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ORIGINAL CLINICAL REPORT

Hemodynamic Determinants of Cardiac 
Surgery-Associated Acute Kidney Injury
OBJECTIVES: Examine the: 1) relative role of hemodynamic determinants of 
acute kidney injury (AKI) obtained in the immediate postcardiac surgery setting 
compared with established risk factors, 2) their predictive value, and 3) extent 
mediation via central venous pressure (CVP) and mean arterial pressure (MAP).

DESIGN: Retrospective observational study. The main outcome of the study was 
moderate to severe AKI, per kidney disease: improving global outcomes, within 
14 days of surgery.

SETTING: U.S. academic medical center.

PATIENTS: Adult patients undergoing cardiac surgery between January 2000 and 
December 2019 (n = 40,426) in a single U.S.-based medical center. Pulmonary 
artery catheter measurements were performed at a median of 102 minutes (11, 
132) following cardiopulmonary bypass discontinuation.

INTERVENTIONS: None.

MEASUREMENTS AND RESULTS: The median age of the cohort was 67 years 
(58, 75), and 33% were female; 70% had chronic hypertension, 29% had conges-
tive heart failure, and 3% had chronic kidney disease. In a multivariable model, which 
included comorbidities and traditional intraoperative risk factors, CVP (p < 0.0001), 
heart rate (p < 0.0001), cardiac index (p < 0.0001), and MAP (p < 0.0001), were 
strong predictors of AKI, and superseded factors such as surgery type and cardi-
opulmonary bypass duration. The cardiac index had a significant interaction with 
heart rate (p = 0.026); a faster heart rate had a differentiating effect on the relation-
ship of cardiac index with AKI, where a higher heart rate heightened the risk of AKI 
primarily in patients with low cardiac output. There was also significant interaction 
observed between CVP and MAP (p = 0.009); where the combination of elevated 
CVP and low MAP had a synergistic effect on AKI incidence.

CONCLUSIONS: Hemodynamic factors measured within a few hours of surgery 
showed a strong association with AKI. Furthermore, determinants of kidney perfu-
sion, namely CVP and arterial pressure are interdependent; as are constituents of 
stroke volume, that is, cardiac output and heart rate.

KEYWORDS: acute kidney injury; cardiac index; cardiac surgery; central venous 
pressure; heart rate; mean arterial pressure

Acute kidney injury (AKI) is a common complication after cardiac 
surgery and is associated with short- and long-term morbidity and 
mortality (1–3). To date, there are no primary or secondary curative 

interventions for cardiac surgery-associated AKI (CS-AKI); preventive and 
supportive strategies remain the mainstay of care. The Society of Thoracic 
Surgeons guidelines only include two class 1 recommendations regarding 
CS-AKI which address intraoperative oxygen delivery and temperature man-
agement strategies during surgery.

Recent efforts have focused on the identification of high-risk patients in 
the immediate postoperative period and the implementation of goal-targeted 
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interventions such as the kidney disease improving 
global outcomes (KDIGO) care bundle (4–6). The 
bundle includes mostly passive measures such as close 
monitoring of kidney function and avoidance of neph-
rotoxic stressors but also recommends hemodynamic 
optimization (7). In a systematic review of noncardiac 
surgery patients, the use of different hemodynamic op-
timization methods targeted to increase global blood 
flow reduced rates of AKI (8). However, specific hemo-
dynamic targets in cardiac surgery patients at high risk 
for CS-AKI have not been systematically evaluated.

The current study sought to examine the: 1) the 
relative role of hemodynamic determinants of AKI 
obtained in the immediate postcardiac surgery setting 
compared with preexisting clinical and intraoperative 
risk factors, 2) their added predictive value to an ex-
ternally validated model, and 3) the extent of hemo-
dynamic effects mediated via central venous pressure 
(CVP) and mean arterial pressure (MAP).

MATERIALS AND METHODS

The study was approved by the institutional review 
(IRB) of Cleveland Clinic (IRB number 10-739, “ARF 
postopen heart surgery,” with active status till August 
29, 2023), and the requirement for informed con-
sent was exempted due to its minimal risk nature. All 

procedures in the current study were conducted in 
accordance with the ethical standards of the respon-
sible institutional committee on human experimenta-
tion and with the Helsinki Declaration of 1975. Adult 
patients undergoing cardiovascular surgery between 
the years 2000 and 2019 were included in the current 
retrospective analysis. Surgical data were obtained 
from the Anesthesiology Institute Patient Registry and 
were supplemented with laboratory data retrieved from 
electronic medical records. Patient comorbidities and 
procedures were characterized using the International 
Classification of Diseases, Ninth and Tenth Revisions 
(ICD-9 and ICD-10).

All adults (≥ 18 yr) who underwent coronary ar-
tery bypass graft, valve, or aorta surgery were included 
from a single U.S.-based medical center. Valve surgery 
included aortic, mitral, pulmonary, and tricuspid valve 
surgery. Aorta surgery included root, ascending, and 
thoracoabdominal surgery. Patients with end-stage 
kidney failure required preoperative dialysis within 6 
months before or on the day of surgery or had preop-
erative serum creatinine values of 4 mg/dL or greater 
were excluded (Fig. 1).

The outcome measure was defined using a modified 
KDIGO creatinine-based definition for AKI diagnosis, 
using the most recent serum creatinine before surgery 
for baseline. Moderate to severe AKI (stage 2 or worse 
per KDIGO classification) within 2 weeks of surgery 
was the primary endpoint for the study (or earlier in 
the case of discharge). Patient follow-up concluded at 
the end of January 2020.

All hemodynamic measurements were performed 
via pulmonary artery catheter following surgical clo-
sure and arrival to the ICU. Cardiac output was de-
termined by calculation using the Fick method by 
sampling mixed central venous blood gas from the 
pulmonary artery. The systemic blood pressures were 
measured via an arterial catheter. Pulmonary artery 
occlusion pressure was not included due to the high 
rate of missing values.

Analysis of hemodynamic parameters was evaluated 
in the context of preoperative clinical and intraoperative 
risk factors associated with AKI. Clinical factors included 
diabetes mellitus, heart failure, hypertension, kidney di-
sease, lung disease, and left ventricular ejection fraction 
less than or equal to 45%; intraoperative factors included 
type of surgery, intraoperative-packed RBC transfusion, 
cardiopulmonary bypass duration, and vasopressor use.

 
KEY POINTS

Question: Which hemodynamic parameters 
measured immediately postcardiac surgery are 
associated with acute kidney injury (AKI)?

Findings: Cardiac index, central venous pres-
sure (CVP), heart rate, and mean arterial pressure 
measured in 40,426 patients postcardiac surgery 
were strongly associated with AKI, after account-
ing for baseline comorbidities and intraoperative 
risk factors. Furthermore, determinants of kidney 
perfusion, namely CVP and arterial pressure are 
interdependent; as are determinants of stroke 
volume, that is, cardiac output and heart rate.

Meaning: The current findings may guide future 
prospective studies that explore hemodynamic 
targets that optimize renal and other end-organ 
perfusion in postcardiac surgery patients.



Original Clinical Report

Critical Care Explorations www.ccejournal.org     3

Mediation analysis was performed to provide a sta-
tistical framework to test the role of CVP and MAP 
as mediators of more distal hemodynamic parameters 
involved in kidney perfusion. Mediation can show if 
an association is completely or partially mediated by 
one or multiple mediators. It can also give an esti-
mate of the association of the effect with the endpoint 
explained through the mediator(s), and that of the di-
rect effect on the outcome if there is one.

Sensitivity analysis was performed to assess the im-
pact of operation date (2000–2009 vs. 2010–2019) on 
right heart catheter use, its association with moderate 
to severe AKI, and its effect on hemodynamic param-
eters in a multivariable model.

Statistical Analysis

Continuous variables were summarized as median 
(25th, 75th percentiles), or as mean (sd), and catego-
rical variables as frequency (percentile). Univariate 
comparisons between groups were made using the 
Kruskal-Wallis test, standardized mean difference, 
and the chi-square test. The association between 
moderate to severe AKI, hemodynamic indices, clin-
ical risk factors, and their interactions were evalu-
ated via multivariable logistic regression analysis. 
Continuous covariates were fitted in restricted cubic 
splines with three knots (at 10, 50, and 90 percentiles) 

to account for a nonlinear relationship with the out-
come. Covariate significance was measured by com-
puting the partial chi-square statistic, adjusted for 
degrees of freedom, which tests the strength of asso-
ciation of each predictor with the outcome within the 
full model. Mediation analyses were performed by the 
product method for direct and mediated effects. Each 
hemodynamic parameter was examined for mediation 
via CVP and MAP where both outcome and mediator 
models were adjusted for the remainder of hemody-
namic indices. Bootstrap resampling was used to ob-
tain standard errors and 95% CIs for the effects (9, 10).

A previously published perioperative metabolic 
panel-derived prediction algorithm was used as our 
base model to examine the added predictive value of 
postoperative hemodynamic indices to predict CS-AKI 
(6). Briefly, the metabolic model uses perioperative 
change in serum creatinine, and postoperative blood 
urea nitrogen, serum sodium, potassium, bicarbonate, 
and albumin from the first metabolic panel after car-
diac surgery in multivariable logistic model to predict 
moderate to severe AKI (6). The likelihood ratio test 
was used to assess if hemodynamic indices add new 
information to the base metabolic model individually 
and collectively regarding the risk for moderate to se-
vere AKI in a logistic regression analysis. The fraction 
of the new diagnostic information that is due to hemo-
dynamic indices was estimated by one minus the ratio 

Figure 1. Cohort selection flowchart. Mechanical circulatory support includes intra-arterial balloon pump and percutaneous and 
extracorporeal assist devices. CABG = coronary artery bypass graft surgery.
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of the variance of the base model to the variance of the 
combined model.

The distribution of CVP with varying risks for AKI 
based on the metabolic predictive model was depicted 
in a scatter plot, where observed AKI risk was color-
coded based on the event rate estimated by each sub-
ject’s 250 nearest neighbors per Mahalanobis Distance 
(Supplemental Fig. 1, http://links.lww.com/CCX/
B321).

Patients with right heart catheter measurements 
were included in the multivariable analysis. Those with 
missing cardiac output measurements were excluded. 
Imputation of other missing hemodynamic data was 
performed using multiple imputation methods based 
on bootstrapping and predictive mean matching, 
where a flexible additive model is used to predict miss-
ing values (11). We performed all statistical analyses 
and plotted graphs using the SAS Enterprise Guide 
(SAS, version 8.2, Cary, NC), and the R statistical 
package (version 4.1.1; www.r-project.org).

RESULTS

The study consisted of 60,424 adult patients who un-
derwent cardiac surgery. Sixty-seven percent (40,426) 
had indwelling pulmonary artery catheters, and non-
missing cardiac output measurement (Fig. 1). MAP, 
pulmonary artery systolic, and diastolic pressures 
were available in greater than 99% of patients; CVP 
and temperature were available in 92% of patients. 
Preoperative creatinine was available in more than 
99% of patients. The median time from discontinua-
tion of cardiopulmonary bypass to pulmonary artery 
catheter obtained hemodynamic data was 102 min-
utes (77, 132). Catheter use was more common in sur-
geries performed from 2000 to 2009 compared with 
2010 to 2019 (85% vs. 50%, p < 0.001), and was asso-
ciated with a higher incidence of hypertension (72% 
vs. 55%, p < 0.001), diabetes (27% vs. 15%, p < 0.001), 
congestive heart failure (29% vs. 11%, p < 0.001), pul-
monary disease (14% vs. 11%, p < 0.001), and longer 
cardiopulmonary bypass time (77 vs. 69 min, p < 
0.001). The median age of the cohort was 67 years 
(58, 75), and 33% were female; 70% had chronic hy-
pertension, 29% had congestive heart failure, and 3% 
had chronic kidney disease. Table 1 displays clinical, 
surgical, and hemodynamic data of patients with and 
without AKI.

Multivariable Analysis

Figure 2 displays the relative importance of hemody-
namic parameters for AKI in the fully adjusted mul-
tivariable model, which includes established clinical 
and intraoperative risk factors (12, 13). Intraoperative 
blood transfusions were the strongest predictor of 
AKI in the full model. Patients who required up to 
two packed cell transfusions had double the risk for 
reoperation within 72 hours of surgery (1.3% vs. 
2.4%, p < 0.001), and those who required more than 
two transfusions were at seven-fold increased risk for 
reoperation (1.3% vs. 9.3, p < 0.001) compared with 
those who did not receive any transfusion. As shown 
in Supplemental Table 1 (http://links.lww.com/CCX/
B321) number of transfusions received during surgery 
was associated with worse hemodynamics. Several 
of the hemodynamic factors, specifically CVP, heart 
rate, cardiac index, and MAP were strong predictors 
and superseded factors such as surgery type and car-
diopulmonary bypass duration. Comorbidities associ-
ated with AKI included hypertension, diabetes, heart 
failure, obstructive lung disease, and chronic kidney 
disease.

Cardiac index, MAP, and pulmonary artery pulse 
pressure had a significant nonlinear relationship with 
AKI, whereas CVP, heart rate, and temperature had a 
significant linear association (Fig. 3). Cardiac index 
had a significant interaction with heart rate (p = 0.026); 
faster heart rate had a differentiating effect on the re-
lationship of cardiac index with AKI, where a higher 
heart rate heightened risk of AKI primarily in patients 
with low cardiac output (Fig. 4A; and Supplemental 
Fig. 2A, http://links.lww.com/CCX/B321). There was 
also significant interaction observed between CVP and 
MAP (p = 0.009). The combination of elevated CVP 
and low MAP had a synergistic effect on AKI inci-
dence. Patients with low CVP did not have a higher 
risk for AKI even with MAP in the lower range; how-
ever, those with elevated CVPs were at higher risk for 
AKI than baseline regardless of MAP (Fig. 4B; and 
Supplemental Fig. 2B, http://links.lww.com/CCX/
B321).

In the sensitivity analysis which included year of 
surgery in a multivariable model of hemodynamic 
parameters and AKI endpoint, the use of a right heart 
catheter was associated with lower odds for AKI in 
2010–2019 surgery years compared with 2000–2009, 

http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
www.r-project.org
http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
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TABLE 1.
Baseline Clinical Characteristics, Operative Information, and Postoperative Hemodynamic 
Data

Variables No AKI (n = 37,840) AKI (n = 2,586)
Standardized 

Mean Difference

Age, median (IQR), yr 67 (58, 75) 70 (61, 77) 0.17

Female, n (%) 12,263 (32) 1,076 (42) 0.19

Male, n (%) 25,577 (68) 1,510 (58)

Whitea, n (%) 32,909 (87) 2,040 (79) 0.30

Body mass index (IQR), kg/m2 28 (25, 32) 29 (25, 34) 0.20

Comorbid disease, n (%)b

  Hypertension 26,109 (69) 1,989 (77) 0.21

  Diabetes mellitus 9,834 (26) 993 (38) 0.24

  Congestive heart failure 10,553 (28) 1,167 (45) 0.36

  Left ventricular ejection fraction ≤ 45 9,685 (26) 883 (35) 0.19

  Coronary artery disease 7,709 (20) 615 (24) 0.08

  Pulmonary disease 5,011 (13) 563 (22) 0.23

  Preoperative estimated glomerular filtration 
ratec < 60 mL/min/1.73 m2

8,760 (23) 1,173 (44) 0.43

Operative procedured 0.20

  Valve surgery alone, n (%) 11,510 (30) 746 (29)

  CABG alone, n (%) 10,904 (29) 552 (21)

  Aorta surgery, n (%) 7,652 (20) 633 (24)

  CABG and valve surgery, n (%) 7,774 (21) 655 (25)

  Cardiopulmonary bypass time, min 99 (73, 129) 125 (91, 169) 0.47

  Packed RBC transfusions, n (%) 0.70

   None 25,480 (67) 978 (38)

   1 or 2 7,510 (20) 590 (23)

   > 2 4,850 (13) 1,018 (39)

  Urine output 858 (600, 1,200) 735 (450, 1,100) 0.21

Hemodynamic data

  Duration from bypass end to hemodynamic 
data, min

101 (76, 130) 123 (91, 166) 0.46

  Cardiac index, L/min/m2 2.6 (2.2, 3.1) 2.4 (2.1, 2.9) 0.13

  Central venous pressure, mm Hg 10 (7, 13) 11 (8, 15) 0.35

  Heart rate, beats/min 81 (75, 90) 83 (78, 93) 0.22

  Mean arterial pressure, mm Hg 79 (71, 87) 77 (69, 86) 0.10

  Pulmonary artery pulse pressure, mm Hg 16 (12, 21) 18 (13, 24) 0.23

AKI = acute kidney injury, CABG = coronary artery bypass graft surgery, IQR = interquartile range (25th, 75th).
aRace information was obtained based on self-identification using fixed categories, retrieved from medical records.
bComorbid disease was assessed using the International Classification of Diseases, Ninth and Tenth Revisions codes.
cEstimated glomerular filtration rate was calculated by creatinine-based chronic kidney disease epidemiology collaboration formula 
without race.
dAorta surgery included root, ascending, and thoracoabdominal aortic surgery. Valve surgery included aortic, mitral, pulmonary, and 
tricuspid valve surgery.
Standardized mean difference (values > 0.1 are considered significant).



Demirjian et al

6     www.ccejournal.org April 2024 • Volume 6 • Number 4

odds ratio 0.88 (95% CI, 0.81–0.95). Furthermore, the 
inclusion of year of surgery in the multivariable model 
did not change the magnitude or the direction of the 
association of individual hemodynamic parameters 
with AKI.

Mediation Analysis

Mediation analysis results are summarized in Table 2. 
Twenty-one percent of pulmonary artery pulse pres-
sure, 10% of temperature, 6% of heart rate, and 3% of 

cardiac index indirect 
effects were transmitted 
via CVP on AKI, whereas 
only 4% of heart rate’s in-
direct effect on AKI was 
mediated via MAP.

Added Value Analysis

The likelihood ratio test 
for added value compar-
ing the log-likelihood 
of the base metabolic 
model to the combina-
tion of metabolic and 
hemodynamic model 
was significant for all 
hemodynamic indices 
(Supplemental Table 
2, http://links.lww.com/
CCX/B321). This pres-
ents strong evidence that 
the hemodynamic data 
adds significant diag-
nostic value to the met-
abolic predictive model. 
The relative explained 
variation of the multivar-
iate hemodynamic model 
was 10% compared with 
the base model alone 
(Supplemental Table 2, 
http://links.lww.com/
CCX/B321). The area 
under the curve of the 
base metabolic model 
was 0.855 (95% CI, 

0.848–0.862), and 0.862 (95% CI, 0.855–0.869) of the 
combined hemodynamic and metabolic model with a 
significant difference of 0.007 (95% CI, 0.0046–0.0084).

DISCUSSION

Hemodynamic indices measured in the immediate 
postcardiac surgery setting were independently associ-
ated with AKI. Elevated CVP showed a strong associ-
ation with AKI, and had a significant interaction with 
MAP. Similarly, cardiac index had a strong association 

Figure 2. Performance of hemodynamic indices within the fully adjusted model. Surgery type denotes 
operative procedure. A higher Chi-square score minus degrees of freedom (df) of an individual 
covariate denotes its relative importance in the model. CI = cardiac index, CPB = cardiopulmonary 
bypass, CVP = central venous pressure, EF = ejection fraction, eGFR = estimated glomerular filtration 
rate (calculated per serum creatinine-based chronic kidney disease epidemiology collaboration 
equation without race), HR = heart rate, MAP = mean arterial pressure, PAPP = pulmonary artery 
pulse pressure, PRBC = packed red blood cells, Temp = temperature.

http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
http://links.lww.com/CCX/B321
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with AKI, and its effect was modified by heart rate. 
Hemodynamic data had a statistically significant but 
modest contribution in predicting AKI when added to 
a predictive model based on metabolic parameters.

With the exception of intraoperative blood 
product transfusions, hemodynamic indices had a 
stronger association with AKI compared with tra-
ditional preexisting and intraoperative risk factors 
such as chronic kidney disease and duration of car-
diopulmonary bypass. Elevated CVP and low cardiac 
index had the strongest association with AKI, fol-
lowed by hypotension and tachycardia. An increase 
in CVP had a linear relationship with AKI across the 
range examined, and its effect was further amplified 

if coupled with hypotension. The combination of low 
cardiac output and tachycardia was also associated 
with a heightened effect on AKI risk, likely due to 
a compromise in stroke volume. Mediation analysis 
showed that only one-tenth of heart rate, and less 
than 5% of cardiac output effects were transmitted 
via ventral venous or MAP, whereas a significant 
amount of pulmonary artery pulse pressure and tem-
perature effect on AKI were mediated via CVP. These 
findings underscore the interplay of several hemody-
namic factors as patients come off cardiopulmonary 
bypass, and how a variety of hemodynamic combina-
tions may lead to AKI (14). However, regardless of 
the underlying driving forces, the pressure gradient 

Figure 3. Adjusted probability for moderate to severe acute kidney injury within 2 weeks of cardiac surgery according to: cardiac index 
(A), central venous pressure (B), heart rate (C), and mean arterial pressure (D). The shaded areas represent 95% CI, based on the 
multivariable logistic regression model. The probability of the outcome for each variable was adjusted for the median values of other 
variables in the model: cardiac index of 2.6 L/min/m2, central venous pressure of 10 mm Hg, heart rate of 80 beats/min, mean arterial 
pressure of 79 mm Hg and pulmonary artery pulse pressure of 16 mm Hg. Histograms demonstrate covariate distribution along the 
shared x-axis.
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across the kidney plays an important role in trig-
gering compensatory mechanisms and determining 
forward flow (15–17). Particularly when we consider 
that like the brain kidneys are encapsulated organs 
with a steep pressure–volume relationship that com-
promises organ blood flow (18).

Elevated CVP has been shown to play a central role 
in the management of heart-kidney dysregulation in 

patients with decompensated heart failure (15, 19–
21). Others have shown that elevated CVP was also 
associated with the risk of developing new or persis-
tent AKI in critically ill septic patients, and called to 
question the practice of targeting high CVP goals for 
volume resuscitation (22, 23). Decongestion at the 
expense of lower systemic arterial pressures however 
can lead to adverse kidney outcomes (24). In patients 

TABLE 2.
Mediation Analyses of Adjusted Hemodynamic Risk Factors for Acute Kidney Injury 
Mediated via Central Venous Pressure, and Mean Arterial Pressure

Risk Factor Direct Effect Mediator Mediated Effects % Mediated

Cardiac index –0.3674 (–0.4297, –0.3052) CVP 0.0098 (0.0045, 0.0163) 3

MAP 0.0007 (–0.0014, 0.0029) 0.2

Heart rate 0.0235 (0.0205, 0.0265) CVP –0.0013 (–0.0016, –0.0010) 6

MAP –0.0008 (–0.0011, –0.0006) 4

Pulmonary artery pulse pressure 0.0302 (0.0253, 0.0351) CVP 0.0078 (0.0067, 0.0089) 21

MAP –0.0004 (–0.0007, –0.0002) 1

Temp –0.1841 (–0.2367, –0.1315) CVP 0.0166 (0.0115, 0.0222) 10

MAP –0.0015 (–0.0037, 0.0006) 1

CVP = central venous pressure, MAP = mean arterial pressure.
All mediation measures (direct and mediated effects) are defined on a log odds ratio scale for a unit change in the risk factor. Risk 
factors and mediators were adjusted for the remainder of the hemodynamic variables. Delta method was used for the mediation analysis, 
and the bootstrap method was used with 10,000 replications for the calculation of 95% CI of direct and indirect effects; the effect is not 
significant if the 95% CI includes zero.

Figure 4. Adjusted probability for moderate to severe acute kidney injury within 2 weeks of cardiac surgery depicting the interaction 
of cardiac index and heart rate (A), and mean arterial pressure and central venous pressure (B). The shaded areas represent 95% CI, 
based on the multivariable logistic regression model. The probability of the outcome for each variable was adjusted for the median values 
of other variables in the model: cardiac index of 2.6 L/min/m2, central venous pressure of 10 mm Hg, heart rate of 80 beats/min, mean 
arterial pressure of 79 mm Hg and pulmonary artery pulse pressure of 16 mm Hg.
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undergoing noncardiac surgery at Cleveland Clinic, 
even a short duration of intraoperative MAP less 
than 55 mm Hg was associated with AKI and myo-
cardial infarction (25). Similarly, therapeutic agents 
studied in cardiac surgery such as fenoldopam, a do-
pamine 1 receptor agonist, did not reduce the need 
for AKI requiring dialysis likely due to the increased 
rate of hypotension in the intervention group (26). 
Furthermore, targeting higher MAP has improved 
kidney outcomes in septic patients with cardiovas-
cular disease, and in hepatorenal syndrome (27, 
28). In cardiac surgery patients with postoperative 
vasoplegia, vasopressin compared with norepineph-
rine use achieved higher MAPs and demonstrated a 
significantly better primary composite outcome; an 
effect is primarily driven by lower incidence of AKI, 
and dialysis requirement (29)

The pattern of the interaction observed between CVP 
and MAP in the current study may explain why some 
studies investigating congestive kidney impairment 
failed to show the role of arterial pressure; where the 
ideal goal arterial pressure for an individual patient is 
not static but dependent on the patient’s venous pres-
sure (20, 21, 30). Other reports emphasized the impor-
tance of perfusion pressure (arterial pressure–venous 
pressure) on AKI incidence in the setting of heart failure 
and cardiac surgery (31–34). However, in the current 
study, patients with elevated CVP with adequate MAP 
remained at a lower but still increased risk for AKI com-
pared with patients with low CVPs. Furthermore, FR 
Winton in an elegant series of animal experiments has 
shown that blood flow through the kidney is reduced 
more by an increase in venous pressure than by an 
equivalent decrease in arterial pressure (15). Therefore, a 
summary measure such as perfusion pressure, although 
it incorporates two important physiologic measures of 
kidney performance, undermines the importance of 
isolated high venous pressure, and inaccurately gives 
equal weight to venous and arterial pressures.

Within the hemodynamic indices, CVP had the 
largest added predictive value to a previously validated 
perioperative metabolic predictive model. However, 
there was only a modest gain to area under the curve 
when hemodynamic factors were added to the met-
abolic model (6). Considering that right heart cath-
eterization is no longer routine practice in cardiac 
surgery settings, along with the only modest improve-
ment in discrimination, the inclusion of hemodynamic 

parameters to the previously validated metabolic-
based models is not warranted.

The study has limitations. The findings presented in 
this study are associations and do not imply causation 
due to the observational nature of the study. Second, 
the current study does not investigate the optimiza-
tion of the aforementioned hemodynamic indices by 
interventions targeting intravascular volume, cardiac 
output, right ventricle compliance, intrathoracic pres-
sure, or vascular tone. However, it makes the assertion 
that irrespective of the underlying cause(s), an un-
favorable combination of MAP and CVP along with 
compromised stroke volume, is associated with height-
ened AKI risk. Third, the current study is limited to 
observations made on hemodynamic parameters 
measured only at a single time point postcardiac sur-
gery, and renal blood flow was not directly measured.

In conclusion, hemodynamic factors, in particular, 
CVP, cardiac output, MAP, and heart rate showed a 
strong association with AKI. Furthermore, determi-
nants of kidney perfusion, namely CVP and arterial 
pressure are interdependent; as are constituents of 
stroke volume, that is, cardiac output and heart rate. 
These observational findings may guide future pro-
spective studies that explore hemodynamic targets that 
optimize renal and other end-organ perfusion.
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