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Introduction

Cardiopulmonary bypass (CPB) in cardiac surgery is 
closely associated with several adverse effects, including 
hemodilution, coagulopathy and activation of a systemic 
inflammatory response due to operative trauma, ischemia-
reperfusion injury, endotoxemia and blood contact with 

synthetic surfaces of the circuit. This inflammatory 
response increased vascular permeability and interstitial 
oedema, leading to cardiac, respiratory, renal, hepatic, 
and even multiorgan dysfunction (1). One of the measures 
to counteract these CPB-related pathologic syndrome is 
perioperative blood purification, which is mandatory in 
patients with advanced renal failure.
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Blood purification or renal replacement therapy (RRT) 
is a technique of treatment with extracorporeal circulation 
to correct body fluids, to remove etiological substances in 
blood, and to replenish deficient substances. It is currently 
utilized to manage acute kidney injury (AKI) and other 
organ dysfunction syndromes in critically ill patients, 
including acute heart failure, acute pancreatitis, fulminant 
hepatitis, acute drug poisoning, and sepsis (2). It also plays 
an important role in perioperative management of highly 
invasive cardiac surgery, especially in the current era of 
an increasing number of older patients with multiple 
comorbidities are undergoing cardiac surgery.

This review provides an up-to-date summary of four roles 
of blood purification or RRT in perioperative management 
of cardiac surgery as follows: (I) simplified intermittent 
hemodialysis (HD) in the patients with chronic kidney disease 
(CKD) dependent on HD; (II) continuous or intermittent 
RTT for postoperative AKI; (III) aggressive dilution 
ultrafiltration (DUF) during CPB; and (IV) continuous 
RTT after surgery for the patients with fluid overload and 
pulmonary edema, even if urine output is secured.

Management of HD-dependent patients with 
CKD

Backgrounds

The number of adult patients with CKD in Japan is 
estimated to be approximately 13.3 million (12.9% of the 
adult population) (3), and the number continues to increase, 
associated with aging population and increased patients with 
diabetic nephropathy. The number of chronic HD patients 
in Japan also continues to increase every year; as of the 
end of 2018, it had reached 339,841 patients, representing  
2,688 patients per million population (4). The mean age 
was 68.75 years, and diabetic nephropathy was the most 
common primary disease among the prevalent dialysis 
patients (39.0%), followed by chronic glomerulonephritis 
(26.8%) and nephrosclerosis (10.8%). The causes of death 
in HD patients were heart failure (23.5%), infectious 
disease (21.3%), malignancy (8.4%), and cerebrovascular 
disease (6.0%), respectively. Therefore, more HD patients 
with increased age are more frequently the candidates for 
cardiac surgery.

Simplified intermittent HD

The patients on chronic HD have a variety of comorbidities, 

including diabetes, peripheral artery disease, cerebral 
infarction, anemia, bleeding tendency, infectious disease, 
malnutrition, and chronic hepatitis (5). Blood purification 
provides appropriate perioperative management of fluid 
balance, electrolytes, uremia, and metabolic acidosis in such 
high-risk HD patients. Although intraoperative HD (6) and 
postoperative continuous venovenous hemodiafiltration 
(CVVH) (7) have been reported, the simplified intermittent 
HD (8) is uncomplicated and useful as follows:

(I) Preoperative HD on the consecutive 2 days before 
surgery is performed using a low-potassium dialysate 
containing 1.5 mEq/L of potassium, in contrast 
to a potassium concentration of 2.0 mEq/L in the 
standard dialysate, to obtain a serum potassium of  
3.0 mEq/L.

(II) During CPB, hemofiltration is performed, as well 
as in non-HD patients, using a hemoconcentrator 
incorporated into the CPB circuit. Blood from 
the venous reservoir is passed through the 
hemoconcentrator, and then the hemoconcentrated 
blood enters the reservoir again or the oxygenator 
(Figure 1). A standard dialysis fluid is used for fluid 
replacement. The goal for discontinuation of CPB 
was to obtain a hemoglobin greater than 10.0 g/dL,  
a hematocrit greater than 30%, and serum 
potassium value less than 4.0 mEq/L by increased 
hemofiltration and blood transfusion.

(III) In patients undergoing off-pump surgery, any 
hemofiltration is not applied during the surgery.

(IV) To avoid hyperkalemia due to potassium-rich 
cardioplegia, high volume blood transfusion, and 
atherosclerosis-related peripheral hypoperfusion, 
the red cell products are washed using an autologous 
cell salvage system (cell saver: Hemonetec, etc.) or 
potassium adsorption filter (Kawasumi Laboratories, 
Inc., Tokyo, Japan) is applied as needed.

(V) On the day of surgery, blood purification is not 
performed. The first postoperative HD was carried 
out on the next day of surgery in the intensive care 
unit (ICU) using a standard HD device via the 
arteriovenous fistula or shunt of the patient. We 
did not insert any additional catheters as a vascular 
access for intermittent HD. A low-flux polysulphone 
HD membrane with an active surface area of 1.3 m2 
is usually used. Anticoagulation was achieved using 
a dose of 25 mg/h of nafamostat mesylate, followed 
by patient-adjusted regimen based on the activated 
clotting time (150 to 180 seconds). Blood flow was 
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200 mL/min and ultrafiltration (UF) rate are 250 
to 500 mL/h to achieve a negative fluid balance for 
4 hours. A bicarbonate-buffered dialysate (Kindary 
AF; Fuso Pharmaceutical, Ltd., Osaka, Japan) was 
used during the HD. Approximately 4 hours of HD 
was performed to obtain the potassium value less 
than 4.5 mEq/L. The amount of water removal is 
set with reference to intraoperative fluid balance, 
postoperative infusion volume, and chest X-ray 
findings.

(VI) The second postoperative HD is usually carried out 
on the third postoperative day by the usual standard 
methods using heparin, followed intermittent 
regular HD every other day. When additional 
volume removal is desired, only UF is performed 
using a shunt. It is important to avoid rapid 
negative balance of fluid volume because there is 
a fetal risk of intestinal ischemia or non-occlusive 
mesenteric ischemia (NOMI) in dehydrated HD 
patients (9). Therefore, the patient’s weight is 
gradually decreased to reach the preoperative dry 
weight for 10 days after surgery.

(VII) Only under unstable postoperative hemodynamic 
condition, a 12 Fr double-lumen catheter is newly 
inserted and CVVH is conducted using a high-flux 
polyacrylonitrile hemofilter with a surface area of 

approximately 0.6 m2. As used for HD in the ICU, 
nafamostat mesylate was used for anticoagulation. 
Hemodiafiltration was initially accomplished 
by using a blood flow rate of 100 mL/min, 
a bicarbonate-buffered dialysate flow rate of  
500 mL/h, and an UF rate of 500 mL/h with 
no net fluid removal. After the hemodynamics 
became stable, the filtration rate and dialysate 
flow were adjusted to remove the fluid excess, 
followed by weaning from CVVH and institution 
of intermittent regular HD via the arteriovenous 
fistula or shunt.

Management of patients with postoperative AKI

Backgrounds

The incidence of AKI after cardiac surgery has been 
reported to be as high as 14%, depending on the definition 
of increases in serum creatinine and decreases in urine 
output over time (10-17), as shown in Table 1. Cardiac 
surgery-associated AKI is a serious complication and one of 
the stronger risk factors for in-hospital mortality and poor 
long-term prognosis in patients undergoing cardiac surgery 
(15,18). Currently, AKI is defined by the Kidney Disease 
Improving Global Outcomes (KDIGO) consensus (19).

Table 1 Reports of AKI after cardiac surgery

First author Country Year Patients AKI definition Incidence (%) Risk factors

Parolari A (12) Italy 2012 3,219 RIFLE 8.9 Age, diabetes, smoking, preoperative high Cr 
level, blood transfusion, aortic cross-clamp time, 
resumption of CPB, decreased urine output 
during CPB, use of cardiotonic/antiarrhythmic 
drugs after surgery

Rahmanian PB 
(13)

Germany 2013 5,318 Need for RRT 5.5 –

Lopez-Delgado 
JC (14)

Spain 2013 2,940 RIFLE 14.0 Prolonged CPB, use of vasoconstrictives, high 
lactate level

Dardashti A (15) Sweden 2014 5,746 RIFLE 10.8 –

Ng SY (16) Australia 2014 28,422 Cr >2.26 mg/dL or  
>2 times of 

preoperative Cr

5.8 Preoperative high Cr level, age, obesity, diabetes, 
infective endocarditis, shock, CPB time  
>180 min, blood transfusion

Sato Y (17) Japan 2015 1,688 Need for RRT 7.6 Preoperative high Cr level, CPB, lower body 
surface area, lower left ventricular ejection 
fraction, lower albumin

AKI, acute kidney injury; RIFLE, Risk, Injury, Failure, Loss of kidney function and End stage of kidney disease (11); Cr, serum creatinine; 
CPB, cardiopulmonary bypass; RRT, renal replacement therapy.
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Risk factors for postoperative AKI include age, diabetes, 
obesity, low albumin, smoking, chronic obstructive 
pulmonary disease, poor preoperative renal function, 
low cardiac function, preoperative shock), and infectious 
endocarditis, vasoconstrictive drug use, blood transfusion, 
excessive anemia, blood dilution, longer cardiac ischemic 
time, and CPB time >160 min (12-18). Although diuretic 
use may be a risk factor for postoperative AKI, Gandhi  
et al. (20) analyzed 47 studies and reported that while there 
is little evidence that sustained diuretic administration 
avoids blood purification or RRT, timely administration 
does not lead to deterioration of renal function.

Indication for blood purification

In the presence of severe AKI with oliguria, hyperkalemia, 
acidosis, or uremia, RRT is mandatory. The practical 
indication for RRT is shown in Table 2. Although the 
frequency, modality, continuous or intermittent, and 
dose are controversial, continuous RRT or CVVH, 
providing more hemodynamic stability, is often used  
postoperatively (21). Trials of early vs. late timing of 
initiating RRT in AKI suggest a benefit to early initiation 
(22-24). However, as shown that an accelerated RRT was 
not associated with a lower risk of death at 90 days than a 
standard strategy among critically ill 3,000 patients with 
AKI (25), CVVH has never been consistently shown to 
improve outcomes of cardiac surgery patients.

In cardiac surgery-associated AKI, the complications 
of RRT should be recognized, including catheter-
related infection and bleeding due to anticoagulation and 
thrombocytopenia. However, we should not hesitate to 
introduce early RRT to correct excess fluid overload after 
invasive surgery.

Intermittent or continuous RRT?

There is a debate about the modes of RRT, intermittent or 
continuous. The former is mainly HD, while the latter has 
CVVH. A prospective randomized study (26) showed no 
significant difference between intermittent and continuous 
RRTs in renal prognosis and survival. The AKI Treatment 
Guidelines for KDIGO (19) advocates continuous RTT 
in the patients with unstable hemodynamics, increased 
intracranial pressure, and cerebral edema.

There are also several controversies about the modes 
of continuous RTT or CVVH, continuous hemofiltration 
(CHF) ,  con t inuous  HD (CHD) ,  o r  con t inuous 
hemodiafiltration (CHDF) (27). Small molecular weight 
substances, including blood urea nitrogen (BUN), 
creatinine, uric acid, and potassium, are efficiently 
removed by diffusion rather than UF. Therefore, CHD is 
desirable for the removal of such small molecular weight 
substances. However, in continuous RRT with lower flow 
rate of the dialysate, there is mostly no difference among 
the three modes, CHF, CHD, or CHDF, in removal of 
small molecular weight substances. When compared in 
the conditions of the same blood purification volume, 
CHF, which filters many substances from small to medium 
molecular weight, is superior from the viewpoint of removal 
efficiency. However, longer CHF may result in clogging of 
membrane pores due to proteins adhesion. Therefore, CHF 
enabling sufficient blood flow is used from the viewpoint of 
removal efficiency, while CHDF with diffusion principle to 
avoid clogging in the circuit is used for longer durations.

As a new mode, sustained low-efficiency dialysis (SLED), 
a hybrid of CVVH and intermittent HD, via a double-
lumen catheter is noticeable (28,29). An 8-hour SLED 
provides the solute removal with rapid normalization 

Table 2 Indication for blood purification, RRT or CVVH in the presence of AKI after cardiac surgery

(I) Hyperkalemia (>6.0 mEq/L)

(II) Advanced metabolic acidosis (arterial pH <7.20)

(III) Lower urine output <240 mL/12 h (even with furosemide of 80 mg)

(IV) Progressive increase in BUN and Cr

(V) Profound fluid overload resulting in pulmonary congestion CVP >15 mmHg PaO2/FiO2 <300

RTT, renal replacement therapy; CVVH, continuous venovenous hemodiafiltration; AKI, acute kidney injury; BUN, blood urea nitrogen; Cr, 
serum creatinine; CVP, central venous pressure; PaO2, arterial oxygen pressure; FiO2, fraction of inspired oxygen.
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of uremia under hemodynamic stabilization, equivalent 
to CVVH, routinely without anticoagulation. SLED is 
delivered using the conventional HD machines and a 
dialyzer made of polysulfone. Blood flow is 200 mL/min 
and the dialysate flow is 300 mL/min. The UF rate set in 
SLED is less than 500 mL/h to achieve to the desirable dry 
weight.

UF doses in RRT

Since Ronco et al. (30) reported that at least 35 mL/kg/h  
is desirable, the optimal amount of blood purification in 
continuous RRT for AKI has been discussed. Some large-
scale randomized controlled studies in ICU, including the 
Acute Renal Failure Trial Network (ATN) study (31) and 
Randomized Evaluation of Normal versus Augmented Level 
Renal Replacement Therapy (RENAL) study (32), showed 
that high doses (35 mL/kg/h) RRT does not improve 
prognosis compared to low-dose (25 mL/kg/h) RRT. The 
KIGO Guideline (19) recommend relatively low-dose UF, 
20 to 25 mL/kg/h.

For cardiac surgery-associated AKI, Bent et al. (33) 
reported that early, high-volume CHF reduced the 
mortality rate to 40% in 65 postoperative AKI patients 
(2.1% of all patients) with predicted mortality rate of 
66%. They initiated CHF with a blood flow rate of 200 to  
250 mL/min and a UF volume of 2,000 mL/h (equivalent 
to 35 mL/kg/h) on an average of 2.38 days after surgery 
and continued CHF for 3.98 days. Li et al. (34) also treated  
142 patients with AKI after cardiac surgery using CHF 
at low doses (1,000–1,200 mL/h) in 45 patients or high 
dose (3,000 mL/h) in 97patients, which was initiated on 
1.4±0.8 days after surgery. They reported that in-hospital 
mortality was significantly lower in the high-dose group 
(62% vs. 82%). Unfortunately, in Japan, the UF volume in 
continuous RRT is restricted to 600 to 800 mL/h, according 
to the coverage of insurance.

RRT duration and weaning criteria

Predictors for successful weaning from RRT include urine 
output >400 mL/day without diuretics or >2,300 mL/day  
with diuretic use (35). However, it is unclear whether 
it is adequate to terminate simply the continuous RRT 
or whether weaning from RRT should be followed by 
intermittent RRT. In such a situation, the goal-directed RRT 
(GDRRT) for AKI after cardiac surgery by Xu et al. (36)  
may be useful. They advocated the following as a goal 

of RRT: (I) blood data: BUN ≤30 mmol/L, hematocrit 
≥30%; (II) fluid balance: urine output ≥0.5 mL/kg/h with 
improved pulmonary congestion (an oxygen saturation 
≥93%) and peripheral edema; (III) normalization of 
electrolytes and pH (3.5< K ≤5.5 mEq/L, 7.25≤ pH <7.45); 
and (IV) hemodynamics: mean arterial pressure ≥65 mmHg 
and central venous pressure ≥8–12 mmHg with no use of 
vasoconstrictors.

Management of fluid balance during CPB

Backgrounds

The CPB induces systemic inflammatory reaction syndrome 
(SIRS) with multifactorial pathophysiology (37,38). The 
early phase occurs as a result of hemodilution, non-pulsatile 
perfusion, blood contact with non-endothelial surfaces 
and the late phase is driven by ischemia-reperfusion injury, 
endotoxemia, coagulation disorders, and reactions to 
heparin/protamine. Specific genomic differences, age, and 
other preoperative factors influence the magnitude of SIRS.

SIRS causes f luid retention, edema, and organ 
dysfunction, resulting in increased mortality and morbidity. 
In order to alleviate the adverse CPB-induced SIRS, UF is 
frequently used during CPB to concentrate diluted blood 
concentration and to improve edema and cardiopulmonary 
function.

Methods of UF

There are three methods of UF, to remove excess moisture 
and inflammation-related factors, as follows:

(I) Conventional UF (CUF): as Magilligan et al. reported 
in 1984 (39), CUF filters the blood during rewarming 
on CPB to remove some of the extra fluid. Blood is 
taken from the patient through the venous line and 
after it is pumped through the oxygenator it is passed 
through an ultrafilter. The hemoconcentrated blood 
is returned to the arterial line.

(II) Modified UF (MUF): as Elliott et al. reported in 
1993 (40), MUG filters the patient’s blood via the 
aortic cannula in situ after weaning from CPB. Some 
use the venous cannula and run the ultrafilter pump 
at 10 to 30 mL/ kg, with a vacuum on the ultrafilter 
for 15 to 20 min to remove 600 to 750 mL of fluid. 
In pediatric cardiac surgery, usefulness of MUF has 
been reported to be effective in hemoconcentration, 
improved postoperative respiratory and left heart 
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function, and reduction of blood transfusion 
volume (41). Prolonged exposure to the CPB 
machine, lowered body temperature, and the risk 
of air transmission have also been pointed out as a 
disadvantage, although equivalent effects in adult 
cardiac surgery has been reported (42).

(III) DUF or zero-balance UF (Z-BUF): in the on-
bypass UF, as shown in Figure 1, the fluid that is 
removed using a hemoconcentrator during CPB 
is replaced with crystalloid or dialysate to remove 
inflammatory mediators but avoid pump-balance 
problems (43). This simple method without 
extending CPB time may be reasonably effective 
but has not proved very useful (44).

DUF

In the DUF during CPB, a polysulfone membrane 
blood concentrator with a membrane area of 1.1 m2 is 
incorporated in the venous line of the CPB circuit parallel 
to the venous reservoir or between the reservoir and the 
oxygenator. The venous blood returned to the reservoir is 
filtered by a blood concentrator, and then replaced with. 
The blood flow rate of the filtration circuit is set at 300 
to 400 mL/min and the suction pressure is set crystalloid 
or dialysate to −20 mmHg. To improve water removal 
efficiency, albumin, mannitol, and hydroxyethyl starch 
are administered to achieve blood osmotic pressure of  
280 mOsm.

In our experience of DUF in 108 patients (male 61,  
female 47; 68±15 years old; 16% on chronic HD) 
undergoing cardiac surgery under CPB for 213±81 min, we 
used crystalloid or dialysate of 10,920±3,812 mL, resulting 
in/out balance of −969±1,837 mL and rate of no transfusion 
of 20%. We also observed significantly increased blood 
osmotic pressure (264±6 to 278±5 mOsm), hematocrit 
(24.5%±3.7% to 31.6%±3.4%), serum sodium (131±5 to 
137±4 mEq/L).

Management of postoperative fluid overload and 
edema

Cardiac surgery under CPB causes hemodilution, increased 
capillary permeability, and increased extracellular fluid, 
resulting in a marked excess fluid overload. Perioperative 
infusion and blood transfusions also promote fluid retention 
into the third space. The fluid overload increases mortality 
and morbidity, associated with pulmonary edema with 
disturbed oxygenation and increased intra-abdominal 
pressure reducing renal blood flow. In addition, the renin-
angiotensin-aldosterone system is activated, resulting in 
exacerbates fluid retention (45).

Although it has been considered desirable to sufficiently 
maintain the preload by aggressive fluid hydration and avoid 
dehydration due to excessive diuretic administration (46),  
it has been shown that excess fluids are a factor in the 
prognosis of AKI patients. Bouchard et al. (47) showed that 
the mortality rate in patients with severe AKI whose in/out 
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Figure 1 CPB circuits incorporated with a circuit for UF. Hemofiltration is performed during CPB, using a hemoconcentrator incorporated 
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balance was >10% of their body weight at admission was 
significantly higher than that in the control group. Also, in 
severely ill pediatric patients, a fluid excess of 10–20% is 
considered to be a threshold for poor prognosis (48).

Loop diuretics are commonly used to improve fluid 
excess and edema after CPB surgery. However, when the 
patient is resistant to them, blood purification or RRT 
with little influence on hemodynamics should be started 
promptly according to the indications shown in Table 2.

Clinical impacts of blood purification

There are a few studies of meta-analysis regarding clinical 
impacts of blood purification for the patients undergoing 
cardiac surgery.

Association between UF during CPB and postoperative 
AKI

As described above, UF during CPB may protect the 
kidney and avoid homologous blood transfusions by blood 
concentration, filtration, and the balancing of shifts in the 
electrolyte plasma concentration as potassium overload (49).  
In contrast, there is an opinion that the use of UF during 
CPB to remove excessive fluid is not renal protective and 
may even lead to kidney damage, setting a limit of the 
removed volume to 2,900 mL or 42 mL/kg. A recent meta-
analysis found no significant difference in AKI incidence 
between patients undergoing UF and those who have not, 
and no increase in AKI incidence in studies that removed an 
UF volume >2,900 mL (50). Their subgroup analysis found 
no significant difference in AKI incidence between UF 
groups, MUF and CUF. They concluded that UF in cardiac 
surgery is safe and does not increase the risk of AKI, even in 
patients with previous kidney problems.

Association between UF during CPB and postoperative 
blood loss

Although a previous meta-analysis comparing MUF 
and CUF in pediatric cardiac patients demonstrated 
significantly higher post-CPB hematocrit and mean 
arterial blood pressures with MUF (51), there are a few 
meta-analysis studies focusing on the effects of MUF in 
adult cardiac patients. A recent meta-analysis including 13 
randomized controlled trials comprising 626 patients in the 
MUF group and 610 patients in the control group reported 
a significantly improved postoperative hematocrit, lower 

chest tube drainage, lower postoperative blood transfusion 
rate and shorter duration of ICU stay in the MUF group, 
although there was no difference in ventilation time or 
mortality rates (52).

Early vs. late initiation of RRT after cardiac surgery

There are fewer studies that specifically focus on the 
timing of RRT in cardiac surgery patients, and conclusions 
are somewhat conflicting (52). A large contemporary 
meta-analysis including 1,479 cardiac surgery patients 
in 15 different studies reported that AKI treated with 
early RRT had decreased 28-day mortality, shortened 
ICU and hospital length of stay, and reduced duration of  
RRT (53). In contrast, another recent meta-analysis 
including 4 studies that enrolled 335 patients who received 
RRT for postoperative AKI reported no difference in 
mortality for those receiving early and late initiation of 
RRT. They also reported that early RRT did not reduce 
the length of ICU or hospital stay (54). There are several 
reasons for such controversial results. Postoperative AKI is 
not a specific syndrome, but is a complex pathophysiological 
process, depending on age, gender, cardiac condition, 
diabetes, use of catecholamines, anemia, and so on.

Conclusions

Blood purification or RRT plays an important role in 
perioperative management of cardiac surgery under highly 
invasive CPB to treat critically ill patients. The RTT modes 
include intermittent HD and CVVH, SLED, and UF in the 
CPB circuit. There should be common recognition about 
the up-to-date indications, management ways, and risks 
for the RTT among a wide range of professions, including 
cardiac surgeons, anesthesiologists, clinical engineers, ICU 
physicians, and nephrologists.
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