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Coronary artery bypass grafting (CABG) remains the most widely performed cardiac 
operation in the western world. Over recent decades, remarkable technical progress 
has been made allowing the operation to be performed with low morbidity and 
mortality. The large majority of CABGs are still carried out on pump utilizing the heart–
lung machine. In this Review, the noncardiac complications of CABG are discussed 
including etiology, pathophysiology, treatment and prevention.
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Practice Points

Bleeding
•	 Blood transfusion is associated with worse short- and long-term outcomes following 

cardiac surgery.
•	 The use of antifibrinolytic agents is associated with reduced bleeding.
Heparin-induced thrombocytopenia
•	 This develops in 2% patients on cardiopulmonary bypass.
•	 Treatment involves stopping heparin immediately and changing to a non-heparin 

anticoagulant.
Deep sternal wound infection
•	 Insulin-requiring diabetes, obesity, chronic airway disease and the use of bilateral internal 

thoracic artery are risk factors for deep sternal wound infection.
•	 Prophylactic antibiotics, nasal passage decolonization and tight perioperative blood sugar 

control are important measures for reducing the risk of deep sternal wound infection.
•	 Vacuum-assisted closure therapy has become the preferred choice for the initial 

management of deep sternal wound infection.
Renal injury
•	 Renal failure requiring dialysis is associated with high mortality.
•	 Adequate hydration, maintaining adequate blood pressure on-pump and avoidance of 

nephrotoxins are important preventative measures.
Cerebral injury
•	 Stroke is one of the most devastating complications of coronary artery bypass grafting.
•	 Microemboli on-pump are associated with a high risk of stroke.
•	 Avoidance of aortic manipulation may be able to reduce the risk of stroke.
Pulmonary injury
•	 Acute respiratory distress syndrome represents the most extreme form of lung injury, 

which may be provoked by an inflammatory response to the cardiopulmonary bypass 
circuit.

Intra-abdominal injury
•	 Gastrointestinal complications are rare, but associated with high mortality.
•	 A high index of clinical suspicion is critical to make an early diagnosis.
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Coronary artery bypass grafting (CABG) remains the 
most commonly performed cardiac operation in the 
western world. In the UK and Ireland, isolated CABGs 
accounted for 58.3% of all cardiac operations in 2008. 
Mortality has declined from 2.3 to 1.5%, between 2001 
and 2008 [1]. According to the Australian and New 
Zealand Society of Cardiac and Thoracic Surgeons 
(ANZSCTS) database, approximately 13,000 isolated 
CABGs are performed annually in Australia, with a 
decrease in mortality for elective procedures from 1.2 to 
0.6% in Victoria alone between the period of 2001 and 
2006 [2]. Despite the improved outcomes, CABG still 
has potential for significant morbidities. The majority 
of CABGs are still carried out ‘on-pump’ with the help 
of the heart–lung machine. A significant proportion 
of CABG-related complications may be attributed to 
the use of cardiopulmonary bypass (CPB). While vast 
improvements have been made with the extracorporeal 
apparatus, surgical techniques and perioperative patient 
care, many adverse effects continue to complicate car-
diac surgery using CPB. The purpose of this Review is 
to provide a general summary of the important noncar-
diac complications following CABG. Where relevant, 
off-pump CABG is discussed in relation to individual 
complications. However, we do not intend to compare 
the two surgical techniques here.

Bleeding
Bleeding remains a common complication after 
CABG. Patients undergoing CABG often need trans-
fusion support, and occasionally re-exploration for 
excessive bleeding. Most patients who bleed excessively 
in the early postoperative period have incomplete sur-
gical hemostasis. However, some other patients bleed 
diffusely from various hemostatic disorders. Acquired 
transient defects in platelet function or number are 
the primary contributor to abnormal hemostasis. Less 
common causes include vitamin K-dependent clotting 
factor deficiencies, fibrinolysis and heparin rebound [3].

During the initial postoperative phase, assessment 
for patients’ risk of bleeding and coagulation profile 
is carried out simultaneously. Chest tube drainage 
volume and patency should also be frequently moni-
tored, alongside other supportive measures including 
maintenance of normothermia and adequate control 
of blood pressure. Re-exploration is recommended if 
bleeding exceeds 400 ml for 1 h, >300 ml/h for 2–3 h, 
or >200 ml/h for 4 h, regardless of the coagulation 
profile results.

Platelets can be used in the following settings: excessive 
bleeding with thrombocytopenia (<50 × 109/l) or platelet 
dysfunction (e.g., CPB, preoperative antiplatelet agents). 
Cryoprecipitate is indicated for either hypofibrinogen-
emia (<80 mg/dl) or congenital dysfibrinogenemia. The 

American Society of Anesthesiologists (ASA) guidelines 
recommend transfusion of fresh frozen plasma in cases 
of excessive bleeding with abnormal coagulation profile 
(prothrombin time [PT] >1.5× normal, activated partial 
thromboplastin time [APTT] >2.0× normal), isolated 
coagulation factor deficiencies for which specific factor 
concentrates are unavailable, or for urgent reversal of 
warfarin therapy [4].

The ASA panel recommends that packed red blood 
cells (pRBCs) be used when hemoglobin (Hb) level 
falls below 6 g/dl; signs of organ ischemia and active 
bleeding. When Hb level is between 6 and 10 g/dl, 
the need for transfusion is based on a patient’s risk 
for complications of inadequate oxygenation. Trans-
fusion is deemed unnecessary when Hb level >10 g/dl. 
Intraoperative transfusion of pRBCs is guided by the 
hematocrit (Hct) level [5]. An intraoperative Hct level 
below 21–24% is generally considered a trigger for 
transfusion as lower levels of Hct are associated with 
worse outcomes [6]. On the other hand, abundant evi-
dence suggests that perioperative blood transfusion 
portends worse patient outcomes, both in the short 
and long term [7,8]. It is not entirely clear whether a 
low Hb/Hct per se or secondary transfusion is respon-
sible for the worsened outcomes. However, a strong 
interplay does exist between major bleeding, anemia 
and transfusion, with the latter two amplifying the 
deleterious impact of major bleeding on operative 
outcomes [9].

Similarly, patients requiring chest re-exploration for 
bleeding have significantly higher morbidity, includ-
ing stroke, low cardiac output, acute renal failure, 
sternal wound infection and prolonged mechanical 
ventilation; as well as mortality. In addition, more 
complications occur among patients who have delayed 
re-exploration (>12 h), reflecting the longer time of 
hemodynamic instability, increased blood loss and 
amount of blood transfusions [10].

Prevention
Postcardiac surgical bleeding can be effectively reduced 
with the use of antifibrinolytic agents. These include 
lysine analogs (ε-aminocaproic and tranexamic acid) 
and serine protease inhibitors (aprotinin). The lysine 
analogs exhibit their antifibrinolytic effect by inhibit-
ing the activation of plasminogen to plasmin. Apro-
tinin interferes with the coagulation cascade and fibri-
nolysis through its inhibition of kallikrein and serine 
proteases, respectively. Despite its positive effect on 
coagulation, randomized trials have shown aprotinin 
to be associated with higher rates of myocardial infarc-
tion and death, resulting in its withdrawal from the 
market in 2007 [11–13]. The 2011 Society of Thoracic 
Surgeons (STS) and the Society of Cardiovascular 
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Anesthesiologists (SCA) Blood Conservation Clini-
cal Practice Guidelines recommends the use of lysine 
analogs as a safer alternative in adults [14]. The use of 
tranexamic acid is associated with convulsive seizures, 
thus, it needs to be used with caution in patients with 
history of seizure disorders [15].

Perfusion methods that minimize bleeding and sub-
sequent blood utilization, include modified ultrafiltra-
tion (MUF) and minicircuits [14]. MUF removes excess 
priming volume, thereby limiting expected hemodilu-
tion after completion of CPB. Boodhwani et al., in 
their meta-analysis involving more than 1000 patients 
found greater reduction in bleeding and blood product 
usage with MUF, compared with conventional ultra-
filtration [16]. Minicircuits reduce the priming volume 
required, resulting in less hemodilution and need for 
blood transfusion. This has been confirmed by sev-
eral randomized analyses [17,18]. Similarly, a recent 
meta-analysis of 13 trials found significantly reduced 
postoperative blood loss with minicircuits [19].

The importance of meticulous surgical technique 
in reducing intraoperative blood loss cannot be over-
emphasized. The adage ‘dry in dry out’ highlights the 
importance of careful hemostasis as blood loss can lead 
to dilutional coagulopathy, which in turn leads to more 
bleeding. Dilutional coagulopathy can be minimized 
by the use of intra-operative blood salvage. There are 
two existing blood-salvaging techniques, namely direct 
transfusion of unprocessed circuit blood or transfusion 
of processed circuit blood, by either centrifugation or 
ultrafiltration. Based on available literature, there is 
no distinction between these techniques for limiting 
blood loss and usage of blood products [14]. A meta-
analysis performed by Wang et al. also suggests that 
blood cell salvage may be beneficial only when used 
throughout the entire operation [20].

Off-pump coronary revascularization is another 
sensible strategy for blood conservation, provided no 
conversion to on-pump approach is performed [14]. 
Sellke et al. in their extensive review found a common 
trend towards reduced bleeding and the need for blood 
transfusion among patients treated with the off-pump 
approach [21].

Heparin-induced thrombocytopenia
Unfractionated heparin remains the standard anti-
coagulant agent used during CPB. Heparin-induced 
thrombocytopenia (HIT) develops in approximately 
2% of patients undergoing on-pump cardiac surgery 
[22]. This is caused by interaction of immunoglobin-G 
antibodies with heparin-platelet factor 4 complex, pro-
ducing platelet activation. The event usually occurs 
after 5–10 days of heparin exposure, but occasionally 
can present earlier in patients with previous heparin 

exposure. Fortunately, heparin-antibodies are transient 
and disappear within 100 days, thus permitting safe 
heparin rechallenge in patients with known or sus-
pected HIT [22]. The majority of patients experience 
mild thrombocytopenia with no bleeding, although 
occasionally some may suffer from major bleeding, 
arterial or venous thrombotic complications.

HIT should be considered in patients with a plate-
let count drop of more than 50% within 5–10 days 
of heparin exposure, with the exclusion of other pos-
sible differentials [23]. Commercially available immu-
noassays for HIT are broadly classified into two types: 
first, functional assays for the detection of platelet-
activating antibodies; and second, ELISA for the 
detection of platelet factor 4–heparin complexes. A 
negative result obtained with the immunoassays gen-
erally excludes HIT. The high sensitivity with ELISA 
testing, however, may give a false-positive result as it 
detects nonpathogenic antibodies often generated by 
heparin-treated patients [24].

Treatment involves stopping heparin immediately 
and replacing with an alternative non-heparin antico-
agulant agent, such as lepirudin, argatroban or danap-
aroid [22]. According to several studies, risk of throm-
bosis in HIT patients managed by heparin cessation 
alone remains high, ranging from 23 to 51.6%. Routine 
noninvasive imaging of lower limbs is strongly recom-
mended, as subclinical DVT is commonly reported in 
HIT patients [25]. Warfarin therapy should be avoided 
in HIT patients, as acute depletion of anticoagulant 
protein C along with the initial unopposed procoagu-
lant effects of warfarin can precipitate DVT to venous 
limb gangrene. After platelet recovery has occurred (to 
at least 100 × 103/µl), oral anticoagulants can be com-
menced in modest doses together with an alternative 
non-heparin anticoagulant during transition [26].

Deep sternal wound infection
Risk factors
Deep sternal wound infection (DSWI) is a rare, but 
serious complication following median sternotomy. 
The overall incidence varies from 1–3% [27]. Risk fac-
tors include insulin-requiring diabetes, obesity, chronic 
lung disease, left ventricular dysfunction, peripheral 
vascular disease, reoperation and re-exploration for 
bleeding [27–29]. Bilateral internal thoracic artery (ITA) 
harvest has also been associated with DSWI. When 
the ITA is harvested as a pedicled conduit, a significant 
degree of sternal devascularisation has been observed. 
A skeletonized technique, which spares the internal 
thoracic veins and collateral blood flow to the sternum, 
has been shown to cause less sternal devascularisa-
tion than the pedicled technique. A large analysis by 
Deo et al. involving 126,235 diabetic patients who 
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underwent isolated CABG, demonstrated skeletonized 
bilateral ITA harvest was not associated with increased 
DSWI compared with single ITA harvest. In contrast, 
there is significant increased risk when pedicled tech-
nique was utilized in bilateral ITA harvest [30].

According to guidelines released by the Centre for 
Disease Control and Prevention, diagnosis of DSWI 
must meet one of the following criteria: first, organ-
ism cultured from mediastinal fluid or tissue; second, 
evidence of DSWI observed during operation or on 
histopathology; or third, chest pain, sternal insta-
bility or fever (>38°C) without another recognized 
cause, accompanied by purulent discharge from 
mediastinum and/or organisms cultured from blood 
or mediastinal drainage and/or mediastinal widen-
ing on x-ray [31] The diagnosis of DSWI by thoracic 
computed tomography (CT) scans appears unsatisfac-
tory in the early postoperative period. Yamashiro et al. 
demonstrated that CT had a sensitivity of 100% for 
mediastinitis, but a specificity of only 39% through 
the early period (<21 days). For late presentations 
(>21 days), the specificity of CT scan is considerably 
better at 85%. Most common CT findings included 
pleural effusion, increased attenuation of mediastinal 
fat, pericardial effusion, mediastinal fluid collection 
and free gas bubbles [32].

Prevention
Several preventive strategies acting at different stages 
of surgery have been proposed (Box 1) [29,33,34].

According to ACCF/AHA guidelines, prophylactic 
antibiotic administration and strict blood sugar control 
are strongly recommended to reduce the risk of DSWI. 
A first- or second-generation cephalosporin should be 
delivered within 60 min of incision and discontinued 
within 48 h. Prophylaxis with vancomycin should be 
advocated based on methicillin-resistant Staphylococ-
cus aureus colonization. The use of continuous insulin 
infusion to maintain perioperative glucose level ≤180 
mg/dl is strongly recommended [29]. Maintaining tight 
glucose control in patients undergoing CABG surgery 
has been repeatedly shown to reduce the incidence of 
DSWI [35]. Furnary et al. reported the use of continu-
ous insulin infusion aimed to maintain blood glucose 
levels <200 mg/dl reduced the incidence of DSWI 
by 66%, compared with those receiving intermittent 
subcutaneous insulin [36].

Nasal carriage of S. aureus is a well-recognized risk 
factor for postoperative DSWI. A recent meta-analy-
sis by Van Rijen et al. showed an 80% reduction in 
S. aureus infection in carriers treated with mupirocin 
compared with only 30% of those treated with placebo 
[37]. Nasal carriage status should be identified either 
by conventional microbiological culture methods 

or by real-time polymerase chain reaction before 
commencing mupirocin ointment.

Treatment
Currently, the optimal treatment strategy for DSWI 
remains controversial. Robicsek proposed three basic 
principles of infection control: first, infection should 
be curtailed within the shortest time possible; sec-
ond, adequate debridement and drainage of the 
infected areas; and third, sternal stability should be 
established [38].

The conventional forms of treatment include surgi-
cal debridement with frequent open wound dressings 
or closed irrigation and drainage. Open chest manage-
ment has some drawbacks, namely, insufficient chest 
stability requiring prolonged ventilation and immobi-
lization [28]. Continuous irrigation and drainage with 
primary sternal closure was later advocated, in 1963. 
However, reports on the results of this approach have 
been disappointing with high rates of failure [39].

Primary, or delayed wound closure using regional 
myocutaneous with or without omental flaps has been 
the mainstay treatment option for DSWI. However, 
complications such as chronic chest wall pain, hema-
toma or seroma requiring drainage, arm or shoulder 
weakness, and flap necrosis are not uncommon follow-
ing myocutaneous flap reconstruction [40–42]. Milano 
et al. compared the technique employing omental and 
pectoral flaps for closure of sternal wound defect, and 
found that the length of procedure (221 vs 284 min) 
and hospital stay (10.7 vs 18.8 days) improved with 
omental flap procedure. The authors also reported 
improved short-term clinical outcomes in patients 
treated with omental flaps [41].

Vacuum-assisted closure (VAC) is the latest treat-
ment innovation for managing DSWI. This technique 
promotes healing by applying negative pressure onto a 
wound. The negative pressure therapy appears to stimu-
late granulation-tissue formation, enhance localized 
blood flow and reduce wound exudates and bacterial 
colonization.[43,44]. Furthermore, VAC therapy allows 
patients to mobilize early while the wound heals. Several 
studies have reported favorable clinical improvement 
with VAC dressing, either as a single-line therapy or as 
an adjunct to definitive surgical closure. For instance, 
De Feo et al. reported lower mortality (1.4 vs 3.6%; 
p = 0.35) and reinfection (1.4 vs 16.9%; p = 0.001) rates, 
and reduced length of hospital stay (27.3 ± 9 vs 30.5 ± 3 
days; p = 0.02) with VAC therapy compared with con-
ventional treatment[45]. A recent study by Baillot et al. 
reported similar results, showing that the mortality rate 
dropped from 14.1 to 4.8% when VAC therapy was used 
[46]. Finally, Fleck et al. compared 132 patients with 
poststernotomy wound infection and observed lower 
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rates of sternal re-infection with VAC therapy followed 
by delayed primary closure or sternal reconstruction 
compared with immediate primary closure [47].

Renal injury
Risk factors
Despite improvement in perioperative management 
and surgical techniques, renal injury remains a fre-
quent complication following cardiac surgery. Depend-
ing on the definitions used, the incidence of acute kid-
ney injury (AKI) occurs in 1–30% of all patients, with 
associated mortality as high as 30% [48]. The lack of 
general consensus on the definition of AKI has recently 
led panels of experts to propose a more unifying clas-
sification. The Acute Kidney Injury Network (AKIN) 
and the Risk, Injury, Failure, Loss and End-stage Kid-
ney (RIFLE) criteria characterized the severity of renal 
injury based on the changes in serum creatinine (sCr) 
and urine output (Tables 1 & 2) [49,50].

Risk factors for AKI include female gender, conges-
tive heart failure, diabetes mellitus, preoperative use 
of intra-aortic balloon pump, emergency status and an 
elevated preoperative sCr. The preoperative sCr level is 
considered the strongest predictor for developing post-
operative AKI in cardiac surgery patients. Approxi-
mately 10–20% of patients with a preoperative sCr of 
2 to 4 mg/dl are at risk of developing AKI that requires 
dialysis. The risk rises to 30% in patients with a baseline 
sCr greater than 4 mg/dl [48]. Hemodilutional anemia 
has also been shown to cause renal injury by reducing 
tissue oxygen delivery and worsening oxidative stress. A 
retrospective study by Habib et al. found that hemodilu-
tion during CPB with a hematocrit <24% was associated 
with postoperative AKI requiring dialysis [51].

The causes of AKI following cardiac surgery are 
multifactorial. During CPB, the kidneys are exposed 
to alterations in flow dynamics via the loss of pulsa-
tile blood flow, changes in pump flow rate and renal 
vasoconstriction, resulting in ischemia–reperfusion 
injury [52]. CPB-related embolization has also been 

implicated in the occurrence of AKI. Emboli include 
air, anaesthetic gas, lipids, platelet aggregates and ath-
eromatous plaques from aortic manipulation [53]. Addi-
tionally, blood contact with artificial CPB surfaces ini-
tiates an inflammatory response with activation of the 
complement network, the coagulation system, and free 
radical and cytokine production, which may further 
contribute to kidney injury [48].

Novel biomarkers
It is generally accepted that the conventional renal bio-
markers such as creatinine and urea have limited value 
in diagnosing AKI. These markers do not reflect inju-
rious changes to the kidney in real time and require 
time to accumulate before reaching abnormal serum 
concentrations. Urine output is sensitive to changes in 
renal hemodynamics, but is considered less specific, 
except when it is significantly diminished or absent [54].
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Table 1. Classification systems for acute kidney injury: The Acute Kidney Injury Network 
classification.

Stage sCr criteria Urine output criteria

1 Increased sCr ≥0.3 mg/dl or ×1.5- to 
2-fold from baseline

<0.5 ml/kg/h >6 h

2 Increased sCr ×2- or 3-fold from 
baseline

<0.5 ml/kg/h ≥12 h

3† Increased sCr > 4.0 mg/dl or ×3-fold 
from baseline with an acute increase of 
at least 0.5 mg/dl

<0.3 ml/kg/h >24 h, or anuria 
×12 h

†Patients who receive renal replacement therapy are classified as stage 3. 
sCr: Serum creatinine.

Box 1. Preventative measures to reduce deep 
sternal wound infection.

Preoperative
•	 Antibiotic prophylaxis (cephazolin or vancomycin)
•	 Antiseptic showering (chlorhexidine or 

povidone-iodine)
•	 Hair removal (with electrical clippers close to the 

time of surgery)
•	 Nasal decolonization with intranasal mupirocin
Intraoperative
•	 Tight blood glucose control
•	 Adherence to good surgical techniques (gentle 

tissue handling, effective hemostasis, elimination 
of dead space, hypothermia prevention)

•	 Internal thoracic artery harvesting technique 
(skeletonized technique)

•	 Wound dressing (adequate coverage of surgical 
wound incision, breathable antimicrobial dressing)

Postoperative
•	 Blood glucose control
•	 Postoperative incision care (aseptic technique for 

wound dressing change)
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Recent developments have proposed a number of 
novel biomarkers specific for early detection of kid-
ney damage. These include neutrophil gelatinase- 
associated lipocalin (NGAL), cystatin C, liver-type 
fatty acid binding protein (L-FABP) and kidney injury 
molecule-1 (KIM-1). NGAL protein is markedly 
induced during AKI. Schmidt-Ott et al. observed that 
NGAL levels rise within 3 h of kidney injury and often 
precedes by more than 24 h the rise in sCr [55]. A recent 
meta-analysis study by Haase et al. has confirmed its 
value as a diagnostic tool in cardiac surgical and criti-
cally ill patients [56]. L-FABP is a lipocalin, promoting 
oxidation of transported fatty acids in mitochondria 
and peroxisomes. Portilla et al. observed that urinary 
L-FABP levels increase within 4 h following cardiac 
surgery in AKI patients, but not in non-AKI patients 
[57]. In a recent prospective study of 374 patients under-
going CPB, Krawczeski et al. demonstrated that serum 
cystatin C levels were markedly increased at 12 h and 
remained elevated at 24 h following CPB in AKI 
patients, suggesting a correlation between cystatin C 
levels and renal dysfunction [58]. KIM-1 glycoprotein 
is another biomarker shown to improve early detection 
of postoperative AKI. Its sensitivity enhanced when 
measured in conjunction with other biomarkers [59].

Prevention
The mainstay of postoperative AKI prevention is opti-
mal hydration, maintenance of adequate cardiac out-
put and avoidance of nephrotoxins [60]. Many drugs 
have been trialled for renoprotection. N-acetylcysteine 
(NAC) is a free radical scavenger agent thought to 
inhibit inflammation and oxidative stress responses. 
NAC was demonstrated to reduce postoperative atrial 
fibrillation, however, it failed to protect against AKI 
following cardiac surgery [61]. Furosemide was shown to 
reduce tubular cell workload and decrease oxygen  con-
sumption, however, a meta-analysis conducted by Ho 
et al. failed to demonstrate improvements in mortality 

or reduced need for renal replacement therapy (RRT) 
[48,62]. Mannitol also failed to protect against renal 
injury in cardiac surgical patients [63,64]. To date, no 
single agent has been unequivocally proven to protect 
against renal failure following cardiac surgery.

Two novel agents that appear most promising and 
would benefit from further clinical trials are fenoldo-
pam and natriuretic peptides. Fenoldopam, a selective 
DA-1 agonist, simultaneously decreases systemic vas-
cular resistance and increases blood flow to the kid-
neys. A meta-analyses based on 16 RCTs reported that 
fenoldopam reduces the need for RRT and mortality 
in patients with AKI [65]. These findings are consistent 
with a systematic review by Patel et al. demonstrat-
ing the reduced need for RRT by 5% [66]. Atrial and 
brain natriuretic peptides induce natriuresis, which 
may prevent tubular obstruction, as well as improving 
glomerular perfusion, and they were found to reduce 
AKI [66,67].

Intraoperative strategies to avoid renal injury include 
maintaining adequate renal perfusion and oxygen-
ation during CPB. Hematocrit level is a target param-
eter that can be optimized to improve renal function. 
Ranucci et al. observed that patients with a hematocrit 
level <26% and oxygen delivery <272 ml.min-1.m-2 
during CPB are susceptible to developing postop-
erative AKI, which can be ameliorated by increasing 
pump flow to improve oxygen delivery [68]. Pulsatile 
flow was thought to improve end-organ perfusion by 
generating more hemodynamic energy, reducing vaso-
contrictive reflexes, and increasing diffusion and oxy-
gen consumption. Some authors found that pulsatile 
flow better preserved renal function when compared 
with standard linear flow, particularly in older patients 
[69,70], while others reported no difference in clinical 
outcomes between the two systems [71]. An evidence-
based review by Alghamdi et al. concluded that there 
is currently insufficient evidence to support its routine 
use in clinical practice [72].
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Table 2. Classification systems for acute kidney injury: Risk, Injury, Failure, Loss and End-stage 
Kidney classification.

Class GFR criteria Urine output criteria

Risk Increased sCr ×1.5 or GFR decrease 
>25%

<0.5 ml/kg/h ×6 h

Injury Increased sCr ×2 or GFR decrease >50% <0.5 ml/kg/h ×12 h

Failure Increased sCr ×3 or GFR decrease >75% 
or sCr ≥4 mg/dl with an acute rise >0.5 
mg/dl

<0.3 ml/kg/h ×24 h, or anuria 
×12 h

Loss Persistent acute renal failure >4 weeks –

End-stage kidney disease End-stage kidney disease >3 months –

GFR: Glomerular filtration rate; sCR: Serum creatinine.  
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Trial of preoperative prophylactic dialysis in patients 
with known renal impairment has been attempted. 
Durmaz et al. randomized 44 patients with baseline 
sCr >2.5 mg/dl to prophylactic hemodialysis or hemo-
dialysis when postoperative AKI was observed (con-
trol). The authors found that the operative mortality 
was significantly lower in the group receiving prophy-
lactic dialysis, compared with the control group (4.8 
vs 30.4%; p = 0.048). Additionally, postoperative AKI 
requiring dialysis dropped from 34.8% in the control 
group to 4.8% in the dialysis group [73]. A more recent 
prospective trial by Bingol et al. showed similar posi-
tive results in elderly patients undergoing cardiac sur-
gery [74]. Sufficiently powered randomized trials will be 
necessary before this approach can be widely adopted.

Cerebral injury
Definitions & etiologies
Neurological morbidity represents the most disabling 
complication of cardiac surgery. Cerebral injuries fol-
lowing cardiac surgery are classified as type I (brain 
death, nonfatal stroke and new transient ischemic 
attack) and type II (neurocognitive dysfunction and 
encephalopathy) [75]. The more important subset of 
type I injuries is stroke, with an overall incidence of 
1.6% after isolated CABG [76]. Less information is 
available on the incidence of type II injuries, but val-
ues as high as 50% have been quoted for patients with 
postoperative cognitive dysfunction (POCD) [75]. Risk 
factors for type I injuries include advanced age, previ-
ous neurologic event and proximal aortic atherosclero-
sis, whereas type II injuries are more likely in patients 
with hypertension, advanced age, pulmonary disease 
and excessive alcohol consumption [77].

Stroke patients commonly present with focal weak-
ness and speech disturbance that lasts longer than 
24 h [78]. Diagnostic imaging such as CT or magnetic 
resonance imaging (MRI) should be performed to 
detect possible mass lesion, acute intracerebral or sub-
arachnoid hemorrhage. Patients with neurocognitive 
dysfunction often show impaired thought processes 
and behaviour with no focal neurological deficits. 
Various existing neuropsychological tests have been 
used to measure multiple cognitive domains, includ-
ing memory, attention, language, executive functions 
and motor speed [76]. Finally, postoperative encepha-
lopathy has been variably defined as confusion, com-
bativeness, agitation, seizures, coma and prolonged 
alteration in mental status [79]. No definite cerebral 
lesions are found on CT scans in encephalopathic 
patients.

The main pathophysiological mechanisms underly-
ing stroke include both macro- and micro-embolization 
and cerebral hypoperfusion [76]. Based on transcranial 

Doppler ultrasonography, Clark et al. demonstrated 
neurologic complications in 2.4% of patients with 
<30 microemboli and a staggering increase to 35% 
in those with >60 microemboli [80]. Similarly, Pugs-
ley et al. demonstrated that the proportion of neuro-
psychological deficits rose from 8.6% of cases having 
<200 microemboli to 43% having >1000 microemboli 
[81]. Hemodynamically significant carotid stenosis has 
also been implicated. Naylor et al. reported that in pre-
dominantly asymptomatic patients, the stroke risk rose 
to 3% in patients with unilateral 50–99% stenosis, 
5% with bilateral 50–99% and up to 11% with carotid 
occlusion [82].

Neurocognitive dysfunction and encephalopathy are 
not distinct entities but represent a spectrum of neu-
rologic disorder with overlaps in the clinical features. 
Identified causal factors for type II injuries are some-
what overlapping with those for stroke. They include 
microembolization, intraoperative hypotension and 
prolonged oxygen desaturations. General anesthesia is 
another factor that is likely to contribute to cognitive 
decline. A randomized trial by Schoen et al. compar-
ing sevoflurane-based with propofol-based anesthesia 
observed a greater incidence of cognitive dysfunction 
in patients assigned to propofol-based anesthesia [83].

Prevention
The main strategies applied to reduce neurologic injury 
following cardiac surgery involve thorough preopera-
tive assessment of high-risk patients; careful intraop-
erative screening for aortic atherosclerosis; technical 
alteration; and, administration of pharmacological 
agents aimed at reducing cerebral embolic events.

Carotid artery duplex ultrasonography is now often 
included as part of routine preoperative cardiac work up. 
An extensive review by the American Academy of Neu-
rology reported that in symptomatic patients, carotid 
endarterectomy (CEA) is highly beneficial for 70–99% 
stenosis, moderately beneficial for 50–69% stenosis and 
not beneficial for <50% stenosis. In the context of car-
diac surgery, the optimum management of patients with 
concomitant carotid and coronary artery disease remains 
poorly defined [84]. To date, there are no randomized tri-
als comparing outcomes of patients considered for simul-
taneous CEA and CABG versus staged CEA followed by 
CABG. The 2011 ACCF/AHA guidelines recommend 
the use of a multidisciplinary approach to therapy and 
assessment of patients with both symptomatic carotid 
and coronary artery disease [29].

Cross-clamping and cannulation of the ascending 
aorta may potentially dislodge unstable atheromatous 
plaques, causing a thromboembolic stroke. Identifica-
tion of plaques before aortic manipulation is an impor-
tant measure to assist surgical planning. Digital pal-
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pation is the conventional screening technique, which 
could only detect 50% of aortic atheroma [85]. Trans-
esophageal echocardiography (TOE) is useful, but 
provides limited visualization of the distal ascending 
aorta owing to the intervening main stem bronchus 
[86]. Epiaortic ultrasonography (EAS) has proved supe-
rior to both techniques in detecting potential athero-
matous changes within the ascending aorta [85,86]. In 
a prospective review by Zingone et al. the use of EAS 
was associated with a reduced incidence of stroke from 
3.3 to 1.9% in patients undergoing cardiac surgery [87].

Off-pump CABG has been proposed to reduce 
neurological risks by eliminating the adverse effects 
associated with CPB. However, this has not been 
borne out by randomized controlled trials [88,89]. One 
possible reason is that many so-called off-pump sur-
geries still involve manipulation of the aorta from par-
tial aortic clamping for proximal graft anastomosis. In 
a study by Calafiore et al., patients were divided into 
four groups, according to the degree of aortic manipu-
lation: CPB with side-clamp; CPB with single-clamp 
technique; off-pump with side-clamp; and, off-pump 
with no aortic manipulation. The rate of postopera-
tive stroke was 2.3, 1.2, 1.1 and 0.2%, respectively 
[90]. Similarly, Lev-Ran et al. observed a significant 
reduction in the incidence of stroke with the no-touch 
aortic technique in a study involving 700 off-pump 
CABG patients [91]. This demonstrates the impor-
tance of minimal aortic manipulation in reducing 
perioperative stroke risk.

Pulmonary injury
Definitions & etiologies
Pulmonary dysfunction remains a common and 
important complication after CABG. The manifesta-
tions of lung injury cover a wide spectrum, ranging 
from mild respiratory dysfunction to fulminant acute 
respiratory distress syndrome (ARDS). The incidence 
of ARDS is less than 2%, however, the mortality rate 
may be as high as 50% [92].

In recent years, the injurious effects of CPB on 
pulmonary function have been extensively investi-
gated. CPB initiates a systemic inflammatory cascade, 
maintained by complement activation, neutrophil 
chemotaxis, cytokine production and arachidonic 
acid metabolites, which ultimately lead to pulmonary 
injury. In addition, concurrent absence of ventilation 
during lung deflation and diminished pulmonary per-
fusion during CPB lead to generation of free oxygen 
radicals with subsequent lung injury [93]. Despite the 
apparent pathological effects of CPB, the incidence of 
postoperative lung dysfunction following off-pump 
CABG was not significantly different from that of the 
conventional on-pump approach. Prospective random-

ized trials have shown a similar degree of change in 
perioperative alveolar–arterial oxygen gradients and 
arterial oxygen (paO

2
) between on- and off-pump 

CABG [94,95]. Similarly, Cimen et al. showed no signif-
icant changes in the ventilatory function tests in both 
groups over six postoperative days [96].

Various other factors unique to cardiac surgery such 
as operative techniques, ITA dissection and myocar-
dial hypothermia have also been implicated. Guizilini 
et al. compared lung function tests in 18 patients 
undergoing CABG by ministernotomy or conven-
tional median sternotomy. The ministernotomy group 
showed better recovery of lung function than those 
subjected to median sternotomy [97]. Preservation of 
pleural integrity during retrieval of ITA was associated 
with lower incidence of postoperative atelectasis and 
pleural effusion [98].

Prevention
The contact between blood and synthetic surfaces of 
extracorporeal circuit is known to provoke a systemic 
inflammatory response. This has led to application 
of various biocompatible-coated circuits designed to 
mimic vascular endothelial surfaces, such as hepa-
rin, polymethoxyethyl acrylate, synthetic protein 
and phosphorylcholine, with heparin being the most 
extensively researched coating material. Compared 
with the standard uncoated circuit, de Vroege et al. 
demonstrated that heparin-coating significantly 
improves pulmonary indices as reflected by pulmo-
nary shunt fraction, pulmonary vascular resistance 
index and PaO

2
:FiO

2
 ratio, as well as reduced inflam-

matory mediator release [99]. Recently, a large review 
by Mahmood et al. observed that a heparin-coated cir-
cuit improved biocompatibility, as reflected by plate-
let preservation, reduced leucocyte and complement 
activation, and proinflammatory cytokine produc-
tion. Use of a heparin-coated circuit is also associated 
with reduced blood loss, reoperation rates, ventilation 
time, ICU and hospital stay [100]. However, the results 
should be interpreted cautiously given that the results 
were mostly derived from single-centered RCTs that 
are inadequately powered.

Ultrafiltration has been used in cardiac surgery as a 
means of removing excess fluid and limiting postopera-
tive interstitial edema caused by hemodilution. In addi-
tion, it removes systemic inflammatory mediators that 
impair pulmonary function. Huang et al. found that 
the serum concentration of IL-6 and thromboxane B2 
was effectively reduced by ultrafiltration with concom-
itant improvement in pulmonary compliance, gaseous 
exchange and airway resistance [101]. There are three 
existing ultrafiltration techniques that are applied, 
including conventional ultrafiltration (CUF), modi-
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fied ultrafiltration (MUF) and zero-balance ultrafiltra-
tion. Perez-Vela et al. compared the benefits between 
CUF, MUF and combined strategy, and reported that 
the postoperative respiratory outcomes were similar in 
all three groups [102].

Hypoventilation during CPB is responsible for 
the development of microatelectasis and pulmonary 
edema, resulting in decreased pulmonary compliance 
[103]. To prevent this dysfunction, continuing mechan-
ical ventilation during CPB has been proposed. After 
low-frequency ventilation during CPB, Imura et al. 
found that the pulmonary function expressed by oxy-
gen tension, alveolar–arterial oxygen gradient and 
lactate dehydrogenase levels, improved with reduced 
tissue damage on lung biopsy [104]. A recent large 
analysis of studies, however, has shown that the clini-
cal benefits of maintaining ventilation throughout 
CPB were short-lived with no improvement in patient 
outcome [105].

Due to the pivotal role that leukocytes play in sys-
temic inflammatory response, leukocyte filtration dur-
ing CPB was suggested as a way to limit pulmonary 
injury. A randomized study showed that the total 
leukocyte filtration resulted in a transient decrease 
in white cells following surgery. However, this effect 
did not correlate with improvements in respiratory 
index, intubation time or ICU stay [106]. An extensive 
review by Warren et al. evaluating the effectiveness of 
several leukocyte-depleting filters used in cardiac sur-
gery observed small improvements in early postopera-
tive pulmonary function, but did not result in clinical 
improvement (reduced hospital stay or mortality) [107].

There has been mounting interest in trialling phar-
macological agents for the prevention and treatment 
of pulmonary lung injury. Corticosteroid is one of the 
earliest anti-inflammatory agents to be investigated in 
relation to pulmonary injury after CPB. The poten-
tial lung-protective effects of prophylactic corticoste-
roids remain controversial. Giomarell et al. reported 
improved pulmonary function in those receiving pro-
phylactic corticosteroids. Furthermore, corticosteroid 
administration was shown to inhibit production of 
proinflammatory cytokines TNF-α, IL-6 and IL-8, 
while increasing serum levels of the anti-inflammatory 
cytokine IL-10 [108]. However, a large meta-analysis 
of 54 randomized studies by Dieleman et al. failed to 
demonstrate the beneficial effects of corticosteroids on 
pulmonary function in cardiac surgical patients. Thus, 
there is inadequate evidence to support its use within 
cardiac surgical practice [109]. Aprotinin, an antifibri-
nolytic agent, is also known to mitigate inflammatory 
response to CPB. Erdogan et al. reported significant 
improvement in forced expiratory volume and paCO

2
 

values in the aprotinin group compared with the con-

trol group, suggesting aprotinin had a pulmonary pro-
tective effect after cardiac surgery [110]. However, as 
mentioned above, a high incidence of morbidity (myo-
cardial infarction, stroke, encephalopathy and renal 
dysfunction) and mortality were reported with apro-
tinin usage, resulting in its withdrawal from market in 
2007 [11–13].

Intra-abdominal injury
The incidence of gastrointestinal (GI) complications 
has been reported in 0.12–12% of patients after cardiac 
surgery [111,112]. Mortality is highest for hepatic failure 
(74%), followed by bowel ischemia (71%), perforated 
ulcer (44%) and other intra-abdominal pathology such 
as pancreatitis, cholecystitis, GI bleeding, diverticulitis, 
paralytic ileus and bowel obstruction (11–27%) [113].

Postoperative GI complications are largely attributed 
to reduced splanchnic bed perfusion and oxygenation. 
Longer CPB times has been associated with inflamma-
tory cascade activation, increased intestinal permeabil-
ity, enhanced release of cytokines and microembolism, 
contributing to mucosal injury and subsequent GI organ 
damage [113,114]. Other factors such as perioperative 
hypotension, use of inotropes, postoperative arrhyth-
mias, hemorrhage, nature of cardiac surgery and pro-
longed mechanical ventilation are also relevant [113,115].

Various potential strategies have been suggested to 
help improve splanchnic perfusion, including periop-
erative use of pharmacological agents (e.g., phospho-
diesterase III inhibitors and dobumatine) and volume 
loading, modified conduct of extracorporeal circuit, 
and performing off-pump procedure [113]. However, 
due to the markedly low incidence of GI involvement, 
there is not enough evidence to support the proposed 
interventions. Therefore, early diagnosis and prompt 
treatment with close multidisciplinary collaboration 
are required when dealing with postoperative abdomi-
nal complications. It is beyond the scope of this article 
to cover all post-CPB GI complications, but the more 
common ones will be reviewed here.

GI bleeding constitutes nearly 31% of all intra-
abdominal complications [113]. The majority of bleed-
ing occurs in the upper GI tract. Those with previous 
history of peptic ulcer disease have an increased risk for 
developing GI hemorrhage after cardiac surgery. Inter-
estingly, there is no significant causative link between 
conventional risk factors such as Helicobacter pylori 
infection and the development of stress ulcers in car-
diac surgical patients [116]. A recent systematic review 
by Shin et al. suggests a trend toward reduced GI 
bleeding with routine use of acid suppression therapy. 
Additionally, proton-pump inhibitors were most effec-
tive in reducing the incidence of hemorrhagic gastritis 
and haematemesis [117].
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Bowel ischemia constitutes nearly 18% of all intra-
abdominal complications [113]. Majority of cases asso-
ciated with cardiac surgery are caused by nonocclusive 
phenomena [118,119]. Preoperative patient characteris-
tics, such as advanced age, end-stage renal disease and 
peripheral vascular disease, contribute to its develop-
ment. Factors precipitating organ hypoperfusion after 
CPB include emergency operation, prolonged bypass, 
use of intra-aortic ballon pump and inotropic support 
[112,113]. The lack of characteristic clinical features in 
these very sick patients often make early diagnosis dif-
ficult. Abdominal distension, unexplained leukocy-
tosis, persistent metabolic acidosis and hyperkalemia 
may be suggestive of bowel ischemia. Early utiliza-
tion of arterial angiography and laparotomy should 
be considered in those with a high index of clinical 
suspicion [118,119].

Acute cholecystitis accounts for 11% of intra-
abdominal complications [113]. Most cases are of 
acalculous variety. Multiple factors have been impli-
cated in the development of acalculous cholecystitis, 
including increased bile viscosity, visceral hypoper-
fusion and the release of cytokines (factor XII and 
platelet-activating factor) [120]. Early diagnosis is 
similarly challenging, as the clinical presentation 
may be variable. Ultrasonography remains the gold 
standard in the evaluation of acalculous cholecysti-
tis. Both conservative management and surgery have 
been advocated for the treatment of this condition 
following cardiac surgery.

Conclusion
Over recent decades, CABG has evolved to become 
the most successful and widely performed cardiac 

operation. Significant technological advances have 
made this possible. Both mortality and morbidities 
have steadily declined over the years. The noncardiac 
complications discussed in this paper are fairly uncom-
mon, occurring in only a few percent of patients under-
going CABG, but with potentially devastating conse-
quences. Most of these complications are multifactorial 
in etiology and, therefore, a multifaceted approach is 
required for their prevention and treatment.

Future perspective
CABG remains the treatment of choice for com-
plex multivessel coronary artery disease. Continuing 
improvements in technology are likely to see more 
CABGs being performed through minimally inva-
sive approaches with or without the utilization of the 
heart–lung machine. Techniques such as anaortic off-
pump CABG will have the potential of reducing peri-
operative stroke risk. Total arterial revascularization, 
particularly with the use of bilateral in situ internal 
thoracic arteries, is likely to be increasingly utilized. 
This coupled with improved secondary prevention 
will undoubtedly continue to improve the outcomes of 
CABG patients in the coming decade.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involve-

ment with  any  organization  or  entity with  a  financial  inter-

est  in  or  financial  conflict with  the  subject matter  or mate-

rials discussed  in the manuscript. This  includes employment, 

consultancies, honoraria, stock ownership or options, expert 

testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this 

manuscript.

References
Papers of special note have been highlighted as:
• of interest
•• of considerable interest

1 SCTS. Sixth National Adult Cardiac Surgical Database 
Report. 2009. 
www.scts.org/_userfiles/resources/
SixthNACSDreport2008withcovers.pd 

2 Dinh DT, Lee GA, Billah B, Smith JA, Shardey GC, Reid 
CM. Trends in coronary artery bypass graft surgery in 
Victoria, 2001–2006: findings from the Australasian Society 
of Cardiac and Thoracic Surgeons database project. Med. 
J. Aust. 188(4), 214–217 (2008).

3 Milas BL, Jobes DR, Gorman RC. Management of bleeding 
and coagulopathy after heart surgery. Management of 
bleeding and coagulopathy after heart surgery. Semin. 
Thorac. Cardiovasc. Surg. 12(4), 326–336 (2000).

4 American Society of Anesthesiologists Task Force on 
Perioperative Blood Transfusion and Adjuvant Therapies. 

Practice guidelines for perioperative blood transfusion and 
adjuvant therapies: an updated report by the American 
Society of Anesthesiologists Task Force on Perioperative 
Blood Transfusion and Adjuvant Therapies. Anesthesiology 
105(1), 198–208 (2006).

5 Society of Thoracic Surgeons Blood Conservation 
Guideline Task Force, Ferraris VA, Ferraris SP et al. 
Perioperative blood transfusion and blood conservation in 
cardiac surgery: the Society of Thoracic Surgeons and The 
Society of Cardiovascular Anesthesiologists clinical practice 
guideline. Ann. Thorac. Surg. 83(Suppl. 5), S27–S86 
(2007).

6 Murphy GS, Hessel EA 2nd, Groom RC. Optimal 
perfusion during cardiopulmonary bypass: an evidence-
based approach. Anesth. Analg. 108(5), 1394–1417 (2009).

7 Engoren MC, Habib RH, Zacharias A, Schwann TA, 
Riordan CJ, Durham SJ. Effect of blood transfusion on 
long-term survival after cardiac operation. Ann. Thorac. 
Surg. 74(4), 1180–1186 (2002).

future science group

Review    Lok, Chen & Smith



www.futuremedicine.com 203

8 Scott BH, Seifert FC, Grimson R. Blood transfusion is 
associated with increased resource utilisation, morbidity and 
mortality in cardiac surgery. Ann. Card. Anaesth. 11(1), 15–19 
(2008).

9 Ranucci M, Baryshnikova E, Castelvecchio S, Pelissero G. 
Surgical, Clinical Outcome Research G: Major bleeding, 
transfusions, and anemia: the deadly triad of cardiac surgery. 
Ann. Thorac. Surg. 96(2), 478–485 (2013).

10 Biancari F, Mikkola R, Heikkinen J, Lahtinen J, Airaksinen 
KE, Juvonen T. Estimating the risk of complications related 
to re-exploration for bleeding after adult cardiac surgery: a 
systematic review and meta-analysis. Eur. J. Cardiothorac. 
Surg. 41(1), 50–55 (2012).

11 Mangano DT, Tudor IC, Dietzel C. Multicenter Study of 
Perioperative Ischemia Research. The risk associated with 
aprotinin in cardiac surgery. N. Engl. J. Med. 354(4), 353–365 
(2006).

12 Mangano DT, Miao Y, Vuylsteke A et al. Mortality associated 
with aprotinin during 5 years following coronary artery bypass 
graft surgery. JAMA 297(5), 471–479 (2007).

13 Karkouti K, Beattie WS, Dattilo KM et al. A propensity score 
case-control comparison of aprotinin and tranexamic acid 
in high-transfusion-risk cardiac surgery. Transfusion 46(3), 
327–338 (2006).

14 Society of Thoracic Surgeons Blood Conservation Guideline 
Task Force, Ferraris VA, Brown JR et al. 2011 update 
to the Society of Thoracic Surgeons and the Society of 
Cardiovascular Anesthesiologists blood conservation clinical 
practice guidelines. Ann. Thorac. Surg. 91(3), 944–982 (2011).

15 Sander M, Spies CD, Martiny V, Rosenthal C, Wernecke KD, 
von Heymann C. Mortality associated with administration 
of high-dose tranexamic acid and aprotinin in primary open-
heart procedures: a retrospective analysis. Crit. Care 14(4), 
R148 (2010).

16 Boodhwani M, Williams K, Babaev A, Gill G, Saleem 
N, Rubens FD. Ultrafiltration reduces blood transfusions 
following cardiac surgery: A meta-analysis. Eur. 
J. Cardiothorac. Surg. 30(6), 892–897 (2006).

17 Remadi JP, Rakotoarivelo Z, Marticho P, Benamar A. 
Prospective randomized study comparing coronary artery 
bypass grafting with the new mini-extracorporeal circulation 
Jostra System or with a standard cardiopulmonary bypass. Am. 
Heart J. 151(1), 198 (2006).

18 Beholz S, Zheng L, Kessler M, Rusche M, Konertz W. A new 
PRECiSe (priming reduced extracorporeal circulation setup) 
minimizes the need for blood transfusions: first clinical results 
in coronary artery bypass grafting. Heart Surg. Forum 8(3), 
e132–e135 (2005).

19 Biancari F, Rimpilainen R. Meta-analysis of randomised 
trials comparing the effectiveness of miniaturised versus 
conventional cardiopulmonary bypass in adult cardiac surgery. 
Heart 95(12), 964–969 (2009).

20 Wang G, Bainbridge D, Martin J, Cheng D. The efficacy of an 
intraoperative cell saver during cardiac surgery: a meta-analysis 
of randomized trials. Anesth. Analg. 109(2), 320–330 (2009).

21 Sellke FW, DiMaio JM, Caplan LR et al. Comparing 
on-pump and off-pump coronary artery bypass grafting: 
numerous studies but few conclusions: a scientific 

statement from the American Heart Association council on 
cardiovascular surgery and anesthesia in collaboration with 
the interdisciplinary working group on quality of care and 
outcomes research. Circulation 111(21), 2858–2864 (2005).

22 Warkentin TE, Greinacher A. Heparin-induced 
thrombocytopenia and cardiac surgery. Ann. Thorac. Surg. 
76(6), 2121–2131 (2003).

23 Franchini M. Heparin-induced thrombocytopenia: an update. 
Thromb. J. 3, 14 (2005).

24 Selleng K, Warkentin TE, Greinacher A. Heparin-induced 
thrombocytopenia in intensive care patients. Crit. Care Med. 
35(4), 1165–1176 (2007).

25 Warkentin TE. Heparin-induced thrombocytopenia: 
pathogenesis and management. Br. J. Haematol. 121(4), 
535–555 (2003).

26 Srinivasan AF, Rice L, Bartholomew JR et al. Warfarin-
induced skin necrosis and venous limb gangrene in the setting 
of heparin-induced thrombocytopenia. Arch. Intern. Med. 
164(1), 66–70 (2004).

27 Lepelletier D, Perron S, Bizouarn P et al. Surgical-site infection 
after cardiac surgery: incidence, microbiology, and risk factors. 
Infect. Control. Hosp. Epidemiol. 26(5), 466–472 (2005).

28 Sjogren J, Malmsjo M, Gustafsson R, Ingemansson R. 
Poststernotomy mediastinitis: a review of conventional surgical 
treatments, vacuum-assisted closure therapy and presentation 
of the Lund University Hospital mediastinitis algorithm. Eur. 
J. Cardiothorac. Surg. 30(6), 898–905 (2006).

29 Hillis LD, Smith PK, Anderson JL et al. 2011 ACCF/
AHA Guideline for Coronary Artery Bypass Graft Surgery. 
executive summary: a report of the American College of 
Cardiology Foundation/American Heart Association Task 
Force on Practice Guidelines. Circulation 124(23), 2610–2642 
(2011).

30 Deo SV, Shah IK, Dunlay SM et al. Bilateral internal thoracic 
artery harvest and deep sternal wound infection in diabetic 
patients. Ann. Thorac. Surg. 95(3), 862–869 (2013). 

• A meta-analysis of one randomized controlled trial and ten 
observational studies found that sternal wound infection 
can be reduced with the skeletonized internal thoracic 
artery harvest approach.

31 Horan TC, Andrus M, Dudeck MA. CDC/NHSN 
surveillance definition of health care-associated infection and 
criteria for specific types of infections in the acute care setting. 
Am. J. Infect. Control. 36(5), 309–332 (2008).

32 Yamashiro T, Kamiya H, Murayama S et al. Infectious 
mediastinitis after cardiovascular surgery: role of computed 
tomography. Radiat. Med. 26(6), 343–347 (2008).

33 APIC. Guide for the prevention of mediastinitis surgical site 
infections following cardiac surgery. 
www.apic.org/Resource_/EliminationGuideForm/a994706c-
8e6c-4807-b89a-6a7e6fb863dd/File/APIC-Mediastinitis-
Elimination-Guide.pdf

34 NICE. Surgical site infection: prevention and treatment of 
surgical site infection (2008). 
http://publications.nice.org.uk/surgical-site-infection-cg74 

35 Lazar HL, McDonnell M, Chipkin SR et al. The Society of 
Thoracic Surgeons practice guideline series: Blood glucose 

future science group

Understanding noncardiac complications following coronary artery bypass graft surgery    Review



204 Clin. Pract. (2014) 11(2)

management during adult cardiac surgery. Ann. Thorac. Surg. 
87(2), 663–669 (2009).

36 Furnary AP, Zerr KJ, Grunkemeier GL, Starr A. 
Continuous intravenous insulin infusion reduces the 
incidence of deep sternal wound infection in diabetic 
patients after cardiac surgical procedures. Ann. Thorac. Surg. 
67(2), 352–360; discussion 360–352 (1999).

37 van Rijen MM, Bonten M, Wenzel RP, Kluytmans JA. 
Intranasal mupirocin for reduction of Staphylococcus 
aureus infections in surgical patients with nasal carriage: a 
systematic review. J. Antimicrob. Chemother. 61(2), 254–261 
(2008). 

• Detailed review showing that Staphylococcus aureus 
infection levels in carriers are significantly reduced with 
application of prophylactic mupirocin ointment over 
placebo (80 vs 30% reduction).

38 Robicsek F. Postoperative sterno-mediastinitis. Am. Surg. 
66(2), 184–192 (2000).

39 Shumacker HB Jr, Mandelbaum I. Continuous antibiotic 
irrigation in the treatment of infection. Arch. Surg. 86, 
384–387 (1963).

40 Yuen JC, Zhou AT, Serafin D, Georgiade GS. Long-term 
sequelae following median sternotomy wound infection 
and flap reconstruction. Ann. Plast. Surg. 35(6), 585–589 
(1995).

41 Milano CA, Georgiade G, Muhlbaier LH, Smith PK, 
Wolfe WG. Comparison of omental and pectoralis flaps for 
poststernotomy mediastinitis. Ann. Thorac. Surg. 67(2), 
377–380; discussion 380–371 (1999).

42 Ringelman PR, Vander Kolk CA, Cameron D, 
Baumgartner WA, Manson PN. Long-term results of flap 
reconstruction in median sternotomy wound infections. 
Plast. Reconstr. Surg. 93(6), 1208–1214; discussion 
1215–1206 (1994).

43 Wackenfors A, Gustafsson R, Sjogren J, Algotsson L, 
Ingemansson R, Malmsjo M. Blood flow responses in the 
peristernal thoracic wall during vacuum-assisted closure 
therapy. Ann. Thorac. Surg. 79(5), 1724–1730 (2005).

44 Argenta LC, Morykwas MJ, Marks MW, DeFranzo AJ, 
Molnar JA, David LR. Vacuum-assisted closure. state of 
clinic art. Plast. Reconstr. Surg. 117(Suppl. 7), S127–S142 
(2006).

45 De Feo M, Della Corte A, Vicchio M, Pirozzi F, Nappi 
G, Cotrufo M. Is post-sternotomy mediastinitis still 
devastating after the advent of negative-pressure wound 
therapy? Tex. Heart Inst. J. 38(4), 375–380 (2011).

46 Baillot R, Cloutier D, Montalin L et al. Impact of deep 
sternal wound infection management with vacuum-assisted 
closure therapy followed by sternal osteosynthesis: a 15-year 
review of 23,499 sternotomies. Eur. J. Cardiothorac. Surg. 
37(4), 880–887 (2010). 

• Large study reporting the successful application of 
vacuum-assisted closure therapy followed by sternal 
osteosynthesis to treat deep sternal wound infection.

47 Fleck TM, Koller R, Giovanoli P et al. Primary or delayed 
closure for the treatment of poststernotomy wound 
infections? Ann. Plast. Surg. 52(3), 310–314 (2004).

48 Rosner MH, Okusa MD. Acute kidney injury associated 
with cardiac surgery. Clin. J. Am. Soc. Nephrol. 1(1), 19–32 
(2006).

49 Mehta RL, Kellum JA, Shah SV et al. Acute Kidney Injury 
Network: report of an initiative to improve outcomes in acute 
kidney injury. Crit. Care 11(2), R31 (2007).

50 Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P., 
Acute dialysis quality initiative with acute renal failure – 
definition, outcome measures, animal models, fluid therapy 
and information technology needs: the Second International 
Consensus Conference of the Acute Dialysis Quality Initiative 
(ADQI) Group. Crit. Care 8(4), R204–R212 (2004).

51 Habib RH, Zacharias A, Schwann TA et al. Role 
of hemodilutional anemia and transfusion during 
cardiopulmonary bypass in renal injury after coronary 
revascularization: implications on operative outcome. Crit. 
Care Med. 33(8), 1749–1756 (2005).

52 Pathi VL, Morrison J, MacPhaden A, Martin W, McQuiston 
AM, Wheatley DJ. Alterations in renal microcirculation 
during cardiopulmonary bypass. Ann. Thorac. Surg. 65(4), 
993–998 (1998).

53 Blauth CI. Macroemboli and microemboli during 
cardiopulmonary bypass. Ann. Thorac. Surg. 59(5), 
1300–1303 (1995).

54 Bagshaw SM, Gibney RT. Conventional markers of kidney 
function. Crit. Care Med. 36(Suppl. 4), S152–S158 (2008).

55 Schmidt-Ott KM, Mori K, Kalandadze A et al. Neutrophil 
gelatinase-associated lipocalin-mediated iron traffic in kidney 
epithelia. Curr. Opin. Nephrol. Hypertens. 15(4), 442–449 
(2006).

56 Haase M, Bellomo R, Devarajan P, Schlattmann P, Haase-
Fielitz A, Group NM. Accuracy of neutrophil gelatinase-
associated lipocalin (NGAL) in diagnosis and prognosis in 
acute kidney injury: a systematic review and meta-analysis. 
Am. J. Kidney Dis. 54(6), 1012–1024 (2009). 

•• Meta-analysis confirming the potential of neutrophil 
gelatinase-associated lipocalin (NGAL) as a useful novel 
biomarker to predict acute kidney injury.

57 Portilla D, Dent C, Sugaya T et al. Liver fatty acid-binding 
protein as a biomarker of acute kidney injury after cardiac 
surgery. Kidney Int. 73(4), 465–472 (2008).

58 Krawczeski CD, Vandevoorde RG, Kathman T et al. Serum 
cystatin C is an early predictive biomarker of acute kidney 
injury after pediatric cardiopulmonary bypass. Clin. J. Am. 
Soc. Nephrol. 5(9), 1552–1557 (2010).

59 Han WK, Wagener G, Zhu Y, Wang S, Lee HT. Urinary 
biomarkers in the early detection of acute kidney injury after 
cardiac surgery. Clin. J. Am. Soc. Nephrol. 4(5), 873–882 
(2009).

60 Kellum JA, Leblanc M, Gibney RT, Tumlin J, Lieberthal W, 
Ronco C. Primary prevention of acute renal failure in the 
critically ill. Curr. Opin. Crit. Care 11(6), 537–541 (2005).

61 Nigwekar SU, Kandula P. N-acetylcysteine in cardiovascular-
surgery-associated renal failure: a meta-analysis. Ann. Thorac. 
Surg. 87(1), 139–147 (2009).

62 Ho KM, Sheridan DJ. Meta-analysis of frusemide to prevent 
or treat acute renal failure. BMJ 333(7565), 420 (2006).

future science group

Review    Lok, Chen & Smith



www.futuremedicine.com 205

63 Yallop KG, Sheppard SV, Smith DC. The effect of mannitol 
on renal function following cardio-pulmonary bypass in 
patients with normal pre-operative creatinine. Anaesthesia 
63(6), 576–582 (2008).

64 Smith MN, Best D, Sheppard SV, Smith DC. The effect of 
mannitol on renal function after cardiopulmonary bypass 
in patients with established renal dysfunction. Anaesthesia 
63(7), 701–704 (2008).

65 Landoni G, Biondi-Zoccai GG, Tumlin JA et al. Beneficial 
impact of fenoldopam in critically ill patients with or at risk 
for acute renal failure: a meta-analysis of randomized clinical 
trials. Am. J. Kidney Dis. 49(1), 56–68 (2007).

66 Patel NN, Rogers CA, Angelini GD, Murphy GJ. 
Pharmacological therapies for the prevention of acute kidney 
injury following cardiac surgery: a systematic review. Heart 
Fail. Rev. 16(6), 553–567 (2011).

67 Nigwekar SU, Navaneethan SD, Parikh CR, Hix JK. Atrial 
natriuretic peptide for management of acute kidney injury: 
a systematic review and meta-analysis. Clin. J. Am. Soc. 
Nephrol. 4(2), 261–272 (2009).

68 Ranucci M, Romitti F, Isgro G et al. Oxygen delivery 
during cardiopulmonary bypass and acute renal failure after 
coronary operations. Ann. Thorac. Surg. 80(6), 2213–2220 
(2005).

69 Mohammadzadeh A, Jafari N, Hasanpour M, Sahandifar S, 
Ghafari M, Alaei V. Effects of pulsatile perfusion during 
cardiopulmonary bypass on biochemical markers and kidney 
function in patients undergoing cardiac surgeries. Am. 
J. Cardiovasc. Dis. 3(3), 158–162 (2013).

70 Presta P, Onorati F, Fuiano L et al. Can pulsatile 
cardiopulmonary bypass prevent perioperative renal 
dysfunction during myocardial revascularization in elderly 
patients? Nephron Clin. Pract. 111(4), C229–C235 (2009).

71 Abramov D, Tamariz M, Serrick CI et al. The influence of 
cardiopulmonary bypass flow characteristics on the clinical 
outcome of 1820 coronary bypass patients. Can. J. Cardiol. 
19(3), 237–243 (2003).

72 Alghamdi AA, Latter DA. Pulsatile versus nonpulsatile 
cardiopulmonary bypass flow: an evidence-based approach. 
J. Card. Surg. 21(4), 347–354 (2006).

73 Durmaz I, Yagdi T, Calkavur T et al. Prophylactic dialysis 
in patients with renal dysfunction undergoing on-pump 
coronary artery bypass surgery. Ann. Thorac. Surg. 75(3), 
859–864 (2003).

74 Bingol H, Akay HT, Iyem H et al. Prophylactic dialysis in 
elderly patients undergoing coronary bypass surgery. Ther. 
Apher. Dial. 11(1), 30–35 (2007).

75 Tan AM, Amoako D. Postoperative cognitive dysfunction 
after cardiac surgery. Contin. Educ. Anaesth. Crit. Care Pain 
doi:10.1093/bjaceaccp/mkt022 (2013).

76 Selnes OA, Gottesman RF, Grega MA, Baumgartner WA, 
Zeger SL, McKhann GM. Cognitive and neurologic 
outcomes after coronary-artery bypass surgery. N. Engl. 
J. Med. 366(3), 250–257 (2012).

77 Roach GW, Kanchuger M, Mangano CM et al. Adverse 
cerebral outcomes after coronary bypass surgery. Multicenter 
Study of Perioperative Ischemia Research Group and the 

Ischemia Research and Education Foundation Investigators. 
N. Engl. J. Med. 335(25), 1857–1863 (1996).

78 Nor AM, Davis J, Sen B et al. The Recognition of Stroke 
in the Emergency Room (ROSIER) scale: development 
and validation of a stroke recognition instrument. Lancet 
Neurol. 4(11), 727–734 (2005).

79 McKhann GM, Grega MA, Borowicz LM Jr, Baumgartner 
WA, Selnes OA. Stroke and encephalopathy after cardiac 
surgery: an update. Stroke 37(2), 562–571 (2006).

80 Clark RE, Brillman J, Davis DA, Lovell MR, Price TR, 
Magovern GJ. Microemboli during coronary artery 
bypass grafting. Genesis and effect on outcome. J. Thorac. 
Cardiovasc. Surg. 109(2), 249–257; discussion 257–248 
(1995).

81 Pugsley W, Klinger L, Paschalis C, Treasure T, 
Harrison M, Newman S. The impact of microemboli 
during cardiopulmonary bypass on neuropsychological 
functioning. Stroke 25(7), 1393–1399 (1994).

82 Naylor AR, Mehta Z, Rothwell PM, Bell PR. Carotid 
artery disease and stroke during coronary artery bypass: a 
critical review of the literature. Eur. J. Vasc. Endovasc. Surg. 
23(4), 283–294 (2002).

83 Schoen J, Husemann L, Tiemeyer C et al. Cognitive 
function after sevoflurane- vs propofol-based anaesthesia 
for on-pump cardiac surgery: a randomized controlled trial. 
Br. J. Anaesth. 106(6), 840–850 (2011).

84 Chaturvedi S, Bruno A, Feasby T et al. Carotid 
endarterectomy – an evidence-based review: report of the 
Therapeutics and Technology Assessment Subcommittee 
of the American Academy of Neurology. Neurology 65(6), 
794–801 (2005).

85 Suvarna S, Smith A, Stygall J et al. An intraoperative 
assessment of the ascending aorta: a comparison of digital 
palpation, transesophageal echocardiography, and epiaortic 
ultrasonography. J. Cardiothorac. Vasc. Anesth. 21(6), 
805–809 (2007).

86 Rosenberger P, Shernan SK, Loffler M et al. The influence 
of epiaortic ultrasonography on intraoperative surgical 
management in 6051 cardiac surgical patients. Ann. 
Thorac. Surg. 85(2), 548–553 (2008).

87 Zingone B, Rauber E, Gatti G et al. The impact of 
epiaortic ultrasonographic scanning on the risk of 
perioperative stroke. Eur. J. Cardiothorac. Surg. 29(5), 
720–728 (2006).

88 Lamy A, Devereaux PJ, Prabhakaran D et al. Effects of 
off-pump and on-pump coronary-artery bypass grafting at 
1 year. N. Engl. J. Med. 368(13), 1179–1188 (2013).

89 Lamy A, Devereaux PJ, Prabhakaran D et al. Off-pump or 
on-pump coronary-artery bypass grafting at 30 days. N. 
Engl. J. Med. 366(16), 1489–1497 (2012).

90 Calafiore AM, Di Mauro M, Teodori G et al. Impact 
of aortic manipulation on incidence of cerebrovascular 
accidents after surgical myocardial revascularization. Ann. 
Thorac. Surg. 73(5), 1387–1393 (2002).

91 Lev-Ran O, Braunstein R, Sharony R et al. No-touch aorta 
off-pump coronary surgery: the effect on stroke. J. Thorac. 
Cardiovasc. Surg. 129(2), 307–313 (2005). 

future science group

Understanding noncardiac complications following coronary artery bypass graft surgery    Review



206 Clin. Pract. (2014) 11(2)

• Study involving 700 patients who underwent off-pump 
coronary artery bypass grafting, which demonstrated 
a significant reduction in the incidence of stroke with 
application of the no-touch aortic technique.

92 Asimakopoulos G, Smith PL, Ratnatunga CP, Taylor 
KM. Lung injury and acute respiratory distress syndrome 
after cardiopulmonary bypass. Ann. Thorac. Surg. 68(3), 
1107–1115 (1999).

93 Apostolakis E, Filos KS, Koletsis E, Dougenis D. Lung 
dysfunction following cardiopulmonary bypass. J. Card. 
Surg. 25(1), 47–55 (2010).

94 Taggart DP. Respiratory dysfunction after cardiac surgery: 
effects of avoiding cardiopulmonary bypass and the use of 
bilateral internal mammary arteries. Eur. J. Cardiothorac. 
Surg. 18(1), 31–37 (2000).

95 Cox CM, Ascione R, Cohen AM, Davies IM, Ryder 
IG, Angelini GD. Effect of cardiopulmonary bypass on 
pulmonary gas exchange: a prospective randomized study. 
Ann. Thorac. Surg. 69(1), 140–145 (2000).

96 Cimen S, Ozkul V, Ketenci B et al. Daily comparison of 
respiratory functions between on-pump and off-pump 
patients undergoing CABG. Eur. J. Cardiothorac. Surg. 
23(4), 589–594 (2003).

97 Guizilini S, Bolzan DW, Faresin SM, Alves FA, Gomes WJ. 
sMinisternotomy in myocardial revascularization preserves 
postoperative pulmonary function. Arq. Bras. Cardiol. 95(5), 
587–593 (2010).

98 Iyem H, Islamoglu F, Yagdi T et al. Effects of pleurotomy 
on respiratory sequelae after internal mammary artery 
harvestinsg. Tex. Heart Inst. J. 33(2), 116–121 (2006).

99 de Vroege R, van Oeveren W, van Klarenbosch J 
et al. The impact of heparin-coated cardiopulmonary 
bypass circuits on pulmonary function and the release 
of inf lammatory mediators. Anesth. Analg. 98(6), 
1586–1594 (2004).

100 Mahmood S, Bilal H, Zaman M, Tang A. Is a fully 
heparin-bonded cardiopulmonary bypass circuit superior 
to a standard cardiopulmonary bypass circuit? Interact. 
Cardiovasc. Thorac. Surg. 14(4), 406–414 (2012).

101 Huang H, Yao T, Wang W et al. Continuous ultrafiltration 
attenuates the pulmonary injury that follows open heart 
surgery with cardiopulmonary bypass. Ann. Thorac. Surg. 
76(1), 136–140 (2003).

102 Perez-Vela JL, Ruiz-Alonso E, Guillen-Ramirez F et al. ICU 
outcomes in adult cardiac surgery patients in relation to 
ultrafiltration type. Perfusion 23(2), 79–87 (2008).

103 Magnusson L, Zemgulis V, Tenling A et al. Use of 
a vital capacity maneuver to prevent atelectasis after 
cardiopulmonary bypass: an experimental study. 
Anesthesiology 88(1), 134–142 (1998).

104 Imura H, Caputo M, Lim K et al. Pulmonary injury after 
cardiopulmonary bypass: beneficial effects of low-frequency 
mechanical ventilation. J. Thorac. Cardiovasc. Surg. 137(6), 
1530–1537 (2009).

105 Schreiber JU, Lance MD, de Korte M, Artmann T, 
Aleksic I, Kranke P. The effect of different lung-protective 
strategies in patients during cardiopulmonary bypass: a 
meta-analysis and semiquantitative review of randomized 
trials. J. Cardiothorac. Vasc. Anesth. 26(3), 448–454 (2012).

106 Salamonsen RF, Anderson J, Anderson M, Bailey M, 
Magrin G, Rosenfeldt F. Total leukocyte control for 
elective coronary bypass surgery does not improve short-
term outcome. Ann. Thorac. Surg. 79(6), 2032–2038 
(2005).

107 Warren O, Alexiou C, Massey R et al. The effects of 
various leukocyte filtration strategies in cardiac surgery. 
Eur. J. Cardiothorac. Surg. 31(4), 665–676 (2007).

108 Giomarelli P, Scolletta S, Borrelli E, Biagioli B. Myocardial 
and lung injury after cardiopulmonary bypass: role of 
interleukin (IL)-10. Ann. Thorac. Surg. 76(1), 117–123 
(2003).

109 Dieleman JM, van Paassen J, van Dijk D et al. Prophylactic 
corticosteroids for cardiopulmonary bypass in adults. 
Cochrane Database Syst. Rev. 5, CD005566 (2011).

110 Erdogan M, Kalaycioglu S, Iriz E. Protective effect of 
aprotinin against lung damage in patients undergoing 
CABG surgery. Acta Cardiol. 60(4), 367–372 (2005).

111 Krasna MJ, Flancbaum L, Trooskin SZ et al. 
Gastrointestinal complications after cardiac surgery. 
Surgery 104(4), 773–780 (1988).

112 Sakorafas GH, Tsiotos GG. Intra-abdominal complications 
after cardiac surgery. Eur. J. Surg. 165(9), 820–827 (1999).

113 Hessel EA 2nd. Abdominal organ injury after cardiac 
surgery. Semin. Cardiothorac. Vasc. Anesth. 8(3), 243–263 
(2004).

114 D’Ancona G, Baillot R, Poirier B et al. Determinants of 
gastrointestinal complications in cardiac surgery. Tex. 
Heart Inst. J. 30(4), 280–285 (2003).

115 Tsiotos GG, Mullany CJ, Zietlow S, van Heerden JA. 
Abdominal complications following cardiac surgery. Am. 
J. Surg. 167(6), 553–557 (1994).

116 Halm U, Halm F, Thein D, Mohr FW, Mossner J. 
Helicobacter pylori infection: a risk factor for upper 
gastrointestinal bleeding after cardiac surgery? Crit. Care 
Med. 28(1), 110–113 (2000).

117 Shin JS, Abah U. Is routine stress ulcer prophylaxis of 
benefit for patients undergoing cardiac surgery? Interact. 
Cardiovasc. Thorac. Surg. 14(5), 622–628 (2012).

118 Burns BJ, Brandt LJ. Intestinal ischemia. Gastroenterol. 
Clin. North. Am. 32(4), 1127–1143 (2003).

119 Ghosh S, Roberts N, Firmin RK, Jameson J, Spyt TJ. Risk 
factors for intestinal ischaemia in cardiac surgical patients. 
Eur. J. Cardiothorac. Surg. 21(3), 411–416 (2002).

120 Passage J, Joshi P, Mullany DV. Acute cholecystitis 
complicating cardiac surgery: case series involving more 
than 16,000 patients. Ann. Thorac. Surg. 83(3), 1096–1101 
(2007).

future science group

Review    Lok, Chen & Smith


