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ABSTRACT 
Cardiac surgery associated acute kidney injury is one of the most serious 
adverse events occurring in this population. To date, there are no widely 
accepted therapies for treating cardiac surgery associated acute kidney injury 
once it occurs; therefore, prevention is most important. Multiple therapies have 
been proposed for prevention of cardiac surgery associated acute kidney injury 
but none has been successful and uniformly adopted by anesthesia and surgical 
societies. In the review that follows, I propose a new approach to prevention of 
cardiac surgery associated acute kidney injury based upon a readily available 
marker of kidney function, urine flow rate. The relationship of urine flow rate to 
cardiac surgery associated acute kidney injury and the effects of raising urine 
flow rate with diuretics is discussed. The physiology behind the beneficial 
effects of high urine flow rate is applicable to other causes of acute kidney injury. 
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Introduction 
Urine flow rate (UR) is routinely available in patients 
undergoing general anesthesia and like other vital signs 
informs the operating team of the hemodynamic status 
of the patient. It is considered a marker of kidney 
perfusion and the overall hydration state of the patient. 
A widely accepted definition of oliguria is <0.5 ml/kg/h1. 
However, there are no clear guidelines on how to 
interpret UR during the surgical period. Oliguria may be 
considered physiologic; a result of anesthesia induced 
ADH release. For this reason, ‘permissive oliguria’ has 
been proposed to minimize fluid administration during 
surgery 2. However, recent large randomized controlled 
trials in general surgical patients have found using a 
lower UR (<0.3 vs <0.5) to trigger fluid administration 
was associated with a higher incidence of post-
operative acute kidney injury (AKI) 3,4. Thus, there 
remains uncertainty about how to interpret 
intraoperative UR. In this review, the importance of UR 
and specific UR targets in the context of cardiac surgery 
are presented. Methods for achieving specific UR 
targets in cardiac surgery are frequently used and will 
be presented using the existing evidence from 
observational and randomized controlled trials. 
 
Non-Cardiac Surgery 
A 2023 review of management of intraoperative 
oliguria found that a UR <0.5 ml/kg/h was associated 
with post-operative acute kidney injury5. A meta-
analysis of 18,743 non-cardiac surgery patients found 
that oliguria defined as either <0.3 ml/kg/h or <0.5 
ml/kg/h was associated with post op AKI 6. For the <0.3 
ml/kg/h threshold definition, the OR was 2.64 while for 
the <0.5 ml/kg/h threshold, the OR was 1.72 (both 
p<.00001). The RELIEF trial randomized 2444 non-
cardiac surgery patients to a liberal versus a restrictive 
intraoperative fluid management protocol 7. No 
diuretics were used. Intraoperative oliguria (<0.5 
ml/kg/h for at least 1 hour) occurred in 889 patients 
(36%).  A total of 21% of the total group developed 
post-operative AKI. The presence of oliguria conveyed 
an OR for post-operative AKI after adjustment for 
liberal vs restricted fluid management of 1.38 (p <.001). 
As the duration of oliguria increased there is a parallel 
increase in the incidence of post op AKI 8. 
 
This association of oliguria with AKI however is weak as 
a predictor of AKI 9. A review of post-operative AKI in 
2015 did not find oliguria (<0.5 mg/kg/h) to be useful for 
fluid management and suggested avoiding diuretics to 
increase UR 10. A 2021 meta-analysis of 7 studies of 
3862 patient undergoing thoracic surgery (non-cardiac) 
also did not find oliguria predictive 11. Most post-
operative AKI occurs in subjects who were not oliguric. 
Furthermore, many physiologic mechanisms can result 
in oliguria and only some of those mechanisms might 

lead to AKI 1. Two other earlier (2016) meta-analyses of 
non-cardiac surgery patients suggested that targeting 
oliguria with either triggered fluid management or goal 
directed hemodynamics did not alter the incidence of 
AKI 12,13. 
 
Cardiac surgery 
Cardiac surgery patients may be a more informative 
cohort to look for a relationship between UR and AKI. 
First, this is a cohort with a high incidence of post-
operative AKI (up to 30%) or cardiac surgery associated 
acute kidney injury (CSA-AKI). It is a more homogenous 
group of patients where there are identified risk factors 
for CSA-AKI that can be used for adjusting CSA-AKI 
rates between different levels of UR or treatments. 
Interestingly, a 2025 review of CSA-AKI doesn’t 
mention intraoperative UR as a risk factor 14. 
Nevertheless, there have been many observational 
studies suggesting that a low intraoperative UR, well 
above the traditional definition of oliguria, is a 
predictor of CSA-AKI. 
 
Hori in 2016 reported on CSA-AKI in a retrospective 
analysis of patients undergoing cerebral perfusion 
monitoring with transcranial doppler. A total of 579 
patients were analyzed for predictors of CSA-AKI. CSA-
AKI occurred in 29.5% of patients and 98% received 
mannitol in the cardiopulmonary perfusate.  UR was 
influenced by MAP and pump flow rates. After 
adjusting for a number of risk covariates (age, diabetes, 
baseline renal function, use of diuretics, intraoperative 
MAP, pump flow rate), a UR <1.5 ml/kg/h was 
significantly associated with CSA-AKI. The 
intraoperative use of diuretics was also associated with 
a higher incidence of CSA-AKI 15. 
 
In the same year, Yilmaz studied 200 patients with 
baseline normal kidney 16. CSA-AKI occurred in 7%. All 
patients received mannitol in the perfusate. The 
relative risk of CSA-AKI began to increase at UR < 3.70 
ml/kg/h. Song studied 696 patients with a CSA-AKI rate 
of 37%. Mannitol was used in all patients. That study 
found that UR <4.0 ml/kg/h was associated with a 
higher incidence of CSA-AKI 17. UR was also lower in the 
first 24h in those with CSA-AKI. 
 
In a study of 1184 children undergoing cardiac surgery 
for congenital heart disease by BIE, no relationship with 
intraoperative UR was found. CSA-AKI occurred in 
23.1% of the children 18. Of note, 78% of the patients 
received intraoperative diuretics (see discussion 
below). 
 
In these observational trials, a target UR was not 
prescribed. It is unclear what percentage of patients 
were above threshold levels found to be associated 
with lowest incidence of CSA-AKI. Data extracted from 
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one trial suggested only 20% were above the threshold 
15. To confound the situation further, routine use of 
mannitol in the perfusion solution was the standard of 
care and many patients received intraoperative 
diuretics as well. While MAP and CO were found to be 
correlated with UR there was no differences in either 
hemodynamic parameter between those who 
developed CSA-AKI and those who didn’t.  
 
This collection of retrospective observational studies 
supports the importance of intraoperative UR as a 
predictor of CSA-AKI. This association remains an 
independent risk factor after adjustment for multiple 
additional preoperative and intraoperative variables. 
Different thresholds, below which the incidence of 
CSA-AKI increases, are reflected in the different cohort 
characteristics from which the data are derived such as 
elective surgery, kidney function, presence of diabetes, 
use of diuretics and transfusions. These studies at best 
support the concept that low UR during the time of 
maximum hemodynamic insult may play a role either 
as a predictor of subsequent kidney injury or as part of 
the pathophysiologic mechanism of injury itself.  What 
this data doesn’t tell us is whether interventions to 
increase UR would decrease CSA-AKI.  
 

Randomized controlled trials increasing 
intraoperative UR with diuretics 
 
Mannitol: 
As noted above, many of the trials finding an 
association between UR and CSA-AKI add mannitol to 
the perfusate during cardiopulmonary bypass. This use 
is based in part upon mannitol’s pharmacodynamics to 
increase serum osmolality, reduce in oxidative stress, 
enhance renal perfusion and enhance urine output 
resulting from osmotic diuresis. The expectation is that 
these effects will reduce the incidence of CSA-AKI.  
 
A reduction in CSA-AKI with addition of mannitol to the 
CPB circuit has been found in some but not all 
randomized clinical trials. The early trials tended to be 
small and performed primarily in low-risk patients. 
However, recently an increasing number of RCT’s found 
no benefit of adding mannitol to the perfusate, 
including in patients with baseline renal insufficiency 19-

25. A 2019 meta-analysis of 22 studies including 7 RCT’s 
in cardiac surgery also found no benefit 26 despite 
increases in UR. These studies in cardiac surgery 
patients included patients with chronic kidney disease 
at baseline. They are, however, small trials (usually 
<100 patients). The most recent society guidelines in 
2023 do not recommend the use of mannitol 27. 
 
Mannitol, acting as an osmotic diuretic in the proximal 
tubule, delivers more sodium to distal sites, including 
the loop of Henle. This results in increased Na uptake at 

those distal sites resulting in increased oxygen 
consumption. Depending upon renal blood flow, this 
could actually enhance the risk of AKI. Interestingly, 
Redfors showed that this increased oxygen 
consumption could be blocked by the addition of 
furosemide 28. 
 
Loop diuretics: 
Diuretics, given in the presurgical period do not appear 
to offer an advantage for preventing  CSA-AKI. Indeed, 
some authors have identified pre-operative use of 
diuretics as a risk factor for CSA-AKI 29. Likewise, a 
number of retrospective analyses of cardiac surgery 
patients have identified use of intraoperative 
furosemide as a risk factor for CSA-AKI. 
 
Moreira et al analyzed 329 cardiac surgery patients with 
pre-operative normal kidney function. CSA-AKI 
occurred in 19% 30. Decreased UR and use of 
furosemide were independently associated with CSA-
AKI. 
 
Parolari analyzed 3219 cardiac surgery patients 31. CSA-
AKI occurred in 8.9% and again low UR and use of 
furosemide were independently associated with CSA-
AKI. Maruniak found no benefit of furosemide in 120 
patients with a CSA-AKI rate of 26% 32. 
 
A small number of RCT’s of furosemide use during 
cardiac surgery have also found no benefit in 
preventing CSA-AKI.  
 
Lassnigg randomized 126 patients with normal kidney 
function to either dopamine, furosemide (0.5 
ug/kg/min=~ 2-3 mg/h), or placebo for up to 48h post-
surgery 33. Patients could get an additional bolus of 20 
mg of furosemide if UO fell below 0.5 ml/kg/h. 38% and 
50% of the dopamine and placebo group developed 
oliguria and required the additional furosemide bolus 
compared to 20% of the furosemide group. As 
expected, the furosemide group had the largest UR 
during surgery and for the initial 12 hours in the ICU. 
Urine output was replaced throughout the study. Seven 
patients developed CSA-AKI (not specifically defined). 
The furosemide group had the highest rate of CSA-AKI 
with 6 of the 7 cases. 
 
Fakhari randomized 81 patients having elective cardiac 
surgery to a constant infusion of furosemide at 2 mg/h 
for up to 12 h post-surgery vs 0.9% saline. UO was 
similar during surgery but higher for the first 24 hour 
period in the furosemide group (2.25 ml/kg/h vs 1.89 
ml/kg/h respectively). The incidence of CSA-AKI (~27%) 
was similar in both groups. There was no difference in 
the use of inotropes, blood products or mannitol 34. 
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Mahesh randomized 42 high risk patients with heart 
failure, diabetes, renal insufficiency to intraoperative 
furosemide infusion (4 mg /h) for up to 12 hours post 
operatively vs placebo (saline 2 ml/h). While 
furosemide increased UR (3.4 ml/kg/h vs 1.2 ml/kg/h) 
there was no difference in CSA-AKI rates (43% 
furosemide vs 38% placebo) 35. 
 

Kumada also found furosemide deleterious in off-pump 
cardiac surgery 29.  
 

A recent meta-analysis (see below) involving 4 RCT 
trials found no benefit of intraoperative furosemide on 
CSA-AKI, but a reduction in days on mechanical 
ventilation and days in the ICU. There was no 
advantage on 90d mortality 36

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Forrest plot of effects of furosemide on the incidence of cardiac surgery associated acute kidney injury. CI, 
confidence interval; df, degrees of freedom36 
 
Why the discordance between the data indicating that 
lower intraoperative UR is associated with an increase 
in CSA-AKI yet administration of diuretics such as 
furosemide to enhance intraoperative UR do not show 
any benefit? The answer may lay in the fluid shifts 
induced by the diuretic. These shifts that can result in 
decreases in intravascular and extracellular volume, 
stimulate counter regulatory mechanisms (renin-
angiotensin system, sympathetic system, and 
vasopressin) which maintain systemic hemodynamics 
at the expense of decreasing renal blood flow and 
glomerular filtration rate. These decreases in renal 
perfusion and oxygen delivery may mask the beneficial 
effects of a high UR. 
 
It is interesting that there is one trial (circled) in the 
Figure 1 meta-analysis that showed a benefit of 
furosemide 37. This was more specifically a trial to 
replace urine output in real time, ml for ml, so as not to 
allow any fluid shifts. Increasing UR without fluid shifts 
led to renal protection in that trial, a statistically 
significant 50% reduction in CSA-AKI. This supports the 
important role that fluid shifts and the counter 
regulatory mechanisms that they induce play in 
determining the outcome of kidney function.  
 
Matching fluid administration with diuretic 
enhanced UR: 
As noted above, the one positive study in the meta-
analysis by Xie was that of Luckraz 37. This study was not 
designed as a trial of furosemide but rather of a device 
that matched intravenous fluid administration with 
urine output in real time. By this approach, fluid shifts 
were prevented and presumably the compensatory 

hormonal effects that reduce renal blood flow were 
also prevented. 
 
This is not the first use of this approach. What has been 
referred to a ‘forced matched diuresis’ has been used in 
the clinical arena for many years to treat nephrotoxin 
exposure (rhabdomyolysis, tumor lysis syndrome, 
contrast media), drug overdoses (barbiturates), and 
chemotherapeutic exposure (methotrexate). The 
underlying concept is that by having a high UR, not only 
is the nephrotoxin diluted in the urine but the contact 
time of the nephrotoxin with the renal epithelium is 
reduced thus mitigating injury.  
 
This approach has been used in the cardiac 
catheterization laboratory to reduce the incidence of 
contrast associated acute kidney injury (CA-AKI. 
Multiple RCT’s have shown the benefit of this approach 
in preventing CA-AKI and recent meta-analyses of 
these outcomes have been published 38,39.  
 
However, this is not an easy therapy to administer 
manually. When attempted manually it requires 
measuring urine output every 5 minutes during surgery 
and adjusting the iv fluid rate accordingly. A device to 
automatically monitor UR and simultaneously control 
an adjustable perfusion pump to match output with 
input is much simpler and more accurate. 
 
Mechanisms of renal protection induced by high UR. 
The mechanism of action of such high urine output is 
still unclear, although as discussed above, elimination 
of nephrotoxin is one possibility. For example, under 
the right conditions of dose and time of exposure, 
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contrast is directly toxic the renal tubule cells 40. The 
incidence of CA-AKI and biomarkers of kidney injury 
are directly related to the density of nephrograms 
obtained immediately post the cardiac procedure 41. 
Forced matched diuresis is known to reduce the density 
of nephrograms post contrast exposure 42. This 
supports the idea that dilution of contrast and wash out 
from the nephron may be important for the beneficial 
effects of high urine outputs. However, this would not 
easily explain the benefit on CSA-AKI unless another 
toxin such as free hemoglobin is a major mechanism of 
injury 43.  
 
Alternatively, a high urine output may have some other 
benefit. Observations in man indicate that ingestion of 
water sufficient to increase urine output in the 
subsequent few hours alters kidney hemodynamics. 
For example, ingestion of 20 mL/kg of water over 15 
minutes leads to an increase in medullary oxygen 
content as detected by BOLD MRI 44. The increase in 
medullary oxygen levels involves enhanced perfusion 
of the vasa recti in the medulla mediated by enhanced 
prostaglandins and nitric oxide. It can be inhibited by 
NSAIDs and restored with NO donors 45.  Oral intake of 
water of this amount reduces the incidence of CA-AKI 
in STEMI patients undergoing primary PCI 46. Whether 
the clinical benefit of increase UO in cardiac surgery is 
mediated by similar mechanisms is an intriguing 
hypothesis. 

Conclusion: 

Monitoring urine output during cardiac surgery is 
already standard of care. What is being presented here 
is the rationale for purposefully increasing UO during 
the intraoperative and early post-operative period. This 
rationale is supported by the observations that higher 
intraoperative UO is associated with a lower incidence 
of CSA-AKI. Use of diuretics, such as mannitol or 
furosemide, alone doesn’t improve CSA-AKI perhaps 
because the associated fluid shifts offset the benefits of 
the higher UO. Preventing the fluid shifts by matching 
fluid intake with UO in real time seems to obviate those 
fluid shifts and allows the benefits of high UO to be 
revealed. While the mechanism(s) of benefit is still 
speculative, achieving a high UO is within the scope of 
routine practice in the OR and ICU with the help of a 
device to automate the process. 
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