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Abstract 

Cardiac surgery has been evolving to include minimally invasive, hybrid and transcatheter techniques. Increas‑
ing patient age and medical complexity means that critical care management needs to adapt and evolve. Recent 
advances have occurred in several areas, including ventilation, haemodynamics and mechanical circulatory support, 
bleeding and coagulation, acute kidney injury, and neurological management. This narrative review describes stand‑
ard care, recent advances, and future areas of research in the critical care management of patients undergoing cardiac 
surgery.
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This is an invited summary of recent advances and areas 
of future research in the management of the adult car-
diac surgical patient in the intensive care unit. Areas have 
been selected on the basis of clinical significance, change 
in practice, recent new evidence or ongoing controversy.

Trends in cardiac surgery
Minimally invasive, hybrid and transcatheter techniques 
coupled with the increasing age and medical complex-
ity of the patients has mandated a different approach 
to cardiac surgical patients. The recent concept of “The 
Heart Team” has dramatically changed the way patients 
are managed. This includes referral to centres rather than 
individual surgeons, assessment in multidisciplinary clin-
ics, procedures performed by two or more proceduralists 
and postoperative care in high-end dedicated facilities.

Because of the ageing population and increased referral 
for procedures based on the benefits (perceived or other-
wise) of transcatheter and minimally invasive techniques, 
the number of cardiac surgical patients over 80 years old 
has increased up to 24-fold over the last two decades [1, 

2]. A flow-on effect of increased transcatheter procedures 
has been an increased referral for more complex valvular 
surgical procedures [2].

Risk scores, such as EuroSCORE and the STS risk score, 
have been popular and widely used in cardiac surgery 
over the past two decades. However, elderly and high-risk 
patients have not featured heavily in the datasets, and the 
often complex nature of the patients has mandated a dif-
ferent approach [3]. Assessment by multi-disciplinary 
teams and a focus on frailty has allowed a more accurate 
evaluation of this patient population. The immediate pro-
cedural risks can be assessed, as can the potential long-
term benefits including quality of life and reduced hospital 
readmissions, of complex and expensive procedures [4].

Coronary artery surgery remains the most common 
adult cardiac surgical procedure performed worldwide, 
with aortic valve surgery being the most common valve 
procedure. Elderly patients in particular may benefit from 
advanced techniques such as anaortic off-pump coronary 
surgery where surgical revascularisation is performed 
without a heart–lung machine and without manipulat-
ing the aorta [5, 6]. This avoids end-organ injury caused 
by emboli that may be generated by the cardiopulmo-
nary bypass (CPB) circuit and aortic cross-clamping. 
An example of a multidisciplinary approach to complex 
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problems is the use of hybrid techniques where tran-
scatheter technology is used in conjunction with open 
surgery (Fig. 1) [7].

Minimally invasive cardiac surgery is becoming more 
common [8]. Elderly patients may benefit from this 
approach with less tissue trauma and shorter recovery 
times. However, the need for peripheral (femoral) can-
nulation for bypass may increase the risk of retrograde 
embolisation of atheromatous plaque and this must 
be considered when deciding the appropriate surgical 
approach. The postoperative management of patients 
who have minimally invasive surgery is different to sur-
gery via a sternotomy. Patients are often “fast-tracked” 
and admitted to the intensive care, intermediate or step-
down unit extubated. In the event of bleeding or car-
diac tamponade, re-entry can be more difficult and may 
require a de novo sternotomy in the intensive care unit.

Background and recent advances
Respiratory considerations
Pulmonary dysfunction occurs in 10–25% of cardiac sur-
gical patients and is a major contributor to early and late 
morbidity [9]. It has a multifactorial origin including: co-
existing preoperative pulmonary disease; use of CPB with 
minimal to absent ventilation and inflammatory injury; 
intraoperative lung manipulation; intrathoracic bleeding 
and blood product administration; and mechanical and 
pain factors related to surgical incision. Atelectasis and 
pleural effusions occur in almost all patients.

Lung-protective ventilation and alveolar recruitment 
manoeuvres, which may commence intraoperatively, are 
suggested for optimisation of postoperative gas exchange 
and reduction of ventilator-associated lung injury [10].

Recent advances
Adaptive support ventilation and automated weaning 
protocols for cardiac patients may result in faster wean-
ing and extubation when compared to traditional ventila-
tory modes in fast-track surgical patients [11]. While the 
clinical significance of shortened weaning times may be 
questioned, no worse outcomes with closed loop weaning 
have been demonstrated.

For extubated patients, a randomised controlled trial 
(RCT) of the routine use of high-flow nasal oxygen failed 
to improve the oxygen saturation to inspired fraction of 
oxygen ratio compared to usual therapy [12]. A recent 
RCT demonstrated non-inferiority of high-flow nasal oxy-
gen compared to non-invasive ventilation (NIV) when 
used prophylactically in cardiothoracic patients at high 
risk of reintubation or as rescue therapy in postextubation 
respiratory failure [13]. Although commonly applied in 
many centres, there is only sparse high-quality evidence to 
support the use of NIV following cardiac surgery.

Haemodynamic considerations
Cardiac surgery results in a moderate hypermetabolic 
state that imposes a risk for perfusion supply/metabolic 
demand mismatch, especially in the presence of cardiac 
dysfunction and limited cardiovascular reserve. Postop-
erative cardiovascular support aims to minimise any sys-
tematic or regional supply/demand mismatch.

An increase in whole-body oxygen consumption (VO2) 
by 10–20% occurs on the first postoperative day and is 
sustained for at least 24–48 h, particularly as mechanical 
ventilator support is weaned and the patient mobilised, 
and may be further increased in the setting of pain, anxiety 
or delirium. Hepatosplanchnic oxygen extraction [14] and 
renal VO2 increase in the early postoperative period (the 
latter up to 50%) [15]. This is not matched by correspond-
ing increases in regional blood flow, as the proportion of 
cardiac output (CO) remains the same. The splanchnic 

Fig. 1  An elderly patient with severe peripheral vascular disease, aor‑
tic stenosis and complex unstentable coronary artery disease under‑
went a combined multi-vessel off-pump CABG and transcatheter AVR 
in a single procedure. 3D reconstruction of the post-procedure result 
from a combined transcatheter aortic valve implantation (green) 
and multi-vessel off-pump coronary artery bypass grafting (purple) 
is shown. This required multiple proceduralists with complementary 
skill-sets to achieve an excellent result in this elderly and high-risk 
patient
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perfusion may be further compromised due to increased 
preload, venous congestion and redistribution of blood 
flow towards the periphery associated with vasodilata-
tion. Insufficient CO and high systemic oxygen extraction 
in the early postoperative period has been associated with 
adverse outcomes [16].

The focus of intensive care management after car-
diac surgery is to maintain adequate organ perfusion. 
While multiple devices are available to monitor CO, the 
approach to evaluating organ perfusion is more complex.

A postoperative low-CO syndrome affects up to 20% of 
cardiac surgical patients [9]. Catecholamines and phos-
phodiesterase inhibitors are commonly used to support 
CO, although no RCTs have demonstrated their benefit 
and some meta-analyses and observational data suggest 
that they might adversely affect survival [17].

Up to 25% of patients develop a vasoplegic syndrome with 
hypotension [mean arterial pressure (MAP) < 60  mmHg] 
and high cardiac index (> 3.5 L/min/m2) that require esca-
lating doses of vasopressors or occasionally multiple vaso-
pressor agents [9]. Conversely, vasodilators may be needed 
to control hypertension, especially in the context of aortic 
valve replacements and procedures on the aorta.

Recent advances
Haemodynamic management largely relies on the extrap-
olation of CO to reflect regional perfusion, supported 
by laboratory investigations of organ function. Several 
relatively small, mostly single-centre studies and a meta-
analysis have suggested improved outcomes from inter-
ventions goal-directed therapy aimed at preventing low 
CO or low mixed venous oxygen saturation. High-quality 
evidence for such interventions is lacking [18].

The optimal assessment of fluid responsiveness remains 
a controversial area in postoperative cardiac care. While 
reliance on static filling pressures is rare in modern prac-
tice, dynamic measures such as stroke volume variation and 
pulse pressure variation are confounded by right ventricular 
dysfunction, early extubation and spontaneous breathing.

Most evidence regarding intravenous fluids has been 
gathered outside the cardiac surgical population and 
considerable variability exist in clinical practice without 
consensus guidelines. The trend in fluid administration in 
cardiothoracic patients includes restrictive intra-opera-
tive and postoperative fluid administration [19].

Three recent large RCTs (LEVO-CTS [20], LICORN 
[21], CHEETAH [22]) did not demonstrate any benefit 
of perioperative levosimendan, and a meta-analysis of 
five low risk of bias trials including 1910 patients showed 
no association between levosimendan use and mortal-
ity, acute kidney injury (AKI), need for renal replace-
ment therapy, myocardial infarction or ventricular 

arrhythmias, but an association with a higher incidence 
of supraventricular arrhythmias [23].

Methylene blue has been suggested to treat postopera-
tive vasoplegic syndrome. The optimal timing, dose and 
patient selection remains unknown as most evidence to 
support its use is based on small case series. It is still con-
sidered a rescue therapy [24].

Remote ischaemic preconditioning stipulates that 
producing remote ischaemia (by blood pressure cuff 
applied to the arm) prior to surgery would induce pro-
tective mechanisms in the myocardium and reduce post-
operative morbidity and mortality. While the data for 
this intervention are difficult to interpret, the Cochrane 
review in 2017 [25] demonstrated that remote ischaemic 
preconditioning has no treatment effect on mortality, 
non-fatal myocardial infarction or stroke following coro-
nary artery bypass surgery.

Mechanical circulatory support
Mechanical circulatory support (MCS) is a broad term 
encompassing a range of devices used for short- and 
long-term cardiovascular support (Table 1).

Short-term MCS is intended as a temporising measure 
to rescue patients with acute decompensated heart fail-
ure, cardiogenic shock including postcardiotomy cardio-
genic shock, refractory ventricular arrhythmias, massive 
pulmonary embolism or pulmonary hypertensive crisis. 
It may also be employed prophylactically prior to invasive 
cardiac procedures in patients at high risk for cardiovas-
cular decompensation intra-operatively. A graphical rep-
resentation of some common short-term MCS devices is 
shown in Fig. 2.

The goal with short-term MCS is to bridge the patient 
either to recovery, surgery, durable device, or to decision 
if there is prognostic uncertainty. There is a paucity of 
evidence for the selection and timing of MCS in patients 
with cardiogenic shock. Such decisions should be under-
taken by experienced multi-disciplinary teams [26]. The 
aetiology of cardiogenic shock largely determines the 
prognosis, regardless of the MCS device chosen, with 
postcardiotomy cardiogenic shock typically having the 
worst prognosis [27].

Intra‑aortic balloon pump (IABP)
The IABP is the most commonly used form of MCS as it 
is easy to deploy and the least expensive. The use of IABP 
has recently been questioned, particularly in patients 
with cardiogenic shock after acute myocardial infarc-
tion, since the IABP-SHOCK II trial failed to show a ben-
efit on 30-day mortality in this setting [28], resulting in a 
downgrading of the recommendations for its use both in 
Europe and in the United States [26].
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Percutaneous ventricular assist devices
The Impella and the TandemHeart are shorter-term 
MCS devices, which may be referred to as percuatane-
ous ventricular assist devices (VADs), that in the typi-
cal configuration provide LV decompression by draining 
the left ventricle and left atrium, respectively, with arte-
rial reinfusion. These devices are more expensive than 
ECMO, may not provide sufficient LV support, and do 
not provide gas exchange support. Nonetheless, their 
use appears to be increasing [29], with some guidelines 
explicitly favouring percutaneous VADs or ECMO over 
the IABP [30]. Common complications of the percuta-
neous VADs as well as venoarterial ECMO include limb 
ischemia, compartment syndrome, pseudoaneurysm, 
bleeding, thrombocytopenia, vascular injury, infection, 
thromboembolic events and haemolysis.

Extracorporeal membrane oxygenation (ECMO)
ECMO is a form of short-term MCS, which can provide 
either partial or full circulatory support through periph-
eral or central venoarterial cannulation [31]. The major 
advantages of ECMO are the provision of gas exchange 
support in addition to circulatory support, and rapid 
initiation, even at the bedside through peripheral can-
nulation. One major disadvantage of peripheral venoar-
terial ECMO is the increased left ventricular afterload, 
which may lead to LV distension, necessitating venting 
manoeuvres. Venoarterial ECMO is useful as a bridge to 

recovery, longer-term mechanical support or heart trans-
plantation. ECMO is the MCS modality of choice for 
bridging patients with pulmonary hypertensive crisis [32] 
and the most straightforward short-term MCS approach 
to biventricular failure. The use of venoarterial ECMO 
has increased dramatically in recent years [33], particu-
larly after the IABP-SHOCK II trial [34].

Surgical ventricular assist devices
Short-term surgical VADs may be implanted to support 
the left ventricle, the right ventricle or both. The Cen-
triMag and Abiomed (Impella 5.0) VADs provide more 
stable short- and medium-term support. Long-term 
MCS is provided via a durable VAD, primarily the Heart-
Mate II and III and the HeartWare HVAD, which are 
principally used either as a bridge to heart transplanta-
tion or as destination therapy [35], with the HeartMate 
III emerging as the next generation device.

Recent advances
Refinement of technology and expertise in MCS use and 
general aspects of care such as nutrition, mobilisation, 
asepsis, and psychological support have evolved.

The Impella RP (Fig. 2) has offered a viable option for 
patients with isolated right ventricular failure or biven-
tricular failure where the left ventricle is supported by a 
long-term MCS device [36].

Table 1  Mechanical circulatory support devices

IABP intra-aortic balloon pump, VAD ventricular assist device, VA-ECMO venoarterial extracorporeal membrane oxygenation, HVAD Heartware ventricular assist device, 
LV left ventricle, LVAD left ventricular assist device, RVAD right ventricular assist device, BiVAD biventricular assist device, LA left atrium, AV aortic valve

IABP Percutaneous VAD VA-ECMO Surgical VAD

Impella Tandem-
Heart

Centrimag Abiomed HeartMate II HVAD

Mechanism Counterpulsa‑
tion

Axial continu‑
ous flow

Centrifugal 
continuous 
flow

Centrifugal 
continuous 
flow

Centrifugal 
continuous 
flow

Pneumatic 
pulsatile 
flow

Rotary 
continuous 
flow

Centrifugal con‑
tinuous flow

Support LV support LVAD
RVAD

LVAD
RVAD
BiVAD

LV/RV support, 
Oxygenation

LVAD
RVAD
BiVAD

LVAD
RVAD
BiVAD

LVAD VAD

Effect on LV/LA ↓LV afterload Unloads
LV/RV

Unloads
LA

↑ LV
afterload

Unloads
LV

Directly
Unloads
LV

Directly
Unloads
LV

Directly
Unloads
LV

Device-specific 
potential 
issues

Air emboli
Malposition
Aortic injury
Mesenteric 

thrombosis
↓platelets

Haemolysis,
Pump migra‑

tion
AV injury
Tamponade
Ventricular 

arrhythmias

Cannula 
migration,

Tamponade
Emboli
Inter-atrial 

shunt

Circuit clotting
LV dilatation
Differential 

hypoxia 
(peripheral 
VA-ECMO)

Blood or air 
emboli

Limited mobil‑
ity

Bleeding, 
sepsis

Bleeding,
Sepsis,
RV failure

Bleeding, sepsis, 
RV failure

Device-specific 
benefits

Easy, rapid 
insertion

Multiple 
platforms

Haemo‑
dynamic 
stability

Rapid, bedside 
insertion

Oxygenation

Extensive
experience
May add oxy‑

genation

Easy to use
Independent 

of cardiac 
rhythm

Easy insertion
Small size

Thoracic inser‑
tion

Small size
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The ProtekDuo [37] is a new device for right ventricu-
lar support that has evolved from the TandemHeart tech-
nology. It has been used to support the right ventricle in 
patients with durable LVAD. In this setting, it supports 
marginal candidates and patients with unexpected perio-
perative right ventricular failure. Additionally, it has the 
option for oxygenation when required.

Echocardiography
Immediate 24/7 access to echocardiography is key to 
managing the haemodynamic lability that is common 
following cardiac surgery. Transoesophageal echocar-
diography (TOE) is essential for diagnosing the cause 
of haemodynamic instability in ventilated patients post 
cardiac surgery. A TOE study may support a diagnosis 
of LV failure, hypovolaemia and myocardial ischaemia or 
identify cardiac surgical complications such as tampon-
ade, dynamic LV outflow tract obstruction secondary to 
systolic anterior mitral valve leaflet motion, or acute RV 
failure. Even with harmonic imaging enhancement, tran-
sthoracic echocardiography (TTE) is often inadequate 
in patients immediately following cardiac surgery and 
has most utility following cardiac surgery when patients 
have been extubated and chest drains removed [38]. Lung 
ultrasound performed at the same time as TTE adds sig-
nificant diagnostic information including identifying 
pulmonary oedema, pleural effusion, consolidation and 
pneumothorax.

Recent advances
Miniaturised disposable TOE probes have made continu-
ous (up to 72 h) monitoring available. Half the size of a 
standard probe, mTOE monoplane and colour flow imag-
ing facilitates haemodynamic management in haemody-
namically unstable patients postcardiac surgery [39]. The 
commonest interventions included changes in vasoac-
tive medications in 45% and administration of additional 
fluids in 41% of patients. An mTOE-guided venoarterial 
ECMO weaning protocol has been used to predict the 
ability to wean venoarterial ECMO [40].

A frequent indication for echocardiography after car-
diac surgery is assessment of ventricular function as 
reduced compliance and myocardial dysfunction are 
common. Three-dimensional (3D) TOE overcomes some 
of the problems of two-dimensional (2D) by capturing a 
pyramidal dataset enabling multiplanar reconstruction 
and more accurate LV volume assessment. Preliminary 
studies have demonstrated utility of 3D TOE in measur-
ing LV and RV ejection fraction following cardiac surgery 
[41]. More recently, measurement of myocardial strain, 
using speckle-tracking echocardiography, supported ear-
lier detection of myocardial dysfunction [42]. A reduc-
tion in intraoperative LV global longitudinal strain is an 

independent predictor of early postoperative dysfunction 
in patients undergoing cardiac surgery and is associated 
with longer hospitalisations in patients undergoing surgi-
cal aortic valve replacement for stenosis [41]. A reduction 
in global RV longitudinal strain is associated with RV fail-
ure following insertion of a LVAD [43]. These techniques 
to help with perioperative haemodynamic assessment 
following cardiac surgery hold significant potential.

Haemostasis and transfusion of blood products
The coagulopathy occurring with CPB is well described 
and postoperative bleeding is common. Excessive bleed-
ing due to coagulopathy occurs in up to 10% of postop-
erative cases and is associated with worse outcome [44]. 
Traditional assessments of coagulation have limited abil-
ity to predict perioperative bleeding with a turnaround 
time of up to 1  h. Viscoelastic testing using thromboe-
lastography (TEG) and rotational thromboelastometry 
(ROTEM) have the advantage of providing insight into 
the physiologic activity of clotting factors, platelet func-
tion, and both fibrinogen and plasminogen activity with a 
rapid turnaround time.

Hypofibrinogenaemia (< 100 mg/dL) is associated with 
increased bleeding and RBC use. Most transfusion algo-
rithms suggest a trigger of < 150 mg/dL [45]. Options for 
replacement include FFP, cryoprecipitate, and fibrinogen 
concentrate. Replacement using fibrinogen concentrate, 
although a potentially attractive option, is not supported 
by current evidence [46] and its use is not currently 
approved in all countries.

Many patients undergoing coronary artery bypass sur-
gery have received preoperative antiplatelet agents. In a 
recent RCT of coronary artery bypass surgery patients 
[47], aspirin was not associated with increased bleeding. 
Aspirin is usually continued preoperatively and, in the 
absence of major bleeding, should be commenced in the 
early postoperative phase.

The commonly used P2Y12 platelet inhibitors (including 
clopidogrel, prasugrel, and ticagrelor) all increase the risk 
of cardiac surgery-related bleeding, with prasugrel asso-
ciated with the highest perioperative bleeding rate [48]. 
Timing of cessation of these agents depends on the surgi-
cal urgency, balancing the risk for thrombosis versus the 
risk for bleeding: for elective cardiac surgical procedures, 
it is recommended that clopidogrel and ticagrelor should 
be stopped 5 days prior and prasugrel should be stopped 
7 days prior owing to its prolonged action [49]. In high 
risk patients for whom cessation of dual antiplatelet ther-
apy (DAPT) is deemed unsafe, P2Y12 inhibitors may be 
switched to an alternate antiplatelet agent with a shorter 
half-life (e.g. G2b-3a inhibitor tirofiban). In the absence 
of significant perioperative bleeding, DAPT should be 
resumed as soon as possible following surgery [49].
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Recent advances
The use of TEG and ROTEM has been a key focus of 
research in the management of cardiac surgery-related 
bleeding and treatment algorithms incorporating these 
devices have shown reduction in blood product use, 
reduced incidence of re-exploration for postoperative 
bleeding, decrease in hospital cost, and reduction in off-
label use of recombinant activated factor VII (rFVII) as 
rescue therapy [45].

Observational data have previously described the 
adverse outcomes associated with red blood cell (RBC) 
and blood component transfusions in cardiac surgery 
patients. The optimal nadir for RBC transfusion has 
been debated, largely driven by data linking periopera-
tive anaemia to worse outcome [50]. Three recent RCTs 
have compared ‘restrictive’ versus ‘liberal’ RBC transfu-
sion targets in cardiac surgery. In both the TRACS [51] 
and TITRe2 [52] trials, there was no difference in early 
mortality or morbidity, with use of a restrictive strat-
egy, and RBC use was significantly reduced. However, 
in the restrictive group of the TITRe2 trial, there was 
an increase in the secondary outcome of 90-day mortal-
ity. The mechanism of this unexpected delayed mortality 
difference is unclear. The TRICS 3 trial [53] addressed 
the important question of RBC transfusion threshold in 
higher risk patients (based on EUROscore ≥ 6), revealing 
no difference in the primary outcome of all-cause mortal-
ity or secondary outcomes of morbidity between trans-
fusion targets. The recent INFORM and TRANSFUSE 
trials, both including cardiac surgical patients, found no 
difference in mortality when older versus fresher blood 
was used for transfusion [54, 55].

Use of factor concentrates including prothrombin com-
plex concentrate is increasing, and has the advantages 
of lower volume load, rapid reconstitution and adminis-
tration and a lower viral transmission risk, compared to 
FFP. It has been incorporated into point-of-care bleed-
ing algorithms, and in a recent observational study was 
associated with reduced bleeding and less RBC transfu-
sion than FFP [56]. The rFVIIa is a potent and effective 
haemostatic agent in post-CPB coagulopathy, reduc-
ing re-exploration and allogeneic transfusion rates [57]. 
However, use in this context remains controversial, and 
its use has been associated with serious thrombotic com-
plications, particularly in the elderly [58].

Patients on DAPT requiring emergency surgery are 
at high risk of major bleeding and therefore monitor-
ing of platelet function during and after cardiac surgery 
is crucial. Several point-of-care platelet function testing 
devices are available, including the Multiplate® (Roche 
Diagnostics, Rotkreuz, Switzerland), TEG® Platelet Map-
ping™ (Haemonetics, Braintree, MA, USA), Rotem® 
platelet (TEM Int, Munich, Germany), and VerifyNow® 

(Accriva Diagnostics, San Diego, CA, USA) systems, and 
have also shown potential use in assessing platelet func-
tion in bleeding patients [59].A recent systematic review 
and meta-analysis found that addition of point-of-care 
platelet function testing to viscoelastic measurements in 
transfusion management algorithms resulted a reduction 
in blood loss and transfusion requirements [60]. How-
ever, there is currently a paucity of quality data to support 
the routine use of point-of-care platelet function testing 
in predicting bleeding risk in cardiac surgical patients. 
Despite an increased use of desmopressin (DDAVP) for 
bleeding related to platelet dysfunction [61], evidence for 
its efficacy remains limited.

While large-scale studies on thromboprophylaxis are 
lacking, a recent systematic review did not detect harm 
from chemical prophylaxis, and recommended com-
mencing therapy at an early stage in the absence of major 
bleeding [62].

Renal considerations
The renal medulla is perfused at a low oxygen concentra-
tion making the kidneys susceptible to injury because of 
the limited reserve. AKI occurs in up to 30% of patients 
after cardiac surgery and is associated with increased 
mortality correlated to the severity of AKI [63]. Risk fac-
tors independently associated with development of AKI 
after cardiac surgery include age, hypertension, pre-exist-
ing chronic kidney disease, blood transfusion, inotropic 
support, ECC duration, aortic cross-clamping, restricted 
oxygen delivery and severe haemodilution [64].

A decrease in renal perfusion and an imbalance 
between renal oxygen delivery (DO2) and VO2 can lead 
to significant renal injury. Renal DO2 varies greatly dur-
ing CPB and in the postoperative period. Even a shorter 
period of insufficient DO2 during CPB is significantly 
associated with the occurrence of AKI, while studies sug-
gest that the MAP during CPB has no influence on AKI 
as long as renal perfusion is adequate [65]. In patients 
with decompensated heart failure venous congestion, 
rather than CO, is the important factor in the develop-
ment of AKI [66].

Recent advances
Current guidelines for the diagnosis of AKI recommends 
the use of Kidney Disease Improving Global Outcomes 
(KDIGO) criteria [67]. An increase in serum creatinine 
occurs late in the development of AKI and identifica-
tion of novel biomarkers, such as neutrophil gelatinase-
associated lipocalin and interleukin-18, might in the 
future help early detection and prognosis in AKI and 
thereby potentially improving early institution of treat-
ment [68]. Only a few strategies to prevent and manage 
AKI have been shown to improve outcomes, including 
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goal-directed CPB perfusion maintaining adequate renal 
DO2 [18], and close attention to intravenous resuscita-
tion and hemodynamic management. Pharmacological 
means to protect renal function have proven elusive to 
date.

Strategies to prevent AKI should include identifica-
tion of patients at risk, treatment of modifiable risk fac-
tors and early diagnosis of AKI. A recent meta-analysis 
in 1479 patients concluded that early (within 12–48 h of 
surgery) compared to later initiation of renal replacement 
therapy reduced mortality at 28 days postoperatively [69].

Neurologic considerations
The incidence of postoperative (predominantly throm-
boembolic) ischaemic stroke is up to 4% for coronary 
revascularisation and may increase to 10% for valvular 
replacements and combined procedures with an addi-
tional increase in the setting of perioperative atrial 
fibrillation [9]. Delirium (often of the hypoactive type) 
develops in 25–50% of patients following cardiac surgery 
and is associated with cognitive decline and increased 
mortality [70].

Management to minimise the risk or sequelae of neuro-
logical complications is mainly supportive and focuses on 
systolic function and cardiac rhythm, perfusion and oxy-
genation, fluid, acid–base and electrolyte status to avoid 
postoperative hypoperfusion. Clinical evidence con-
nects arterial hypotension and ischaemic stroke although 
this might represent epiphenomena, as the incidence of 
watershed pattern is variable. Atrial fibrillation is a major 
cause of perioperative stroke; however, no controlled tri-
als have specifically addressed the use of anticoagulation 
therapy for new-onset, postoperative atrial fibrillation 
[71]. Hyperthermia is a risk factor for postoperative cog-
nitive dysfunction and should be avoided, including the 
period of active rewarming in the intensive care unit fol-
lowing hypothermic CPB. Hyperglycaemia is also associ-
ated with adverse neurological outcomes and amenable 
to intervention in the intensive care unit to maintain 
normoglycaemia.

Recent advances
Cerebral oximetry using near-infrared spectroscopy 
(NIRS) may be helpful to minimise cerebral complica-
tions following surgery, particularly during procedures 
involving the aortic arch. Studies to date have yielded 
conflicting results and, while desaturation episodes were 
associated with cerebral complications, there is insuf-
ficient evidence to support that NIRS-based algorithms 
provide clinical benefit [72].

Some studies have utilised NIRS to monitor cerebro-
vascular autoregulation, based on changes in frontal cer-
ebral tissue oxygen saturation as a surrogate for cerebral 

blood flow and concurrent arterial pressure changes. 
The lower limit of autoregulation may be above what is 
considered a ‘safe’ MAP, particularly in patients with 
intra- or extracranial vascular stenoses or chronic hyper-
tension, thus exposing those patients to the risk of cer-
ebral hypoperfusion. The capacity for cerebrovascular 
autoregulation may vary between individuals and over 
the perioperative period and highlights the need to tai-
lor MAP accordingly. The degree and cumulative time for 
MAP excursions below the lower limit of autoregulation 
have been linked to postoperative adverse neurological 
and renal events as well as mortality [73] and excursions 
above the upper limit of autoregulation may be associ-
ated with delirium [74].

Few pharmacological therapies have sufficient clini-
cal evidence of efficacy to prevent or treat postoperative 
cognitive dysfunction and delirium. The use of dexme-
detomidine has attracted considerable interest [75], also 
supported by studies in general ICU populations.

Future research
Many aspects of critical care management of cardiac 
surgical patients warrant further clinical investigation 
(Table  2). Current evidence supporting postoperative 
ventilation strategies is poor. Postoperative pulmonary 
dysfunction is multifactorial and closely linked to intra-
operative events. Two large RCTs on intra-operative 
ventilation, recruitment manoeuvres and adherence to 
lung protective ventilation protocols are ongoing (NCT 
03098524 and NCT 03255356).

There is a need for more precise definitions of pulmo-
nary complications in the context of cardiac surgery. The 
effects of positive end-expiratory pressure and a multi-
modal approach to potentially more protective ventila-
tion including driving pressure, respiratory rate and flow, 
also incorporating measures of pulmonary mechanics 
(ventilator power, strain rate), need investigation. Study 
protocols should include both intra- and postoperative 
ventilation. Effects of perioperative hyperoxia, different 
ventilatory modes including the impact on RV function, 
and automated weaning protocols represent other areas 
of investigation.

Large, high-quality RCTs comparing different ino-
tropes are lacking. Notably, monitoring of CO was not 
mandatory in several recent large high-quality RCTs 
on inotropes. While this is a pragmatic approach, more 
stringent study protocols based on cardiac performance 
are needed.

Several approaches to the fundamental task of assess-
ing the intravascular volume status merit further evalu-
ation. Mean systemic filling pressure (Pmsf), which is 
the theoretical pressure in the circulatory system in no-
flow conditions, reflects the stressed volume. It can be 
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estimated at the patient’s bedside  from the relationship 
between CO and right atrial pressure during inspira-
tory pause procedures [76], or using mathematical mod-
els after measurement of CO, right atrial pressure and 
MAP [77]. Furthermore, Pmsf allows the calculation of 
systemic vascular compliance, which may help guiding 
vasopressor therapy [78]. Although theoretically appeal-
ing, very little evidence exists about the clinical impact of 
Pmsf in the management of postoperative patients.

The adaptation of arterial elastance to end-systolic ven-
tricular elastance (ventriculo-arterial coupling) may be 
used to optimise the efficiency of cardiac workload, with 
important potential implications in the management of 
the failing heart [79].

Recently, the importance of circadian rhythm to tol-
erate the ischaemia–reperfusion associated with CPB 
has been highlighted, and a molecular mechanism was 
suggested [80]. Further research into the mechanism of 
ischaemia–reperfusion tolerance as well as logistics of 
scheduling patients to morning or afternoon operation 
lists seems warranted.

While multimodal brain monitoring and neuroprotec-
tive interventions have been studied intra-operatively, 
there is a paucity of similar studies in the periopera-
tive and immediate postoperative period. The relatively 
unchanged incidence of adverse neurological events 
following cardiac surgery in part reflects an incom-
plete understanding of the pathophysiology beyond 
cerebral perfusion pressure and blood flow. The asso-
ciation between neurological deficits and altered 

neurotransmission, inflammation, blood–brain bar-
rier impairment, microglial activation, neuroendocrine 
responses and genetic factors are important areas of 
ongoing and future clinical research.

Minimally invasive surgery is an increasingly common 
approach to aortic and mitral valve surgery, mostly using 
a right mini-thoracotomy. It is also feasible for revascu-
larisation procedures, even multiple, using a left antero-
lateral route [8]. Apart from their cosmetic advantages, 
such approaches may decrease surgical insults, reduc-
ing postoperative pain and duration of mechanical ven-
tilation. However, questions persist about their safety, 
some reporting prolonged duration of CPB and aortic 
cross-clamp time, higher rates of bleeding, pulmonary 
complications and phrenic nerve injury [8] and a higher 
risk of stroke using retrograde femoral cannulation [81]. 
Although several cohort studies described the feasibility 
of minimally invasive approaches, randomised data are 
to date restricted to 10 small trials, 7 during aortic and 
3 during mitral valve procedures. Although perioperative 
mortality was not affected, minimally invasive surgery 
was associated with a trend towards fewer transfusions, 
less pain, and faster mobilisation [8]. Further larger tri-
als are needed to evaluate these technically demanding 
approaches.

Finally, it should be emphasised how crucial networks 
are in organising this future research, to facilitate larger 
studies and create consensus for standards of care. 
Among existing networks, ELSO (www.elso.org) and 
ECMOnet (www.internationalecmonetwork.org) may 

Table 2  Areas where further clinical investigation is required

Ventilation Should lung protective ventilation (e.g. TV 6 ml/kg; PEEP 10 cmH2O; driving pressure < 15 cmH2O) be used postopera‑
tively as standard?

What is the optimal support following extubation?

Does prophylactic use of high-flow nasal oxygen therapy reduce re-intubation rate?

What is the role of NIV versus high-flow nasal oxygen use in postextubation respiratory failure?

Haemodynamics What criteria should be used to select patients for invasive vs. non-invasive monitoring of cardiac output?

What are the optimal inotropic/vasoactive agents for supporting cardiac output following cardiac surgery?

What endpoints should be used to titrate fluid therapy?

What is the optimal fluid composition for postoperative cardiac surgical patients?

Mechanical circulatory support What is the optimal device to support postcardiotomy cardiogenic shock (IABP vs. ECMO vs. Impella vs. other LVADs)?

What is the role and efficacy of temporary RVAD to support RV failure?

Echocardiography Are 3D and strain echo assessments helpful to evaluate ventricular performance, guide haemodynamic support and 
interventions?

Do miniaturised TOE probes with continuous monitoring offer additional advantages compared to routine intermit‑
tent TTE/TOE?

Haemostasis Can point-of-care coagulation testing replace standard laboratory assays?

What criteria should be used to define the trigger for red cell transfusion?

What is the role factor concentrates in managing postoperative bleeding?

Acute kidney injury What strategy for early detection and management of AKI should be used?

Neurology What neuromonitoring should be used to prevent adverse neurological outcomes?

http://www.elso.org
http://www.internationalecmonetwork.org


808

have a particular role in orchestrating the big effort of 
research remaining in the management of ECMO, in par-
ticular, in the postcardiac surgery setting.
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