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Abstract: Small increases in serum creatinine postoperatively
reflect an acute kidney injury (AKI) that likely occurred during
cardiopulmonary bypass (CPB). Maintaining adequate oxygen
delivery (DO2) during CPB, known as GDP (goal-directed perfu-
sion), improves outcomes. Whether GDP improves outcomes of
patients at high risk for acute renal failure (ARF) is unknown.
Forty-seven adult patients undergoing cardiac surgery with CPB
utilizing GDP with Cleveland Clinic Acute Renal Failure Score
of 3 or greater were compared with a matched cohort of patients
operated upon using a flow-directed strategy. CPB flow in the
GDP cohort was based on a DO2 goal of 260 mL/min/m2. Serum
creatinine values were used to determine whether postoperative
AKI occurred according to AKIN (Acute Kidney Injury Net-
work) guidelines. We examined the distribution of all variables
using proportions for categorical variables and means (standard
deviations) for continuous variables and compared treatment
groups using t tests for categorical variables and tests for diff-
erences in distributions for continuous and count variables. We

used inverse probability of treatment weighting to adjust for
treatment selection bias. In adjusted models, GDP was not asso-
ciated with a decrease in AKI (odds ratio [OR]: .97; confidence
interval [CI]: .62, 1.52), but was associated with higher odds of
ARF (OR: 3.13; CI: 1.26, 7.79), mortality (OR: 3.35; CI: 1.14,
9.89), intensive care unit readmission (OR: 2.59; CI: 1.31, 5.15),
need for intraoperative red blood cell transfusion (OR: 2.02; CI:
1.26, 3.25), and postoperative platelet transfusion (OR: 1.78; CI:
1.05, 3.01) when compared with the historic cohort. In patients
who are at high risk for postoperative renal failure, GDP was not
associated with a decrease in AKI when compared to the histori-
cal cohort managed traditionally by determining CPB flows
based on body surface area. Surprisingly, the GDP cohort per-
formed significantly worse than the retrospective control group
in terms of ARF, mortality, intensive care unit readmission, and
RBC and platelet transfusions. Keywords: CPB, physiology,
pathophysiology, kidney, perioperative care. J Extra Corpor
Technol. 2022;54:128–34

Acute kidney injury (AKI) after cardiac surgery is
associated with poor short- and long-term outcomes and
is a signal for adverse outcomes (1–6). Small increases
(.3mg/dL) in serum creatinine (SCr) postoperatively
reflect a kidney injury that most likely occurred in the
operating room during cardiopulmonary bypass (CPB).

This delayed signal provides an opportunity to scrutinize
intraoperative processes of care and determine strategies to
decrease its incidence. One of the possible sources of the
renal injury is poor oxygen delivery during CPB. The renal
medulla is a reliable hypoxemic signal for this research pur-
pose and is vulnerable to small shifts of oxygen delivery
(DO2) that can result in organ dysfunction and cell death.
Small changes in SCr can provide a surrogate marker for
hypoxemia and inadequate organ perfusion.

Maintaining DO2 levels above a recommended level
during CPB improves physiological and clinical out-
comes (7–9). This strategy is described as goal-directed
perfusion (GDP) (10). DO2 is measured in real time
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during CPB, using a software calculation (Sorin Con-
nectVR Sorin Group Italia Srl, LivaNova PLC Via Statale
12 Nord, 86–41037 Mirandola (MO) Italy), the variables
being flow, oxygenation, and hemoglobin concentration.
The resulting value drives strategies (Figure 1) to expedi-
tiously improve DO2. When these strategies to improve
DO2 are exhausted, low DO2 values guide the adminis-
tration of red blood cells (RBC).

Using GDP during cardiac surgery is not a novel con-
cept. Ranucci introduced GDP in 2005 and 2007 (10,11).
deSomer and Ranucci defined GDP management in
2011 with the goal being oxygen delivery, a departure
from traditional CPB management that bases CPB flows
on body surface area (BSA) (12). In 2018, Ranucci et al.
published the GIFT trial (The Goal dIrected perFusion
Trial in Cardiac Surgery) in which patients were ran-
domized to GDP vs. traditional, flow-directed, perfusion.
They concluded that patients in the GDP arm were sig-
nificantly less likely to suffer from AKIN (Acute Kidney
Injury Network) stage 1 AKI (7). This study generated
debate over the role of GDP in the prevention of AKI
in those undergoing cardiac surgery. One criticism of
the GIFT trial is the exclusion of patients with severe
chronic renal failure (defined as need for dialysis or
serum Cr . 3.0mg/dL) (7). While the previously
described studies showed the advantage of using GDP
in the general population of cardiac surgery patients
undergoing CPB, whether GDP plays a role in prevent-
ing AKI in patients at high risk for acute renal failure
(ARF) is not known. Our intention herein was to see
whether GDP had an effect on this subset of patients
who, according to a known prediction model, have a
combination of comorbidities putting them at high risk
for postoperative ARF.

MATERIALS AND METHODS

Patient Population
With approval from the Maine Medical Center Insti-

tutional Review Board (# 958,918), 50 subjects were
consented and enrolled to have cardiac surgery with
CPB utilizing the GDP strategy. Included were adults
(.18 years) who were to undergo cardiac operations
with CPB and had a Cleveland Clinic Acute Renal Fail-
ure Score of 3 or greater (6) (Figure 2). The Cleveland
Clinic Score predicts ARF requiring dialysis during the
postoperative period. Using the scoring system devel-
oped by Thaker et al. (Figure 2) (6), we sought to deter-
mine whether GDP could reduce AKI in patients who
are predicted to be at high risk for postoperative ARF
requiring dialysis. We focused on the subset of patients
predicted to have an increased risk of developing ARF,
while excluding low risk patients and patients with end
stage renal disease preoperatively. One patient died in
the operating room, one patient was withdrawn due to
malfunction of DO2 software and one died preopera-
tively, leaving 47 patients for the analysis. As our con-
trol cohort, we chose a retrospective group as GDP was
being used in all contemporaneous cases (Figure 3). The
retrospective group had their surgery performed before
we had the ability to determine DO2 in real time. The
patients in this cohort experienced traditional, flow-
directed perfusion, giving us a comparator group that
did not have a DO2 driven strategy to one that did,
using appropriate software to determine DO2 in real
time and respond appropriately.

Figure 1. Oxygen delivery strategies.

Figure 2. Cleveland clinic acute renal failure score.
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Data Collection and Definitions
In this analysis, we used the SCr values to determine

whether postoperative AKI occurred according to AKIN
guidelines (13). Guidelines such as AKIN, RIFLE (Risk,
Injury, Failure, Loss of kidney function, and End-stage
kidney disease), and KDIGO (Kidney Disease Improving
Global Outcomes) are criteria that continue to evolve in
defining AKI in patients undergoing cardiac surgery. For
Stage 1 AKI, they all have in common a small SCr increase
(.3 mg/dL) within the 48-hour postoperative period over
baseline (the last recorded SCr) before cardiac surgery.
Future guidelines will be even more sensitive to renal
injury, measuring biomarkers that detect the presence of
the urinary biomarkers tissue inhibitor metalloproteinases
2 (TIMP-2) and insulin-like growth factor–binding protein
7 (IGFBP7) (14,15).
In this analysis, the perfusionists calculated and recorded

DO2 values while reacting to them in real time. The Cleve-
land Clinic scoring system used ARF requiring dialysis in
its prediction model was used to screen patients for inclu-
sion. For the outcome of ARF in this analysis, we used the
wider definition in the Society of Thoracic Surgeons (STS)
database (STS SCA Data Specifications v4.20.2, pages
415–416) as follows: Acute renal failure or worsening renal
function at any time postoperatively resulting in one or
both of the following: (1) Increase in SCr level 33.0, or
SCr .mg/dL 4.0 with at least a .5mg/dL rise, or (2) A
new requirement for dialysis postoperatively.

Goal Directed Perfusion Management
Studies have demonstrated that DO2 during CPB affects

renal outcomes in cardiac surgery (1,16–18). To our
knowledge, this study is the first to focus on subjects pre-
dicted to be at a high risk for postoperative ARF using
real-time DO2 data. Ranucci et al. excluded patients with
severe renal failure defined as requiring hemodialysis or
having a SCr level of .3.0mg/dL (10) as did our study
that also excluded any other patient with an estimated glo-
merular filtration rate , 30mL/min. The GDP strategy
was observed by trained research personnel in the operat-
ing room for every case with GDP CPB flow based on
DO2 goal of 260mL/min/m2 or greater as described by de
Somer et al. (12). The retrospective comparison cohort
consisted of 130 patients using a traditional perfusion
strategy with flows based on BSA. Both groups were at
high risk for ARF with a Cleveland Clinic Score $3 (6)
(Figure 2). The reason for using a retrospective, non-
contemporaneous cohort as the comparator was to find
a group of patients managed in the traditional fashion
(flow rate based on BSA) before we acquired the Sorin
ConnectVR monitors. This retrospective comparison cohort’s
flow was maintained between a cardiac index of 2.0 and
2.6, with an initial target index of 2.4 based on the patient’s
BSA during periods of normothermia and mild hypother-
mia. During the time of this analysis, all of our CPB
machines were equipped with Sorin ConnectVR monitors.
Centrifugal Sorin RevolutionVR pumps were used on all

Figure 3. The consolidated standards of reporting trials flow diagram. Historical Cohort: a total of 868 patients were identified in the institutional database
who had undergone cardiac surgery. After exclusion of subjects per specified criteria 130 patients remained for analysis. Goal Directed Perfusion Cohort:
a total of 50 patients were consented. One patient died prior to surgery, one died during surgery, and one patient was withdrawn due to DO2 software mal-
function leaving 47 patients for analysis.
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patients and flow was measured using a 3/8-inch Transonic
flow probe (Transonic Systems, Inc, Ithaca, NY) placed dis-
tal to all shunts in the CPB circuit. Traditional 1:4 del Nido
solution or whole blood microplegia were used on these
patients and delivered through the Quest MPS2 System
(Quest Medical, Inc, Allen, TX). The choice of which type
of cardioplegia used was both surgeon and case dependent.
Hemoconcentration was only used if needed as an addi-
tional oxygen delivery strategy as stated in Figure 1. This
was determined either preoperatively by way of our inter-
nal Patient Care Plan or during any event while on CPB
necessitating the need for removal of volume.

Statistical Analysis
We examined the distribution of all variables using

proportions for categorical variables and means (standard
deviations) for continuous variables (Table 1). We compa-
red treatment groups using t tests for categorical variables
and tests for differences in distributions (Mann–Whitney
U test) for continuous and count variables. We used
inverse probability of treatment weighting (IPTW) to
adjust for treatment selection bias in this study. The IPTW
uses a propensity score, a subject’s probability of treatment
selection conditioned on observed baseline covariates.
IPTW is used to assess associations of outcomes with treat-
ments when the researcher cannot conduct a controlled
(randomized) experiment. Weighting subjects by the IPTW
received creates a synthetic sample in which treatment
assignment is independent of measured baseline covariates.

Propensity scores were calculated using a logistic regression
model, with treatment assignment as the dependent vari-
able and all patient characteristics that differed between
treatment groups with a p-value of .2 or less as covariates.
We did not include STS risk scores in the propensity

score model because these variables do not exist (no pre-
diction model because of heterogeneity) for any patient
who had a surgery that was neither coronary artery bypass
grafting (CABG) nor valve nor a combined CABG/valve
procedure, therefore, not missing at random and not ame-
nable to imputation. We then used IPTW derived from the
propensity score model in adjusted analyses. We used logis-
tic regression models for categorical outcomes, negative
binomial models for count models, and quantile regression
comparing medians for continuous outcomes, all using the
IPTW. Logistic regression models resulted in odds ratios
(OR) and 95% confidence intervals (CIs) comparing GDP
with control; negative binomial models resulted in rate
ratios with 95%CIs; quantile regression resulted indiffer-
ences in medians and 95% CIs. Analyses were performed
using SPSS version 20 (IBM Corp, Armonk, NY) and SAS
EG version 7.1(SAS Institute, Cary, NC). We tested the
performance of Poisson, negative binomial, and ordinal
logistic models for the number of transfusions. We did not
fit zero-inflated Poisson or negative binomial data because
we believe that there is no justification for assuming struc-
tural zeros in transfusion data (i.e., there is no cardiac sur-
gery patient who is not at risk of transfusion). There was a
clear evidence of over dispersion in the Poisson models.

Table 1. Demographic, preoperative, and procedure comparisons.

Characteristic

Raw data

p Value

Weighted data

p ValueControl (n 5 130) GDP (n 5 47) Control (n 5 130) GDP (n 5 47)

Age years, mean (SD) 68 (11) 68 (11) .86 68 (13) 69 (18) .36
Gender, n (%) female 46 (35%) 23 (49%) .14 39% 38% .93
Body mass index, mean (SD) 29 (5.7) 28 (6.1) .14 29 (7) 29 (12) .83
Body surface area, mean (SD) 2.0 (.26) 1.9 (.26) .08 2.0 (.30) 2.0 (.47) .73
Diabetic, n (%) 52 (40%) 19 (40%) 1.00 42% 45% .69
Congestive heart failure, n (%) 86 (66%) 32 (68%) .95 67% 69% .87
Preoperative hematocrit, mean (SD) 38 (5.3) 39 (5.7) .66 38 (6.3) 39 (11.8) .19
Preoperative hemoglobin, mean (SD) 13 (1.9) 13 (2.0) .79 13 (2.3) 13 (4.1) .47
Preoperative platelets (thou/uL), mean (SD) 216 (63) 228 (130) .57 218 (74) 221 (245) .85
Previous cardiac surgery, n (%) 19 (15%) 5 (11%) .66 14% 11% .66
Cleveland clinic score, mean (SD) 4.1 (1.1) 4.0 (1.1) .62 4.1 (1.3) 4.1 (2.2) .94
Intra-aortic balloon pump, n (%) 13 (10%) 13 (28%) .007 14% 15% .82
Surgery urgency level .02 .04
Elective, n (%) 61 (47%) 12 (26%) 41% 30%
Urgent, n (%) 69 (53%) 35 (74%) 59% 70%
Procedure .003 .51
Isolated CABG, n (%) 26 (20%) 12 (26%) 22% 27%
Isolated valve, n (%) 10 (8%) 7 (15%) 10% 10%
CABG 1 Valve, n (%) 33 (25%) 20 (43%) 29% 31%
Other, n (%) 61 (47%) 8 (17%) 40% 32%
Cardiopulmonary bypass time, min, mean (SD) 150 (64) 141 (57) .41 149 (77) 151 (108) .91
Preoperative creatinine, mean (SD) 1.1 (.42) 1.1 (.38) .28 1.1 (.48) 1.1 (.72) .80

CABG, coronary artery bypass grafting; GDP, goal-directed perfusion; SD, standard deviation.
49% of Control patients and 34% of GDP patients were unable to be scored.
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Using the log likelihood and Akaike Information Center
criteria, the negative binomial models fit the data best and
we report rate ratio estimates from these models. When
outcomes were binary (i.e., the only two values for the
number of transfusions were either 0 or 1), we used logistic
regression models to estimate ORs.

RESULTS

We analyzed 47 cardiac surgery patients fitting the inclu-
sion criteria with the intent to compare with a matched
cohort of patients operated upon in a previous era. The
GDP cohort had a median DO2 of 287 mL/min/m2 with a
median time of 8 minutes under the DO2 target of 260
mL/min/m2. Looking at the raw data the two groups were
well balanced with regard to age, sex, body mass index
(BMI), BSA, diabetes, congestive heart failure (CHF), pre-
operative hematocrit (Hct), hemoglobin (Hgb), and platelet
count, previous cardiac surgeries, Cleveland clinic score,
CPB time, and preoperative creatinine. However, signifi-
cant baseline differences existed with the control group
having fewer urgent patients. The control group had 47%
elective patients and 53% urgent patients, while the GDP
group had 26% elective and 74% urgent (p 5 .01). While
the difference is significant statistically, it is not clinically
meaningful as the difference in the urgent vs. nonurgent is
to some degree administrative as those designated as
urgent are referred while hospitalized and those designated
as nonurgent, those met in the practice office. Emergent
cases were excluded. The control group had less complex
cases in that control had 20.0% isolated CABG, 8% iso-
lated valve, 25% CABG 1 valve, and 47% “other” while
the GDP group had 26% isolated CABG, 15% isolated
valve, 43% CABG 1 valve, and 17% “other” (p 5 .003)
(Table 1). With weighting the procedure undergone
between the two groups became no longer statistically
different p 5 .51, the urgency of surgery stayed signifi-
cant with a p 5 .04.
In adjusted models, GDP was associated with higher

odds of ARF (OR:3.13; CI:1.26,7.79), mortality (OR:
3.35; CI:1.14,9.89), intensive care unit readmission (OR:
2.59; CI: 1.31,5.15), need of intraoperative RBC transfu-
sion (OR:2.02; CI:1.26,3.25), and postoperative platelet
transfusion (OR: 1.78; CI: 1.05,3.01) when compared
with the historic cohort (Table 2). Intraoperative trans-
fusions in the control group were at the discretion of the
team and in the GDP group, driven by DO2. In the
GDP group, median Hct was 22 and for the control
group the median Hct 19. No significant difference was
observed between either groups regarding AKI (OR:
.97; CI: .62, 1.52), or need for Extracorporeal Membrane
Oxygenator (ECMO) (OR: 3.53; CI: .64, 19.60). In addi-
tion, no significant difference was observed in need for

intraoperative platelets (OR: 1.27; CI: .78, 2.07), intrao-
perative fresh frozen plasma (OR: 1.51; CI: .90, 2.54),
postoperative of RBC transfusion (OR: 1.50; CI: .97,
2.30), and postoperative fresh frozen plasma (OR 1.04;
CI: .58, 1.86) (Table 2).

DISCUSSION

In this analysis, the use of GDP in patients at high
risk for ARF was not associated with a decrease in AKI
when compared to the historical cohort managed tradi-
tionally with CPB flows based on BSA. In fact, the
GDP cohort performed worse than the retrospective
control group in terms of ARF, mortality, and intensive
care unit readmission. Unlike what has been found in
lower risk patients, there does not appear to be any
reduction in AKI in patients at high risk of ARF.

Given the context of the current debate in the litera-
ture regarding the efficacy of GDP in the prevention of
AKI in cardiac surgery patients, we find our results sur-
prising. In 2017, Magruder et al. published an observa-
tional pilot study comparing 88 patients undergoing GDP
with a threshold DO2 of .300 mL/min/m2 vs. historic
controls (9). Similar to the GIFT Trial, Magruder
excluded patients from the final analysis who presented
with end-stage renal disease on renal replacement ther-
apy. Also, they were careful to exclude patients who
experienced a significant perioperative event that might
plausibly explain AKI postoperatively (i.e., cardiac arrest,

Table 2. Effect of GDP on cardiac surgery outcomes (odds
ratios compared to control condition, 95% confidence
intervals).

Outcome
Crude GDP

effect
IPTW GDP

effect*

Acute kidney injury† 1.01 (.50, 2.04) .97 (.62, 1.52)
Acute renal failure‡ 2.33 (.60, 9.06) 3.13 (1.26, 7.79)
Mortality 5.04 (1.16,21.99) 3.35 (1.14, 9.89)
Intensive care unit readmission 2.35 (.82, 6.73) 2.59 (1.31, 5.15)
Intraoperative transfusion

Red blood cells 1.71 (.81, 3.59) 2.02 (1.26, 3.25)
Platelets .68 (.29, 1.62) 1.27 (.78, 2.07)
Fresh frozen plasma .74 (.30, 1.83) 1.51 (.90, 2.54)

Postoperative transfusion
Red blood cells 1.39 (.70, 2.73) 1.50 (.97, 2.30)
Platelets 1.10 (.47, 2.59) 1.78 (1.05, 3.01)
Fresh frozen plasma 1.49 (.64, 3.46) 1.04 (.58, 1.86)

GDP, goal-directed perfusion; IPTW, inverse probability of treatment
weighted.
*IPTW, adjusted for urgency of procedure due to imbalance after
weighting.
†Acute kidney injury, an increase in serum creatinine by$.3mg/dL within
48 hours of end of surgery.
‡Acute renal failure, (1) increase in serum creatinine level X 3.0, or serum
creatinine.4.0mg/dL with at least a .5mg/dL rise, or (2) a new requirement
for dialysis postoperatively.
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massive transfusion of over 10 units of blood, receiving
nephrotoxic medications, periods of hypotension with a
mean arterial pressure ,60 mmHg for .15 minutes in
the intensive care unit postoperatively, or with signs or
symptoms of sepsis).

Magruder was able to demonstrate a significant reduction
in AKI in those undergoing GDP compared with the his-
toric cohort (9.1% vs. 23.9% p 5 .008) (9). In the GIFT
trial Rannuci et al. in a multicenter randomized control trial
analyzed the results of 326 patients, 156 of which under-
went GDP with a DO2 threshold of .280 mL/min/m2 and
demonstrated that those undergoing GDP were less likely to
suffer AKIN stage1 AKI (7,8). Furthermore, the study was
terminated early because “the efficacy endpoint at the 50%
interim analysis had been met.” (7) There is concern about
the statistical validity of the GIFT trial as the stopping
boundary at the 50% interim analysis was set at .05 rather
than .005 exposing the results to an increased possibility of
type I error (2,7,9,17–19). More recently, Magruder et al.
analyzed the relationship of DO2 on CPB with regard to
STS outcomes. They concluded that maintaining DO2 . 280
mL/min/m2 favorably influences outcomes after cardiac sur-
gery in addition to its known association with AKI, strength-
ening the argument promoting the use of GDP (20).

Randomized control trials are unusual in the context of
cardiac surgery (16,17) and the results of the GIFT trial and
of the Magruder group suggest that GDPmerits further use
and investigation. In our high-risk group of patients, we did
not observe the reduction in AKI seen in the GIFT trail or
in the Magruder study. Based on the results of our study, if
they had excluded patients at high risk for ARF in both the
GIFT and the Magruder analyses, the advantage of using
GDP may have been shown to be more substantial, even
thoughGIFT excluded patients with SCr. 3mg/dL.

AKI has a multifactorial etiology and may be caused
by many events, with CPB and oxygen delivery being
potential causal factors (10). There is a wide variation of
flow-based DO2 targets among institutions and clinicians
worldwide (2,10–12,20,21) The real question now is
whether maintaining a certain level of oxygen delivery
helps high-risk patients at all. DO2 may not correlate
with outcomes in this critically ill patient group as those
outcomes may be driven by the presence of comorbidities
that may eclipse the beneficial effects of adequate renal
oxygen delivery. Total minutes of DO2 below target may
not accurately represent the entire story. In addition, the
comorbidities driving anemia are not modified by intrao-
perative transfusions (20), and stored allogeneic RBCs
may satisfy the DO2 formula but may not adequately sat-
isfy the oxygen requirements of the renal medulla.

Limitations of this study include its retrospective nature,
the dependence on enrolling patients who were referred to
cardiac surgery while inpatients and categorized as urgent,
and the DO2 threshold of 260 mL/min/m2. Over the course

of analyzing and producing this manuscript for publication,
the DO2 threshold rose to 272 mL/min/m2 and then to its
current level of 300 mL/min/m2. However, it should be
noted that there were no emergent patients and that the
median DO2 value was 287 mL/min/m2 in this study.
In future analyses, determining the area under the curve

(AUC) could be a more accurate way of identifying defi-
ciencies and AKI correlative studies. AUC is the way to
measure the function of the absolute value below the target
DO2multiplied by the duration of time below the threshold.
The capability to analyze AUC during CPB was not avail-
able at the time of this study. Future GDP strategies will
include higherDO2 thresholds that are already in place.
Others have shown the effectiveness of GDP in reduc-

ing postoperative AKI in low-risk patients (7,9,21). The
analysis of this small case series generates the hypothesis
that GDP during CPB does not reduce the risk of AKI
and may even increase the risk of ARF, mortality, and
ICU readmission in patients at high risk for ARF. Other
strategies such as oxygen extraction ratios, SVO2 manage-
ment, lactate production awareness, utilization of cerebral
saturations, and cardioplegia type should be further
explored to decrease AKI rates in these high-risk patients.
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