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Abstract

Background: Increased intravascular volume has been associated with protection from acute kidney injury (AKI), but in

patients with congestive heart failure, venous congestion is associated with increased AKI. We tested the hypothesis that

intraoperative venous congestion is associated with AKI after cardiac surgery.

Methods: In patients enrolled in the Statin AKI Cardiac Surgery trial, venous congestion was quantified as the area under

the curve (AUC) of central venous pressure (CVP) >12, 16, or 20 mm Hg during surgery (mm Hg min). AKI was defined

using Kidney Disease Improving Global Outcomes (KDIGO) criteria and urine concentrations of tissue inhibitor of

metalloproteinase-2 and insulin-like growth factor binding protein 7 ([TIMP-2],[IGFBP7]), a marker of renal stress. We

measured associations between venous congestion, AKI and [TIMP-2],[IGFBP7], adjusted for potential confounders.

Values are reported as median (25the75th percentile).

Results: Based on KDIGO criteria, 104 of 425 (24.5%) patients developed AKI. The venous congestion AUCs were 273 mm

Hg min (81e567) for CVP >12 mm Hg, 66 mm Hg min (12e221) for CVP >16 mm Hg, and 11 mm Hg min (1e54) for CVP >20
mm Hg. A 60 mm Hg min increase above the median venous congestion AUC above each threshold was independently

associated with increased AKI (odds ratio¼1.06; 95% confidence interval [CI], 1.02e1.10; P¼0.008; odds ratio¼1.12; 95% CI,

1.02e1.23; P¼0.013; and odds ratio¼1.30; 95% CI, 1.06e1.59; P¼0.012 for CVP>12, >16, and >20 mm Hg, respectively).

Venous congestion before cardiopulmonary bypass was also associated with increased [TIMP-2],[IGFBP7] measured

during cardiopulmonary bypass and after surgery, but neither venous congestion after cardiopulmonary bypass nor

venous congestion throughout surgery was associated with postoperative [TIMP-2],[IGFBP7].

Conclusion: Intraoperative venous congestion was independently associated with increased AKI after cardiac surgery.
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Editor’s key points

� Venous congestion is associated with higher rates of

acute kidney injury in nonsurgical patients with heart

failure.

� The authors used pre-existing trial data to test the hy-

pothesis that intraoperative venous congestion was

associated with acute kidney injury (using KDIGO

criteria) after cardiac surgery.

� Intraoperative venous congestion was independently

associated with increased postoperative AKI.
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Acute kidney injury (AKI) affects 25% of patients undergoing

cardiac surgery and is associated with increased duration of

mechanical ventilation, wound infection, length of hospital-

isation, and mortality.1,2 The limited understanding of the

mechanisms underlying perioperative AKI has led to few

successful interventions to prevent and treat it.3,4

Increased central venous pressure is a known risk factor for

worsening renal function in non-surgical patients with car-

diovascular disease and heart failure.5,6 During surgery, cen-

tral venous pressure may be impacted by venous blood

volume, vascular tone, cardiac output, right ventricular

compliance, and intrathoracic pressure,7 but it is unclear if

high intraoperative central venous pressure e venous

congestion e impacts AKI. In preclinical studies and non-

surgical patient populations, venous congestion increases

inflammation, oxidative stress, endothelial activation, and

sympathetic activation, mechanisms which have each been

implicated in development of postoperative AKI.8,9

Intraoperative contributors to venous congestion may

include positive pressure ventilation, administration of intra-

venous fluids, blood product transfusion, oxidative stress, and

the use of cardiopulmonary bypass (CPB).10e12 Increased cen-

tral venous pressure increases renal venous pressure,13 and

increased renal venous pressure decreases renal perfusion

and glomerular filtration rate in experimental models and

small patient cohorts.14,15 There is a paucity of data regarding

the contribution of intraoperative venous congestion to post-

operative renal events, and during surgery there are frequent

and dynamic changes in the factors that affect venous con-

gestion.16e18 We tested the hypothesis that increased intra-

operative venous congestion is associated with development

of postoperative AKI.
Methods

Study design

This was an observational cohort study performed using pro-

spectively collected clinical data and urine specimens from

patients undergoing cardiac surgery with CPB enrolled from

2009 to 2014 in the Statin AKI Cardiac Surgery RCT

(NCT00791648), a published randomised trial that tested the

efficacy of perioperative atorvastatin to reduce postoperative

AKI.19 The study was approved by the Vanderbilt University

Institutional Review Board, was conducted in accordance with

the Declaration of Helsinki, and all patients provided written

informed consent for study.
Patients received protocolised anaesthetic, surgical, CPB,

and critical care management as previously described. Proto-

colisedmechanical ventilation dictated 6e8ml kg�1 ideal body

weight tidal volumes and 5 cm H2O positive end expiratory

pressure.
Inclusion criteria

Patients who underwent elective cardiac surgery (coronary

artery bypass grafting, heart valve surgery, or surgery on the

ascending aorta) with CPB were eligible for analysis.
Exclusion criteria

Exclusion criteria as defined by the original trial were statin

intolerance, acute coronary syndrome, liver dysfunction or

use of cytochrome P450 3A4 inhibitors, use of cyclosporine,

current renal replacement therapy, history of kidney trans-

plantation, emergency surgery, and pregnancy.
Central venous pressure measurement and venous
congestion quantification

Central venous pressurewas continuously transduced from the

right atrial port of a pulmonary artery catheter placed immedi-

ately after induction of anaesthesia, and the valuewas recorded

and stored by automated software everyminute during surgery.

The recorded value is the average value over 1 min and is

comparable with manually measured central venous pressure

at endexpiration.20 The central venouspressure transducerwas

placed in a fixed holder on the right side of the surgical table at

the level of the right atriumand set to 0mmHgwhile exposed to

atmospheric pressure before transducing the patient central

venous pressure. Venous congestion was quantified as the area

under the curve (AUC) of central venous pressure values above

12, 16, and 20 mm Hg and reported in mm Hg min. We chose

multiple central venous pressure thresholds to define venous

congestion because the threshold at which elevated central

venous pressure causes congestion is unclear. The central

venous pressure in a spontaneously breathing human is typi-

cally 0 to 10mmHg andmay decrease below 0mmHg.21 During

cardiac surgery, positive pressure ventilation increases intra-

thoracic pressure and central venous pressure.22 We chose

central venous pressure thresholds of 12, 16, and 20 mm Hg to

define venous congestion due to the effects of positive pressure

ventilation, because these values are often encountered during

surgery, becauseprevious studies also examinedcentral venous

pressure values in this range, and to determine if higher

thresholds for defining venous congestion are more or less

detrimental than lower thresholds. Intraoperative venous

congestionwas considered to have occurred only in the periods

before or after CPB because during CPB an applied vacuum on

the venous drainage cannula creates a negative central venous

pressure.
Data collection

We studied all patients who completed the Statin AKI Cardiac

Surgery RCT and had CPB during surgery (n¼435). Technical is-

sues in vital sign data transfer from intraoperative monitors to

perioperative data warehouse computer servers eliminated

data in 10 patients. For [TIMP-2],[IGFBP7] analyses, we studied
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all patients in whom we collected urine (n¼267). Patient char-

acteristics including age, sex and race, and preoperative and

intraoperative data were recorded. Serum creatinine was

measured daily after surgery until hospital discharge. We

defined baseline creatinine as the preoperative value closest to

the time of surgery. Thismeasurementwas obtained during the

preoperative anaesthesiology appointment for outpatients or

the day before surgery for inpatients. Estimated glomerular

filtration rate (eGFR) was calculated using the Chronic Kidney

Disease Epidemiology Collaboration equation.23
Primary outcome

The primary outcome was AKI quantified using Kidney Dis-

ease Improving Global Outcomes (KDIGO) consensus criteria,

which define stage I AKI as a 26 mmol l�1 increase in 48 h or 50%

increase within 7 days, stage II as a 100% increase within 7

days, and stage III as a 200% increase, a value greater than 354

mmol l�1 with a 26 mmol l�1 increase, or initiation of dialysis

within 7 days of surgery.24 We did not use urine output criteria

because of potential confounding by intravascular hypo-

volaemia and diuretic use,25 both common among cardiac

surgery patients.
Secondary outcome

Wemeasured renal stress throughout the perioperative period

using urinary concentrations of tissue inhibitor of metal-

loproteinases 2 and insulin-like growth factor binding protein

7 ([TIMP-2],[IGFBP7]). These proteins are produced in renal

tubular cells in response to stress and induce cell-cycle ar-

rest.26,27 [TIMP-2],[IGFBP7] is an early and sensitive predictor

of AKI.28,29

Urine was collected at baseline, 30 min after initiation of

CPB, immediately after CPB, at ICU unit admission, 6 h after

intensive care unit admission, and on the morning of post-

operative day 1 to measure [TIMP-2],[IGFBP7]. Samples were

immediately placed on ice, centrifuged at 1000 g for 15 min,

and the supernatant frozen at e80�C until thawed for mea-

surement by blinded laboratory personnel at Astute Medical

(San Diego, CA, USA).We previously reported the relationships

between [TIMP-2],[IGFBP7] and KDIGO criteria AKI among

these subjects.28
Statistical analysis

The association between intraoperative venous congestion

and the development of postoperative AKI was estimated us-

ing logistic regression. Analyses were adjusted for potential

confounders of the relationship between venous congestion

and AKI and for risk factors of AKI and included age, baseline

eGFR, Cleveland Clinic risk for acute renal failure score,30

history of atrial fibrillation (yes/no), history of congestive

heart failure (yes/no), perioperative atorvastatin treatment

(yes/no), duration of CPB, total intraoperative crystalloid vol-

ume administered, and duration of surgery. The AUC of

venous congestion for each threshold was fourth root trans-

formed to reduce the effect of any outliers. The effect of

intraoperative venous congestion above each pre-specified

central venous pressure threshold on the incidence of post-

operative AKI was summarised using an odds ratio comparing

an increase of 60 mm Hg min above the median venous

congestion AUC to the median venous congestion AUC. This
comparison was made because venous congestion AUC has a

non-linear effect on the odds of postoperative AKI.

During peer review, we also performed a proportional odds

logistic regression analysis to examine the association be-

tween the AUC of central venous pressure above each

threshold throughout surgery and increasing severity of AKI.

This ordinal outcome included the following levels: no AKI,

stage I AKI, stage II AKI, stage III AKI, use of dialysis, and death

from all causes. If two or more of these outcomes was

observed, then the most severe outcome prevailed. Statistical

significance was tested using the associated Wald test. Binary

characteristics are presented as n (%) and continuous charac-

teristics as median (25th, 75th percentile).

The effects of intraoperative venous congestion on log-

transformed urine [TIMP-2],[IGFBP7] were quantified using

linear regression, adjusting for the same set of factors listed

previously. For assessments between pre-CPB venous

congestion and [TIMP-2],[IGFBP7] measured during and

immediately after CPB, we did not include intraoperative

crystalloid volume or duration of surgery variables since these

variables occurred after CPB. The effect of intraoperative

venous congestion above each pre-specified central venous

pressure threshold on mean urine [TIMP-2],[IGFBP7] was

summarised using an estimate of the fold change and 95%

confidence interval (CI) and was tested for statistical signifi-

cance using the associated Wald test.

Graphical diagnostics were examined for all regression

analyses. P-values less than 0.05 were considered statistically

significant. All analyses were performed using R version 3.6.0

(R Foundation for Statistical Computing, Vienna, Austria).
Sample size estimation

Assuming a 25% incidence of AKI in the cohort and a type I

error rate of 5%, we would have 84% power to detect a 20±60
mm Hg min difference in the AUC of central venous pressure

above a given threshold between patients who did and who

did not develop AKI.
Results

Participant characteristics

A total of 425 patients were included in the study cohort

(Table 1). The median central venous pressure at the time of

central venous catheter placement was 13 (10, 17) mm Hg.

A total of 104 (24.5%) patients developed AKI. Eighty-four

patients developed KDIGO stage 1 AKI, 20 developed KDIGO

stage 2 or stage 3 AKI, and six patients required postoperative

dialysis. Patients who developed AKI were more likely to

develop intensive care unit delirium (36.5% vs 24.0%), atrial

fibrillation (45.2% vs. 38.3%), and had a longer intensive care

unit (5 vs. 3 days) and hospital (9 vs. 7 days) stay than patients

who did not develop AKI. Four patients in the cohort died

during their hospitalization.

The median (25th, 75th percentile) urine [TIMP-2],[IGFBP7]

was 0.12 (ng/ml)2/1000 (0.04, 0.31) prior to surgery, 0.16 (0.02,

0.80) 30 minutes after initiation of CPB, 0.21 (0.08, 0.51) after

cessation of CPB, 0.10 (0.04, 0.24) at the time of intensive care

unit admission, 0.23 (0.10, 0.47) six hours postoperatively, and

0.19 (0.04, 0.46) on the first postoperative day. Increased peri-

operative urinary concentrations of [TIMP-2],[IGFBP7] were

independently associated with increasedmoderate and severe

AKI in this cohort as previously reported.28



Table 1 Subject characteristics. Binary characteristics are reported as n (%) and continuous characteristics as median
(25th percentile, 75th percentile). CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; COPD,
chronic obstructive pulmonary disease; ACEi, ace-converting enzyme inhibitor; CPB, cardiopulmonary bypass.

Characteristic Total (n¼425)

Age (yr) 68 (50, 76)
Age range (yr) 23e92
Female sex 148 (34.8%)
Height (cm) 173 (164, 180)
Weight (kg) 82.0 (70.3, 96.2)
Body mass index (kg m�2) 28 (24, 31)
African American ancestry 12 (2.8%)
Medical history
Estimated glomerular filtration rate, ml min�1 1.73 m�2 72.1 (51.1, 86.4)
CKD stage 1 (eGFR, >90 ml min�1 1.73 m�2) 80 (18.8%)
CKD stage 2 (eGFR, 60e90 ml min�1 1.73 m�2) 197 (46.4%)
CKD stage 3 (eGFR, 30e60 ml min�1 1.73 m�2) 131 (30.8%)
CKD stage 4 (eGFR, 15e30 ml min�1 1.73 m�2) 17 (4.0%)
CKD stage 5 (eGFR, <15 ml min�1 1.73 m�2 or dialysis) 0 (0.0%)
Cleveland Clinic renal failure score 1 (1, 3)
Congestive heart failure 196 (46.1%)
Left ventricular ejection fraction (%) 60 (50, 60)
Atrial fibrillation 124 (29.2%)
Hypertension 360 (84.7%)
COPD 50 (11.8%)
Obstructive sleep apnoea 64 (15.1%)
Charlson comorbidity index 2 (1, 4)
Diabetes mellitus 121 (28.5%)

Medication
Preoperative ACEi use 113 (26.6%)
Perioperative statin treatment 211 (49.6%)

Baseline laboratory and haemodynamic data
Heart rate (beats min�1) 72 (63, 83)
Mean arterial pressure (mm Hg) 89 (79, 97)
Central venous pressure (mm Hg) 13 (10, 17)
Cardiac index (L min�1 m�1) 2.2 (1.8, 2.6)
Haematocrit (%) 36 (33, 40)
Arterial pH 7.40 (7.36, 7.43)
PaCO2 (mm Hg) 41 (37, 45)
Arterial lactate (mg dl�1) 0.7 (0.6, 1.0)

Procedure characteristics
Duration of surgery (min) 336 (271, 416)
Coronary artery bypass surgery 120 (28.2%)
Aortic valve replacement 231 (54.4%)
Mitral valve replacement 166 (39.1%)
Tricuspid valve replacement 40 (9.5%)
Ascending aorta surgery 52 (12.2%)
Aortic cross clamp used 284 (66.8%)
CPB time (min) 138 (105, 186)
Intraoperative mean arterial pressure (mm Hg) 70 (62, 78)
Norepinephrine use 337 (79.3%)
Norepinephrine dose (mg min�1) 5 (3, 8)
Vasopressin use 50 (11.7%)
Vasopressin dose (units min�1) 0.04 (0.04, 0.04)
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Primary outcome: intraoperative venous congestion
and postoperative AKI

The median (25th, 75th percentile) AUC of venous congestion

was 273 (81, 567), 66 (12, 221) and 11 (1, 54) mm Hg min for the

12, 16, and 20 mm Hg central venous pressure thresholds,

respectively. For clinical context, a central venous pressure of

15 mmHg for 90 minutes is equal to an AUC of 270 mm HgMin

for the 12 mmHg venous congestion threshold. The median

(25th, 75th percentile) AUC of venous congestion that occurred

prior to CPB was 99 (23, 314), 17 (2, 103), and 2 (0, 16) mm Hg

min for the 12, 16, and 20 mmHg central venous pressure

thresholds, respectively, and the median AUC of venous
congestion that occurred following CPB was 100 (20, 282), 15 (0,

88), and 1 (0, 16).

Increased venous congestion was associated with

increased odds of AKI for each central venous pressure

threshold. A 60 mmHgmin increase above the median AUC of

intraoperative venous congestion above 12 mm Hg was inde-

pendently associated with a 6% increase in the odds of AKI

(odds ratio¼1.06; 95% CI, 1.02e1.10; P¼0.008; Table 2; Fig. 1). A

60 mm Hg min increase above the median AUC of intra-

operative venous congestion above 16 mm Hg had a 12% in-

crease in the odds of AKI (odds ratio¼1.12; 95% CI, 1.02e1.23;

P¼0.013). Patients with a 60 mm Hg min increase above the



Table 2 Independent associations between increased intraoperative venous congestion, quantified as the area under the curve of
central venous pressure above 12, 16, and 20 mm Hg, and acute kidney injury. Odds ratios represent the independent association
between a 60mmHgmin increase in the area under the curve above and the corresponding central venous pressure thresholdmedian
value. CI, confidence interval.

Central venous pressure
threshold (mm Hg)

Acute kidney injury
Odds ratio (95% CI)

P-value

Venous congestion throughout surgery 12 1.06 (1.02e1.10) 0.008
16 1.12 (1.02e1.23) 0.013
20 1.30 (1.06e1.59) 0.012

Pre-cardiopulmonary bypass venous congestion 12 1.11 (1.03e1.20) 0.004
16 1.25 (1.06e1.47) 0.009
20 1.44 (1.06e1.96) 0.018

Post-cardiopulmonary bypass venous congestion 12 1.07 (0.996e1.14) 0.065
16 1.18 (1.00e1.38) 0.046
20 1.45 (1.02e2.09) 0.041

Venous congestion and AKI in cardiac surgery - 603
median AUC of intraoperative venous congestion above 20

mm Hg had an 30% increase in the odds of AKI (odds

ratio¼1.30; 95% CI, 1.06e1.59; P¼0.012).

In the proportional odds logistic regression analysis of the

ordinal endpoint, a 60 mm Hg min increase above the median

of the AUC of central venous pressure above each threshold

was associated with a 6% (odds ratio¼1.06; 95% CI, 1.02e1.10;

P¼0.006), 13% (odds ratio¼1.13; 95% CI, 1.03e1.23; P¼0.009),

and 32% (odds ratio¼1.32; 95% CI, 1.08e1.60; P¼0.006) increase

in the odds of each level of AKI severity comparedwith the less

severe level for the 12, 16, and 20 mm Hg thresholds,

respectively.

To determine if intraoperative venous congestion occur-

ring in the period before CPB or the period after CPB was more

strongly associated with AKI, we examined the AUC of

congestion in these periods and their association with AKI. A

60 mm Hg min increase above the median AUC of venous

congestion above 12 mm Hg before CPB had an 11% increase

in the odds of postoperative AKI (odds ratio¼1.11; 95% CI,

1.03e1.20; P¼0.004) compared with those at the median. A 60

mm Hg min increase above the median AUC of pre-CPB
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Central venous pressure threshold for venous congestion:
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Fig 2. Independent associations between intraoperative venous congestion before cardiopulmonary bypass (CPB; top panel), after CPB

(middle panel), and before and after CPB (bottom panel) and urinary concentrations of [TIMP-2],[IGFBP7]. Dots indicate the fold increase in

log transformed urine [TIMP-2],[IGFBP7] for a value 60 mm Hg min greater than the median of the area under the curve of venous

congestion above each indicated central venous pressure threshold, compared with the median, and error bars indicate the 95% confi-

dence interval. An association is statistically significant if the error bar does not cross the dotted line. [TIMP-2],[IGFBP7], tissue inhibitor of

metalloproteinase-2 and insulin-like growth factor binding protein 7.
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Secondary outcome: intraoperative venous congestion
and perioperative urinary concentrations of [TIMP-2]�
[IGFBP7]

A 60 mm Hg min increase above the median AUC of venous

congestion before CPB was independently associated with

higher urine [TIMP-2]�[IGFBP7] concentration measured 30

min into CPB, compared withmedian values for the 12, 16, and

20 mm Hg thresholds (1.06-fold [95% CI, 1.01e1.11; P¼0.014],

1.18-fold [95% CI, 1.06e1.32; P¼0.004], and 1.44-fold [95% CI,

1.15e1.80; P¼0.001], respectively) (Fig. 2). A 60 mm Hg min in-

crease above themedian AUC of venous congestion before CPB

was associated with 1.04-fold (95% CI, 0.99e1.09; P¼0.065),

1.15-fold (95% CI, 1.03e1.29; P¼0.012), and 1.39-fold (95% CI,

1.11e1.73; P¼0.004) greater urine [TIMP-2]�[IGFBP7] concen-

trations at the end of CPB, compared with median values for

the 12, 16, and 20 mm Hg thresholds, respectively. Venous

congestion after CPB was not associated with postoperative

urinary concentrations of [TIMP-2],[IGFBP7]. Similarly, venous

congestion throughout surgery (the combination of venous

congestion before and after CPB) was not associated with

postoperative urinary concentrations of [TIMP-2]�[IGFBP7].
Discussion

Venous congestion during cardiac surgery was independently

associated with higher odds of AKI and increased severity of

AKI after surgery. Venous congestion between the start of

surgery and initiation of CPB was associated with increased

urinary concentrations of [TIMP-2],[IGFBP7] throughout the

perioperative period and as early as 30 min later, but venous

congestion after CPB was not associated with postoperative

urinary concentrations of [TIMP-2],[IGFBP7]. Taken together,

these findings support the hypothesis that intraoperative

venous congestion, estimated with measurements of central

venous pressure, is associated with kidney stress and post-

operative kidney injury.

Prior studies have primarily focused on the association

between postoperative, as opposed to intraoperative, central

venous pressure measurements and AKI, and have not quan-

tified the magnitude of venous congestion over time. Palomba

and colleagues,16 for example reported that a central venous

pressure greater than 14mmHg at ICU admission after cardiac

surgery was associated with a 92% increase in the odds of AKI

after cardiac surgery, Williams and colleagues17 reported that

a central venous pressure greater than 9 mm Hg after surgery

was associated with a 30% increase in the rate of renal failure

in a cohort of patients undergoing coronary artery bypass

grafting, and Yang and colleagues18 reported that patients

with a central venous pressure greater than 10 mm Hg after

coronary artery bypass grafting had a 6-fold higher rate of AKI

than patients with a central venous pressure less than 10 mm

Hg. These studies did not examine the intraoperative period, a

time when many factors contribute to venous congestion and

during which anaesthesiologists may intervene to affect cen-

tral venous pressure, nor did these studies evaluate different

pressure thresholds. It remains possible that an absolute

central venous pressure threshold value does not exist to

quantify venous congestion and that other factors, such as

arterial pressure and inflammation, may alter the critical

venous pressure threshold for individual patients and for

different intraoperative events. We observed a doseeresponse

relationship between escalating central venous pressure

thresholds for venous congestion and AKI. Furthermore,
increased AUC of venous congestion above each thresholdwas

consistent with increased severity of AKI in the proportional

odds logistic regression. These findings support the idea that

higher intraoperative central venous pressure may reflect

more severe venous congestion, and more severe venous

congestion may contribute to kidney injury. However, the

rarity of severe kidney injury in this sample of patients and the

associated uncertainty warrant additional confirmatory

research.

Analyses of congestion before CPB and after CPB indicated

that venous congestion during each of these periods may in-

crease risk for AKI, although after CPB the association between

venous congestion and AKI was less clear, and only venous

congestion before CPB was associated with increased urine

expression of [TIMP-2],[IGFBP7]. [TIMP-2],[IGFBP7] concentra-

tions as early as 30 min after initiation of CPB increased in

proportion to pre-CPB venous congestion, highlighting a

potentially rapid effect of intraoperative venous congestion on

kidney injury and urinary expression of these markers. This

findingmay impact consideration of therapies to reduce AKI in

the early intraoperative period. Decreased associations be-

tween post-CPB venous congestion and urinary [TIMP-2],

[IGFBP7] may indicate that venous congestion later during

surgery does not increase renal stress or that factors aside

from late intraoperative venous congestion have more of an

impact on increased postoperative [TIMP-2],[IGFBP7]

expression.

Increased central venous pressure is the result of excess

intravascular volume, systolic and diastolic heart dysfunction,

increased vascular resistance, and increased intrathoracic

pressure. The results from this study do not indicate which of

the contributing factors may explain the association between

increased central venous pressure and AKI, do not reveal the

specific pathophysiology linking venous congestion and AKI,

nor convey any causal relationship between venous conges-

tion and AKI. There are several plausible explanations for an

effect on AKI, however, if one exists. Venous congestion could

decrease renal perfusion, decrease transglomerular pressure

gradients via increases in tubular lumen pressure, alter tubu-

loglomerular feedback mechanisms such as the

renineangiotensinealdosterone system, induce systemic and

renal inflammation, increase endothelial permeability, and

increase sympathetic outflow. All of these physiologic alter-

ations could impact perioperative AKI.31e36 More specific tar-

geting of intraoperative venous congestion by the use of

inotropes, vasodilators, ventilator and fluid management, and

venous bypass systems are warranted to determine if these

interventions decrease venous congestion and if they decrease

AKI.

This study has several strengths and limitations. The

observational nature of this study prevents any statements of

causality and renders it subject to unknown confounding. For

example decreased arterial pressure, decreased cardiac

output, intraoperative renal emboli, and myoglobinuria may

increase postoperative AKI. We did, however, adjust analyses

for a number of potentially important confounders and risk

factors for AKI. This study was conducted in a rigorously

protocolised clinical trial cohort which provided high-fidelity

intraoperative haemodynamic data, perioperative urine sam-

pling for [TIMP-2],[IGFBP7] quantification, and AKI phenotyp-

ing, but results may not be generalisable to other cohorts. We

examined several central venous pressure thresholds to define

venous congestion because there is not a clear value to indi-

cate congestion in this setting and because we sought to
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capture a dose effect of venous congestion. We noted an in-

crease in the magnitude of the association between venous

congestion AUC and AKI at higher central venous pressure

thresholds for quantifying venous congestion. We also note

that central venous pressure thresholds even lower than 12

mm Hg may be clinically important. Fortunately, central

venous pressure is commonly measured during surgery, and

there are many potential therapies that likely could reduce

venous congestion.

In summary, increased intraoperative venous congestion

was independently associated with the development of post-

operative AKI but inconsistently associated with increased

urinary expression of [TIMP-2],[IGFBP7]. These findings sup-

port the hypothesis that venous congestion during surgery

may contribute to postoperative kidney injury and dysfunc-

tion, but studies that target intraoperative venous congestion

are necessary to further evaluate the relationships between

this potential mechanism of kidney injury and to determine if

reducing intraoperative venous congestion decreases post-

operative kidney injury and associated morbidities.
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