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Abstract: Introduction: According to different authors, cardiac surgery-associated acute kidney
injury (CSA-AKI) incidence can be as high as 20–50%. This complication increases postoperative
morbidity and mortality and impairs long-term kidney function in some patients. This review aims
to summarize current knowledge regarding alterations to renal physiology during cardiopulmonary
bypass (CPB) and to discuss possible nephroprotective strategies for cardiac surgeries. Relevant
sections: Systemic and renal circulation, Vasoactive drugs, Fluid balance and Osmotic regulation
and Inflammatory response. Conclusions: Considering the available scientific evidence, it is con-
cluded that adequate kidney perfusion and fluid balance are the most critical factors determining
postoperative kidney function. By adequate perfusion, one should understand perfusion with proper
oxygen delivery and sufficient perfusion pressure. Maintaining the fluid balance is imperative for a
normal kidney filtration process, which is essential for preserving the intra- and postoperative kidney
function. Future directions: The review of the available literature regarding kidney function during
cardiac surgery revealed a need for a more holistic approach to this subject.

Keywords: cardiac surgery; clinical physiology; cardiopulmonary bypass; acute kidney injury

1. Introduction

Recent data estimate that about a million patients undergo cardiac surgery every year [1].
Of these, 20 to even 50%, according to some authors, will suffer from cardiac surgery associ-
ated acute kidney injury (CSA-AKI) [2–4]. Apart from its high incidence, this complication
bears severe consequences for the patient’s health. It increases postoperative morbidity and
mortality [2,5,6], and can result in the development of chronic kidney disease (CKD) [4,7].

Cardiopulmonary bypass (CPB) is a technique that allows one to conduct most valvu-
lar procedures and coronary surgeries while having the heart in diastole. It preserves
systemic blood circulation and provides very effective blood oxygenation. However, it
is also the reason for many complications associated with heart surgery, such as exces-
sive blood loss, systemic inflammatory response syndrome (SIRS), cerebral stroke, and
AKI [8]. If not for the use of the CPB, cardiac surgery might have a complication rate similar
to prolonged non-cardiac surgeries. Moreover, the off-pump cardiac surgeries have the
advantage of shorter operation time (no time spent on cannulation, decannulation, and
reperfusion) and no need for great vessels’ cannulation, which reduces the surgical trauma.
Nonetheless, CPB enables the surgeon to perform operations involving the opening of the
aorta and/or chambers of the heart (e.g., valvular surgery, correction of the septal defects
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within the heart). The most common cardiac surgery—coronary artery bypass grafting
(CABG) [9]—can be performed without the use of CPB, but it renders the operation techni-
cally difficult and is not preferred by most surgeons [10]. All things considered, CPB has its
disadvantages and related complications but is otherwise indispensable to cardiac surgery.

In order to understand how the kidneys are being damaged during cardiac surgery, one
has to realize all the alterations to the functioning of the human body once extracorporeal
circulation is initiated. Cardiac output (CO) is replaced with the CPB pump flow; therefore,
the perfusionist controls the blood flow through the entire body, as well as the pressure
within the arterial system. Priming solution filling the CPB circuit fuses with the patient’s
blood, causing hemodilution and decreasing the oxygen-carrying capacity of the blood
(CaO2). Both priming and cardioplegic solutions used to stop and protect the heart are
highly osmotic fluids which increase the osmolality of the intravascular and interstitial
fluid. Leukocytes in the blood come in contact with the artificial surface of the CPB tubing
system, which causes their activation and leads to the induction of the inflammatory
response [11]. Should any organ or tissue become ischemic during the CPB, it will suffer
from ischemia-reperfusion injury (IRI) after weaning from it.

Three major factors can cause AKI: prerenal, renal, and postrenal. The prerenal causes
dominate during cardiac surgery, followed by the renal factors. In this review, the authors
discuss the alterations to renal physiology during the CPB and address the key factors
influencing kidney function during and after cardiac surgery. This review aims to highlight
the importance of perioperative care in the prevention of CSA-AKI and to provide practical
suggestions on nephroprotective strategies during cardiac surgery.

2. Relevant Sections
2.1. Systemic and Renal Circulation

Before the beginning of CPB, the tubing system needs to be connected to the patient’s
circulatory system. The venous cannula (or cannulas) is placed in the vena cava and
usually passes through the right atrium. This compromises the blood’s return to the
heart and decreases CO before CPB begins. Together, with a decrease in CO, there is a
decrease in the mean arterial pressure (MAP). Though the time when the heart and the
great vessels are cannulated but the CPB is not yet started is usually short, it is essential to
maintain an adequate CO and MAP at all times. Even a period of hypotension (defined
as MAP < 65 mmHg) as short as 10 min increases the risk of kidney injury [12]. Possible
interventions at this stage of surgery involve raising the patient’s legs (to increase preload)
or starting a low-dose adrenaline infusion (≤0.05 µg/kg/min).

There are three components of effective circulation: blood flow, CaO2, and perfusion
pressure. Without the first two, the oxygen delivery (DO2) to the tissues will be compro-
mised. Most standard CPB protocols include the pump flow rate of 2.4–2.8 L/min/m2

for normothermic CPB [13]. There is, however, an increasing number of scientific evi-
dence that perfusion during the CPB should be goal-directed (goal directed perfusion—
GDP) [14–16]. The CaO2 decrease associated with hemodilution varies between the pa-
tients, so the pump flow should be adjusted for each patient to maintain an adequate
DO2. This is the essence of the GDP approach—adjusting blood flow (CPB pump perfor-
mance) to reduced CaO2 to maintain desired DO2. Some researchers advocate that the
DO2 indexed for the body surface area (iDO2) should be kept above a critical threshold
in order to prevent AKI. De Somer et al. [16] determined it to be 262 mL/min/m2, and
Mukaida et al. [15] set it at 300 mL/min/m2. Ranucci et al. [17] also proved that maintaining
an iDO2 ≥ 280 mL/min/m2 during the CPB reduces CSA-AKI incidence. Srey et al. [18]
applied the idea of Ranucci and his team but simplified the method. Continuous iDO2
monitors used by Ranucci are an expensive tool. For this reason, Srey and his team devised
a formula that allows for easy calculation of the safe minimal flow rate, knowing the
patient’s body surface area (BSA) and current hemoglobin level. The method assumes the
nadir iDO2 of 280 mL/min/m2 and is an easy and affordable solution that can improve the
postoperative outcome regarding kidney function.
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Perfusion pressure is a derivative of blood flow and systemic vascular resistance
(SVR) [19]. The latter usually decreases during the CPB [20] due to loss of the pulsatile
blood flow [21], and also some biochemical and immunological alterations known as the
vasoplegic syndrome [22,23]. The pulse wave is initiated by the left ventricular stroke
volume stretching the elastic wall of the aorta [24]. This wave of recurring expansion
and contraction of the arterial wall travels down to the smallest arterioles thanks to the
elastic fibers of the tunica media. The force exerted on the intravascular fluid by these
fibers is an essential component of the SVR. Thus, when a continuous flow of the CPB
pump is applied, the SVR decreases. A full description of the pathogenesis of vasoplegic
syndrome exceeds the scope of this article. It will suffice to say that it involves, among
other factors, leukocyte activation, cytokine release (such as IL-6 or TNF-α), and an increase
in nitric oxide production in the epithelium [22]. All these factors promote vasodilation,
which in such cases can be resistant to vasopressor agents. Another factor that exacerbates
vasoplegia during cardiac surgery is the influence of general anesthesia [25,26]. This factor
is not unique to cardiac surgery but is especially pronounced here as high doses of fentanyl
are used during this type of procedure, which may enhance vasodilation [27–29].

If the CPB pump flow is not high enough to compensate for decreased SVR, the
pressure within the arterial tree will also decrease. In some medical professionals, there
is a notion that systemic pressure during the CPB is of secondary importance as the CPB
pump provides an adequate blood flow, and there is a very effective gas exchange in the
oxygenator. This notion is not true. Certain areas of the circulatory system are highly
dependent on blood flow pressure. Such areas involve cerebral [30] and renal arteries [31].
The anatomy of the renal arterial system differs from the other organs in the human body.
The final branches of the renal artery—the afferent arterioles—divide and form the capillary
net of the kidney glomerulus [32]. Subsequently, they reassemble into the efferent arteriole
instead of forming the postcapillary veins. The efferent arterioles then follow the ascending
limb of the Henle’s loop and divide again into capillaries surrounding the tubules. The
capillaries then reassemble into veins, which arise alongside the descending limb of the
Henle’s loop and confluence into greater vessels. Only a small percentage of arterial blood
bypasses the glomerulus and is shunted directly into the postglomerular arteries [33]. This
unique structure of the kidney vessels (capillaries reassembling into arteries) enables the
creation of an outwardly directed pressure gradient within the kidney glomerulus—the
effective filtration pressure (EFP). The efferent arterioles’ diameter, which is smaller than
the afferent arterioles, facilitates this process. This anatomical dependency between the
glomerular and peritubular vessels results in the blood flow through the peritubular vessels
being almost entirely dependent on the outflow from the efferent arterioles.

The afferent and efferent arterioles are the guardians of the EFP. The afferent arteriole is
equipped with a pressure sensor known as the juxtaglomerular cells [34]. Should the blood
pressure within the afferent arteriole decrease, these cells will release renin, the first enzyme
of the renin-angiotensin-aldosterone (RAA) axis. The RAA system is activated by low
systemic pressure and is set on raising it to normal values. The threshold pressure value that
activates the juxtaglomerular cells is 70–90 mmHg, according to different authors [31,35,36].
Brzozowski et al. [36] state that renin-release increases when the blood pressure falls
below 90 mmHg, and that serum renin concentration doubles with every 5 mmHg of
the pressure drop. Renin is an enzyme that converts Angiotensinogen to Angiotensin I
(Ang I), which is later converted to Angiotensin II (Ang II) [37]. Ang II is a powerful
systemic vasopressor, but it also has a particular effect on the kidneys. It constricts both the
afferent and efferent arterioles. However, there is a more significant increase in the efferent
arteriole resistance [38] due to its smaller resting diameter [39] and greater angiotensin
receptors’ density in the efferent arteriole [40]. The net effect of this action is a rise in
the EFP and a decrease in blood flow to the postglomerular vessels. The experimental
mammalian studies show that a steady state response of the efferent arteriole to the Ang II
is a 30% diameter reduction [41]. This means an over 4-fold increase in vascular resistance.
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Combined with reduced in-flow (due to afferent arteriole constriction), the blood flow to
the postglomerular vessels becomes markedly decreased.

In their study, Küllmar et al. [42] demonstrated that increased plasma renin concen-
tration was associated with cardiovascular instability and a higher incidence of CSA-AKI
after cardiac surgeries. Lannemyr et al. [43] conducted a study involving renal vessel
catheterization and concluded that renal perfusion decreases during the CPB due to renal
vasoconstriction. The reason for this result is most probably the MAP value of 60–80 mmHg
that was maintained in this study, which was probably below the kidneys’ autoregulatory
threshold and provoked renin release.

The tubules are a very metabolically active region of the kidney, as numerous ATP-
dependent ion transporters are located within their walls [44]. The cortical tubules can meet
this high energy demand thanks to the high blood flow in this area of the kidney [45]. The
medullary tubules, however, have a considerably lower blood supply—they receive 10–15%
of the total renal blood flow (RBF). The efferent arterioles originating from juxtamedullary
nephrons (15% of the total nephrons’ count [46]) penetrate the medulla as descending
vasa recta (DVR). They divide into the capillaries and reassemble into the ascending
vasa recta (AVR), which confluence with the cortical veins. The blood flow through the
medulla is restricted [47] in order to allow for an effective substance exchange between the
intratubular fluid and the intravascular fluid and also to prevent the washing out of the
medullary osmotic gradient [45]. The parallel arrangement of the DVR and AVR necessary
for countercurrent substance exchange is also the reason for oxygen shunting from the DVR
to AVR, as some of the oxygen that diffuses from the DVR is not absorbed by the tubular
cells but returns to the AVR [33].

There is one other important reason for maintaining sufficient perfusion pressure
during the CPB. Most patients undergoing cardiac surgery are elderly, and coronary
artery disease is still the most common reason for surgical intervention [9]. Suppose
the patient has highly advanced atherosclerosis within the coronary arteries. In that case, it
is justified to assume that he or she probably has atherosclerotic lesions in other regions of
the arterial tree [48]. Renal artery stenosis more significant than 50–60% can significantly
impair RBF [49], which would only worsen during the CPB. Atherosclerotic lesions cause a
local increase in vascular resistance; sufficient flow pressure is required to overcome this
resistance. Because of the loss of pulsation in the vascular bed during the CPB, the peak
pressures achieved within the arterial system are lower than normal at the same MAP
values. This is yet another argument in favor of keeping high perfusion pressure during
the CPB, especially if the patient has a history of disseminated atherosclerosis. A patient’s
MAP before the induction of general anesthesia can be a helpful indicator of what MAP
value the patient requires.

To summarize this section, during the CPB, the kidneys need both the adequate
iDO2 and blood pressure for proper functioning. According to recent studies, the iDO2 of
260–300 mL/min/m2 seems to be the lower threshold value necessary to maintain normal
kidney oxygenation. The lower MAP threshold appears to be 70–90 mmHg. Below this
MAP value, the kidneys start to release renin to raise the systemic blood pressure and
maintain the EFP. This significantly reduces blood flow to the peritubular vessels and
increases the risk of renal ischemia. This risk is especially high within the kidney medulla,
as it is a highly metabolically active region and blood flow in this area is already limited
under normal conditions. Adjusting the CPB pump flow is the simplest and most efficient
method to obtain an adequate iDO2 and perfusion pressure. It brings an instant effect,
can be easily modified if needed, and mimics a physiological response of the organism to
decreased CaO2.

2.2. Vasoactive Drugs
2.2.1. Norepinephrine

Norepinephrine is an agonist of alpha-1 and beta-1 adrenergic receptors [50]. Apart
from small doses (<0.03 µg/kg/min), norepinephrine’s alpha agonism predominates and
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it acts as a potent vasopressor, not an inotrope. Norepinephrine increases the SVR and
afterload, but it also influences the venous portion of the vascular system. Constricting the
small veins decreases the volume of blood stored within the venous system and increases
the preload. This action of norepinephrine is most pronounced in states of pathological
vasodilation, such as sepsis [51]. Because CPB provokes vasoplegia, norepinephrine can
restore physiological vascular resistance. On the other hand, vasoconstriction caused
by norepinephrine may lead to ischemia in certain body areas (such as skeletal muscles,
skin, and intestines) [52]. This could increase lactate production [53] and cause subse-
quent systemic acidosis, but the literature on this subject is equivocal [54]. Concerning
kidney function, there are numerous studies that report the detrimental effect of nore-
pinephrine on kidney function [55–58]. However, in some of these studies, there were high
doses of norepinephrine administered, e.g., Azau et al. [56] administered doses as high as
0.37 µg/kg/min, and Vedel et al. [57] administered doses as high as 0.4 µg/kg/min. Bel-
lomo et al. [59], in their review, argue that norepinephrine can be beneficial for kidney
function if used properly. Norepinephrine should only be used to restore normal vas-
cular resistance. It should not be used to artificially raise the systemic blood pressure if
the pathology underlying hypotension is hypovolemia or inadequately low CO. In such
instances, norepinephrine is likely to cause tissue hypoperfusion and exacerbate organ
damage. Therefore, norepinephrine should be perceived as an adjuvant to intraoperative
care and administered only after the patient is provided with an adequate CO and properly
hydrated. Considering the results of previous studies [56,57], lower norepinephrine doses
are encouraged (≤0.1 µg/kg/min).

2.2.2. Epinephrine

Epinephrine is a catecholamine exerting a sympathomimetic effect on both alpha-
and beta-adrenergic receptors [60]. Its pharmacodynamic properties comprise increase
in heart rate, greater heart muscle contractility, increase in SVR (including renal vessels
vasoconstriction), and bronchodilatation. In small doses, epinephrine has greater affinity
to beta receptors, and in large doses it becomes selective to alpha receptors. As the heart
muscle is excluded from circulation during the CPB, epinephrine has limited use during
the procedure itself [61,62]. However, some authors found it beneficial for weaning from
the CPB [63].

2.2.3. Dopamine

Dopamine is a vasoactive agent which action is highly dependent on the dosage. In
low doses (0.5–2 µg/kg/min), it dilates the visceral vessels, including the renal arteries.
Moderate doses (2–10 µg/kg/min) increase cardiac output through augmented contractility
and conductivity within the heart muscle. High doses (>10 µg/kg/min) increase SVR
through action on the alpha- and beta-adrenergic receptors [64]. Theoretically, the vasodila-
tory effect on renal arteries improves the renal blood flow [65] and increases diuresis [66].
Nevertheless, the benefits of low-dose dopamine infusion during the CPB remain question-
able [67]. As it would require high doses of dopamine to achieve its vasoconstrictive action,
this catecholamine is not a first-choice drug in cardiac surgery.

2.2.4. Fenoldopam

Fenoldopam is a dopamine receptor agonist that dilatates the peripheral arteries and
lowers blood pressure [68]. Its action is most pronounced in renal arteries. Increased
renal blood flow increases diuresis and natriuresis, thus augmenting the hypotensive
action of this drug. Lee et al. [69] developed a simulation model proving that fenoldopam
infusion is the most effective strategy for maintaining optimal renal perfusion during
cardiac surgery. As vascular resistance usually decreases during the CPB, fenoldopam’s use
in this setting is limited. However, if perfusion pressure remains high after the initiation of
CPB, fenoldopam infusion can benefit both systemic circulation and renal blood flow.
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2.2.5. Nitroglycerine

Nitroglycerine is a vasodilatory drug that acts by donating a nitric group (NO), which
relaxes the vascular smooth muscles [70]. Nitroglycerine dilatates small venous vessels
(decreasing the preload) as well as resistant arteries (decreasing the afterload and systemic
pressure). Venous vasculature dilatation has one more effect: increasing the volume of
blood stored within this part of the circulatory system. The vascular resistance during
the CPB usually decreases, partially due to endogenous nitric oxide release. For this
reason, nitroglycerine is reserved for patients with increased vascular tone and perfusion
pressure during the CPB. Nitroglycerine is also beneficial for kidney perfusion and increases
diuresis [71].

2.2.6. Nesiritide

Nesiritide is a recombinant human B-type natriuretic peptide (BNP), that causes va-
sodilation (including renal arteries), natriuresis, and RAA system inhibition [72]. Such
mechanisms of action make it especially feasible for application in cardiac surgery. A meta-
analysis conducted by Mitaka et al. [73] demonstrated that intraoperative BNP infusion
increases the urine output and glomerular filtration rate, as well as reduces the postop-
erative serum creatinine levels. Also, a decreased time of ICU stay and hospital stay in
patients treated with nesiritide was demonstrated in this study. Chen et al. [74] proved that
patients with preoperative renal dysfunction also benefit from nesiritide infusion during
cardiac surgery. Patients with preoperative left ventricular dysfunction had better kidney
function and shorter hospital stay after intraoperative nesiritide infusion [75].

2.2.7. Methylene Blue

Methylene blue is used during the CPB because of its potential to counteract the
vasoplegic syndrome through the inhibition of nitric oxide synthase [76]. Kofler et al. [77]
demonstrated an additive effect of methylene blue and other vasopressors in patients unre-
sponsive to norepinephrine and vasopressin infusion. Similar conclusions were reached
by other authors [78,79]. This proves that methylene blue is an effective agent against
vasopressor-resistant vasoplegia during cardiac surgery. However, the impact of methylene
blue on kidney function is debatable. In the study by Kofler et al., there was a significant
rise in the postoperative serum creatinine concentration in patients receiving methylene
blue compared to the control group. On the other hand, in the study by Mehaffey et al. [79],
early administration of methylene blue reduced the incidence of postoperative renal failure.
Considering the deleterious impact of vasoplegic syndrome and severe hypotension on
kidney function, the use of methylene blue is a promising solution, but further investigation
is needed to confirm its safety in terms of kidney function.

2.3. Fluid Balance and Osmotic Regulation

Water homeostasis is of vital importance to human health under any circumstances.
Cardiac surgery, however, poses an exceptional challenge for maintaining fluid balance.
Several factors can impact this balance: preoperative fasting, intraoperative evaporation
from internal organs, high osmolality fluids infusion, and altered capillary fluid filtration.

Normal total water intake ranges from 2000–2700 mL/day for women and
2500–3700 mL/day for men, according to different health organizations worldwide [80].
When a patient reports to a hospital for scheduled admission, he or she usually comes in
on an empty stomach for the purpose of laboratory tests. After admission, the patient is
allowed to eat and drink according to his or her needs until the evening. Preoperative
anxiety, however, causes some patients to reduce their food and fluid intake. The above
factors considered, and after all night fasting, a significant percentage of the patients enter
the operating theatre with various degrees of dehydration [81,82]. This type of dehydration
can be classified as hypertonic dehydration, as it is caused by insufficient fluid intake with
none to minimal solutes loss [83]. It results in intracellular fluid (ICF) movement to the
extracellular compartment [84]. This allows for maintaining normal extracellular fluid
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(ECF) and plasma volume. Experimental studies indicate that in this kind of dehydration,
the ICF deficits can persist even after three hours of ad libitum rehydration [85].

During cardiac surgery, two major factors exacerbate the patient’s hypertonic dehydra-
tion. First, the evaporation from mucosal membranes of the mediastinum and intrathoracic
organs can account for 1000 mL of insensible water loss during routine CABG proce-
dure [86]. The second factor is hypertonic fluids administration: the priming fluid of the
CPB circuit and cardioplegic solution, which cause water to shift from the intracellular
space to the extracellular space. The priming solution is highly hypertonic, reaching be-
tween 379 mOsm/l [87] and even 580 mOsm/l [88], according to data presented by different
authors. The main reason for the high osmolality of this solution is the addition of mannitol.
Intravenous mannitol is restricted to the extracellular compartment; it does not enter the
cells [89]. After administration, a steady state is reached between the intravascular and
extravascular mannitol concentration, shifting towards the vessels as mannitol is secreted
with urine. It binds the water molecules that move freely between the intracellular and
extracellular compartments, causing cells’ dehydration and osmotic diuresis. For these
reasons, mannitol is known as a nephrotoxic agent. The effect of cardioplegia is similar, as
standard cardioplegic solutions are also hypertonic (300–375 mOsm/l) [90]. Cardioplegia
is administered to the ostia of the coronary arteries, but eventually, it reaches systemic
circulation through the cardiac veins and venous cannula of the CPB circuit. The stan-
dard priming volume is 1400–1800 mL [91], and cardioplegia is 1100 mL for a single dose
of Del Nido cardioplegia [92]. Gunnar et al. [93] demonstrated a significant increase in
plasma osmolality after the commencement of CPB (322 ± 17 mOsm/kg). Hyperosmolality
persists throughout the procedure (309 mOsm/kg in Gunnar’s population) and normal-
izes only on the first postoperative day. Hyperosmotic environment causes a water shift
from the cells to the extracellular compartment, which may damage organs such as the
kidneys or the brain and disrupt the immune system’s function [94]. Plasma osmolality of
320 mOsm/kg is reported to increase the risk of AKI. Dąbrowski et al. [94] also mention
that hyperosmolality is especially detrimental to the kidneys as it forces osmotic diuresis
within the glomerulus, thus reducing medullary blood flow.

One of the possible solutions to the problem of a high-volume priming fluid is us-
ing a miniaturized CPB circuit (mini-CPB). It is widely applied in the field of cardiac
surgery [95,96], and apart from reducing the priming volume, it also reduces the need for
blood transfusion, decreases the incidence of postoperative arrhythmias, and improves the
overall treatment outcomes [97].

Another approach that can make the CPB more physiological and decrease the priming-
related osmotic load is using albumins in the priming solution [98,99]. The need for a highly
osmotic priming fluid is derived from the fact that this extra volume needs to be kept within
the intravascular compartment. As discussed above, the priming fluid is also distributed
within the interstitial space, but eventually, it returns to the vessels due to the osmotic
gradient. Albumin exerts vessel-directed oncotic pressure [100] (as its concentration is
higher in the serum than in the interstitial fluid) and could keep the extra volume within
the vessels during the CPB. Russell et al. [99] demonstrated in their meta-analysis that
using albumins in the priming solution improves the fluid balance and augments platelet
preservation during the CPB. The same conclusion was reached by the expert consensus
of Xiang et al. [101] One of the major issues with albumin usage is its high cost, and
there are no randomized controlled trials demonstrating albumin’s superiority regarding
postoperative outcomes such as mortality, ICU stay time, or organ dysfunction. All in all,
albumin addition to the priming solution appears to be a promising perspective, but further
scientific evidence is needed to confirm its suitability.

Another untrue notion amongst some medical professionals regarding hydration is
that the patient does not need rehydration before cardiac surgery, as he or she will receive a
lot of intravenous fluids during the procedure. As demonstrated above, the cardiac surgery
patient is administered a significant amount of hyperosmolar fluids, which may cause cell
damage and exacerbate hypertonic dehydration. Moreover, colloids (such as mannitol)
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may cause damage to the endothelial glycocalyx [102]. Therefore, to maintain normal fluid
homeostasis, the patient must be intensively hydrated the day before the surgery to allow
proper water distribution between the fluid compartments and sufficient cells hydration.
It is safe to assume that on the day before the operation, the patients may reduce their
fluid intake by half, so 1000 mL of fluids for women and 1500 mL for men appears to be
a reasonable regimen based on their daily demand [80]. Needless to say, this concerns
patients with no severe renal function impairment or congestive heart failure. In patients
with normal kidney function and no relevant fluid congestion, the risk of fluid overload
is very low, so the approach to fluid therapy in this instant can be liberal. There is no
physiological advantage of intravenous rehydration over oral rehydration [103], but the
patient’s compliance is obviously better with intravenous fluids administration. On the
day of the operation, the sleep-related water deficit should be corrected before the patient
is admitted to the operating theater. Intravenous-balanced crystalloids may be applied
here, as well as special oral rehydration solutions [104,105]. Following the recommended
25–35 mL/kg/day maintenance fluid volume [106] and assuming an eight-hour sleep, an
average 80 kg patient should be given around 800 mL of fluids. Another advantage of
liberal fluid therapy in this setting is the increased clearance of metabolites eliminated
through the kidneys (e.g., creatinine, urea). This is beneficial as it renders the filtration
process easier for the kidneys during the challenging time of surgery and CPB.

The clinical significance of altered capillary fluid filtration is hard to estimate as it
changes significantly with systemic and interstitial fluid pressure, according to Starling’s
equation [107]. A decrease in the transcapillary filtration rate can be expected in patients
with low MAP during the CPB. Increased interstitial fluid pressure (e.g., in congestive heart
failure) may exacerbate this effect. On the other hand, an inflammatory response associated
with CPB is believed by some authors to create a “capillary leakage”, which increases fluid
extravasation during and after cardiac surgery [108]. However, the data on this subject is
inconsistent, and some authors deny the existence of such a phenomenon [109]. Infusing
hypertonic solutions increases the osmolality of the intravascular fluid, but it also decreases
the intravascular oncotic pressure due to a greater dilution of albumin. In time, the ions
and mannitol diffuse through the capillary barrier, changing the driving forces of filtration
yet again. The net effect of these changes is hard to estimate. Disruption in the interstitial
fluid production and absorption can lead to inadequate substance exchange between the
vessels and the cells, as well as impaired metabolite clearance. Maintaining physiological
MAP during the CPB and proper hydration seems reasonable to optimize the capillary
filtration during cardiac surgery.

A fundamental issue concerning water balance during the CPB is intraoperative flu-
ids administration. As mentioned above, priming fluid and cardioplegic solution are
hyperosmotic and do not provide proper hydration. Moreover, they exacerbate hypertonic
dehydration of the cells and pose a significant challenge for the kidneys. Therefore, a rea-
sonable intraoperative fluid administration regimen is needed using balanced crystalloids.
Needless to say, fluid infusion comes at the cost of decreasing the CaO2. Balance must
always be kept between proper hydration and adequate iDO2. Where does the compromise
lie, then? Considering the vast literature describing the detrimental effects of inadequate
iDO214–18, it is not advised to prioritize hydration over maintaining an acceptable CaO2.
A balanced crystalloid solution should be administered continuously during the procedure
(large fluid boluses should be avoided), and provided a satisfying CaO2, the infusion rate
should be guided by urine output. Hori et al. [110] defined oliguria during the CPB as
diuresis < 1.5 mL/kg/h. Song et al. [111] found that diuresis < 4 mL/kg/h during the
CPB is an independent AKI predictor. Considering a tremendous osmotic load associated
with CPB commencement, the threshold of 4 mL/kg/h of urine output does not appear
steep. Currently, closed-loop systems (e.g., Renal Guard®) adjust the intravenous fluids’
infusion rate to urine output in real time, which allows for a significant AKI incidence
reduction [112].
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Intraoperative hemofiltration is another procedure that significantly influences fluid
balance during cardiac surgery. It allows for removing intravascular fluid, ions, and
metabolites [8]. There are also strategies of using hemofiltration as a mean to remove
proinflammatory cytokines during the CPB [113]. Unfortunately, there are no set indications
for applying hemofiltration during the CPB. It is most commonly used in cases of severe
hemodilution after the initiation of CPB or in severe hyperkaliemia. The therapeutic
potential of hemofiltration is based on excessive intravascular fluid and metabolite removal.
In normal settings, fluid overload and congestion cause increased venous pressure and
interstitial oedema within the kidneys [114]. This impairs kidney function and makes
removing excessive fluid through renal filtration impossible. However, when the CPB is
initiated, there can be no intravascular fluid excess or congestion as the venous reservoir
stores the excessive volume (assuming proper venous return). Therefore, fluid removal in
this instance should be directed to achieve adequate hemoglobin concentration. Another
factor is that the patient will eventually wean from the CPB, and most of the CPB circuit
volume will be returned to circulation. In the case of fluid excess, hemofiltration should
also be targeted to provide an adequate fluid balance in the post-CPB period. Intraoperative
hypovolemia should be avoided though, as it has a proven detrimental impact on kidney
function [115,116]. A further significant benefit of hemofiltration during the CPB is osmotic
load and metabolite removal. This can facilitate kidney function after weaning from
CPB. The literature reports no difference [117] or positive outcomes [118] of applying
intraoperative hemofiltration regarding kidney function. This discrepancy may be due
to the application of zero balance ultrafiltration in the study by Matata et al. [118] and
the lack of data regarding fluid balance in the study by Kandil et al. [117]. All in all,
the available data suggest that intraoperative hemofiltration can be beneficial for kidney
function, especially in patients with decreased preoperative filtration rate. It should be
applied to counteract excessive hemodilution and to remove osmotic load (e.g., when
repeated cardioplegia infusions are needed). Hypovolemia must be avoided, and proper
fluid balance must be maintained.

Furosemide is a loop diuretic agent, which can be utilized during cardiac surgery to
promote diuresis and increase renal exertion of potassium, sodium, and chlorine ions [119].
The net effect of furosemide administration is similar to the use of hemofiltration: it
decreases the intravascular volume and enhances ion removal. The vital difference is
that furosemide does not improve creatinine and urea clearance, and furosemide-induced
diuresis is not a sign of proper kidney function after cardiac surgery [120,121]. There are
reports of furosemide’s positive impact on kidney function after cardiac surgery [112,122],
which is probably related to maintaining a proper fluid balance. Other authors found no
benefit of furosemide use in the perioperative period, including no difference in the need
for renal replacement therapy after the surgery [123–125]. Zheng et al. [126] found that
preoperative use of furosemide was associated with higher CSA-AKI risk.

2.4. Inflammatory Response

CPB is associated with a response of the immune system [11,127]. The main reasons
for this are surgical trauma and blood exposure to large foreign surfaces (the CPB tubing
system). Both cellular and humoral mechanisms are involved. Leukocytes roll along the
CPB circuit’s artificial surface, eventually leading to their activation [128]. Similarly, contact
between the artificial surface and C5a and C3d cytokines triggers the complement activation,
which induces humoral inflammatory response [127]. Increased immune system activation
decreases the total vascular resistance [22] and may change capillary permeability [108].
It is associated with worse clinical outcomes after cardiac surgery [129,130], including a
higher incidence of AKI [131,132].

The ischemia-reperfusion injury is a particular form of inflammatory response that
occurs after the blood flow is restored to previously ischemic tissues [133–136]. During
ischemia, the ATP shortage results in a failure of the ATP-dependent ionic pumps and
consequent intracellular sodium increase followed by an osmotic cells’ swelling. Calcium-
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related protease activation leads to the degradation of the cellular membrane. Gene
expression is also disrupted in ischemic conditions. A plethora of genes are activated
during hypoxia, leading to the increased translation of cytokines and proinflammatory
mediators. During reperfusion, the influx of oxygen catalyzes the synthesis of reactive
oxygen species (ROS). ROS are involved in a degradation of the lipid structures of the
cellular membrane and subsequent eicosanoid synthesis, endothelial cells’ activation, and
adhesion molecules expression. Neutrophils activated by the proinflammatory cytokines
are a further source of ROS and proteases that augment tissue destruction.

Some strategies have been developed to decrease the immune response associated with
cardiac surgery and CPB. These involve the use of heparin-coated CPB circuits [137], phar-
macological interventions (e.g., polyethylene glycol, infliximab, sildenafil, nitro-linoleate,
resveratrol, trimetazidine, and others) [135], and also aerobic exercise-induced precondi-
tioning [138]. However, currently, there is no universal and widely accepted solution to
this problem [130,139,140]. In light of this, it appears that the best strategy so far is to avoid
organ ischemia during cardiac surgery to eliminate the IRI component of the generalized
surgery-associated inflammatory response.

3. Conclusions

As demonstrated in this review, there are numerous alterations to kidney physiology
during cardiac surgery. Considering the available scientific evidence, it is concluded that
adequate kidney perfusion and fluid balance are the most critical factors determining
postoperative kidney function. By adequate perfusion, one should understand perfusion
with proper oxygen delivery and sufficient perfusion pressure. Maintaining the fluid
balance is imperative for a normal kidney filtration process, which is essential for preserving
the intra and postoperative kidney function. Vasopressors are an ally in maintaining normal
kidney perfusion during cardiac surgery, provided they are used to correct the surgery-
associated vasoplegia, not abnormalities of a different origin.

KEY POINTS:

• Provide an iDO2 no lower than 260–300 mL/min/m2 during the CPB
• Maintain MAP no lower than 70–90 mmHg during the whole procedure
• Use small doses of norepinephrine (preferably < 0.1 µg/kg/min) to correct the vaso-

plegia associated with general anesthesia and CPB
• Start hydrating the patient on the day preceding the surgery and continue hydration

during the perioperative period
• During the CPB, keep the fluid balance that allows for a diuresis of ≥4 mL/kg/h (do

not abuse furosemide!)

4. Future Directions

The review of the available literature regarding kidney function during cardiac surgery
revealed that there is a need for a more holistic approach to this subject. As described above,
there are several factors crucial for preserving kidney function during the CPB: adequate
iDO2, high MAP, and a proper fluid balance. There is no evidence of the superiority of any
of these factors over the others, hence the need to address them simultaneously in future
studies in this area. Likewise, some other nephroprotective strategies could be implemented
together to test their combined performance, e.g., mini-CPB with a heparin-coated tubing
system and the addition of a nephroprotective pharmacological agent.
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