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Abstract: Ultrafiltration has been used successfully in a variety of
applications in the perioperative setting to assist in hemoconcen-
tration and volume reduction. This study was designed to inves-
tigate the effects of aggressive conventional hemofiltration on
bypass urine production, fluid balance, and renal performance in
the 24 hours after bypass procedures in the adult population. A
prospective, randomized study was designed to determine the
effects of conventional ultrafiltration (CUF) during bypass while
monitoring urine dynamics intraoperatively and in the 24-hour
post-bypass period. Study group 1 (CUF, n = 49) was compared
to control group 2 (non-CUF, n = 47) by monitoring urine val-
ues, volume additions, and packed red cell (PRC) use through-
out the procedure. The mean total CUF volume removed from
group 1 was 5781 + 2612. There were no differences in pre-
bypass, total bypass, or total operating room (OR) urine be-

tween the two groups. The 24-hour urine totals were significantly
higher in group 2 (2389 + 895) than in group 1 (2035 + 895). The
ending bypass hematocrit was also lower in group 2 (26 + 2.0)
than in group 1 (30 + 6.0). OR PRC additions were higher in
group 2 (395 + 699) than group 1 (204 + 300). The non-CUF
control group 2 experienced significantly greater ending fluid
balance (3006 + 868) compared with group 1 (744 + 1271). No
significant differences in pre- or postoperative creatinine values
were observed. Aggressive CUF can be safely used during car-
diopulmonary bypass in the adult population to reduce fluid ac-
cumulation and elevate bypass hematocrit without effecting by-
pass or intraoperative urine production. Keywords: conventional
ultrafiltration, hemodilution, renal failure, urine output, bypass
urine, fluid balance, hematocrit, extracorporeal. JECT. 2006,38:
144-153

Extracorporeal circulation contributes to morbidity af-
ter cardiac surgery by adversely affecting various physi-
ologic mechanisms. These include, but are not limited to,
systemic inflammatory response syndrome (SIRS), hema-
tological alterations, neurological sequalae, and the ad-
verse effects of hemodilution. Various strategies have
been used to minimize and reverse the degree of hemodi-
lution in an effort to control the consequences of fluid
accumulation, capillary leak syndrome (1-5), postopera-
tive weight gain, and homologous blood use.

Controlling the adverse effects and limiting the extent
of hemodilution continue to present challenges to circuit
mechanics and operative technique for the clinical perfu-
sionist. Many mechanisms have been used to avoid exces-
sive hemodilution during cardiopulmonary bypass
(CPBP) procedures. These range from minimally invasive
procedures (MIDCAB) (6-9) to mini-extracorporeal cir-
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culation systems (MECC) (10,11). Additionally, various
techniques have been used to reduce the crystalloid load
before initiating bypass retrograde autologous prime
(RAP) (12,13) and vacuum-assisted venous return
(VAVR) (14-16) or during the period surrounding bypass
zero-balance ulfrafiltration (ZBUF) (17,18), modified ul-
trafiltration (MUF) (19-22), and conventional ultrafiltra-
tion (CUF) (23-26).

Conventional ultrafiltration (CUF) is a technique ca-
pable of removing large amounts of fluid (isotonic plasma
water) while reducing inflammatory mediators complicat-
ing CPBP procedures (27-32). Although ultrafiltration
can be an effective tool to ameliorate the extent of he-
modilution, its effects on diuresis during bypass have not
been thoroughly studied. Concern arises whether CUF
may influence intraoperative urine production or possibly
contribute to renal dysfunction. Acute renal failure (ARF)
may occur in 7-30% of cardiac patients, with 1-4% re-
quiring dialysis, thereby increasing postoperative morbid-
ity (33-35). Postoperative renal dysfunction remains a fre-
quent and serious complication after cardiac surgery
(36,37). Because the effects of CUF on urine production,
fluid balance, and possibly renal function remain largely

Article available at pffipS://[ect.edpsciences.orq or hffps:7/d 0/10.10 7200638144



https://ject.edpsciences.org
https://doi.org/10.1051/ject/200638144

ULTRAFILTRATION AND RENAL PERFORMANCE DURING CPB 145

unknown, this study was designed to prospectively inves-
tigate a large series of consecutive, randomized patients to
1) determine if aggressive CUF during CPBP effects urine
production, 2) examine the comparative effects of CUF on
overall fluid balance, and 3) investigate if the performance
of CUF throughout CPBP adversely effects renal function.

MATERIALS AND METHODS

Patient Selection

This prospective, randomized study was conducted over
a 4-month period and included 100 consecutive adult pa-
tients undergoing routine coronary artery bypass grafting
or valve replacement surgery by the same surgical and
perfusion team. Exclusion criteria for this study are listed
in Table 1. The protocol was approved by the local Insti-
tutional Review Board, and written consent was waived.
The patients were separated into two groups: a treated
group 1 (CUF) group and a control group 2 (non-CUF).
All patients were assigned to their respective groups in
advance by a random number table (0 for control, 1 for
CUF).

Data Collection

The primary outcome measurement parameters were
urine production and CUF volume during CPBP. For this
purpose, a data sheet was designed to collect all continu-
ous and discrete variables. Urine was measured by ultra-
sonic volumetric analysis at the end of each 15-minute
period from the start of CPBP. In the CUF group, the
filtrate volume was collected and measured in a graduated
cylinder and recorded with the coincident urine volume at
the end of each 15-minute bypass period.

Additional data collected included preoperative hemat-
ocrit (baseline), pre-bypass hematocrit, last bypass hemat-
ocrit (HematoSTAT II; Separation Technology, Alta-
monte Springs, FL), blood and clear additions by anesthe-
sia, and the perfusionist. Pre-bypass (Foley insertion to
CPBP) and total operating room (OR) urine was recorded

Table 1. Patient exclusion criteria.

Patient Exclusion Criteria

1. Renal insufficiency

2. Furosimide administration
3. Chronic dialysis

4. Chronic hypotension

5. Creatinine = 1.3 mg/dL

6. OR diuretic use

7. Preoperative IABP insertion
8. Creatine supplements

9. Oliguria (24 urine <400 mL)
10. Catheter insertion problems
11. Diabetes mellitus

12. Liver dysfunction

13. ACE inhibitors

14. Urgent CPBP

for later comparative analysis. At 24 hours after terminat-
ing bypass, the following data were collected: 24-hour he-
matocrit, 24-hour urine (the urine collection is emptied
before leaving the OR), red blood cell additions, and 24-
hour creatinine. Pre- and postoperative creatinine data
were collected for comparative analysis.

Perfusion Technique

A centrifugal arterial pump (Delphin; Terumo, Ann Ar-
bor, MI) was used with a modular heart lung machine
(Sarns 8000; Terumo) equipped with a custom closed sys-
tem tubing pack and membrane oxygenator (Capiox 1.8;
Terumo). The prime consisted of Normosol (1500 mL), 25
g mannitol (50 mL 25%), 12.5 g albumin (25%), 5 ku
sodium heparin, 35 mEq sodium bicarbonate, and either
Trasylol (2 x 10° KIU) or amicar (10 mg) for a total prime
volume of 1800 mL before cannulation. Anticoagulation
management was achieved with the HMS system (Hemo-
tec; Medtronic, Minneapolis, MN). Heparin was adminis-
tered to maintain an activated clotting time (ACT) = 480
seconds. Packed red cells (PRCs) were added to the prime
whenever necessary to maintain a minimum calculated he-
matocrit of 25%. Bypass flow ranged from 1.8 to 2.4
L/min/m? to achieve a venous saturation of 0.65-0.75%.
Normal systemic vascular resistance was maintained by
the addition of phenylephrine or Forane as required. Mild
hypothermia was used to a target bladder temperature of
34°C. Intermittent cold blood cardioplegia was adminis-
tered with a standard 4:1 integrated delivery set (CP-50;
Terumo) using Plegisol as the carrier solution per manu-
facturer guidelines. A warm reperfusion dose followed by
warm blood was delivered before cross-clamp removal.
pH stat blood gas management was used during the initial
cooling phase followed by alpha stat management during
baseline hypothermia and throughout the rewarm period.
Arterial line temperatures were kept below 37.5°C during
rewarm. The patient was separated from CPBP when the
bladder temperature reached 36°C.

Anesthesia Technique

All patients were premedicated with 5-10 mg oral Di-
azepam or 1-2 mg Lorazepam and transferred to preop-
erative holding, where Fentanyl (50 g increments) or Di-
azepam (2.5-5 mg) was administered as needed for seda-
tion. After transfer to the operating room, induction was
achieved with 0.3 mg etomidate, 8 mg Pancuronium, and
10 mg fentanyl. After tracheal intubation, patients were
mechanically ventilated to give a tidal volume of 10-12
mL/kg body weight, with an inspiratory mixture of N,O/
0O, 50% and a respiratory rate of 10-14 cycles/min to
achieve an end tidal CO, between 35 and 45 mmHg. Gen-
eral anesthesia was maintained with Fentanyl (50-100 p.g)
and Pavulon (2-4 mg) and Diazepam (5-10 mg), with ad-
ditional doses for maintenance as needed.
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Statistical Analysis

A descriptive data sheet was designed in Excel format
to collect and perform the relevant calculations. The re-
sulting information was imported into the statistical soft-
ware package (JMP version 11.0; SAS Institute, Cary, NC)
for final analysis.

The null hypothesis tested was that there was no differ-
ence between the urine produced on bypass with and with-
out the use of conventional ultrafiltration. To further as-
sess urine function, postoperative creatinine was com-
pared to pre-bypass levels in addition to a 24-hour
measurement. Also, 24-hour postoperative urine produc-
tion was compared between the two study groups. Fluid
additions and fluid balance were analyzed in the context of
the study groups as well as the maintenance of target he-
matocrit levels.

Categorical distributions (how a categorical response is
distributed) were expressed as percentages and analyzed
by a categorical model testing marginal homogeneity. This
was accomplished by creating a contingency table looking
at the distributions through x* analysis to test for indepen-
dence (and determine probability). Fisher exact test or
Pearson x2 test was used to confirm the probable alterna-
tive hypothesis, with p < .05 being the threshold for sta-
tistical significance.

Continuous variables (i.e., age) were expressed as mean
+ SD and compared by a two-tailed Student ¢ test or Wil-
coxon rank sum test in nonparametric responses. Com-
parison of multiple mean values was carried out by
ANOVA.

Continuous Ultrafiltration Technique

This study precludes a double-blinded design because
the perfusion team must set up the CUF circuit (HPH400;
Minntech, Minneapolis, MN) in advance. Despite the
single blinded format, researcher bias on part of the per-
fusionist was considered. To minimize this effect, the tech-
nique of CUF was standardized on all patients to eliminate
perfusion technique that might otherwise be a factor. Ac-
cordingly, CUF will be initiated and controlled through a
standardized protocol. CUF was begun on the initiation of
CPBP and continued throughout the pump run until by-
pass was terminated. The ultrafiltrate volume was col-
lected and measured in 15-minute intervals. The CUF cir-
cuit is placed between the oxygenator outlet and arterial
line filter. Adequate transmembrane pressure (TMP) for
brisk filtrate removal (>400 mL/interval) was achieved by
maintaining consistent flows and perfusion pressures,
which were recorded for analysis. With adequate arterial
line pressures, vacuum to the filtrate path was not re-
quired to increase TMP to achieve the desired ultrafiltrate
flow rates (58 + 18 ml/min).

If additional volume was required to maintain a safe
level in the reservoir, zero-balance ultrafiltration (ZBUF)
was used by adding clear volume (plasmalyte or albumin).
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A record of additions and fluid balance by the perfusion
and anesthesia team was part of the data sheet. Blood was
administered as per our normal protocol of minimum by-
pass hematocrit of 25%. The only difference in the treated
group (volume and hct) was the presence of CUF fluid
removal. The interim data and results of renal dynamics
were not revealed to the perfusionist operating the CUF/
design protocol until after the study was complete.

RESULTS

Patient demographic data are summarized in Table 2.
Group 2 (non-CUF) contained 47 patients and group 1
(CUF) contained 49 patients. There were no statistically
significant differences in age, body size, weight, blood vol-
ume, bypass time, or cross-clamp time between the two
groups. The average bypass time in group 2 was 103 min-
utes and was 96 minutes in group 1. The average cross-
clamp time was 64 minutes in group 2 and was 68 minutes
in group 1. There were 35 (74%) men in group 2 and 39
(79%) in group 1.

Table 3 shows the volume of ultrafiltrate removed dur-
ing bypass in the study group with a mean of 5781 + 2612
mL. The values ranged from 1900 to 13,320 mL, with a
median of 5560 mL. This resulted in a removal volume of
68 + 29 mL/kg during bypass at a rate of 41 + 13 mL/kg/hr
or 58 = 17 mL/min. The average CUF volume removed in
any 15-minute period was 871 mL. For relative compari-
son, Table 2 shows the mean blood volume in the CUF
group to be 5.8 = 1.26 or 67.3 + 7.5 mL/kg.

Table 4 compares the hematocrit and PRC administra-
tion data between the two groups. Both groups had similar
initial hematocrits, with group 2 having 37 + 4.1 and group
1 having 38 + 4.1. The pre-bypass hematocrits were also
similar between groups, with group 2 having 34 + 4.5 and
group 1 having 34 + 4.7. The last bypass hematocrit in
group 2 was 26 = 1.9, which was significantly lower than in
the CUF group 1, which was 30 + 6.6. Operating room
PRC administration was 395 + 699 in group 2 and 204 +
300 in group 1, showing a lot of variability and achieving

Table 2. Patient characteristics.

CUF No CUF

(Group 1) (Group 2) p Value

N = 49, N = 47, (Student’s
Continuous Variable Mean + SD Mean + SD t-test)
Age (years) 63+12 64 +10 .62
Body surface area (m?) 2.01+.24 2.05 .27 41
Weight (kg) 87 +18 93 +21 12
Blood volume (mL) 5.8+1.26 59 +1.57 .59
Blood volume (mL/kg) 67+75 64+92 .07
Bypass time (min) 103 £ 51 96 + 36 44
Cross clamp time (min) 69 +32 65+23 44
Males (categorical) 39 (79%) 35 (74%) .80%*

*Fisher exact test (right-sided).
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Table 3. CUF study volume distributions.

Table 5. Creatinine clearance values.

Mean Median SD  Maximum Minimum
CUEF total removed
(mL) 5871 5560 2612 13220 1900
CUF indexed to
weight (mL/kg) 68 62 29 145 18
CUF flow rate
(mL/min) 58 55 17 97 27

Table 4. Hematocrit and PRC administration.

p Value
CUF No CUF (Student’s

Variable (Group 1) (Group 2) t-test)
First OR hematocrit

(%) 37+7.1 38+4.1 35
Pre-bypass hematocrit

(%) 3445 33+47 .76
Last bypass hematocrit

(%) 30+6.5 26+1.9 .0001*
24-hour hematocrit (%) 34+£3.8 34+38 .63
OR PRC administration 204 + 300 395 + 699 .0443*
OR PRC (mL/kg) 28+49 53=+11 .0719%
OR PRC probability n=20(41%) n=25(53%) 15627
24-hour PRC

administration 219 + 342 223 + 337 95
24-hour PRC (mL/kg) 2.85+4.7 2.65+42 .83
24 PRC probability n=19038%) n=18(38%) .60157

*p <t
tFisher exact test (right-sided).

significance (0.0449). As a result, the 24-hour hematocrit
value was similar in both groups: 34 + 3.8 in group 2 and
34 + 3.8 in group 1. A contingency analysis of OR PRCs
given by study group revealed that PRCs were adminis-
tered 53% of the time in group 2 and 41% of the time in
group 1, but this did not reach significance (0.1562).
Twenty-four-hour PRC administration was similar in both
groups; PRC was given 38.8% of the time in group 2 and
38.3% of the time in group 1. (PRC were given inside the
OR with less variability between groups than in the 24-
hour period.)

Table 5 reviews the creatinine clearance values between
the two groups in the pre-, post-, and 24-hour periods.
Preoperative creatinine in group 2 (1.03 + 0.20) was simi-
lar to group 1 (1.01 + 0.17). Similarly, the postoperative
and 24-hour creatinine values were comparable in both
groups (0.87 £ 0.22 vs. 0.82 £ 0.17) and (1.02 = 0.19 vs. 1.03
+ 0.28). To show if the effects of hemodilution between
groups could alter these results, an attempt was made to
adjust for fluid balance and normalize to an average blood
volume. After these adjustments were made to the creat-
inine concentrations, the postoperative and 24-hour values
became significantly different. The adjusted postoperative
creatinine was 0.98 + 0.37 in group 1 and 1.4 + 0.55 in
group 2, and the adjusted 24-hour values were 0.83 + 0.42
in group 1 and 1.2 + 0.49 in group 2, both interims reaching
statistical differences.

p Value
CUF No CUF  (Student’s

Variable (Group 1) (Group 2) t-test)
Preoperative creatinine (mg/dL) 1.01+£.17 1.03+.2 .61
Postoperative creatinine (mg/dL) 82 +.17 87+ .22 29
Adjusted postoperative Cr

(mg/dL) 98+37 1455  .0001
24-hour creatinine (mg/dL) 1.03+£.28 1.02+.19 .84
Adjusted 24-hour Cr (mg/dL) 83+ .42 1.2+ .49 .0001
Preoperative clearance (mL/min) 94 +32 95 +28 .79
Postoperative clearance (mL/min) 114 +38 114 +33 97
24-hour clearance (mL/min) 95 +35 95 +28 91
Adjusted 24-hour clearance

(mL/min) 121 +91 86 + 36 .0149
Postoperative percent change* 25+23 27 +39 78
24-hour percent change 22+22 1.4218 .85

*% change = [post — pre]/[pre]).

Table 6 reviews the anesthesia and perfusion volume
additions as well as the overall fluid balance for the study
groups. Anesthesia additions were slightly higher in the
study group, with group 2 receiving 2697 + 687 mL and
group 1 receiving 3147 + 947 mL, giving a mean difference
of 450 mL of additional volume in the non-CUF group.
The pump additions were significantly higher in the CUF
group at 3742 + 2689 mL compared with the non-CUF
group at 745 + 445 mL. When normalized to body size
(mL/kg) to reveal potential () hydration errors, these
values translated into 8 + 4 mL/kg for group 2 and 43 + 29
mL/kg for group 1. Overall fluid balance was significantly
higher in the non-CUF group (3006 + 868 mL) vs. the
CUF group (744 + 1271 mL), with a mean difference of
2261 mL. The CUF patients produced a negative fluid
balance on 15 occasions vs. 0 for the non-CUF group.

Figure 1 graphically shows the total pump crystalloid
additions and CUF removal volumes in the study group.
Only one CUF patient received more pump clear addi-
tions than ultrafiltrate removal. Although the CUF pa-
tients consistently received more pump additions the over-
all fluid balance was significantly lower.

Table 7 shows the blood flow patterns during the first 90
minutes of bypass between the two groups. Group 2 (non-
CUF) required 7-10% more flow during each interval,
which reached statistical significance during most of the

Table 6. Fluid balance/additions.

p Value
CUF No CUF  (Student’s
Variable (Group 1)  (Group 2)  t-test)*

Anesthesia clear additions (mL) 3147 £ 947 2697 + 687 .009

Pump clear additions (mL) 3742 £2689 745 + 445 .001
Pump additions (mL/kg) 43 £ 29 8+4 .001
OR total fluid balance (mL) 744 + 1271 3006 + 868 .001
Fluid balance (mL/kg) 92+16 345+ 16 .001
Negative fluid balance n=14 n=20 —

*p > el
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bypass duration. Table 8 reviews the pressure patterns
during each interval for each study group. Both groups
maintained a consistent and similar blood pressure, with
no statistical difference between group 1 and group 2.

Table 9 records the various urine statistics for review.
The results of this experiment indicate that there were no
differences in pre-bypass, total bypass, or total operating
room urine outputs (mL) or flow rates (mL/kg/hr) that
reached a level of significance. The 24-hour urine totals
were significantly higher in group 2 (2390 + 896 vs. 2036 +
663) but the indexed flow per body weight (mL/kg/h) re-
vealed no significant differences. Figure 2 compares the
urine, fluids, and ultrafiltrate volume (mL/kg) during the
bypass period to show the relative effects of each. Finally,
Figure 3 provides the ANOVA analysis comparing the
bypass urine rate (mL/kg/h) between study groups. The
difference between means in each group was —0.4399
(CUF - non-CUF) with an SE difference of 0.2920 and a
p value of .1355, showing no significant difference. The
final CUF vs. non-CUF bypass urine rates were 1.28 + (.18
and 1.56 + 0.23, respectively.

DISCUSSION

Principle Findings
Aggressive CUF can remove large amounts of isotonic

Table 7. Blood flow comparative group statistics.

solution originating from the priming volume, pre-existing
CHF accumulation, and intraoperative anesthesia addi-
tions. When applied continuously, during the early phases
of bypass, CUF has the ability to remove excessive prime
volume, elevate the hematocrit, and concentrate the
plasma proteins without compromising homodynamic sta-
bility (38). This process reduces total body water and mini-
mizes interstitial fluid shifts. Recent reports have shown
the potential advantage of ultrafiltration in attenuating
pulmonary injury by the constant removal of inflamma-
tory mediators produced during CPBP (39,40).

The goal of this study was to determine not only if
aggressive ultrafiltration could result in a favorable fluid
balance but also whether or not urine production, while on
bypass, would be negatively effected. During bypass, fluid
leaves the vascular compartment at a steady rate in accor-
dance with the “Starling forces” of colloid osmotic pres-
sure, vascular pressure, interstitial fluid pressure, tempera-
ture, degree of inflammatory response, and presence of
diabetes mellitus or other conditions altering the vascular
endothelium. This study showed that a rapid reversal of
hemodilution early in the bypass period, by aggressive
fluid removal, can reduce the impact of fluid accumulation
while improving bypass hematocrit without excessive
transfusion. The inward, positive effects of plasma colloid
osmotic pressure (COP) are immediately reduced by the

Table 8. Perfusion pressure analysis.

p Value p Value
CUF No CUF (Student’s CUF No CUF  (Student’s

Variable (Group 1)  (Group 2) t-test)* Variable (Group 1) (Group 2) t-test)*
Blood flow at 00-15 minutes 41+.5 43+ .5 .05 Blood pressure at 00-15 minutes 70 = 9.0 68 +7.6 .39
Blood flow at 15-30 minutes 40+.7 43+.6 .03 Blood pressure at 15-30 minutes 71 £ 9.0 70+79 .85
Blood flow at 30-45 minutes 417 43+.6 .06 Blood pressure at 30-45 minutes 68 +9.2 69 +9.4 45
Blood flow at 45-60 minutes 41+.7 44+.7 .06 Blood pressure at 45-60 minutes 67 + 9.4 68 +7.0 34
Blood flow at 60-75 minutes 42+.7 45+.7 .07 Blood pressure at 60-75 minutes 68 + 10.2 66 + 8.0 20
Blood flow at 75-90 minutes 43+.6 46+.8 21 Blood pressure at 75-90 minutes 68 + 9.98 65 8.5 .69

*Significant at p < .05.
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Table 9. Urine volume and flow values.

p Value
CUF No CUF  (Student’s

Variable (Group 1)  (Group 2) t-test)*
Pre-bypass urine (mL) 382 255 321 £192 19
Pre-bypass urine rate

(mL/kg/hr) 23+1.7 1.8+1.1 24
Total bypass urine (mL) 347 + 256 394 + 238 35
Bypass urine rate (mL/kg/hr) 243+128 2.87+1.56 18
Total OR urine (mL) 876 + 396 883 £ 353 92
OR urine rate (mL/kg/hr) 229+1.1 2.25+1.03 .99
24-hour urine (mL) 2036 £ 663 2390 + 896 .03*
24-hour urine rate (mL/kg/hr)  1.07 +.39 121 +.55 35

*p < .05.

effects of acute hemodilution as CPBP begins. Continuous
ultrafiltration throughout the bypass period serves to re-
duce the interstitial accumulation of fluid.

The technique of conventional ultrafiltration during by-
pass has proven to be a useful modality to treat acute
hemodilution by removing excess volume from prime and
fluid additions (41-43). Combined techniques of CUF and
MUF have been developed in an effort to remove harmful
cytokines and inflammatory mediators from the circula-
tion (44-46). Patients undergoing CPB exhibit the adverse
effects of increased capillary permeability and decreased
colloid oncotic pressure resulting in tissue edema, poor
pulmonary compliance, and increase in length of stay (47).
The two factors associated with an increased length of stay
(multivariate analysis) were age > 70 years and fluid bal-
ance > 500 mL. The average interstitial fluid leakage rate
is reported to be 34.1 + 11.1 mL/min (2.04 L/hr) under
normothermic conditions (48). The CUF removal rate in
this study averaged 58 + 18 mL/min (3.40 L/hr), which

Major Bypass fluid shifs
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exceeds the average leakage rate reported. This aggressive
fluid removal resulted in an average of 5781 + 2612 mL of
volume removed or 68 + 29 mL/kg. With an average cal-
culated blood volume (CBV) in our CUF group of 66 + 8.4
mL/kg, nearly one CBV was removed in each patient.

Although a greater amount of perfusion fluid additions
was required to maintain a safe operating level in the
venous reservoir, the overall effect on fluid balance in the
CUF group was a significant finding in this study. An av-
erage (difference in means) of 2261 mL of additional fluid
was accumulated in the non-CUF group despite the addi-
tional reservoir volume added during bypass (Table 8).
This effect was also apparent in the last bypass hematocrit
between the two groups (30 + 6.5 vs. 26 = 1.9) and the
amount of PRC administered in the operating room. The
ability to achieve a negative fluid balance occurred 12
times in the CUF group and never in the non-CUF group.
Anesthesia additions were not effected by the presence or
absence of ultrafiltration.

The maintenance of consistent blood pressures on by-
pass was similar in both groups, averaging between 63 and
71 mmHg at all times, with no difference reported be-
tween groups. The blood flow in the non-CUF group was
found to be slightly higher (10%) to achieve the same
desired venous saturations of 65-75%. This can be ex-
plained by the 10% lower hematocrit on bypass in the
non-CUF group requiring the additional flow to provide a
consistent oxygen delivery and extraction ratio.

A key element in our null hypothesis was the compari-
son of urine values while on bypass between our study
groups. As shown in Table 7, the difference in bypass
urine rates (mL/kg/min) could not achieve statistical sig-
nificance. Pre-bypass, total bypass, and total OR urine
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| Means and Std Deviations _ , o 1
Level Number Mean Std Dev Std Err Mean Lower 95% - Upper 95%
CUF 49 2.42857 1.27981 0.18283 2.0610 2.7962
No CUF 47 2.86851 1.56099 0.22769 2.4102 3.3268
|t Test ]
CUF-No CUF
Assuming unequal variances
Difference -0.4399 t Ratio -1.50658
Std Err Dif 0.2920 DF 88.98807
Upper CL Dif 0.1403 Prob > |t} 0.1355
Lower CLDif  -1.0202 Prob >t 0.9323 _
Confidence 0.95 Prob <t 0.0677 10

volumes and indexed rates were similar in both groups.
When looking at total bypass urine, the non-CUF group
could only produce an average of 47 mL of additional
urine despite having a mean additional fluid balance of
2261 mL. Despite a higher 24-hour urine total (an average
difference of 354 mL), the non-CUF group was still 1907
mL behind during this time frame, providing a continued
discrepancy in overall fluid balance in the 24-hour time
frame.

Pre- and immediate postoperative creatinine and clear-
ance values were very similar in both groups, indicating no
change in renal function as a result of the use of ultrafil-
tration. All patients exhibited a drop in blood creatinine
values after bypass, most likely because of the effects of
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hemodilution in both groups. The 24-hour creatinine val-
ues were statistically higher in the CUF group. To deter-
mine if hemodilution could account for this difference
alone, creatinine blood concentrations were adjusted for
hemodilution and normalized to a standard blood volume.
When these calculations were applied, no difference in the
24-hour values was noted. Because creatinine clearance
was estimated by using the Cockroft-Gault (C-G) equa-
tion (49,50), it has been reported to be less accurate in
extreme obesity or edematous states (51). Although urine
was collected in a 24-hour period, the concentration of
urine creatinine was not measured, therefore precluding
the use of the conventional formula. In addition, the C-G
formula may underestimate glomerular filtration rate
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(GFR) and conversely overestimate risk in obese patients
and in patients with very low plasma creatinine levels (52).
Further studies are required to more closely examine renal
function in the 24- to 48-hour period with additional dis-
crete tests on renal function. The results of this study
could not reveal any significant alterations in creatinine
values attributed to the use of conventional ultrafiltration.

The overall effects of cardiopulmonary bypass on renal
function have been well-documented (53-55). Reduced
creatinine clearance is seen in up to 11% of CPB patients,
with overt renal failure requiring dialysis in 3.7% of pa-
tients (56). Although acute renal failure (ARF) requiring
dialysis is associated with a mortality rate of 45%, studies
examining the effects of bypass on renal function have
produced conflicting results (57,58). Current evidence sug-
gests that on-pump procedures are associated with an in-
creased risk of developing ARF after bypass surgery (59).

A review of the literature revealed that there is no con-
sensus regarding the complete etiology and risk factors for
ARF after CPBP. It has been recently shown that the
degree of hemodilution during CPB is an independent risk
factor for ARF requiring dialysis, although further re-
search is required to examine the cause-effect relationship
(60). Earlier research indicated the most common etiolo-
gies for ARF after CPB were found to be acute tubular
necrosis caused by inadequate oxygen delivery and renal
infarction by microemboli (61,62), both consequences of
hemodilution. Mild hemodilution (21-25%) may have
some protective effect early in the bypass period by re-
ducing red blood cell injury (63) and RBC trapping (64),
but severe (<21%) hemodilution may increase the risk of
AREF by adversely affecting renal oxygen delivery and re-
gional blood flow.

There is a well-documented association of hemodilution
with adverse outcomes after cardiac surgery (65,66) and
an independent association of postoperative creatinine
rise (and all creatinine markers of renal injury), with low-
est hematocrit during bypass (67). Habib et al. (68) re-
ported that all types of complications, including renal fail-
ure, were more frequent as hemodilution severity in-
creased, particularly for hematocrit < 22%. Ranucci et al.
(69) reviewed risk factors for renal dysfunction after coro-
nary surgery and found the only determinant for both
moderate and severe renal dysfunction was a low hemat-
ocrit value during CPBP. In an effort to minimize the
potential adverse effects of CPBP procedures, it is appar-
ent that we must control the extent and duration of he-
modilution.

The clinician should be acutely aware of fluid flux and
volume translocation throughout the bypass procedure.
Close monitoring of volume additions, urine flow, and ul-
trafiltration rates, if applicable, should be made at fre-
quent intervals to best assess the limits of hemodilution in

every patient. Ultrafiltration provides a safe method of
aggressive fluid removal without effecting urine produc-
tion during cardiac surgical procedures.

CONCLUSIONS

The adverse effects of severe hemodilution (<21%) with
crystalloid volume reduction can be safely avoided
through the use of continuous ultrafiltration during CPBP.
Conventional ultrafiltration (CUF), early and throughout
the bypass period, provides an effective means to elimi-
nate excess volume, reduce fluid accumulation, and el-
evate bypass hematocrit without affecting urine produc-
tion in the operative arena. This study has revealed that
native bypass urine production and total operating room
urine volume are not adversely affected by the use of
aggressive ultrafiltration.
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