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Abstract To investigate the impacts of availability of pre-
mixed solutions and computerized order entry on nephrolo-
gists’ choice of the initial mode of renal replacement therapy
in acute renal failure. We studied 898 patients with acute renal
failure in 3 consecutive eras: era 1 (custom-mixed solution;
n=309), era 2 (pre-mixed commercial solution; n=324), and
era 3 (post-computerized order entry; n=265). The propor-
tion of patients treated with renal replacement therapy and
the time from consult to initiation of continuous renal
replacement therapy was similar in the 3 eras. Following
introduction of the pre-mixed solution, the proportion of
patients treated with continuous renal replacement therapy
increased (20% vs. 33%; p<0.05), it was initiated at a lower
serum creatinine (353±123 μmol/L vs. 300±80 μmol/L; p<
0.05) and in older patients (53±12 vs. 61±14 years; p<
0.05). There was a progressive increase in the use of
continuous veno-venous hemodialysis (18% vs. 79% vs.
100%; p<0.05) and in the total prescribed flow rate (1,382±
546 vs. 2,324±737 vs. 2,900±305 mL/hr 3; p<0.05). There
was no significant impact on mortality. The availability of a
pre-mixed solution increases the likelihood of initiating
continuous renal replacement therapy in acute renal failure,
initiating it at a lower creatinine and for older patients, use of
continuous veno-venous hemodialysis and higher prescribed
continuous renal replacement therapy dose. Computerized

order entry implementation is associated with an additional
increase in the use of continuous veno-venous hemodialysis,
higher total prescribed dialysis dose, and use of CRRT
among an increasing number of patients not on mechanical
ventilation. The effect of these changes on patient survival is
not significant.
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Introduction

The incidence of acute renal failure (ARF) ranges between
10 and 23 per cent of patients in intensive care units and is
associated with high mortality rates ranging from 37 to 70
per cent [1–8]. Continuous renal replacement therapy
(CRRT) and intermittent hemodialysis (IHD) are the key
components of the therapeutic approach for acute renal
failure (ARF). Prior to the relatively recent advent of
CRRT, IHD and peritoneal dialysis were the only available
modes of RRT [9]. The popularity of CRRT has been
growing all over the world because of perceived clinical
advantages, particularly improved hemodynamic tolerance
[10–12]. Early in its inception, the solutions used to replace
the ultrafiltrate in CRRT, the replacement solution, were
custom-mixed at each site. Dialysate solutions were either
custom-mixed on site or were commercially available
peritoneal dialysis solution which contained large amounts
of glucose and acetate. The requirement for custom mixing
of large volumes of CRRT solutions created the potential
for medication errors and contamination and was labour-
intensive and expensive [13, 14]. This has encouraged the
development of pre-mixed commercial solutions for CRRT.
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In addition, due to the incompatibility of certain compo-
nents of the dialysate and replacement solutions, e.g.
bicarbonate and calcium, early CRRT protocols involved
complicated combinations of several different bags of
solutions infused simultaneously. These limitations, i.e.
the expense and effort associated with the preparation of
CRRT solutions and the perceived complexity of the
treatment protocols may have limited the tendency of
nephrologists to use CRRT and may have limited the
volumes of CRRT solutions prescribed when this treatment
was utilized. From the perspective of physician ordering of
CRRT, pre-printed order sets or the use of computerized
order entry (COE) have been suggested as ways to avoid
the ambiguities of handwritten orders, reduce adverse drug
reactions and improve patient safety [15–18] and simplify
the ordering of CRRT [19, 20].

In our hospital, replacement and dialysis solutions for
CRRT were manually mixed prior to September of 2004, at
which point use of a commercial pre-mixed solution
(PrismaSate; Gambro Renal Products, Lakewood, CO)
and a pre-printed order set for CRRT were implemented.
In addition, mandatory COE has been in use since May of
2005. We aimed to determine the impact of these changes
on the consulting nephrologists’ choice of the initial mode
of RRT and on the dose of CRRT prescribed for patients
with ARF.

Methods

The study was conducted at the Penn State Milton S.
Hershey Medical Center, a tertiary academic medical
centre. The study protocol was approved by the Institution-
al Review Board. We used billing data to identify all adult
patients (age at admission ≥18) who had been seen in
consultation by a nephrologist with the diagnosis of ARF
between January 2004 and December 2005, and also to
identify all of these patients who had been initiated either
on IHD or CRRT. At our institution IHD and CRRT are
performed exclusively by nephrologists. We identified 898
patients (Table 1), among whom 278 patients (30.1%) were
treated with RRT. We categorized the patients into three
different groups (eras) based on the time of the initial
consultation (Fig. 1). Era 1 (custom-mixed solution) was
defined as the time period between January 1, 2004 and
August 31, 2004. In this era, 309 patients were seen in
consultation for ARF and 85 were treated with RRT. Era 2
(pre-mixed commercial solution) was the period between
September 1, 2004 and April 30, 2005. The number of
patients with ARF in this era was 324, and 103 of these
patients were treated with RRT. Era 3 (post-COE) was the
period between May 1, 2005 and December 31, 2005. In
this era, of the 265 patients with ARF, 90 received RRT.

The mode of order entry in the three eras for CRRT was
as follows. During the first era, orders were hand-written by
completing an order sheet indicating the composition of the
replacement fluids (to avoid mixture of bicarbonate and
calcium in the solution, separate replacement (R) fluids
were used. R1: NaHCO3 + additives; R2: CaCl2 + MgSO4 +
additives; and an optional R3) and the dialysate (1.5%
Dianeal + KCl) (Appendix 1). In the second era, the choices
for replacement solution and dialysate were circled from a
printed list of available pre-mixed solutions (BK 0/3.5: K=
0, Ca=0.87 mmol/L, Glucose=0; BGK 2/0: K=2 mmol/L,
Ca=0, Glucose=6.05 mmol/L; BGK 4/2.5: K=4 mmol/L,
Ca=0.62 mmol/L, Glucose=6.05 mmol/L) (Appendix 2).
In era 3, electronic CRRT order sets had been developed by
a collaborative group consisting of informatics specialists,
clinical pharmacists and nephrologists (Appendix 3).
Default concentrations of additives and other safety
parameters were evaluated and approved by the nephrolo-
gists. Recognizing the fact that the three commercially
available formulas on the hospital formulary may not meet
the needs of certain patients, COE pages for patient-specific
tailoring of CRRT fluids with a list of additives and default
concentrations were also available. In the third era, the
provider selected the “CRRT order set” from the ordering
screen. When the CRRT option was selected, the most
recent lab values appeared on an adjacent screen. The
CRRT therapy type, type of dialyzer and the replacement
and dialysis solutions (same solutions as in era 2) were
selected from drop-down menus.

The availability and techniques of both forms of renal
replacement therapy, as well as the composition of
nephrologists practicing in the group, remained similar
throughout all three eras of the study. The primary outcome
of our study was impact of each era on nephrologists’
practice of initiating RRT mode. The secondary outcome

Table 1 Clinical and laboratory characteristics of patients on RRT

Total number of patients with ARF 898

Age (years) 65±12a

Male (%) 67

Female (%) 33

Setting of ARF (%)

Medical 57

Surgical 43

Pre-treatment creatinine (μmol/L) 327±44.2a

Pre-treatment BUN level (mmol/L) 22.8±11.8a

Specific etiologies of ARF (%)

Sepsis 17%

Hypotension/post-operative 31%

Multifactorial 52%

aMean ± S.D.
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was dialysis dosing in CRRT in the three eras. Statistical
analysis was carried out using two-tailed, two-sample t test
for continuous variables and chi-square test for categorical
variables.

Results

The characteristics of CRRT, severity of illness and
indications for initiation of CRRT in the three eras are
shown in Tables 2 and 3. The proportion of ARF patients
treated with RRT remained similar in the three eras.
Following introduction of the pre-mixed solution, CRRT
was initiated at a lower serum creatinine (era 1: 353±
123 μmol/L vs. era 2: 300±80 μmol/L; p<0.05), in older
patients (era 1:53±12 years vs. era 2: 61±14 years; p<
0.05) and the proportion of patients treated with RRT who
were initiated on CRRT increased significantly (20% vs.
33%; p<0.05) (Fig. 2). Also, among patients started on
CRRT, there was a progressive increase in the use of
CVVHD as the prescribed modality in the three eras (18%

vs. 79% vs. 100%; p<0.05) (Fig. 3) and in the total
prescribed (dialysate + replacement) flow rate (1,382±
546 mL/hr in era 1 vs. 2,324±737 mL/hr in era 2 vs. 2,900±
305 mL/hr in era 3; p<0.05) (Fig. 4). Following
implementation of COE, an increasing number of
ventilator-independent patients were initiated on CRRT
and while there was a decrease in patient mortality (era 2:
82% vs. era 3: 63%), the change was not statistically
significant. The mean days from consult to initiation of
CRRT, indications for initiation of CRRT, and severity of
illness as indicated by the Sequential Organ Failure
Assessment (SOFA) score remained similar in the three
eras. There were no reported complications or safety
issues relative to RRT.

Discussion

The popularity and use of CRRT in the treatment of ARF
has increased dramatically over the past 20 years [21]. This
increase has been driven by the perception, which has been

Fig. 1 The number of patients
with acute renal failure, the
number of patients with acute
renal failure treated with
continuous or intermittent renal
replacement therapy in each of
the three consecutive eras

Era 1 Era 2 Era 3

Total number of patients with ARF 309 324 265

Treated with RRT (% of all ARF) 85 (28%) 103 (32%) 90 (34%)

CRRT (% of all RRT) 17 (20%) 34 (33%) † 30 (33%) †

Age at time of CRRT (years) 53±12 61±14† 62±16 †

CVVHD (% of all CRRT) 3 (18%)‡ 27 (79%) 30 (100%) ‡

Total flow rate (mL/hr) 1,382±546‡ 2,324±737 2,900±305 ‡

Days from consult to CRRT 2.0±1.8 2.0±1.9 2.0±2.4

Table 2 Characteristics of
CRRT in the three eras

† p<0.05 compared with Era 1

‡ p<0.05 compared with Era 2
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challenged recently, that CRRT is superior to IHD for
the treatment of ARF. A number of factors may influence
the selection of CRRT as a treatment modality by the
nephrologist, such as limited availability of CRRT devices,
unfamiliarity of nephrologists, cost, pharmacy and nursing
time required to prepare and administer CRRT, continuous
need for anticoagulation, and concerns about patient
immobilization [22]. The sequential implementation of use
of pre-mixed CRRT solutions and a pre-printed order set for
CRRT, followed in 8 months by mandatory computerized
order entry with an electronic order set for CRRT, provided
a unique opportunity to analyze the potential effects of
these interventions on the choice of RRT treatment by
nephrologists over a 24-month period.

The first major finding from our study was that the use
of a commercial CRRT solution along with a pre-printed

order set was associated with the increased likelihood of
initiating CRRT in patients with ARF. These changes also
led to the initiation of CRRT at an earlier phase of renal
failure and among older patients. Since the pre-printed
order set and the commercial solutions were implemented
simultaneously, the independent effect of each of these
changes on practice is difficult to discern. However, we
postulate that the explanation for the increase in use of
CRRT relates to simplification of the administration and
ordering of CRRT for both the nephrologists and the
nursing staff.

CRRT requires large volumes of sterile, non-pyrogenic
solutions. CRRT solutions have traditionally been com-
pounded manually in the pharmacy or at the bedside. At our
institution, the task of preparing CRRT solutions was
assigned to the primary nurse caring for the patient. The

Era 1 Era 2 Era 3

Severity of illness at CRRT initiation:

Mean serum creatinine (μmol/L) 353±123 300±80† 283±115 †

Mean SOFAa Score 13±4 12±4 12±4

Requiring vasopressor support 12 (71%) 27 (79%) 24 (80%)

Requiring mechanical ventilation 15 (88%) ‡ 28 (82%) ‡ 18 (60%)

Indication for CRRT:

Hyperkalemia 2 (12%) 6 (18%) 3 (10)%

Acidosis 8 (47%) 15 (44%) 11 (37%)

Volume overload 8 (47%) 15 (44%) 12 (40%)

Azotemia 4 (24%) 8 (24%) 12 (40%)

Mortality of patients on CRRT 13 (77%) 28 (82%) 19 (63%)

Table 3 Severity of illness and
indication for CRRT in the three
eras

† p<0.05 compared with Era 1

‡ p<0.05 compared with Era 3
a SOFA: Sequential Organ Failure
Assessment

Fig. 2 Utilization of modalities of renal replacement therapy in the
three eras. The gray portion of the bars indicate the proportion of
patients in each era requiring renal replacement therapy who were
treated with intermittent hemodialysis (IHD). The black portions
indicate proportion of patients in each era who were treated with
continuous renal replacement therapy (CRRT)

Fig. 3 Relative use of continuous veno-venous hemodialysis
(CVVHD) for patients on continuous renal replacement therapy
(CRRT) in the three eras. The gray portions of the bars indicate the
proportion of patients in each era receiving continuous veno-venous
hemofiltration (CVVH) and the black portions indicate the proportion
of patients in each era receiving CVVHD
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time required preparing these solutions coupled with the
complexity of multi-bag CRRT protocols and the other
needs of these critically ill patients presented a great
challenge and was a great source of dissatisfaction for the
ICU nursing staff. As a result, nephrologists may have been
hesitant to prescribe CRRT; waiting until later in the course
of renal failure to initiate it, or attempting IHD as the initial
modality. With the introduction of pre-mixed CRRT
solutions, nurses were much more accepting of CRRT and
physicians had a more standardized selection of solutions
from which to choose. In addition to the strain on
pharmacies or nurses, variability of the constituents in the
custom-made solutions has been implicated as a potential
source for mixing errors and multiple manipulations to each
bag can potentially lead to the risk of contamination. The
Institute of Safe Medication Practices (ISMP) has designat-
ed dialysis solutions as high-alert medications and encour-
ages development of standard concentrations and base
solutions, including the use of commercially available pre-
mixed solutions [14]. Pre-mixed commercial CRRT sol-
utions allow the provider to select these solutions when the
composition and concentration of additives are appropriate
for the individual patient and are anticipated to reduce the
risks of mixing errors and contamination [13].

A second finding in this study was that the use of
commercial CRRT solutions and pre-printed order sets
increased the use of CVVHD over CVVH. The use of
CVVHD was further increased following implementation
of COE. We believe that is largely due to the increased
familiarity and comfort of the physicians with use of the
commercial solutions rather than the order sets. Pre-printed
or computerized order sets in themselves do not facilitate
ordering of CVVHD rather than CVVH. In fact, the orders
for CVVHD are more complex than for CVVH due to the

requirement for the composition and flow rates of the
dialysate. Rather, the premixed solutions offer significant
advantages over the peritoneal dialysis solutions or
custom-mixed solutions which were used in earlier
CVVHD protocols. Peritoneal dialysis solutions required
the addition of potassium, had very high glucose concen-
trations which often precipitated hyperglycaemia in the
patients and had high acetate concentrations which could
present problems in patients with poor liver function [23].
Likewise, custom-mixed dialysis solutions presented the
same problems for nurses and pharmacy as the custom-
mixed replacement solutions. As a result, CVVH was often
selected as the mode for CRRT before the advent of pre-
mixed solutions.

A third finding was that the total dose of CRRT
prescribed was significantly enhanced by the use of pre-
mixed CRRT solutions. This relates chiefly to the increased
use of CVVHD and its attendant diffusive clearance. The
total dose increased further following implementation of
COE. This increase is likely to have resulted from the
programming of a high flow rate (1,500 ml/hr) as the
default selection in the computerized order set. Time-
dependent changes in practice patterns could also account
for some of the increase in CRRT dose. For example, the
study by Ronco [6] which demonstrated improved survival
in patients treated with high doses of CRRT may have
influenced practices among the nephrologists. The impact
of high CRRT dose on outcomes, however, remains
controversial [24, 25].

In summary, we determined that the implementation of
commercial pre-mixed CRRT solutions and pre-printed
order sets dramatically increased both the utilization and
prescribed dose of CRRT. The effect of this change in
practice on patient survival was not significant.

Fig. 4 Total (dialysate +
replacement) prescribed flow
rate in the three eras
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