment; concurrent disease pro-
cesses; body weight on presentation; historical evidence
of CKD; duration of therapy before referral; duration of
therapy following referral but before initiation of CRRT;
significant abnormalities in pre-treatment labwork
(complete blood count, chemistry panel, electrolytes,
acid-base values, urinalysis, urine culture/sensitivity);
indications for CRRT; dialysis catheter size; dialysis fil-
ter size; dialysis prescription and duration of dialysis;
change in BUN, creatinine, sodium, potassium, ionized

and total calcium, and hematocrit concentrations dur-
ing CRRT; complications, duration of therapy following
CRRT but before discharge; patient outcome; and re-
sults of renal histopathology. The incidence of ARF and
AOCRF in dogs and cats in the ICU population during
the study period was determined by a computerized
database search.

Statistical methods

Descriptive statistics were performed and results re-
ported as median and range. When laboratory values
were reported to be above the analyzer’s detectable
range, the high limit of the analyzer range was used in
calculations and figures.

Results

Demographics

Seventeen dogs were treated with CRRT and included 9
spayed female, 1 intact female, 4 neutered male, and 3
intact male dogs. Breeds represented include Labrador
Retriever (n =4), Shetland Sheepdog (1 =3), German
Shepherd Dog (1 =2), and 1 each of American Eskimo,
Scottish Terrier, Staffordshire Terrier, Brittany Spaniel,
Miniature Bull Terrier, Newfoundland, Jack Russell
Terrier, and mixed breed dog. Median age at presenta-
tion was 88 months (range 6-194 months). Median
body weight at presentation was 26.55kg (range 10.68—
60.00kg).

Sixteen cats were treated with CRRT. This group in-
cluded 12 neutered male and 4 spayed female cats.
Breeds represented include Domestic Shorthair
(n=12), Domestic Longhair (n=1), Maine Coon
(n=2), and Tonkinese (n = 1). Median age at presenta-
tion was 109 months (range 14-194 months). Median
body weight at presentation was 5.57 kg (range 2.84-
6.45kg).

Indications for renal replacement therapy (RRT) in
dogs included inadequate improvement of azotemia
(n=17) with concurrent evidence of fluid overload
(n=4) or anuria (n = 1). In cats, RRT was indicated due
to inadequate improvement of azotemia (1 =16) with
concurrent evidence of fluid overload (n =7) and non-
responsive hyperkalemia (1 = 2).

The incidence of ARF and AOCRF in our facility’s
ICU population during the study period was 1.12% and
0.56%, respectively (1.68% combined) for dogs (243
ARF, 122 AOCREF, total cases 21,692) and 1.35% and
1.74%, respectively (3.11% combined) for cats (104 ARF,
133 AOCRE, total cases 7,627). The 17 dogs treated with
CRRT represented 4.66% of all dogs with ARF or
AOCRF combined and the 16 cats treated with CRRT
represented 6.75% of all cats with ARF or AOCRF
combined.
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Figure 1: Canine blood urea nitrogen concentration versus duration of continuous renal replacement therapy. Each line represents 1
patient’s data. Symbols in this figure have been randomly assigned to patients and are not consistent between figures.

Evaluation before CRRT

Median duration of medical therapy at a referring vet-
erinary facility before presentation was 39 hours (range
0-168 hours) in dogs and 49 hours (range 0-104 hours)
in cats. Median duration of therapy from admission to
our facility to initiation of CRRT was 5.5 hours (range
0.5-97.0 hours) in dogs and 5.0 hours (range 1.5-34.5
hours) in cats. Median duration of CRRT in dogs was
16.3 hours (range 0.3-83.0 hours) and in cats was 11.5
hours (range 1.0-35.5 hours).

Common abnormalities in pre-CRRT labwork reflect-
ing the renal component of each patient’s illness are
reported in sections below. Remaining laboratory
changes did not affect the course of CRRT. Urine cul-
ture was positive for Escherichia coli in 2 dogs, Strepto-
coccus canis in 1 dog, and Enterococcus faecalis in 1 dog.
Urine culture was positive for Escherichia coli in 1 cat.
No patients were diagnosed with leptospirosis. Incon-
sistently reported UOP measurements prevented useful
conclusions regarding UOP.

Physiologic changes associated with CRRT
BUN/creatinine: Pre-CRRT BUN results were above
the analyzer’s readable range in 5 dogs and 3 cats. In
these cases, the analyzer’s high limit (46.4 mmol/L
[130.0mg/dL]) was used in pre-CRRT calculations and
in figures. Three dogs and 2 cats died before collection
of recheck labwork after initiation of CRRT. All re-
maining patients showed improvement in the degree
of azotemia with CRRT, as shown in Figures 1-4.

BUN in dogs improved from a pre-CRRT median of
41.1mmol/L (115.0mg/dL) (range 23.6-100.0 mmol/L
[66.0-281.0mg/dL]) to a post-treatment median of
11.8mmol/L (33.0mg/dL) (range 4.3-22.5mmol/L
[12.0-63.0mg/dL]). The median creatinine in dogs de-
creased from 636.5mmol/L (7.2mg/dL) (range 247.5-
1290.6 mmol/L [2.8-14.6mg/dL]) to 274.0mmol/L
(3.1mg/dL) (range 159-397.8mmol/L [1.8-4.5mg/
dL]) following CRRT treatment. BUN in cats improved
from a median of 46.4mmol/L (130.0mg/dL) (range
25.3-92.4mmol/L [71.0-259.0mg/dL]) to 13.9 mmol/L
(39.0mg/dL) (range 7.9-40.7 mmol/L [22.0-114.0 mg/
dL]) following CRRT treatment. The median creatinine
in cats decreased from 1069.6mmol/L (12.1mg/dL)
(range 415.5-1900.6 mmol/L [4.7-21.5mg/dL]) to
291.7mmol/L (3.3mg/dL) (range 132.6-786.7 mmol/L
[1.5-8.9mg/dL]) following CRRT treatment.

Potassium

Two dogs demonstrated hyperkalemia at the initiation
of CRRT. The potassium normalized in 1 dog (from 6.30
to 4.92mEq/L; reference interval 4.0-5.6mEq/L) and
hypokalemia developed in the other (from 5.61 mEq/L
to a nadir of 2.87mEq/L) during CRRT. Intradialytic
iatrogenic hyperkalemia (6.18 mEq/L) due to excessive
IV fluid potassium chloride supplementation® occurred
in 1 dog that was normokalemic prior to CRRT. The
potassium in this dog normalized (4.78 mEq/L) during
CRRT with decreased IV fluid potassium supplement-
ation. Intradialytic hypokalemia occurred in 12 dogs
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Figure2: Canine serum creatinine concentration versus duration of continuous renal replacement therapy. Each line represents 1
patient’s data. Symbols in this figure have been randomly assigned to patients and are not consistent between figures.

(median nadir 3.14mEq/L, range 2.41-3.37mEq/L).
With increased potassium supplementation, hypo-
kalemia worsened in 1 dog (from 2.86 to 2.41 mEq/L),
persisted in 7 dogs (median 3.35mEq/L, range 2.83-
3.94mEq/L) and resolved in 3 dogs (4.24, 4.80, and
4.92mEq/L).

Nine cats demonstrated hyperkalemia (median
6.96 mEq/L, range 5.50-8.67 mEq/L; reference interval
3.9-5.3mEq/L) at the initiation of CRRT. Two of these
cats showed persistent hyperkalemia despite aggres-

260

sive therapy before CRRT (potassium increasing from
8.00 to 8.21 mEq/L over 2.5 days of therapy in 1 cat and
decreasing from 8.70 to 7.55mEq/L over 21 hours of
therapy in the other). Hyperkalemia resolved in 7 cats
(median 4.41 mEq/L, range 3.34-5.30mEq/L) and im-
proved but persisted in one cat (from 6.70 to 6.20 mEq/
L) during CRRT. One hyperkalemic cat died before a
recheck potassium value could be obtained. Intradialy-
tic hyperkalemia due to excessive IV fluid potassium
supplementation occurred in 3 cats (median 6.15mEq/L,
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Figure 3: Feline blood urea nitrogen concentration versus duration of continuous renal replacement therapy. Each line represents 1
patient’s data. Symbols in this figure have been randomly assigned to patients and are not consistent between figures.
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Figure 4: Feline serum creatinine concentration versus duration of continuous renal replacement therapy. Each line represents 1
patient’s data. Symbols in this figure have been randomly assigned to patients and are not consistent between figures.

range 5.55-6.55mEq/L). The potassium normalized
(3.92, 4.01, and 5.2mEq/L) in all cats with a decrease
in IV fluid potassium supplementation. Intradialytic
hypokalemia occurred in 7 cats (median nadir
2.97mEq/L, range 2.20-3.15mEq/L). All 7 cats were
normokalemic before CRRT. Hypokalemia improved
but persisted in all 7 cats (median 3.10mEq/L, range
2.69-3.32mEq/L) during CRRT.

Sodium

One cat presented with evidence of chronic hyperna-
tremia (4 day duration) before CRRT. This cat had rapid
lowering of sodium concentration (from 171 to
166 mEq/L; reference interval 147-156 mEq/L) during
the initial 1.5 hours of CRRT. This cat developed central
nervous system (CNS) signs and seizures and died de-
spite resuscitation efforts following cardiorespiratory
arrest. The concurrent drop in BUN could not be cal-
culated in this cat because it died before a recheck BUN
was measured. latrogenic hypernatremia (163, 161, and
166 mEq/L) developed in 3 cats. All were nor-
monatremic before CRRT but were receiving IV 50%
dextrose' (2 cats) or IV mannitol" therapy (2 cats). The
iatrogenic hypernatremia resolved in 1 cat with IV 5%
dextrose in water’ and improved but persisted in
the remaining cats (from 163 to 157 mEq/L and from
166 to 156 mEq/L). None of these 3 cats received a
hypernatric dialysate, replacement solution, medica-
tion, or infusion.

Calcium

Total calcium values were reported in 9 dogs during
CRRT. Four dogs that had normal total calcium values
within the reference interval of 2.1-3.1 mmol/L (8.2—
12.4mg/dL) before CRRT developed iatrogenic total
hypercalcemia (median 4.2mmol/L [16.7mg/dL],
range 3.3-53mmol/L [13.4-21.2mg/dL]) during
CRRT. Two additional dogs had total hypercalcemia
before CRRT that increased (from 3.1 to 4.7 mmol/L
[12.5-18.9mg/dL] and from 3.2 to 5.2mmol/L [12.7-
21.0mg/dL]) during CRRT. One hypercalcemic dog
was euthanized during CRRT before a recheck calcium
value was measured. Hypercalcemia had improved in 1
dog 18 hours post-CRRT (from 3.9 to 3.2 mmol/L [15.5-
12.9mg/dL]) and in 1 dog 20 hours post-CRRT (from
5.3 to 3.1mmol/L [21.2-12.5mg/dL]). The remaining 3
dogs did not have the value rechecked before dis-
charge. The total calcium value had normalized in all
surviving dogs at the time of first recheck between 3
and 8 days after discharge.

Total calcium values were reported in 3 cats during
CRRT. Two cats had normal total calcium values within
the reference interval of 2.0-2.9mmol/L (8.2-11.8 mg/
dL) before CRRT but developed iatrogenic hypercalce-
mia (4.0mmol/L [16.0mg/dL] and 4.5mmol/L
[18.2mg/dL]) during CRRT. One hypercalcemic cat
was euthanized before a recheck calcium value was
measured. Total calcium value had normalized in the
other cat by the time of recheck 11 days later.

Ionized calcium values were reported in 15 dogs
during CRRT. Ionized hypocalcemia occurred in all 15
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dogs (median nadir 0.66 mmol/L [2.65mg/dL], range
0.34-0.95 mmol/L [1.36-3.81 mg/dL]; reference interval
1.12-1.40 mmol/L [4.49-5.61mg/dL]). Four dogs had
clinical signs consistent with ionized hypocalcemia as
demonstrated by muscle fasciculations (17 =3) and se-
vere muscle tremors (n =1). The median ionized cal-
cium nadir for clinically affected dogs was 0.68 mmol/L
(2.73mg/dL) (range 0.34-0.74 mmol/L [1.36-2.97 mg/
dL]). One mildly affected dog was not treated for the
hypocalcemia and remained symptomatic throughout
therapy. Complete resolution of signs was observed in
the remaining 3 dogs after treatment with an increased
rate of IV calcium chloride and administration of IV
calcium gluconate.™

Ionized calcium values were reported in 13 cats dur-
ing CRRT. Ionized hypocalcemia occurred in all of the
13 cats (median nadir 0.56 mmol/L [2.24 mg/dL], range
0.34-0.82 mmol/L [1.36-3.29 mg/dL]; reference interval
1.12-1.42mmol/L [4.49-5.69 mg/dL]). Four cats were
clinical for the ionized hypocalcemia demonstrated by
muscle fasciculations (n =3) and tachypnea with shal-
low respirations (n = 1). The ionized calcium nadir was
unavailable in 2 of these cats and was 0.37 mmol/L
(1.48mg/dL) and 0.83mmol/L (3.33mg/dL) in the
others. Complete resolution of signs was observed in all
cats after treatment with an increased rate of IV calcium
chloride (n=3) and administration of IV calcium glu-
conate (n =2).

Acid-base balance

Venous acid-base values were reported in 16 dogs dur-
ing CRRT. Ten had metabolic acidosis before CRRT
(median bicarbonate 15.6 mEq/L, range 10.9-17.2mEq/
L; reference interval 20.8-24.2mEq/L). With CRRT, ac-
idosis resolved in 8 dogs (80% of affected dogs) (me-
dian bicarbonate 23.1mEq/L, range 22.5-31.2mEq/L)
and improved but persisted in 2 dogs (bicarbonate from
15.6 to 18.3mEq/L and from 15.8 to 16.4mEq/L). Five
dogs developed iatrogenic metabolic alkalosis during
CRRT (median bicarbonate 30.1 mEq/L, range 20.5-
31.2mEq/L) that resolved over time without specific
therapy. Three of these dogs had normal acid-base pa-
rameters before CRRT (bicarbonate; 22.4, 23.2, and
23.7mEq/L) and 2 had metabolic acidosis before CRRT
(bicarbonate; 16.0 and 17.2mEq/L).

Venous acid-base values were reported in all cats
during CRRT. Fourteen had metabolic acidosis before
CRRT (median bicarbonate 14.4mEq/L, range 10.0-
17.6 mEq/L; reference interval 18.0-23.2mEq/L). While
on CRRT, acidosis resolved in 10 cats (71% of affected
cats) (median bicarbonate 25.6mEq/L, range 20.3-
33.0mEq/L), improved but persisted in 1 cat (bicar-
bonate from 13.0 to 17.0mEq/L), showed no significant
change in 1 cat (bicarbonate from 12.0 to 12.0mEq/L

during 1.4 hours of CRRT before death), and worsened
in 1 cat (bicarbonate from 15.0 to 11.9 mEq/L). Four cats
developed iatrogenic metabolic alkalosis during CRRT
(median bicarbonate 30.5 mEq/L, range 26.2-30.8 mEq/
L). One of these cats had normal acid-base values (bi-
carbonate 21.9mEq/L) before CRRT and 3 had meta-
bolic acidosis (11.1, 14.4, and 17.6 mEq/L) before CRRT.
In all surviving cats, the metabolic alkalosis resolved
over time without specific therapy.

Hematologic

Transfusion of 1U of packed red blood cells (PRBCs)
was required in each of 4 dogs due to blood loss anemia
following hemodialyzer filter clotting. Five units of
PRBCs were required due to blood loss anemia follow-
ing hemodialyzer filter clotting in 4 cats.

Blood pressure

Blood pressure readings were reported in 15 dogs dur-
ing CRRT with hypotension developing in 2 dogs
(Doppler SBP value of 53 and 56 mmHg). These dogs
were previously normotensive (106 and 112mmHg).
One of these dogs died due to cardiorespiratory arrest
at the time of documented hypotension. The hypoten-
sion resolved in the remaining dog and SBP stabilized
between 112 and 152 mmHg without specific interven-
tion. Blood pressure readings were reported in 12 cats
during CRRT. One cat had been normotensive (SBP
120 mmHg) before CRRT and developed hypotension
(SBP 65 mmHg) during CRRT. This cat died due to car-
diorespiratory arrest at the time of documented hypo-
tension.

Thermoregulation

Ten dogs experienced hypothermia (median 36.1 °C
[97.0 °F], range 35.5-37.1 °C [96.0-98.7 °F]; reference in-
terval 37.7-39.2 °C [100.0-102.5 °F]) during CRRT. Two
dogs remained hypothermic during CRRT (35.5 and
36.1 °C [96.0 and 97.0 °F]) despite initiation of thermal
support with active warming. Hypothermia resolved in
the remaining dogs with thermal support measures. All
15 cats for which rectal temperature readings were re-
ported experienced hypothermia (median 34.9 °C
[94.9 °F], range 32.7-37.1 °C [90.9-98.9 °F]; reference in-
terval 37.7-39.2 °C [100.0-102.5 °F]). Eight cats re-
mained hypothermic during CRRT (median 35.5°C
[96.0 °F], range 33.0-36.7 °C [91.4-98.1 °F]) despite ac-
tive warming. Hypothermia resolved in the remaining
cats with thermal support.

Central nervous system
One dog exhibited CNS signs including twitching and
vocalization during CRRT that responded to IV man-
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nitol therapy. Three cats exhibited CNS signs during
CRRT. The first cat developed nystagmus, head trem-
ors, and facial fasciculations. Signs resolved with a sin-
gle IV mannitol bolus. The second cat developed
hyperexcitable behavior, twitching, and anxiety. Signs
resolved spontaneously within 48 hours without spe-
cific intervention. The third cat presented with an
8-year history of seizures and developed progressive
obtundation, convulsions, and became comatose and
died following cardiorespiratory arrest despite resusci-
tation efforts. Review of the medical record did not
identify the definitive cause of CNS signs in any of
these patients. The drop in BUN from initiation of
CRRT to the exact onset of neurologic signs was not
able to be determined based on medical record review,
but the average hourly urea reduction ratio (URR), de-
fined as [(pre-dialysis BUN — post-dialysis BUN)/pre-
dialysis BUN]/[time interval (h)] x 100%, was 6.1% in
the dog (BUN decreased from 43.5 to 10.3mmol/L
[122-29 mg/dL] over 12.5 hours), 2.6% in the first cat
(BUN decreased from 80.7 to 14.3 mmol/L [226-40 mg/
dL] over 31.5 hours), 9.2% in the second cat (BUN de-
creased from 72.8 to 9.3 mmol/L [204-26 mg/dL] over
9.5 hours) and 4.8% in the third cat (BUN decreased
from 57.8 to 12.1mmol/L [162-34mg/dL] over 16.5
hours).

ECC

A total of 9 hemodialyzer filters failed in 6 dogs due to
clot formation. In 2 of these dogs, citrate infusion was
inadvertently started over 2 minutes after CRRT was
initiated. In all events of filter clotting in dogs, the peak
ECC ionized calcium concentration exceeded the target
range with a median of 0.80mmol/L (3.21 mg/dL)
(range 0.54-1.45mmol/L [2.16-5.81 mg/dL]). A total of
9 filters failed due to clotting in 7 cats. In all events of
filter clotting in cats, the peak ECC ionized calcium
exceeded the target range with a median of 0.56 mmol/L
(2.24mg/dL) (range 0.45-0.81 mmol/L [1.80-3.24 mg/
dL]). Four dogs experienced dialysis catheter clotting
concurrent with filter clotting that necessitated replace-
ment of the catheter.

Outcome and survival

Six of 17 (35%) dogs and 7 of 16 (44%) cats completed
their CRRT session as planned. The remaining patients
were discontinued from CRRT prematurely due to poor
prognosis (1 cat), filter clotting with owners unwilling
to restart CRRT (4 dogs and 2 cats), death (4 dogs and 4
cats) or humane euthanasia (3 dogs, and 2 cats). Median
duration of CRRT in dogs was 16.3 hours (range 0.3-
83.0 hours) and in cats was 11.5 hours (range 1.0-35.5
hours). The median duration of therapy from termina-
tion of CRRT to discharge in dogs was 2.7 days (range

CRRT for acute renal failure in dogs and cats

1.8-7.0 days) and in cats was 3.0 days (range 0.56—4.1
days). Seven of 17 dogs (41%) survived to discharge, 6
of 17 (35%) died (4 during CRRT and 2 after), and 4 of
17 (24%) were euthanized (3 during CRRT and 1 after).
Of the dogs that survived to discharge, all had azotemia
at the time of discharge with median BUN of
26.8mmol/L [75.0mg/dL] (range 13.0-31.1 mmol/L
[35.0-87.0mg/dL]) and median creatinine of
433.2mmol/L (4.9 mg/dL) (range 221.0-574.6 mmol/L
[2.5-6.5mg/dL]). At the time of recheck within 2 weeks
after discharge, 3 dogs (43% of 7 surviving dogs, 18% of
all study dogs) had BUN and creatinine values within
the reported reference range while 4 (57% of 7 surviv-
ing dogs, 24% of all study dogs) remained azotemic. In
the subpopulation of persistently azotemic dogs, me-
dian recheck BUN was 10.7mmol/L (30.0mg/dL)
(range 2.5-72.8 mmol/L [7.0-204.0mg/dL]) and me-
dian recheck creatinine was 389.0 mmol/L (4.4 mg/dL)
(range 88.4-769.1 mmol/L [1.0-8.7 mg/dL]).

All 4 dogs that were azotemic at recheck had a pre-
vious history of CKD. Renal histopathology was
performed in 3 of these dogs revealing evidence of
moderate (n=1) or severe (1 =2) chronic kidney dis-
ease (CKD) in addition to an acute insult. These dogs
included those with pancreatitis (n=1), pancreatitis
with concurrent Streptococcus spp. urinary tract infec-
tion (n = 1), prednisone administration with concurrent
radiation therapy (n = 1) and non steroidal anti-inflam-
matory drug administration with concurrent cisplatin
chemotherapy (1 =1, renal biopsy declined). The dog
in which biopsy was declined had historical biochem-
ical and ultrasonographic evidence of CKD before
CRRT. The 3 dogs that had complete resolution of
azotemia included those with severe dog bite wounds
and histopathologic diagnosis of acute tubular nephrosis
due pigment nephropathy (n=1), acute pancreatitis
with histopathologic diagnosis of acute tubular necrosis
(n=1) and aspirin administration with concurrent
dehydration due to field trial exercises (n =1, renal
biopsy declined).

Seven of 16 (44%) cats survived to discharge, 5 of 16
(31%) died (4 during CRRT and 1 after) and 4 of 16
(25%) were euthanized (2 during CRRT and 2 after). Of
the 7 cats that survived to discharge, 2 had azotemia
and 5 had BUN and creatinine values within the re-
ported reference range at the time of discharge. Median
BUN at discharge was 10.0mmol/L (28.0mg/dL)
(range 5.4-35.7mmol/L [15.0-100.0mg/dL]) and me-
dian creatinine was 194.5mmol/L [2.2mg/dL] (range
123.8-707.2mmol/L [1.4-8.0mg/dL]). At the time of
recheck 2-12 weeks after discharge, 1 cat had been
euthanized without recheck labwork being performed,
5 cats had BUN and creatinine values within the re-
ported reference range and 1 cat remained azotemic
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with a BUN greater than the reference range of the
analyzer (46.4mmol/L [130mg/dL]) and a creatinine
of 468.5mmol/L (5.3mg/dL). The cats that had com-
plete resolution of azotemia were those with presumed
lily toxicity and histopathologic diagnosis of moderate
acute tubular necrosis (n =1) and urethral obstruction
(n =4, renal biopsy declined). The cat that remained
persistently azotemic had no historical, biochemical, or
ultrasonographic evidence of CKD before CRRT. Renal
biopsy was declined and ARF of unknown etiology was
diagnosed.

Select subpopulations were evaluated with respect to
outcome. There was an 80% (4/5 cats) survival in the
subpopulation of cats with prolonged urethral obstruc-
tion. None of the 4 surviving cats was azotemic on re-
check evaluation. Survival was 20% (1/5 dogs) in the
subpopulation of dogs with hospital-acquired ARF. The
surviving dog (with pigment nephropathy, as reported
above) demonstrated normal renal function on recheck
evaluation. Survival was 100% (3/3 dogs) in the sub-
population of dogs that developed ARF or AOCRF
concurrent with pancreatitis. One had normal renal
values on recheck evaluation and 2 maintained levels of
azotemia similar to those documented before their
acute-on-chronic insult. When evaluating only patients
with ARF (without evidence of pre-existing CKD), sur-
vival was 42% (5/12) in dogs and 67% (6/9) in cats.
When evaluating only patients with pre-existing CKD
(based on historical, biochemical, or ultrasonographic
evidence of CKD before CRRT; or histopathologic ev-
idence of CKD; or both), survival was 60% (3/5) in dogs
and 14% (1/7) in cats.

Discussion

CRRT is becoming more popular in human ICUs as a
means of providing renal replacement and in some
geographic regions has replaced IHD as the method of
choice for RRT in ARF’ Specific advantages of CRRT
over IHD proposed in the human literature include
improved hemodynamic tolerance due to slower ultra-
filtration, improved fluid balance, ability to provide
unlimited nutrition, and improved control of azotemia,
electrolyte and acid-base derangements.'” Despite these
specific advantages, human prospective studies com-
paring outcome with IHD versus CRRT in ARF provide
insufficient data to afford one modality a clear advan-
tage over the other."™* A summary of results of recent
comparisons has been published.'” Given the availabil-
ity of CRRT equipment in veterinary medicine and re-
ports of similar outcome with CRRT and IHD in human
AREF patients, the current study aimed to investigate the
application of CRRT in veterinary ICU patients with
ARF and AOCRE

The incidence of ARF in human medicine remains
high at 1-25% of critically ill patients.'” Recent in-
creases in reported incidence may be attributed to the
development of multi organ dysfunction in patients
who previously would not have survived to develop
this complication.'® While the current study has pro-
vided information on the incidence of ARF and AOCRF
in our ICU population, it is unknown whether an up-
ward trend has occurred over time. Mortality for hu-
mans with ARF in the ICU is 30-70% despite the early
and aggressive application of RRT."*™"” While the vet-
erinary literature lacks the same statistically powered
conclusions as those in human medicine, several stud-
ies provide useful information regarding outcome in
dogs and cats with renal failure. In a 2002 study of 80
dogs with ARF due to various etiologies that were
treated with conventional management, survival was
20%. In a 1989 study of 25 dogs with ARF or AOCRF
that failed conventional management and required PD,
survival was 24%.'"®* When THD was used from 1993 to
2003 in 124 dogs with ARF of various etiologies, all of
which failed traditional management for ARF, an over-
all survival rate of 42% was observed.” When IHD was
used in 119 cats with acute uremia of various etiologies,
a 52% survival was achieved.” A proportion of surviv-
ing dogs and cats develop CKD following therapy for
AREF but not all studies report this outcome variable. A
summary of clinical studies detailing survival statistics
in both dogs and cats with ARF has recently been pub-
lished."

Overall survival rates in our population are similar to
previous reports of patients with similar population
characteristics requiring dialytic therapy by PD or IHD.
The subpopulation of cats with urethral obstruction
showed an 80% survival in our study, which is similar
to previously reported survival rate of 75% in 44 cats
with an obstructive etiology of acute azotemia.” Hos-
pital-acquired ARF carried a 20% survival rate in our
study, which contained only 5 dogs in this subpopula-
tion. A 1996 study of 29 dogs with hospital-acquired
AREF reported a survival rate of 38%.?° While only 1 cat
in the present study developed newly documented
CKD, the preservation of renal function in the patients
with ARF is encouraging.

Figures 1 through 4 illustrate the gradual reduction
in BUN and creatinine during CRRT with resolution of
azotemia in patients that were dialyzed for a sufficient
duration. The reported post-CRRT BUN and creatinine
values include data for patients that were discontinued
from CRRT before achieving criteria for therapy termi-
nation. These values, therefore, do not reflect the full
potential for CRRT to control azotemia.

Each of the complications reported in the present
study has been described with human CRRT.*' Early
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filter clotting, patient death, or owner decision to pre-
maturely terminate CRRT or euthanize the pet contrib-
uted to inadequate duration of CRRT to completely
resolve azotemia. Development of a consistent patient
and owner selection process and a protocol that min-
imizes complications may reduce the frequency of early
termination of therapy and may allow the full benefits
of properly executed CRRT to be evaluated.

Complications related to dialysate prescription war-
rant modification of the current protocol. The protocol
utilized in the majority of cases used a dialysate with a
relatively low potassium concentration (2.0mEq/L).
Hypokalemia was a frequent complication in the cur-
rent population, occurring in 71% of dogs and 47% of
cats that had intra-dialytic potassium values reported.
A dialysate with a higher potassium concentration or
additional supplementation should be employed in
normokalemic or hypokalemic patients to help prevent
this complication.

The rapid decrease in sodium in the cat with chronic
hypernatremia and CNS signs indicated that CRRT has
the potential to exceed the commonly accepted safe so-
dium correction rate of 0.5mEq/L/hr if the dialysate
sodium concentration is not tailored to the individual
patient. Although it is unclear whether the drop in so-
dium with CRRT was the cause of death in this patient,
a dialysate containing a higher sodium content may
have prevented this complication. The development of
hypernatremia in 3 cats was also noted in the study and
was not explained by review of the medical records.
Because a hypernatric dialysate, medication, or supple-
mental fluid was not administered to any of these cats,
free water loss was suspected although was not doc-
umented in the medical record. Hypernatremia has
been reported with ARF, CKD, and the administration
of osmotic diuretics.”> An osmotic diuretic was admin-
istered in all 3 of the affected cats. Urine electrolyte
measurement may have been useful in explaining the
hypernatremia but was not performed.

Metabolic acidosis resolved in a large number of
affected patients (80% of dogs and 71% of cats) with
CRRT. An increase in the duration of CRRT is expected
to gradually resolve the acidosis in the remaining pa-
tients, similar to the gradual reduction in BUN and
creatinine over time. In our study, supplemental bicar-
bonate appeared to increase the risk for development of
metabolic alkalosis. An increase in dialysate bicarbon-
ate concentration beyond standard recommendations
appears to be warranted only if a lack of acidosis im-
provement is noted over time.

Hypercalcemia is a well-described complication of
RCA in human CRRT.* The ratio between total calcium
and ionized calcium is termed ‘citrate gap.” As citrate is
infused into the ECC, it binds to ionized calcium and
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sequesters it, rendering it unable to support coagulation
of the extracorporeal blood. The citrate-ionized calcium
complexes then enter the patient’s bloodstream along
with the calcium replacement delivered to the patient to
maintain patient ionized calcium concentration. The
result is patient ionized hypocalcemia with a concur-
rently elevated total patient calcium (measured as both
citrate-bound and free ionized calcium). As the citrate
is metabolized over time to bicarbonate by the liver, the
bound ionized calcium is released and the total hyper-
calcemia resolves but metabolic alkalosis may develop.
The metabolic alkalosis observed in the current study
was not severe in any case and resolved following dis-
continuation of CRRT. Utilization of a lower citrate flow
rate, or a dialysate with a lower concentration of bicar-
bonate, or both, may reduce the frequency of this com-
plication. A non-citrate anticoagulant protocol may
prevent this complication altogether.

Heparin-based protocols entirely avoid this compli-
cation as well as the potential complication of perivas-
cular necrosis following accidental extravasation of
calcium chloride. Concerns for necrosis may be severe
enough in some cases to warrant the use of calcium
gluconate instead of calcium chloride in RCA protocols
in veterinary medicine. Heparin-based protocols have
been utilized extensively in veterinary ITHD® and are
being utilized currently in CRRT protocols at other fa-
cilities. The main complication encountered with hep-
arin-based protocols is the increased risk of bleeding
associated with the systemic anticoagulation.”® There is
not enough evidence available even in the human lit-
erature to afford 1 protocol a clear advantage over the
other; however, RCA leads to decreased bleeding
events than heparin-based anticoagulation protocols
in patients with bleeding tendencies.”® Complications
related to the anticoagulant protocol used included
clinical hypocalcemia, total hypercalcemia, metabolic
alkalosis, and filter clotting, all of which are described
in the human literature.”> Human RCA protocols dic-
tate specific adjustment of the sodium citrate and cal-
cium replacement rate based on serial evaluations of
patient and ECC ionized calcium concentrations. Ad-
justment of CRRT prescriptions made in the present
study were guided by serial ionized calcium values but
were not protocol based. The excessively high ionized
ECC calcium is the most likely factor contributing to
filter clotting. The excessively low patient ionized
calcium led to frequent clinical hypocalcemia. There is
clearly a need for protocol-based adjustment of these
rates to maintain these values within the target range
and therefore reduce these complication rates.

The low frequency of hypotension observed in the
current study may be related to the relatively slow rate
of fluid removal and solute shifts utilized during CRRT.
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Although not utilized in the present study, the admin-
istration of colloid solutions to prime the ECC may help
to prevent initial drops in SBP. Although the cause of
death was unclear in 2 hypotensive patients that died
during CRRT, hypotension likely played a significant
role. The pre-emptive use of colloid solutions during
ECC priming and a standardized protocol incorporat-
ing the use of central venous pressure measurements
and pressor agent administration during CRRT may
have prevented this complication.

Significant hypothermia during CRRT was prolonged
despite active warming techniques. Results suggest that
pre-emptive heat support may be warranted to help
prevent this complication. The dialysis machine uti-
lized during this study did not have an active warming
mechanism, although active warming is available on
most currently available machines. The addition of ap-
proximately 50 mL to the ECC renders this option un-
feasible in cats or small dogs, but this device may be
considered for larger patients. Passive IV fluid bag
warming covers and active circulating warm air IV line
warmers are available for additional warming but were
not utilized.

When anticoagulation of the ECC fails and filter clot-
ting occurs, the blood within the entire ECC must be
discarded. This contributes to the development of
blood loss anemia. The frequency of blood transfusions
related to filter clotting in the present study suggests
that additional strategies must be developed to further
prolong filter life. ECC ionized calcium values associ-
ated with clotted filters were excessive and improve-
ments in the RCA protocol must be made to better
maintain the ionized calcium value within the target
range. In addition, an increased pre-filter replacement
fluid rate (to dilute blood before reaching the filter) or a
change to a heparin-based or other anticoagulant pro-
tocol may prolong filter life. If increased citrate is uti-
lized, increased calcium replacement may be required
to prevent clinical hypocalcemia and the bicarbonate
concentration of the dialysate must be modified to help
minimize the risk of metabolic alkalosis.

The CNS signs observed in our study may have been
due to ionized hypocalcemia, cerebral infarct, cerebral
vasospasm, cerebral hypoxia, systemic hypertension,
intracranial hemorrhage, or dialysis disequilibrium
syndrome (DDS), along with other less likely possibil-
ities. DDS has been described in detail and is believed
to occur as a result of an excessively rapid lowering of
solutes (most importantly urea) from the extracellular
fluid relative to the intracellular space.** This results in
a fluid shift into the intracellular compartment and ce-
rebral edema, which may cause CNS signs. The URR is
used as a measure of the efficiency of the dialysis ses-
sion in IHD and corresponds to the change in BUN over

the entire session divided by the pre-IHD BUN. While
the standard recommendation for human IHD is a URR
of >70% for CKD patients,25 shorter or less efficient
sessions are utilized in patients with severe azotemia to
help prevent the development of DDS by limiting sol-
ute shifts. In veterinary IHD, URRs of up to 85% or
greater are common in CRF patients but may lead to
DDS in patients with severe azotemia.”® In patients
with BUN values >53.6mmol/L [150mg/dL], it has
been recommended that the URR of the IHD session be
limited to 25-40%>” or 30-50%.?® An alternative recom-
mendation in humans is to target a URR no >10% in
patients weighing <10kg with BUN values
>89.3mmol/L [250mg/dL]** Because of a much
lower solute reduction rate with CRRT than with
IHD, there are no similar guidelines for human CRRT,
and DDS has never been reported in CRRT in critically
ill humans.”” Based on this information, it is very un-
likely that the CNS signs in the dog and 3 cats reported
here were due to DDS. Coagulopathy causing intracra-
nial hemorrhage is rarely reported in humans with
RCA and is therefore also an unlikely cause of the CNS
signs in our patients. Imaging of the brain was not
performed in the present study but would be required
to reach a definitive diagnosis. The improvement in
some patients following mannitol therapy does not rule
out nor confirm any of the differential diagnoses that
were under consideration.

In the current study, each individual patient received
CRRT following failure to respond to aggressive tradi-
tional management. These patients represent a subpop-
ulation of patients with severe renal injury. In many
cases, CRRT was delayed for hours to many days after
the diagnosis of ARF or AOCRF due to owner or cli-
nician preference and thus may represent poor candi-
dates for CRRT. The incidence of induction of CKD was
6% in cats in the present study while no dogs devel-
oped CKD. Numerous human publications have shown
that earlier intervention with RRT yields improved sur-
vival, and some publications report decreased progres-
sion to CKD with earlier intervention.*® In light of these
findings, it does not seem prudent to delay initiation of
RRT until the global consequences of uremia further
compromise patient stability and lead to multiorgan
injury. The Acute Dialysis Quality Initiative has estab-
lished a recommended definition for ARF in humans in
efforts to help guide the timing of initiation of RRT.”"
Perhaps a paradigm shift in veterinary medicine, using
human outcome data as a surrogate for large veterinary
studies that are currently lacking, may allow us to in-
tervene earlier and assess whether an improved out-
come can be achieved using earlier intervention. While
the use of CRRT in 4.66% canine admissions and 6.75%
of feline admissions with ARF or AOCRF may be
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considered excessive or unwarranted, this value would
be considered inappropriately low compared with hu-
man guidelines for initiation of RRT.*’

One limitation of the present study is its small patient
population that prevented trends in outcome from be-
ing powered for statistical significance. Larger studies
will be required to define variables that may indepen-
dently affect outcome. While the study population is
considered a suitable cross-section of our ICU patient
population, it may differ significantly from populations
in non-specialty practices and in other geographic or
socioeconomic regions and results must be interpreted
accordingly. Given the retrospective nature of the study,
the incompleteness of medical records prevented eval-
uation of certain parameters that may have influenced
outcome, such as UOP and total dose of dialysis deliv-
ered. In future well-designed prospective clinical stud-
ies, these parameters and others thought to potentially
influence outcome may be critically evaluated. In ad-
dition, several potential benefits of CRRT proposed in
the human literature were not explored in the present
study but may be critically evaluated. These include,
but are not limited to, removal of dialyzable drugs or
ingested toxins and clearance of mediators of sepsis
and molecules contributing to encephalopathy in he-
patic failure.*”

The results of the present study have provided in-
formation on the safety and utility of CRRT in dogs and
cats with ARF and AOCREF in the ICU. The incidence of
the numerous reported complications may be reduced
with improved protocols and improved experience
with this technology, as has been observed over time
with human CRRT. The optimum CRRT prescription
for veterinary patients with ARF or AOCRF remains
unclear, just as the optimum prescription for IHD in
ARF was unclear <2 decades ago before extensive
work by the pioneers of veterinary hemodialysis. The
details of the cases presented here provide a starting
point from which further research into CRRT may be
developed. Improved protocols that reduce the com-
plication rate must be evaluated before CRRT can be
recommended for widespread use.
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The Children’s Hospital of Alabama, Division of Pediatric Nephrology
and Transplantation, Pediatric Hemodjiafiltration Order Sheet.

Stat Profile Critical Care Xpres, NOVA Biomedical, Waltham, MA.
I-Stat Portable Clinical Analyzer, I-Stat Corp., East Windsor, NJ.
Tempcare Veterinary Fluid Warmer, Elltec Co. Ltd, Nagoya, Japan.
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Mannitol 20%, Phoenix Pharmaceutical Inc.

5% Dextrose in Water, Hospira Inc.

Calcium gluconate, Abraxis Pharmaceutical Products, Schaumburg, IL.
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