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Normal saline (NS; 0.9% NaCl) is administered during
kidney transplantation to avoid the risk of hyperkale-
mia associated with potassium-containing fluids. Re-
cent evidence suggests that NS may be associated with
adverse effects that are not seen with balanced-salt flu-
ids, e.g., lactated Ringer’s solution (LR). We hypothe-
sized that NS is detrimental to renal function in kidney
transplant recipients. Adults undergoing kidney trans-
plantation were enrolled in a prospective, randomized,
double-blind clinical trial of NS versus LR for intraop-
erative IV fluid therapy. The primary outcome measure
was creatinine concentration on postoperative Day 3.
The study was terminated for safety reasons after in-
terim analysis of data from 51 patients. Forty-eight pa-
tients underwent living donor kidney transplants, and

three patients underwent cadaveric donor transplants.
Twenty-six patients received NS, and 25 patients re-
ceived LR. There was no difference between groups in
the primary outcome measure. Five (19%) patients in
the NS group versus zero (0%) patients in the LR group
had potassium concentrations �6 mEq/L and were
treated for hyperkalemia (P � 0.05). Eight (31%) pa-
tients in the NS group versus zero (0%) patients in
the LR group were treated for metabolic acidosis
(P � 0.004). NS did not adversely affect renal function.
LR was associated with less hyperkalemia and acidosis
compared with NS. LR may be a safe choice for IV fluid
therapy in patients undergoing kidney transplantation.

(Anesth Analg 2005;100:1518–24)

N ormal saline (NS) or potassium-free fluids are
recommended for IV fluid therapy during kid-
ney transplantation (1–4). A survey of U.S. kid-

ney transplant centers revealed that NS and NS-based
solutions are the preferred IV fluids for administration
during kidney transplant surgery (5).

What is the basis for the use of NS in patients with
renal failure, in particular in kidney transplant recip-
ients? Theoretically, the administration of large vol-
umes of potassium-containing fluids such as lactated
Ringer’s solution (LR) might cause hyperkalemia in
patients with chronic renal failure and end-stage renal
disease (ESRD). This concern was the most frequently
cited reason for the use of NS during kidney trans-
plantation in a one survey (5).

Evidence suggests that balanced salt-based solu-
tions such as LR may offer clinical benefits over NS
and NS-based solutions. Although controversial, the
administration of large volumes of NS is associated
with the development of hyperchloremic metabolic
acidosis (6–9), which may theoretically cause hyper-
kalemia through an extracellular shift of potassium
ions (10). Infusion of NS has also been associated with
effects such as subjective mental changes and abdom-
inal discomfort in healthy volunteers (8). The use of
balanced salt-based solutions in elderly surgical pa-
tients may be associated with better splanchnic perfu-
sion than NS-based solutions (9). Intriguing differ-
ences in indices of renal function have also been
suggested in studies of patients treated with NS-based
and balanced salt-based solutions (7,8,11,12).

Therefore, in view of these data and the predomi-
nant use of NS in kidney transplant recipients, we
designed a randomized, blinded clinical trial to ex-
plore the effects of NS administration on graft function
as reflected by the serum creatinine concentration on
postoperative day (POD) 3. In addition, we aimed to
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determine the safety of the administration of LR to
patients undergoing kidney transplantation through
secondary end-points, including the serum potassium
concentration and acid-base balance.

Methods
The study was approved by the IRB of the Columbia
Presbyterian Hospital of the New York Presbyterian
Hospital. After written, informed consent was ob-
tained, eligible patients undergoing kidney transplan-
tation were randomized in a prospective, double-blind
fashion to receive either NS (Table 1) or LR (Table 1)
for intraoperative fluid replacement during surgery
for kidney transplantation. Randomization was
achieved by computer generation of random number
lists, in blocks of four, and a closed envelope tech-
nique. Separate randomization lists were compiled for
the two surgeons who performed all kidney trans-
plant operations. Exclusion criteria were age �18 yr
old, a religious or ethical prohibition from the receipt
of blood or blood products, or serum potassium level
�5.5 mEq/L before surgery.

General anesthesia was induced with a combination
of IV midazolam (2–5 mg), fentanyl (1–3 �g/kg), and
propofol (1–3 mg/kg). Anesthesia was maintained us-
ing isoflurane in air/oxygen and fentanyl, with mus-
cle relaxation achieved using IV intermediate-acting
nondepolarizing neuromuscular blockers. Standard
monitoring, according to the recommendations of the
American Society of Anesthesiologists, was used. It is

routine at our institution to insert a radial arterial
cannula after the induction of anesthesia for monitor-
ing of systemic arterial blood pressure and for blood
sampling during surgery. Additional monitoring (e.g.,
central venous pressure monitoring) was at the discre-
tion of the physician caring for the patient.

For living donor transplantation, the left kidney was
procured from living donors via a laparoscopic ap-
proach unless otherwise indicated. The donor kidney
was flushed with ice cold LR before transfer to the
operating room for implantation into the recipient.
Kidneys harvested from cadaveric donors were pre-
served with either Euro-Collins or University of Wis-
consin solution for the duration of transfer to our
center. The donor kidney was implanted in the right
or left retroperitoneal space of the recipient with vas-
cular anastomoses to the right or left external or inter-
nal iliac artery and vein. A dopamine infusion was
commenced at 2 �g · kg�1 · min�1 (this infusion was
discontinued on arrival to the postanesthesia care
unit). Ureteroneocystostomy was performed by the
established Leadbetter-Politano (13) or Lich-Gregoir
technique (14).

Preoperative and postoperative immunosuppres-
sive therapy was administered according to institu-
tional guidelines. Briefly, all patients received triple
therapy comprising tapering-dose steroids, a cal-
cineurin inhibitor, and either mycophenolate mofetil
or sirolimus. The clinician caring for the patient deter-
mined the precise combination and dose of
medications.

Table 1. Demographic and Perioperative Variables

NS (n � 26) LR (n � 25) P-value

Age, y 44 � 13 44 � 11 ns
Sex, No. (%) men 17 (65) 15 (60) ns
Weight, kg 72 � 14 75 � 18 ns
Living donor, No. (%) 25 (96) 23 (92) ns
Patients requiring preoperative hemodialysis, No. (%) 18 (69) 13 (52) ns
Volume of study fluid, L 6.1 � 1.2 5.6 � 1.4 ns
Operating room time, h 5.6 � 1.1 5.6 � 1.3 ns
Warm ischemia time, min 34 � 13 34 � 9 ns
Patients receiving intraoperative dopamine, No. (%) 23 (85) 20 (80) ns
Blood loss, mL 309 � 162 310 � 190 ns
Patients transfused, No. (%) 3 (11) 2 (8) ns
Baseline serum creatinine, mg/dL 7.0 � 2.7 8.0 � 2.6 ns
Baseline serum potassium, mEq/L 4.2 � 0.7 4.5 � 0.5 ns
Peak intraoperative serum potassium, mEq/L 5.1 � 1.1 5.1 � 0.6 ns
End of surgery serum potassium, mEq/L 4.5 � 0.8 4.6 � 0.6 ns
Baseline pH 7.39 � 0.05 7.36 � 0.08 ns
Lowest intraoperative pH 7.26 � 0.08 7.33 � 0.07 0.001
End of surgery pH 7.28 � 0.07 7.37 � 0.07 �0.0001
End of surgery serum chloride, mEq/L 111 � 4 106 � 4 �0.0001
Baseline serum bicarbonate, mEq/L 22 � 5 22 � 6 ns
Lowest intraoperative serum bicarbonate, mEq/L 16 � 3 19 � 4 0.004
End of surgery serum bicarbonate, mEq/L 18 � 3 21 � 4 0.007

Data are mean � sd unless otherwise stated.
NS � 0.9% NaCl (normal saline) group; LR � lactated Ringer’s solution group.
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Our goal was to conduct a clinical effectiveness
study, which means that we wanted to assess the
impact of the interventions in actual clinical practice.
Hence, we did not impose an algorithm for the ad-
ministration of study fluid, blood, or blood products.
Study fluid was used for all intraoperative fluid re-
placement with the exception of blood or blood prod-
ucts that were administered if clinically indicated (as
determined by the physician caring for the patient).
The investigational pharmacy completely covered
each bag of study fluid with opaque tape to ensure
blinding of all study personnel and clinicians to the
fluid type.

Clinicians titrated the administration of study fluid
to whatever clinical end-points they routinely used. At
the end of surgery, after application of the surgical
dressing, study fluid was discontinued. Postoperative
IV fluid therapy was the same for all patients and was
administered according to the following institutional
protocol. Urine output was replaced (milliliter for mil-
liliter) with an IV infusion of dextrose 5%/0.45% NaCl
� 20 mEq/L of sodium bicarbonate/L. For diabetic
patients, fluid replacement routinely consisted of al-
ternating liters of dextrose 5%/0.45% NaCl and 0.45%
NaCl � 20 mEq/L of sodium bicarbonate. All patients
received an additional 50 mL/h of either of these two
solutions when appropriate.

Blood was sampled at baseline (after insertion of the
intraarterial cannula) and every 30 min for the dura-
tion of surgery for measurement of serum potassium
concentration and acid-base balance (i-STAT® Porta-
ble Clinical Analyzer, i-STAT Corp, East Windsor, NJ).
The clinician caring for the patient was informed if
serum potassium concentration exceeded 6.5 mEq/L
but was otherwise blinded to study measurements.
The clinician caring for the patient could draw blood
samples to measure serum potassium concentration
and acid-base variables at any time, independently of
the study protocol. The treatment for hyperkalemia,
metabolic acidosis, and any other metabolic derange-
ments was at the discretion of the clinician.

The primary outcome measure was the serum cre-
atinine concentration on POD 3. This time-point was
chosen because this is the minimum postoperative
length of stay after kidney transplantation at our in-
stitution. Secondary outcomes included postoperative
urine output, creatinine clearance, and requirement
for dialysis, along with the incidence of biopsy-proven
rejection and graft loss. Other secondary outcomes
included intraoperative acid-base balance, intraopera-
tive potassium concentration, blood loss and transfu-
sion requirements, and postoperative hospital length
of stay.

Data are presented as mean � sd for continuous
variables and as percentages for categorical variables.
All data were tested for normality using the method of

Kolmogorov-Smirnov. Differences in continuous vari-
ables between the two groups were tested using t-tests
or Mann-Whitney tests as appropriate. Differences be-
tween categorical variables were tested using Fisher’s
exact test. A P value �0.05 (two-tailed) was consid-
ered to be significant.

Sample size was calculated to ensure sufficient sta-
tistical power to detect expected differences between
fluids with respect to the primary outcome. A sample
size of 100 in each group was calculated to have at
least 80% power to detect a difference in the mean
postoperative serum creatinine of 0.3 mg/dL given a
common standard deviation of 0.6 mg/dL using a
two-group t-test with a 0.05 two-sided significance. A
planned interim safety analysis was conducted after
50 patients had been studied. This analysis of safety
data revealed statistically significant differences in
safety related end-points (serum potassium concentra-
tions and acid-base balance) in favor of the experimen-
tal therapy (LR). Therefore, it was decided to stop
study enrollment at this time.

Results
Fifty-four patients were enrolled and randomized to
receive either NS or LR. Three patients were excluded
after randomization because of a preoperative serum
potassium level �5.5 mEq/L. There were 25 patients
in the LR group and 26 patients in the NS group. All
51 patients were included in the final analysis. Of note,
a separate analysis of the data, which excluded the
cadaveric transplant recipients, revealed no difference
in overall study results. The study groups were similar
with regard to demographic factors (Table 1). Both
groups received similar volumes of study fluid during
surgery, and no patient received colloid during sur-
gery (Table 1). Seven units of packed red blood cells
were administered in the NS group versus 3 U in the
LR group.

Serum creatinine on POD 3 was 2.3 � 1.8 mg/dL in
the NS group and 2.1 � 1.7 mg/dL in the LR group (P
� 0.7). Graft loss occurred in two patients in the NS
group and in one patient in the LR group. Episodes of
biopsy-proven rejection occurred in four patients who
received NS and in two patients who received LR.
Serum creatinine was similar in both groups at all
other time-points, and there were no significant dif-
ferences in any other markers of renal function (Table
2). Median (range) postoperative length of stay was
6.3 (3–27) days in the NS group and 5.3 (3–13) days in
the LR group (P � 0.6).

Peak intraoperative potassium concentration was
5.1 � 0.6 mEq/L in the NS group and 5.1 � 1.1 mEq/L
in the LR group. The serum potassium concentration
exceeded 6.0 mEq/L in 5 of 26 (19%) patients in the NS
group and in no patients in the LR group (P � 0.05)
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(Figs. 1, A and B). All five patients in the NS group
with serum potassium concentrations larger than 6
mEq/L were treated for hyperkalemia. The serum
potassium concentrations of the patients treated for
hyperkalemia were 6.2 mEq/L, 6.6 mEq/L, 7.1
mEq/L, 7.2 mEq/L, and 7.7 mEq/L.

Patients randomized to receive NS exhibited more
metabolic acidosis during surgery than patients who
were randomized to receive LR (Table 2). Eight (31%)
patients in the NS group received sodium bicarbonate
for the treatment of metabolic acidosis in comparison
to no patients in the LR group (P � 0.004). Within-
group analysis of the NS group revealed that mean �
sd lowest intraoperative blood pH in the patients who
were treated for metabolic acidosis was 7.20 � 0.09
versus 7.28 � 0.06 in patients who were not treated for
metabolic acidosis (P � 0.01). The mean � sd lowest
intraoperative blood pH in the LR group was 7.33 �
0.07. Serum chloride concentration at the end of sur-
gery was 111 � 4 mEq/L in the NS group versus 106
� 4 in the LR group (P � 0.0001).

Of note, cumulative postoperative urine output was
larger (Fig. 2A) and postoperative serum creatinine
was lower (Fig. 2B) in patients in the NS group who
received treatment for acidosis compared with patients
who received no treatment for acidosis. The serum chlo-
ride concentration in patients who received bicarbonate
was 113 � 4 mEq/L versus 110 � 4 mEq/L in patients
who did not receive bicarbonate (P � 0.1).

Urine flow rate (range) in the first 4 h after revas-
cularization of the donor kidney was 400 � 370 (130–
1050) mL/h in patients treated for hyperkalemia and
370 � 410 (0–1520) mL/h in NS-treated patients with
no hyperkalemia (P � 0.9). One patient received treat-
ment for both hyperkalemia and metabolic acidosis.
One patient in the NS group who received a transfu-
sion of packed red blood cells was treated for hyper-
kalemia, and no patients who received blood transfu-
sions were treated for metabolic acidosis.

Discussion
This is the first study that has compared the effects of
NS and LR as IV fluid therapy in kidney transplant

recipients. There was no significant difference be-
tween groups in the primary outcome measure of the
serum creatinine on POD 3. The study was terminated
because of concerns for patient safety. However, our
results strongly suggest that the administration of
large volumes of LR to patients undergoing kidney
transplantation is safe and that LR may be superior to
NS for IV fluid therapy in this setting. These results
have important implications for patient management
because more than 10,000 kidney transplants are per-
formed annually in the United States, with many
thousands more conducted world wide each year (15).

Table 2. Postoperative Renal Function

NS (n � 26) LR (n � 25)

4-h urine output, L 1.6 � 1.6 2.1 � 1.5
24-h creatinine clearance, mL/min 81 � 41 94 � 30
Postoperative Day 3 serum creatinine, mg/dL 2.3 � 1.8 2.1 � 1.7
1-wk serum creatinine, mg/dL 1.9 � 1.2 1.6 � 1.3
6-mo serum creatinine, mg/dL 1.5 � 0.6 1.5 � 0.4
Patients requiring dialysis, No. (%) 2 (8) 1 (4)

Data are mean � sd unless otherwise stated.
NS � 0.9% NaCl (normal saline) group; LR � lactated Ringer’s solution group.

Figure 1. Perioperative potassium concentrations in (A) LR- and (B)
NS-treated patients. NS � 0.9% NaCl; LR � lactated Ringer’s solution
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The development of metabolic acidosis in associa-
tion with the administration of large volumes of NS is
a well-recognized phenomenon (6,8,16,17). In our
study, metabolic acidosis requiring treatment oc-
curred only in patients who received NS. The mecha-
nism for this metabolic derangement has been attrib-
uted to the dilution of bicarbonate by large volumes of
buffer-free fluid (18). An alternative explanation is
that the hyperchloremia caused by NS causes a de-
crease in the strong ion difference of the blood with
consequent development of metabolic acidosis (19).
Regardless of the mechanism by which it occurs, the
acidosis may be of particular significance in patients
with ERSD and those undergoing kidney transplanta-
tion. These patients may have preexisting abnormali-
ties of acid-base balance. Therefore, the administration
of large volumes of NS or NS-based fluid may cause
worsening of acidosis, complicate interpretation of
acid-base data, and, at worst, result in unnecessary
interventions, particularly if the etiology goes unrec-
ognized. The choice of balanced salt-based solutions
such as LR rather than NS-based solutions for IV fluid
therapy averts the risk of IV fluid-induced hyperchlo-
remic metabolic acidosis.

Abnormalities of electrolyte balance are common in
patients with renal failure. Indeed, hyperkalemia is an
indication for the institution of renal replacement ther-
apy. An important aspect of the management of pa-
tients with renal disease is to minimize the risk of the

development of hyperkalemia. Therefore, potassium-
containing fluids such as LR have been avoided in
patients with renal failure. In our study, no patient
who received LR required treatment for hyperkale-
mia. However, it cannot be concluded from our find-
ings that hyperkalemia never occurs in patients who
receive LR during kidney transplant surgery. Hyper-
kalemia may occur, for example, during the rapid
infusion of large volumes of LR. However, our find-
ings support our hypothesis that the risk of hyperka-
lemia may be more theoretical than real in patients
undergoing uncomplicated kidney transplant surgery
who are treated with potassium-containing, balanced
salt-based solutions. The mechanism for the develop-
ment of hyperkalemia in NS-treated patients is pre-
sumably through an extracellular shift of potassium
caused by acute changes in blood hydrogen ion con-
centration, which occurs in association with hyper-
chloremic metabolic acidosis (10).

IV fluid composition may have an impact on renal
function, although this point is controversial (20). A
few small studies have suggested that the administra-
tion of NS may be detrimental to renal function
(6,8,9,11,21,22). In our study, small differences in post-
operative markers of renal function were observed,
but these differences were not clinically relevant and
did not achieve statistical significance. However,
within-group analysis of data from the NS group re-
vealed that postoperative urine output was larger in

Figure 2. Postoperative urine output (A) and
serum creatinine (B) in patients treated for aci-
dosis and in patients not treated for acidosis in
the NS group. NS � 0.9% NaCl. (A) *P � 0.04 vs
patients treated for acidosis; **P � 0.05 vs pa-
tients treated for acidosis. (B) #P � 0.0.008 vs
patients treated for acidosis; ##P � 0.02 vs pa-
tients treated for acidosis.
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patients who were treated with sodium bicarbonate
for metabolic acidosis. In addition, serum creatinine
was lower in these patients, and this effect was appar-
ent at one week after surgery. The significance of this
finding is unclear.

Previous studies have suggested that hyperchlor-
emia may be the mechanism by which large-volume
transfusion of NS may adversely affect kidney func-
tion (9,21,23). Our findings do not support this sug-
gestion because the serum chloride concentrations did
not differ between the patients who received bicarbon-
ate and those who did not. It is possible that the larger
urine output and lower serum creatinine concentra-
tion in patients who received sodium bicarbonate may
be explained by the volume expanding properties of
concentrated sodium bicarbonate. Alternatively, the
differences in renal function may suggest that the
deleterious effects of NS are mediated through meta-
bolic acidosis and acidemia. Indeed, in two studies of
surgical patients treated with large volumes of NS
and, in many cases, sodium bicarbonate, NS-treated
subjects did not exhibit inferior urine output and se-
rum creatinine concentrations compared with patients
who received LR (17,24).

The study is subject to a number of limitations. For
logistical reasons only, 3 cadaveric donor kidney re-
cipients were enrolled, with 48 of the 51 study patients
undergoing living donor transplantation. Therefore,
our results are strictly applicable only to patients un-
dergoing living donor transplants. Notably, 43% of
kidneys transplanted annually in the United States are
from living donors (15). This study is also limited by
the fact that it was a single-center investigation. Fac-
tors such as surgical technique and the duration of
surgery may differ among institutions. However, out-
comes after kidney transplantation at the Columbia
Presbyterian Hospital of the New York Presbyterian
Hospital are similar to outcomes in patients treated at
other transplant centers in the United States (15).

Another possible criticism of the study design is the
lack of an algorithm for study fluid administration
and for the treatment of acidosis and hyperkalemia.
We allowed the clinician attending each patient to
determine the rate and volume of fluid administered
as well as the decision to treat metabolic acidosis
because this more accurately reflects day-to-day clin-
ical practice. In addition, because this was a double-
blind study, there was no possibility of bias on any
clinician’s part with regard to the decision to treat
acidosis or hyperkalemia. Finally, it is possible that
some patients may have received diuretics in the days
after surgery, and this may have influenced postoper-
ative urinary output. It seems unlikely that diuretic-
induced changes in urine output would have masked
an effect of NS on urine output.

Most patients undergoing kidney transplantation in
the United States receive NS for IV fluid therapy dur-
ing surgery because of the risk of hyperkalemia (5).
This is the first study to compare the effects of NS and
LR in patients with ESRD. Our findings demonstrate
that NS is not detrimental to renal function in these
patients. In addition, the administration of large vol-
umes of LR to patients undergoing kidney transplan-
tation seems safe and may be superior to NS for IV
fluid therapy in these patients because it avoids the
risk of metabolic acidosis and clinically significant
hyperkalemia.
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