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Background. This study examines the relationship be-
tween the use and volume of conventional ultrafiltration
(CUF) and the risk of acute kidney injury (AKI) after
isolated on-pump coronary artery bypass graft surgery.

Methods. A total of 6,407 consecutive patients un-
derwent isolated on-pump coronary artery bypass graft
surgery between 2010 and 2013 at 21 medical centers
participating in the PERFusion Measures and Out-
comes (PERForm) registry. We assessed the effect of
CUF use on AKI and other postoperative sequelae
using a generalized linear mixed-effect model with a
logit link. We also modeled the effect of increasing
volume of CUF per weight on AKI, and tested for any
modification by a patient’s preoperative kidney
function.

Results. Patients having CUF were more likely to have
diabetes, vascular disease, chronic obstructive pulmonary
disease, congestive heart failure, history of a myocardial

infarction, or an intraaortic balloon pump (p < 0.05). They
had lower preoperative and nadir hematocrits, creatinine
clearance, and ejection fraction (p < 0.05). Patients
exposed to CUF had higher adjusted risk of AKI
(adjusted odds ratio, 1.36; p [ 0.002), although similar
rates of death, stroke, and reoperation for bleeding
(p > 0.05). The risk of AKI was modified by a patient’s
preoperative kidney function (p < 0.0004). Among pa-
tients with a creatinine clearance of less than 99.6 mL/min
(95% confidence interval, 67.6 to 137.5), increasing volume
of CUF was associated with a higher risk of AKI.
Conclusions. Patients exposed to CUF had a higher

adjusted risk of AKI. Clinical teams should consider
lower volumes of CUF among patients with low creati-
nine clearance to minimize the risk of AKI.

(Ann Thorac Surg 2015;100:1683–8)
� 2015 by The Society of Thoracic Surgeons

Patients are exposed to hemodilution in the setting of
cardiac surgery, most commonly at the onset of car-

diopulmonary bypass (CPB). Hemodilution may be a
consequence of (1) the need to prime the heart-lung
machine with asanguinous fluid before CPB, and (2) the
imbalance between the overall volume contained within
the heart-lung machine and the patient’s own fluid vol-
ume. Patients exposed to lower hematocrits during CPB
are more likely to require red blood cell transfusion, and
are at greater risk of morbidity and mortality [1, 2].
Conventional ultrafiltration (CUF) has been used to treat
the hemodilutional effects of CPB circuits.

The impact of CUF on risk of acute kidney injury (AKI)
remains uncertain. Failure to perform CUF with resultant
hemodilution or fluid overload can potentially result in

kidney injury through tissue edema, as the kidneys are
encapsulated organs [3]. Indeed, CUF has been explored
as a potential intervention to mitigate AKI risk in cardiac
surgery [4]. Conversely, CUF may have an adverse
consequence on kidney injury, mechanistically related to
fluid shift imbalances and renal hypoperfusion. A few
relatively small studies have explored the short-term
risks associated with CUF, and have assessed kidney
injury in a number of ways, including renal insufficiency,
creatinine clearance (CrCl), and elevated postoperative
creatinine [4–7]. Three of these studies were randomized
trials [4–6]; two reported no significant difference associ-
ated with CUF in terms of renal insufficiency [4, 5],
whereas one reported a significantly lower adjusted 24-
hour creatinine associated with CUF [6]. These findings
may conflict in part owing to their small sample sizes as
well as varying definitions used to identify kidney injury.
To address these gaps in the peer-reviewed literature,

we leveraged a large, multicenter, observational study to
examine the association between the use of CUF and the
risk of AKI in the setting of isolated coronary artery

Accepted for publication April 15, 2015.

Address correspondence to Dr Likosky, Section of Health Services

Research and Quality, Department of Cardiac Surgery, University of

Michigan Medical School, Ann Arbor, MI 48109; e-mail: likosky@med.

umich.edu.

� 2015 by The Society of Thoracic Surgeons 0003-4975/$36.00
Published by Elsevier http://dx.doi.org/10.1016/j.athoracsur.2015.04.120

A
D
U
L
T
C
A
R
D
IA

C



bypass grafting (CABG) surgery across 21 medical centers
in the state of Michigan.

Material and Methods

Patient Population

The PERFusion Measures and Outcomes (PERForm)
registry is organizationally structured within the Michi-
gan Society of Thoracic and Cardiovascular Surgeons
Quality Collaborative (MSTCVS-QC). The MSTCVS-QC
began in 2001 as a cardiac surgeon–led quality collabo-
rative embedded in the Michigan Society of Thoracic and
Cardiovascular Surgeons, partially funded by the Blue
Cross/Blue Shield of Michigan insurance company. The
collaborative meets quarterly to review various processes
and outcomes, and to facilitate and evaluate quality
improvement studies [8–10].

All programs in the MSTCVS-QC use The Society of
Thoracic Surgeons data collection form and submit data
on a quarterly basis to both The Society of Thoracic
Surgeons database and the MSTCVS-QC data ware-
house. The PERForm registry contains information
related to the care and conduct of cardiovascular perfu-
sion practices. (A list of fields and definitions may
be found at http://www.mstcvsqualitycollaborative.org/
perform-registry). Each surgical record is merged with a
record from the PERForm registry [11]. Participating sites
are routinely audited for data validity and accuracy as
part of the MSTCVS-QC audit system, with sites on
average demonstrating excellent overall scores (>98%).

This study was approved by the Institutional Review
Board of the University of Michigan Health System. We
included patients receiving surgical treatment at any of 21
medical centers in Michigan between 2010 and 2013. We
excluded patients requiring dialysis at the time of their
isolated on-pump CABG surgery as well as those who
were exposed to zero-balance ultrafiltration during their
operation. Our final data contained 6,407 consecutive
patients.

Measures

The utilization of CUF during CPB and the volume
extracted were determined. Preoperative CrCl was esti-
mated using the Cockcroft-Gault equation (mL $ min�1

$

1.73 m�2): 186 � (serum creatinine mg/dL)�1.154
�

(age)�0.203
� (0.742 for women). Preoperative creatininewas

defined as the value closest to surgery, but before anes-
thetic management.

The highest postoperative creatinine during the index
admission was recorded. The primary outcome for this
analysis was postoperative AKI, defined as 0.3 mg/dL or
greater or 50% or greater increase in serum creatinine
from the baseline [12]. We additionally report crude rates
of transfusions, in-hospital operative mortality, reopera-
tion for bleeding, prolonged ventilation time greater than
24 hours, adverse coagulation event, total intensive care
unit stay greater than 24 hours, postoperative length of
stay, and 30-day readmission.

Statistical Analysis

Standard statistical tests were used for comparing pre-
operative and intraoperative patient characteristics for
patients who received CUF versus those who did not,
including c

2 tests for categorical data and two-sided
Wilcoxon rank-sum tests for continuous variables.
Trends in patient characteristics, processes of care, and
clinical outcomes were tested using nonparametric tests
of trend.
We assessed the effect of receiving CUF or not on the

risk of AKI as well as other outcomes using generalized
linear mixed-effect model, in which hospitals are
modeled as a random effect. To account for potential
confounding attributable to differences in patients’ pre-
operative and intraoperative characteristics between
those with and without CUF, we adjusted for the
following in the generalized linear mixed-effect models:
surgery year, age, sex, diabetes, body surface area,
vascular disease, chronic obstructive pulmonary disease,
preoperative hematocrit, congestive heart failure, previ-
ous myocardial infarction, ejection fraction, CrCl, acuity,
red blood cell transfusion, nadir hematocrit during CPB,
cross-clamp duration, and CPB duration.
In a secondary analysis, we explored the effect of

increasing volume of ultrafiltration indexed to the pa-
tient’s body weight (CUF/kg, mL/kg). Generalized linear
mixed-effect models with logit link adjusting the same set
of preoperative and intraoperative risk factors were used
to estimate the effect of CUF/kg on AKI. For this analysis,
we modeled each patient’s exposure to increasing
CUF/kg. In addition, we assessed whether the effect of
CUF/kg on AKI was modified by a patient’s preoperative
kidney function by including an interaction between
CUF/kg and CrCl.
Statistical analyses were performed using Stata 13.0

(Stata Corp, College Station, TX) and SAS (version 9.3;
SAS Institute, Cary, NC). The tests were considered sig-
nificant at a probability value of less than 0.05.

Results

The total volume of CUF varied by patient (mean �

standard deviation, 1,365 � 1,202 mL). Twenty-one
percent of patients underwent CUF (Table 1). Patients
having CUF were more likely to have diabetes, vascular
disease, chronic obstructive pulmonary disease, conges-
tive heart failure, a history of myocardial infarction, or an
intraaortic balloon pump (p < 0.05). They had lower
preoperative and nadir hematocrits, CrCl, and ejection
fraction (p < 0.05).
Patients exposed to CUF had a higher adjusted risk of

AKI (adjusted odds ratio, 1.36; 95% confidence interval,
1.12 to 1.65; p ¼ 0.002), although similar rates of death,
stroke, reoperation for bleeding, prolonged ventilation,
postoperative length of stay. and readmissions (p > 0.05;
Table 2). Patients exposed to CUF had a higher first he-
matocrit in the intensive care unit (31.8% vs 30.6%; p <

0.001), a higher risk of low cardiac output (19.2% vs 11.0%;
p ¼ 0.002) and red blood cell transfusions (42.2% vs 31.8%;
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Table 1. Preoperative and Intraoperative Characteristics Among Patients Undergoing Ultrafiltration

Variable

Conventional Ultrafiltration

p ValueNo Yes

Number of procedures 5,045 1,362

78.7% 21.3%

Preoperative

Age (y)

<60 28.5 28.2

60–69 36.7 35.5

70þ 34.8 36.3

nptrend 0.48

Female sex (%) 24.7 24.7 0.99

Body surface area (m2)

<1.60 3.2 2.9

1.60–1.79 11.7 13.7

1.80–1.99 24.7 24.7

�2.00 60.5 58.7

nptrend 0.18

Comorbid disease

Diabetes, % yes 43.6 46.3 0.07

Vascular disease, % yes 13.7 22.0 <0.001

Moderate–severe COPD, % yes 12.2 14.8 0.01

Hematocrit (%)

<36% 22.3 38.2

36%–39% 29.8 26.6

40%–42% 27.5 21.4

43%þ 20.4 13.7

nptrend <0.001

Creatinine clearance, mean � SD 97.1 � 0.60 92.1 � 37.5 <0.001

Cardiac history

CHF, % yes 11.3 17.8 <0.001

Prior myocardial infarction (%) 48.1 56.4 <0.001

Cardiac anatomy and function

Left ventricular ejection fraction (%)

<0.40 13.7 20.2

0.40–0.49 15.3 17.5

0.50–0.59 35.4 30.4

0.60þ 35.5 31.8

nptrend <0.001

3þ diseased vessels, % yes 96.1 95.1 0.11

Urgent, % yes 59.1 58.8 0.86

Intraoperative

Cardiopulmonary bypass duration (min)b 96.0 (39.0) 96.1 (42.0) 0.92

Cross-clamp duration (min)b 74.8 (31.8) 73.2 (31.6) 0.10

Intraaortic balloon pump (intraop/postop), % yes 1.7 2.6 0.04

Intraoperative nadir Hct (%)

<21% 12.1 18.1

21%–23% 18.2 20.2

24%–25% 14.6 11.9

26%þ 55.1 49.8

nptrend <0.001

CHF ¼ congestive heart failure; COPD ¼ chronic obstructive pulmonary disease; Hct ¼ hematocrit; intraop ¼ intraoperative; nptrend ¼

non-parametric test of trend; postop ¼ postoperative; SD ¼ standard deviation.
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p ¼ 0.03), and longer median lengths of stay in the
intensive care unit (2.0 days versus 1.0 days; p ¼ 0.04).

Total volume of CUF/kg varied by patient (mean �

standard deviation, 15.8 mL/kg � 14.3 mL/kg). Averaging
across all patients, increasing volume of CUF/kg was not
significantly associated with the odds of AKI (adjusted
odds ratio, 1.01; p ¼ 0.07; Table 3). Similarly, increased
volume of CUF/kg was not associated with other post-
operative sequelae or resource utilization (p > 0.05). The
association between volume of CUF/kg and AKI was
modified by a patient’s preexisting kidney function (p ¼

0.0004), whereby increasing volume of CUF/kg is associ-
ated with higher odds of AKI among patients with a CrCl
of less than 99.6 mL/min (95% confidence interval, 67.6 to
137.5 mL/min; Fig 1).

Comment

We undertook a large, multicenter observational study to
investigate the relationship between CUF and risk of AKI.
After risk adjustment, patients exposed to CUF had
equivalent risk of mortality and morbidity, exclusive of
AKI and low cardiac output. Odds of AKI were not
impacted by increasing volume of CUF/kg when aver-
aging across all patients. Importantly, the relationship
between volume of CUF/kg and AKI was modified by a
patient’s preexisting CrCl, whereby increasing volume of
CUF/kg is associated with higher odds of AKI among
patients presenting with CrCl below 99.6 mL/min.

We recognize some limitations to our present
study. First, we cannot rule out the effect of unmeasured
confounding factors. We used standard approaches,
including risk adjustment, to address apparent differ-
ences in preoperative characteristics in the use of CUF.

Second, there is not a gold standard for measuring the
efficacy of CUF in the setting of adult cardiac surgery.
Nonetheless, we adopted the method used by Kuntz and
colleagues [6], namely standardizing the CUF volume to
the patient’s preoperative weight. Third, although we do
not have postdischarge kidney function tests (including
urine output as a proxy), we report on a postoperative
kidney injury using a validated and commonly used
metric.

Table 2. Use of Conventional Ultrafiltration and Postoperative Outcomes

Variable

Conventional Ultrafiltration
Unadjusted
p Value

Adjusted
Odds Ratio

Adjusted
p ValueNo Yes

Number of procedures 5,045 1,362

78.7% 21.3%

Hematocrit, first in intensive care
unit (mean � SD)

30.6 � 4.9 31.8 � 5.1 <0.0001 1.93 <0.0001

Outcome

Acute kidney injury 24.6 29.2 0.0005 1.36 0.002

Death 1.2 1.6 0.27 0.86 0.58b

Stroke 1.5 1.6 0.77 0.92 0.76b

Reoperation for bleeding 1.5 1.7 0.63 0.99 0.99b

Prolonged ventilation 8.4 12.9 <0.0001 1.18 0.22

Low cardiac outputa 11.0 19.2 <0.0001 1.62 0.0002

Red blood cell transfusion 31.8 42.2 <0.0001 1.26 0.03c

ICU days (median) 1.0 2.0 <0.0001 1.07 0.04

Postoperative length of stay (days), median 6.0 6.0 <0.0001 1.11 0.63

Readmission 10.9 13.3 0.016 1.13 0.33

a Lowcardiacoutputdefinedas the return tobypass,�2 inotropicagentsat 48hours,oruseofan intraoperativeorpostoperativeballoonpump. b Adjustment
covariates are selected by a stepwise procedure based on Akaike Information Criterion. c Adjusted for all other covariates except for red blood cell timing.

ICU ¼ intensive care unit; SD ¼ standard deviation.

Table 3. Amount of Conventional Ultrafiltration and
Postoperative Outcomes

Variable
Adjusted
Odds Ratio

Adjusted
p Value

Hematocrit, first in intensive care unit 1.01 0.35

Outcome

Acute kidney injury 1.01 0.07

Death 1.00 0.82b

Stroke 1.01 0.63b

Reoperation for bleeding 0.98 0.31b

Prolonged ventilation 1.00 0.98

Low cardiac outputa 1.00 0.52

Red blood cell transfusion 1.00 0.92c

ICU days 1.00 0.15

Postoperative length of stay (days) 0.99 0.44

Readmission 0.99 0.43

a Low cardiac output defined as the return to bypass, �2 inotropic agents
at 48 hours, or use of an intraoperative or postoperative balloon
pump. b Adjustment covariates are selected by a stepwise procedure
based on AIC. c Adjusted for all other covariates except for red blood
cell timing.

ICU ¼ intensive care unit.
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Ultrafiltration is used for minimizing the hemodilu-
tional effects associated with cardiac surgery. Prior work,
including a meta-analysis by Boodhwani and coworkers
[13], has shown that CUF is associated with a reduced
use of red blood cell products and postoperative
bleeding [13]. Indeed, The Society of Thoracic Surgeons,
the Society of Cardiovascular Anesthesiologists, and the
American Society of ExtraCorporeal Technology gave a
class IIb/level A recommendation for the use of CUF in
its most recent blood management guidelines [14]. Much
of the strength and basis of this recommendation may
stem from prior work comparing conventional with
modified ultrafiltration. Although the former is con-
ducted during the bypass period, the latter is performed
after the end of CPB. The technique that is the focus of
the present study, CUF, is capable of removing excess
plasma water by means of the CPB circuit. Although
excluded from the present analysis, crystalloid volume
may be added to the patient to replenish the ultrafil-
tration volume removed (termed zero-balance ultrafil-
tration). Zero-balance ultrafiltration may be used to
correct electrolyte imbalances as well as remove in-
flammatory mediators, rather than for blood volume
management. We have purposefully excluded the use of
zero-balance ultrafiltration to remove the potential con-
founding effect of this technique.

Few studies in cardiac surgery have focused, let alone
reported, on the relationship between CUF and

postoperative kidney injury [5, 6]. Babka and colleagues
[5] randomly assigned 60 patients undergoing CABG
surgery to receive CUF. Patients assigned to CUF had
lower body surface areas and shorter cross-clamp times.
Additionally, those receiving CUF had a lower post-
operative hematocrit (26% versus 32%; p < 0.001),
although there was not a statistical difference in trans-
fusion rates or renal insufficiency [5]. In our own study,
first postoperative intensive care unit hematocrit was
marginally higher among those receiving CUF (31.8%
versus 30.6%; p < 0.001), although this was not significant
when looking at increased volume of CUF/kg (p ¼ 0.35).
Kuntz and colleagues [6] randomly assigned 100 patients
(although reported on 96 of them) undergoing CABG
with or without valve replacement to receive CUF or not
[6]. The authors had a number of exclusions, including
these noteworthy ones: patients presenting with renal
insufficiency, creatinine values of 1.3 mg/dL or greater,
diuretic use during the operation, diabetes, and urgent
surgery. Although such exclusions raise concern about
the generalizability of this study to the common practice,
these authors reported higher last-CPB hematocrits
among the CUF group (30% versus 26%; p ¼ 0.001), but
similar 24-hour hematocrit and intraoperative and post-
operative red blood cell utilization. Postoperative creati-
nine was lower in the CUF group (0.98 vs 1.4 mg/dL; p ¼

0.001), as was 24-hour postoperative adjusted creatinine
(0.83 vs 1.2 mg/dL; p ¼ 0.001). Postoperative 24-hour
adjusted clearance was higher in the CUF group (121 vs
86; p ¼ 0.01). In our present study, the volume of CUF did
not have a meaningful impact on adjusted postoperative
creatinine (adjusted odds ratio, 1.0; p ¼ 0.53).
We found that although averaging across all patients,

CUF/kg volume did not significantly increase a patient’s
risk of AKI (adjusted odds ratio, 1.01; p ¼ 0.07). There was
a significant interaction of CrCl, in which for patients with
a preoperative CrCl of less than 99.6 mL/min, increasing
volume of CUF/kg was associated with an elevated odds
of AKI. Flythe and colleagues [15] reported increased
mortality (all-cause and cardiovascular-related) among
patients having more rapid rates of ultrafiltration.
Although patients enrolled in their study underwent
chronic dialysis, patients exposed to the highest category
of ultrafiltration rates (�13 mL $ h�1

$ kg�1) had a 59%
increased risk of all-cause and a 71% increased risk of
cardiovascular-related mortality, relative to patients in
the lowest category (<10 mL $ h�1

$ kg�1) of ultrafil-
tration. Interestingly, the highest category of ultrafiltra-
tion rate in the study by Flythe and associates [15] was
similar to our highest quartile in the CUF group,
assuming 1.3 hours per patient for CPB time (�13 mL $

h�1
$ kg�1 versus >18.8 mL/kg). We speculate that one

potential mechanism explaining the relationship between
CUF and AKI would be excessive amount of fluid
removed, resulting in renal hypoperfusion [16]. In pa-
tients with normal kidney function, this may not become
clinically apparent through a rise in serum creatinine.
However, in patients with kidney dysfunction who have
lower renal functional reserve, clinically apparent AKI
may develop at a lower injurious threshold. That is,

Fig 1. Odds ratios and 95% confidence intervals of acute kidney
injury per 10-mL/kg increase in conventional ultrafiltration volume
as a function of creatinine clearance. The effect of conventional
ultrafiltration volume per kilogram on acute kidney injury is
displayed according to preoperative creatinine clearance. Dotted lines
represent 95% confidence intervals. The effect of conventional
ultrafiltration volume per kilogram on acute kidney injury was
modified by a patient’s presenting effective glomerular filtration rate
(p ¼ 0.0007).
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patients with preoperative kidney dysfunction may be
uniquely exposed to AKI when the volume removed
through CUF exceeds the patient’s volume requirements.

Ourobservational study sheds light on thepotential harm
associated with use of CUF to prevent the impact of hemo-
dilution in the setting of cardiac surgery. A number of
strategies have emerged to minimize hemodilutional ane-
mia, and thereby reduce the unintended consequences
associated with red blood cell transfusion, including retro-
grade autologous priming, ultrafiltration, and reducing
circuit size [11, 12]. Interestingly, our present findings sug-
gest that CUF use was associatedwith higher adjusted odds
ofAKI, low cardiac output, fewer red blood cell transfusions
(despitemarginally higher first hematocrits in the intensive
care unit), and longer median intensive care unit days.
WhenmodelingCUF as a continuous variable, we foundno
harm associatedwith increased volume ofCUF indexed to a
patient’s weight, exclusive of higher AKI rates among pa-
tients with a CrCl of less than 99.6 mL/min.

The authors wish to thank the following individuals for their
contributions to the manuscript: Robert Baker, Shahna Bronson,
David Fitzgerald, and Nicholas Mellas. The authors also wish to
thank Amanda Schuetz for her editorial review.
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