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Interactive CardioVascular and Thoracic Surgery.
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Abbreviations and acronyms

AAGA Accidental awareness during
general anaesthesia

ACT Activated clotting time

AF Atrial fibrillation

AKI Acute kidney injury

ALF Arterial line filter

BIS Bispectral index

BSA Body surface area

CABG Coronary artery bypass grafting

CI Confidence interval

CO, Carbon dioxide

CPB Cardiopulmonary bypass

DO, Oxygen delivery

EACTA European Association of Cardiothoracic
Anaesthesiology

EACTS European Association for
Cardio-Thoracic Surgery

EAS Epiaortic scanning

EBCP  European Board of Cardiovascular Perfusion

ECLS  Extracorporeal life support

EEG Electroencephalography

FFP Fresh frozen plasma

GDT Goal-directed haemodynamic therapy

GME Gaseous microemboli

Hb Haemoglobin

HCT Haematocrit

HCU Heater-cooler unit

HES Hydroxyethyl starch

ICU Intensive care unit

LCOS Low cardiac output syndrome

LD Leucodepletion

MAP Mean arterial pressure

MI Myocardial infarction

MiIiECC Minimally invasive extracorporeal
circulation

MUF Modified ultrafiltration

NIRS Near-infrared spectroscopy

OR Odds ratio

O,.ER Oxygen extraction ratio

PAC Pulmonary artery catheter

PRBCs Packed red blood cells

Ql Quality improvement

RCT Randomized controlled trial

RD Risk difference

RR Risk ratio

SMB Shed mediastinal blood

SvO, Mixed venous oxygen saturation

TOE Transoesophageal echocardiography

VAVD Vacuume-assisted venous drainage

VO, Oxygen consumption

WMD  Weighted mean difference

1. Methods summary

To improve the outcome of adult patients undergoing heart
surgery, a task force whose members were selected for their
respective expertise in the area by the European Association
for Cardio-Thoracic Surgery (EACTS) Council, the Board of
Directors of the European Association of Cardiothoracic
Anaesthesiology (EACTA) and the Quality and Outcomes
Committee of the European Board of Cardiovascular Perfusion
(EBCP) was given the remit of jointly developing evidence-
based guidelines for the practice of cardiopulmonary bypass
(CPB) (complete methodological aspects are provided in Sup-
plementary Material, Appendix A). After the scope of the
guidelines had been agreed upon by the task force members, a
preliminary review of the literature was performed. The task
force members established the scope and the table of con-
tents, and topics were allocated to the writing group during a
face-to-face meeting. A systematic review of the published
evidence was performed based on the standardized Popula-
tion, Intervention, Comparison, Outcome and Time questions.
The systematic literature search was restricted to the years
2000—2019 to focus on contemporary evidence. However,
essential references from publications prior to 2000 were
included in some instances. The guidelines focused only on

adult-acquired cardiac surgery and did not include studies in
languages other than English. After methodological quality
was assessed across randomized control trials (RCTs), meta-
analyses and observational studies, the guidelines were
developed based on the synthesis of the best available scien-
tific evidence and medical knowledge, following the meth-
odology manual for EACTS clinical guidelines.®

All chapters were written through a close collaboration
between the EACTS, the EACTA and the EBCP task force
members. The experts on the writing panels were asked to
complete declarations of interest, notify the EACTS, EACTA
and EBCP chairpersons if there were any changes and write
chapters only if they did not have any disclosures related to
the specific topic. The agreement on the finalized document
was reached through conference calls and face-to-face meet-
ings, without excluding members with a conflict of interest.
Each specific recommendation was developed after careful
consideration of the scientific and medical knowledge and the
evidence available at the time of their writing, according to the
standardized rules of the EACTS.! The scientific evidence was
critically appraised for quality with the assistance of a clinical
epidemiologist. Furthermore, the hierarchy of evidence ac-
cording to the study design and the internal hierarchy based
on the study quality were used to formulate levels and grades
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Table 1 Levels of evidence.

Level of Data derived from multiple randomized
evidence A clinical trials or metaanalyses.

Level of

Data derived from a single randomized
evidence B  clinical trial or large non-randomized
studies.

Table 2 Classes of recommendations.

Classes of Definition

recommendations

Suggested
wording to use

Class II

Conflicting evidence
and/or a divergence of
opinion about the
usefulness/efficacy of
the given treatment or
procedure.

Class Ila Should be

considered

Weight of evidence/
opinion is in favour of
usefulness/efficacy.

Class IIb

Usefulness/efficacy is |May be
less well established by|considered
evidence/opinion

of recommendations. In the absence of published evidence,
expert consensus recommendations were made to cover spe-
cific issues that are essential to daily practice. The level of
evidence and the strength of the recommendations of partic-
ular management strategies were weighted and graded ac-
cording to predefined scales, as outlined in Tables 1 and 2.

In summary, this is the first European publication pre-
senting guidelines for the conduct of CPB during adult cardiac
surgery. Due to the lack of scientific evidence for some topics
in this field, many recommendations were based on expert
consensus, and it is therefore inevitable to call for more
thorough, well-thought-out and well-conducted scientific
research in many aspects of CPB.

2. Introduction

The invention of CPB revolutionized cardiac surgery. This vital
tool has been continuously refined over the years. Today,
achieving excellent results depends on a team approach and
the expertise of dedicated perfusionists. Apart from learning
the skills necessary to conduct CPB, perfusionists also learn

about the science behind modern CPB. Therefore, the present
document particularly aims at summarizing the scientific ba-
sis for the various aspects of the CPB technique. In addition to
previous guidelines and statements, which have given excel-
lent advice on how modern CPB should be performed, these
guidelines contain specific recommendations reflecting a Eu-
ropean expert consensus. Furthermore, the document con-
tains a chapter dedicated to the training, education and
service delivery from the European perspective.

Good quality research has been conducted in several areas
of perfusion, such as the use of minimized circuits. However,
we found a lack of scientific investigations and clinical trials in
many other fields. These CPB guidelines point out the areas
where further research is required, with the hope of stimu-
lating future investigations. They are the result of a collabo-
rative effort by the EBCP, the EACTA and the EACTS, aiming to
document a broad consensus of all parties involved in CPB. At
the same time, these CPB guidelines are the first evidence-
based European document that offers a comprehensive over-
view of all the issues that are related to modern CPB practice.

Some specific topics, such as patient blood management,
have been covered by recent international guidelines.
Therefore, the evidence is in part summarized in these
guidelines and readers are referred to the respective guide-
lines” because the task force has not identified a need for any
major update related to CPB. This approach is also true for
hypothermia and temperature management during CPB.> The
topic of deep hypothermic circulatory arrest is multifactorial
and complex and will be covered in a separate document.
Paediatric aspects of CPB could not be included in this
document due to the given restrictions in its length. When
covering broad topics, such as cardioplegia and minimally
invasive surgery, the recommendations in these guidelines
are focused on perfusion aspects.

3. Training, education and service delivery

The operational management of CPB is the responsibility of
the clinical perfusionist. To ensure safe and effective practice,
perfusionists need to be adequately trained with appropriate
knowledge, skills and expertise.

Clinical perfusionists are members of the multidisciplinary
operative team working in collaboration with surgeons,
anaesthetists and operating room personnel. Perfusion de-
partments need to be adequately staffed and resourced to
deliver elective and emergency patient care. The effectiveness
of care should be established by monitoring patient outcomes
in addition to regular reporting, performing analyses and
learning from adverse incidents.

3.1. Description of the evidence

Minimum standards for perfusion education, training,
accreditation and service delivery have been established for
many individual countries by their respective national perfu-
sion organization, board or college. There are notable varia-
tions between countries with regard to the organization and
oversight of perfusion. International organizations, such as
the EBCP, recommend standardizing the quality of education
and training,* which has been implemented in a number of
European countries.

It is widely accepted th at clinical perfusionists should
undergo a period of formal applied education and training to
gain the necessary knowledge, skills and techniques.* ® The
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length of this training varies from 1 to 4years depending on
the entry requirements for the programme, and training
should occur in recognized and accredited perfusion training
centres. Accreditation of an educational programme is based
on satisfying the minimum standards for entry requirements,
facilities, syllabus, training and supervision as detailed either
by national or international guidelines.>®:!

The educational programme should be curriculum-based,
covering applied anatomy, physiology, biochemistry, phar-
macology and pathology in addition to equipment, moni-
toring, clinical management and service delivery. The
educational programme should be delivered in conjunction
with clinical training in an accredited clinical perfusion
department.*>&1

Increasingly, the educational benefit of simulation in
perfusion is being established for the acquisition and main-
tenance of skills, for practising emergency procedures and for
human factors training, including team and communication
training.>®

Following the completion of an educational programme,
the trainee’s knowledge and skills should be assessed by
formal written and practical examinations, leading to
accreditation as a clinical perfusionist.>® After that, mainte-
nance of an individual’s accreditation requires demonstration
of a predetermined minimum annual caseload and regular
participation in continuing professional development while
maintaining professional standards.” ®'%'? Accreditation or
recertification should be administered by the relevant national
perfusion board as well as at an international level when
appropriate. The framework and requirements for individual
recertification vary between individual countries, and they are
based on demonstration of continuing participation in pro-
fessional development and education as well as the annual
performance of a minimum number of clinical activities.>®81°

Trained and accredited clinical perfusionists should work
within an appropriate quality management framework based
on documented standard operating procedures; risk assess-
ment; regular checking and recording; leadership, teamwork
and communication; and peer reviews and audits of practice
and outcomes.®%1314

Each department, institution or service provider should
maintain a set of standard operating procedures or protocols
detailing all procedures with proper equipment, the estimated
frequency of occurrence, safety measures, required compe-
tencies and training, record-keeping and responsibility for
adherence. These procedures or protocols should be reviewed
and updated annually and approved by the institution.®®*3

Effective leadership improves quality of care and patient
safety. Excellent teamwork and communication reduce errors in
the operating room.®* Closed loop communication, where the
sender gives a message and the recipient repeats it, reduces
misunderstanding between team members.®” Regular briefings,
debriefings, team meetings and self-assessments regarding
team culture and performance can improve team perfor-
mance,'* as can human factor training using simulation.*?

Departments should be adequately staffed in personnel
and experience.® The daily level of accredited perfusion staff
in a department should be n+1, where n is the number of
consecutive operating rooms running. For example, on a day
with 3 operating rooms scheduled for CPB, there should be 4
perfusionists present in the department.®° If this is not pos-
sible—for example, outside of regular working hours—then
the situation should be risk assessed with mitigating actions

such as immediate availability of additional emergency
equipment and support personnel.

Quality assurance and improvement are fundamental to
patient outcomes and safety within departments and
institutions. #1315~ The health care environment must be
safe; errors and untoward incidents should be reported and
systematically analysed to identify system failures.'>'® De-
partments and national perfusion bodies should ensure that
such outcomes are shared locally and nationally to promote
shared learning.

The accurate reporting of data and outcomes with sub-
mission to a database or clinical registry enables the success

Recommendations for training, education and service

delivery
Recommendations Class® Level® Ref®
It is recommended that I

perfusionists complete a formal
period of training in an approved
educational training programme.

It is recommended that I
perfusionists achieve certification
by successfully completing an
examination of skills and
knowledge. The certification shall
be maintained by the
demonstration of an appropriate
level of continued professional
development, minimum caseload
and professional standards.

Simulation in perfusion should be ITa
considered to improve quality of
care and patient safety.

It is recommended that perfusion 1
departments be structured around a
quality management framework
approved by the institution.

It is recommended that each 1
perfusion department have written
standard operating procedures for
the conduct of CPB.

It is recommended that the 1
perfusion department is adequately
staffed, equipped and resourced.

It is recommended that verbal 1
communication between team
members in the operating room is
standardized and always
acknowledged.

Recording and submitting activity Ila i
and outcomes to a regional
database or registry should be
considered, and these data should
be used for quality assurance and

improvement.

Reporting and systematically 1
analysing errors or untoward
events, including outcomes
dissemination for shared learning,
is recommended.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
® Level of evidence.
¢ References.
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and efficacy of interventions or treatments to be established.
Clinical perfusionists should collect and submit such data and
use it for quality assurance and improvement.®”** Further
details relating to data management systems as an opportu-
nity for quality improvement (QI) in perfusion practice are
described in Section 4.6.

4. Heart—lung machine hardware

The many technological developments concerning heart—lung
machine hardware and related components have made it
possible to reduce the incidence of complications and prob-
lems during CPB. Clinical perfusionists can now proactively
monitor the metabolic demands of the body and guide in-
terventions to maintain adequate organ perfusion, oxygen
supply and anticoagulation, with good evidence of improved
outcomes.

4.1. Console with pumps and holders

The console of the heart—lung machine, with its pumps and
holders, is the backbone on which disposable CPB sets are
mounted. Two basic design philosophies prevail in modern
heart—lung machines: the comprehensive stationary design
with extensive monitoring and ergonomics versus the
compact ambulatory systems, often used for extracorporeal
membrane oxygenation and other indications.

4.1.1. Description of the evidence

Very few publications focus on the hardware aspect of
heart—lung machines. In most centres, large stationary designs
are mainly used in routine cases and complicated operations.
Stationary systems may be integrated systems, modular sys-
tems or a combination. There is general agreement on which
safety features should be included, as acknowledged in previ-
ous guidelines such as those of the American Society of Extra-
corporeal Technology and the Australian and New Zealand
College of Perfusionists.®'® These include pressure controllers,
air detectors, low-level alarms, electrical safety specifications,
pump reversal of flow or ‘runaway’ protection. Moreover, there
is the possibility for the manual operation of these pumps with
crank handles. Most systems include an integrated light source
and batteries for operation in the event of a power failure.
Although stationary systems still have wheels and can be
moved around, new ambulatory systems became more popular
with the increased interest in extracorporeal membrane
oxygenation and minibypass systems.

It is noteworthy to mention the lack of scientific research
on console designs. The few publications that can be found are
focused mainly on minor aspects of the topic, such as devel-
oping universal oxygenator holders,'® improving roller pump
control®® or researching battery performance.?’ Important
aspects, such as the safety of portable devices or the ergo-
nomics of the design and safety aspects, are not among fea-
tures explored by available scientific publications. Thus,
recommendations are based on expert consensus and are
mainly in line with the current recommendations from other
societies.®'®

4.2. Monitoring

Monitoring of physiological patient parameters and of CPB
performance parameters is the mainstay of the perfusionists’
care of patients. Whereas it is obvious and common sense to
monitor basic parameters such as arterial blood pressure,
pump flow and blood gas analysis, there are technologies that
provide a more in-depth insight into how we treat our pa-
tients. Measurement of oxygen saturation in the venous line
(Sv02)?? and continuous blood gas monitoring”® have gained
major importance. Regional cerebral tissue oxygenation may
be assessed by near-infrared spectroscopy (NIRS), whereas the
measurement of oxygen delivery (DO,) has been suggested by
some investigators as a worldwide standard of care for
assessing arterial flow rate. Still, the cost and the weakness of
the evidence make the dissemination of health care technol-
ogies and implementation in daily practice difficult. Non-
invasive cerebral monitoring, such as regional cerebral tissue
oxygenation and electroencephalography (EEG)-based depth
of anaesthesia monitoring, is discussed in more detail in
Section 7.16.

Recommendations for use of heart—lung machine hardware

Recommendations Class® Level® Ref®

It is recommended that pressure I
monitoring devices are used on
the arterial line and cardioplegia
delivery systems during CPB.

A bubble detector is 1
recommended during CPB
procedures on all inflow lines.

It is recommended to use a level I
sensor during CPB procedures
utilizing a (hard-shell) reservoir.

It is recommended to have I
backups for vital systems of the
heart—lung machines available at
all times.

It is recommended to have a I
maintenance plan for CPB
equipment.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
b Level of evidence.
¢ References.

4.2.1. Description of the evidence

We propose a list of monitoring parameters (Supplementary
Material, Appendix B) derived from other standards and
guideline documents that should be followed by the cardiac
surgery team.®?* The list is exhaustive but not limited. Most
parameters are undeniably equivalent to good practice and
will probably be used by the majority of perfusionists. For
other parameters, there is not always evidence that their use
leads to better patient outcomes. If a parameter is monitored,
then the equipment with which the parameter is measured
should be calibrated and maintained regularly and checked
before use.
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Recommendations for standards of monitoring during car-
diopulmonary bypass

Recommendations Class® Level® Ref®

It should be considered that pump IIa
flow is confirmed by ultrasonic
measurement on the arterial line.

Continuous arterial line pressure I
monitoring (preoxygenator and
postoxygenator) in the CPB circuit is
recommended.

Continuous oxygenator arterial I
outlet temperature monitoring is
recommended.

It is recommended to continuously I 22,23

monitor SvO, and HCT levels during
CPB.

Monitoring of blood gas analyses 1
through regular intervals or
continuous observation is
recommended during CPB.

CPB: cardiopulmonary bypass; HCT: haematocrit; SvO,: mixed venous
oxygen saturation.

2 Class of recommendation.

® Level of evidence.

¢ References.

4.3. Safety features

The likelihood of death from CPB-related incidents has been
declining over the last few decades to 1 in 4446—4864 patients,
whereas severe injury or death was 1 in 1453—3220 pa-
tients®>?® in the 2000s. Studies on safety and human factors
have identified numerous potential risks.

4.3.1. Description of the evidence

A Failure Mode and Effects Analysis has identified mecha-
nisms during CPB whereby failing safety equipment or me-
chanical issues can compromise patient safety. Six different
CPB configurations were evaluated.?’ The highest risks across
all circuit types were attributed to the embolization of
defoamer material, air embolism, spallation, the activation of
systemic inflammatory response syndrome and over-
pressurization.”” Human factor studies have highlighted
several areas for improvement in addition to the mechanical
safety of the device, including the organizational culture of
safety.?®?° Collecting information on adverse events in regis-
tries will help prevent such incidents in the future.** An
excellent tool that perfusionists can use for this purpose is the
online Perfusion Improvement Reporting System of the
Australian and New Zealand College of Perfusionists (https://
anzcp.org/pirs-ii/). Perfusion safety can be enhanced by a
multitude of measures, such as the use of dedicated safety
equipment [e.g. level detectors, bubble detectors, an arterial
line filter (ALF), pressure transducer, one-way vent valve,
backup systems].” In a survey published in 2000, 27 safety
devices were identified.”> The authors recommended im-
provements in coagulation monitoring and incident report-
ing.?® The question remains whether new developments, such

as minimally invasive extracorporeal circulation (MiECC) or
surgery without CPB, increase or reduce the safety of perfu-
sion. In a recent meta-analysis including 134 RCTs, perioper-
ative outcomes were improved by using MIiECC or the off-
pump technique compared to conventional CPB (for the pur-
pose of these guidelines, ‘conventional CPB’ is defined as CPB
not fulfilling the definition of MiECC given in the text and the
position paper of the Minimal invasive Extra-Corporeal Tech-
nologies international Society®').?? However, these findings
are challenged by large-scale multicentric RCTs.**3*

Recommendation for the safety of cardiopulmonary bypass
programmes

Recommendation Class® Level® Ref®

It is recommended to objectively I
report, adequately record and
properly analyse all adverse events
related to CPB practice in an efficient
and timely manner.

CPB: cardiopulmonary bypass.
@ Class of recommendation.
® Level of evidence.
¢ References.

4.4. Oxygen and air, carbon dioxide and volatile
anaesthetics supply

It is evident that continuous gas supply is required for the
conduct of CPB. Oxygen, air and carbon dioxide (CO,) should be
available (as well as a backup supply) in the operating room
where CPB or extracorporeal life support (ECLS) is used.
Monitoring gas supply and exchange is paramount to the safe
conduct of CPB. The use of volatile anaesthetics during CPB is
common. When using volatile anaesthetics during CPB,
monitors for incoming and outgoing anaesthetic gases and a
scavenging system for waste anaesthetic gases should be
installed and maintained.

4.4.1. Description of the evidence

Existing standards and guidelines recommend a piped supply
of oxygen and air for the gas supply to the oxygenator and of
CO;, for flushing the extracorporeal circulation before priming
and to maintain pH-stat acid-base management when needed.
In addition, a backup supply (gas cylinders) for gases is rec-
ommended in case of technical malfunction.”*?* Volatile
anaesthetics have been frequently used during CPB. A critical
review of clinical studies in this field is performed in Section
7.12. CPB entails the risk of occupational exposure to volatile
anaesthetic agents. To avoid unwarranted exposure, the use of
a scavenging system at the outlet of the oxygenator is rec-
ommended.”*>?* Excessive negative pressures need to be
avoided with the scavenging system because they can cause a
negative pressure gradient across membrane oxygenators
resulting potentially in disruption of the oxygenator mem-
brane and oxygenator failure.>> Adequate knowledge of the
effects of wvolatile anaesthetics is paramount for
perfusionists.*


https://anzcp.org/pirs-ii/
https://anzcp.org/pirs-ii/
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Recommendations for security and control of gas supply

Recommendations Class® Level® Ref®

It is recommended that continuous I
piped supplies of oxygen, air and
carbon dioxide are delivered and
controlled during CPB with backup
cylinder supplies available.

Monitoring of all incoming and IIb
outgoing gases may be considered.

When a supply system for volatile I
anaesthetics is used, a scavenging
system at the outlet of the
oxygenator is recommended.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
® Level of evidence.
¢ References.

4.5. Heater-cooler unit

The heater-cooler unit (HCU) is an integrated hardware
component of the CPB system and is a part of modern
heart—lung machines. During normothermic CPB, HCUs are
used to maintain the patient’s body temperature and for effi-
cient cooling and warming in deep hypothermic circulatory
arrest. This is usually achieved by running water at a precise
temperature around the fibres of the oxygenator or the coils of
the cardioplegia system. Previous guidelines recommenda-
tions regarding HCUs were limited to mentioning temperature
and pressure safety devices and advising that the manufac-
turers’ instructions for maintenance be followed.'® Very little
scientific evidence regarding HCUs has been published until
recently, when the deleterious effects of microbial contami-
nation of HCUs came into focus.

4.5.1. Description of the evidence

The risks of using tap water were the focus of a publication as
early as 2002.%° In this seminal report, an outbreak of Myco-
bacterium chimaera infections following open-heart surgery
was identified in 6 patients at a single centre between 2008 and
2012.>” The evidence collected in these cases suggested an
airborne transmission of the agent from the HCUs to the pa-
tients.””  Experimental evidence confirmed how the
M. chimaera contamination of the HCUs could reach the oper-
ating field and cause infection.®® M. chimaera is a non-
tuberculous mycobacterium that is commonly found in the
environment and rarely causes disease.’® Many reports from
other centres confirmed that the observed phenomenon rep-
resented a global outbreak. The incidence of M. chimaera in-
fections ranges between 156 and 282 newly diagnosed cases/
year in the 10 major valve markets worldwide, with an annual
rate of new diagnoses of 50—80 patients in the USA.*
Furthermore, microbiological investigations revealed that in
more than 100 cases of prosthetic valve endocarditis, vascular
graft or disseminated disease, the most likely cause of infec-
tion was contamination with M. chimaera at the production site
of the factory where the HCUs were assembled.’® A recent
study from Denmark showed that several brands of HCUs
have been affected by contamination.*! Recommended pre-
ventive measures include the placement of HCUs outside of

operating rooms, adherence to manufacturers’ decontamina-
tion procedures, local monitoring and international
cooperation.*?

Recommendations for disinfection and storage of heater-
cooler unit

Recommendations Class® Level® Ref®
Validated decontamination and I

maintenance procedures for HCUs

are recommended.

It is recommended that HCUs be I

placed outside operating rooms to
prevent the contaminated air from
entering the operative field.

HCUs: heater-cooler units.
2 Class of recommendation.
® Level of evidence.
¢ References.

4.6. Patient data management systems and quality
improvement

Technological advances allow electronic and automated
recording of perfusion parameters. Electronic document
management systems have several advantages compared
with handwritten records,'>** allowing perfusionists to pay
direct attention to patient and pump, especially during
emergencies. Electronic charting should lead to participation
in QI initiatives and national and/or international regis-
tries.”''”** Ultimately, response feedback systems can lead to
improved care.*** Limitations are that not all parameters are
registered automatically; privacy, security and quality of the
data should be assured; and QI initiatives should accompany
electronic recording in order to ensure better health care.”*
Importantly, it is advised that national law or rules estab-
lished by national competent bodies be strictly followed.

4.6.1. Description of the evidence

In a comparison of electronic versus written recordings in 17
procedures, it was found that manual recording failed to
capture critical events, such as maximum and minimum
mean arterial pressures (MAPs) and temperatures (P <0.05).*3

In a study from 2008, 3 groups in an observational cohort
were compared.'” Group 1 received no QI feedback; group 2
received automated QI feedback in the form of a report
generated after electronic recording; and group 3 received
automated QI feedback, and a continuous QI programme was
installed. The study demonstrated that the implementation of
a QI process for CPB significantly reduced the cumulative time
of the cardiac index below 1.61/min/m? and the time of MAPs
below 40 mmHg and produced a significant decrease in the
cumulative time of mixed venous saturations of <60% and
arterial outlet temperature >37.5°C in groups 2 and 3. The use
of this technique is optimized when included as part of a QI
programme, utilizing the Define, Measure, Analyse, Improve
and Control method and statistical control charts.”

The introduction of a QI programme was described in 2
phases®®: the introduction of a database for inter-perfusionist
comparison (phase I) and the implementation of electronic



10 | Kunstetal.

data recording (phase II). Although the description of the re-
sults is vague, the authors concluded that the introduction of a
QI programme, together with electronic data recording, led to
reduced variability among perfusionists and assured compli-
ance with policies and standards of care.

Only a few clinical registries collect data regarding the
practice of CPB. The PERForm Registry, which is an integral
part of the Michigan Society of Thoracic and Cardiovascular
Surgeon Quality Collaborative’s programme, has been able to
successfully and accurately collect data concerning cardio-
vascular perfusion to improve outcome and decrease costs
associated with cardiac surgery in Michigan since 2011."> By
examining PERForm data for CPB and related outcomes, the
Michigan Society has been able to define and decrease
numerous risk factors associated with adverse outcomes.*’+*®
Similar databases were developed in Australia, New Zea-
land' and Sweden,* and the Northern New England Cardio-
vascular Disease Study Group has established a perfusion
registry’® to facilitate and provide perfusionists and the car-
diac surgical team with valuable information to improve the
practice of CPB in adults.>®

Recommendations for data collection and quality
improvement
Recommendations Class® Level® Ref®
Electronic automated data Ila B st
recording of perfusion parameters
should be considered in a perfusion
programme.
It is recommended that the 1 B |

perfusionist collects data
concerning the conduct of
perfusion via a clinical registry or
database and uses such data to
actively participate in institutional
and departmental quality
assurance and improvement
programmes.

o

Class of recommendation.
Level of evidence.
References.

o

n

5. Cardiopulmonary bypass—the
disposables

The CPB service requires adequate dedicated space—with
convenient, easy access for clinical perfusionists to the oper-
ating room—for the storage of supplies of disposable equip-
ment and hardware items. Storage areas should be designed or
adapted to ensure excellent storage conditions. In particular,
they should be dark, clean and dry, protected from moisture
and maintained within acceptable temperature limits and
humidity limits as given in label descriptions.

5.1. Cannulas
5.1.1. Arterial cannulation

The distal ascending aorta is the most common arterial can-
nulation site. To reduce the risk of aortic dissection, which is
observed in 0.06—0.23% of aortic cannulations,”"? the systolic

arterial blood pressure is usually lowered below 100 mmHg
before cannulation. The femoral and axillary arteries are the
most common alternatives to ascending aortic cannulation.
The femoral artery may be the primary choice for rapid can-
nulation in an emergency where CPB is needed, such as cardiac
arrest, aortic dissection or severe bleeding, or in reoperative or
minimally invasive cardiac surgery.”>>* The axillary-subclavian
artery is increasingly used for cannulation, especially in aortic
dissection, because these vessels permit antegrade flow in the
arch vessels and are usually free from atherosclerosis with rich,
collateral vessels to the distal arm.>? Other arterial cannulation
sites, such as the innominate artery, the iliac artery and the
apex of the left ventricle, are rarely used.

During arterial cannulation, dislodgement of atheromatous
debris from the aortic wall can occur from manipulation, cross-
clamping or the sand-blast effect of the cannula jet. Dislodge-
ment is a significant cause of perioperative stroke but is also a
risk for intraoperative aortic dissection.”>>> Therefore, special
cannulas have been designed that minimize jet effects and the
‘sand-blasting’ effects of the end-hole stream.”® To detect ma-
jor atherosclerosis, simple palpation can be used, as well as
transoesophageal echocardiography (TOE); however, both
techniques provide inadequate views of the ascending aorta.
Therefore, epiaortic scanning (EAS) is the preferred method of
screening.””*® Although most studies have been inadequately
powered, which limits the interpretation of their results, a large
retrospective study from Germany showed that the use of
perioperative EAS significantly improved neurological out-
comes because the cannulas were relocated and the operative
course was changed in 4% of the patients due to the finding of
aortic disease.’® This situation is specifically related to patients
older than 50—60years and those with a history of transient
ischaemic attacks, strokes, peripheral arterial diseases and
calcifications observed on preoperative imaging or with intra-
operative palpation. An RCT of 113 patients who had coronary
artery bypass grafting (CABG) compared EAS with manual
aortic palpation without EAS>’; the results indicated that the
use of EAS led to modifications in the intraoperative surgical
approach in 29% of patients undergoing CABG. Importantly, in
0.7—2.3% of cases, with up to 4.3% of rates reported, a calcified
aorta (‘porcelain aorta’) was noted in patients requiring cardiac
surgery. However, there were no differences in the incidence of
neurological complications between the groups.”® Neverthe-
less, EAS may lead to relocation of the aortic cannula to the
distal arch, axillary-subclavian or femoral arteries or to the
performance of off-pump surgery in selected patients.®

5.1.2. Venous cannulation

Central venous cannulation can be performed with bicaval,
single atrial or cavoatrial (‘2-stage’) approaches with entrance
into the right atrial appendage and the end of the cannula in
the upper part of the inferior vena cava. Venous cannulas are
usually made of flexible plastic, which may be reinforced to
prevent kinking. The size of the cannula, which can have a
bent or straight end, is selected based on patient size and
weight, anticipated flow rate and an index of catheter flow
characteristics and resistance and the vessel that is to be
cannulated. Negative pressure can be applied to the venous
line to provide assisted venous drainage using either a roller or
a centrifugal pump system or by applying a regulated vacuum
to a closed hard-shell venous reservoir. This technique per-
mits the use of a small-diameter cannula and may be helpful
when a long cannula is used. However, it can increase the risk
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of aspiration or of microscopic air that could cause cerebral
injury or haemolysis. Optimized venous return with a self-
expanding cannula is a promising concept, especially in
minimally invasive surgery, but needs further investigation.®*

Recommendations for configuration and cannulation
strategies

Recommendations Class® Level® Ref®
It is recommended that there is a 1

preoperative agreement between the
perfusionist and surgeon on the
choice of the size and type of venous
and arterial cannulas in order to
provide an adequate and safe venous
return and an appropriate arterial
flow tailored to the needs of the
patient and the procedure.

Epiaortic ultrasonography may be 1Ib 58,59
considered to detect the plaque of the
ascending aorta before aortic
cannulation to reduce the incidence

of stroke.

2 Class of recommendation.
® Level of evidence.
¢ References.

5.2. Venting and suction devices

During cardiac surgery, it is essential to aspirate blood from
the operative field to the CPB circulation, either through car-
diotomy suction or by venting the heart and great vessels.
Negative pressures on the suction line and on the blood—air
interface contribute to activation of blood and damage of
blood cells.

5.2.1. Description of the evidence

In vitro studies suggest that negative forces can cause hae-
molysis, which is augmented when there is an air interface
with the blood;®? ®* granulocyte activation has also been re-
ported in this situation.®* One in vitro study showed more
gaseous microemboli (GME) in the arterial line when the air
was introduced into the venting line.®® Two clinical studies
suggested that a more gentle way of aspirating blood with
passive venting®® or the use of a smart suction device for
cardiotomy suction (which only aspirates when in contact
with blood)®” can diminish the occurrence of haemolysis.
However, no clinical outcomes were reported.

Recommendation for use of venting and suction devices

Recommendation Class® Level® Ref®

To limit trauma to blood elements, Ila 66,67

limited use of cardiotomy suction
and avoidance of air entrainment
into the cardiotomy and venting lines
should be considered.

2 Class of recommendation.
® Level of evidence.
¢ References.

5.3. Reservoirs

A venous reservoir to intercept the venous drainage coming
from the patient and a cardiotomy reservoir to catch and
process shed mediastinal blood (SMB) and blood from the
venting lines are both used during standard CPB. There is a
debate between advocates of closed versus open venous res-
ervoirs. Although both types have advantages and disadvan-
tages, no evidence points to a definite benefit for either.
Whereas open reservoirs have the reputation of being safer
and easier to use, closed reservoirs would be advantageous in
terms of biocompatibility and saving blood. It is clear from
Section 7.17 that the use of the separated cardiotomy reservoir
for SMB is recommended. First experiences with a device that
can eliminate fat particles and leucocytes from SMB offer
conflicting results and warrant more investigation.

5.3.1. Description of the evidence

There is no difference concerning biocompatibility between
open or closed reservoirs in valvular surgery or CABG.°*° In a
systematic review, no evidence was found for the superiority of
either device,”® but the main advantage of the open system was
related to ease of use. Several studies have compared closed
versus open reservoirs in combination with other measures
that are deemed more biocompatible (coating, a centrifugal
pump, avoidance of cardiotomy suction, passive venting); they
found that the combination of these measures was better in
terms of biocompatibility and blood handling, but it was not
possible to determine which component was responsible for
which benefit.®®”%7? In particular, any benefit from either open
or closed reservoirs might be masked by the reinfusion of un-
processed SMB with regard to the activation of coagulofi-
brinolysis.73 It was, however, shown that closed reservoirs
required fewer transfusions in a low haematocrit (HCT) (~35%)
group of patients.”* This difference was probably attributable to
the significant difference in priming volume (1180 vs 760 ml).

All studies on open versus closed reservoirs published so
far suffer from severe methodological limitations, including (i)
small sample size, (ii) end points that are not consistent and
well defined and cannot be measured objectively and finally
(iii) a combination of interventions, such as the use of car-
diotomy suction, that makes interpretation and the use of
these findings difficult.

Three publications reported the results of investigations of
a cardiotomy reservoir that was designed to remove fat par-
ticles and leucocytes from SMB.”” 77 All available studies

Recommendations for selection and use of reservoirs

Recommendations Class® Level® Ref®

The use of a separated cardiotomy | IIa
reservoir should be considered to
decrease the deleterious effect of
SMB.

The use of a closed venous reservoir | IIb
may be considered to attenuate the
inflammatory response and
improve biocompatibility when
used together with other elements.

SMB: shed mediastinal blood.
2 Class of recommendation.
® Level of evidence.
¢ References.
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showed a decrease in circulating leucocytes. However, some
studies found a decrease in fat removal,’>’’ whereas others
failed to replicate previous findings.”® This difference is
probably due to a different measurement method. More
studies with clinical end points are needed to establish a
benefit from this device.

5.4. Oxygenators

Worldwide, membrane oxygenators are the first choice for gas
exchange during CPB. Many studies have shown their superi-
ority over bubble oxygenators concerning GME generation,
complement activation and neuropsychological outcome.
However, not much effort has been made to evaluate the
impact of membrane oxygenator design on outcome
parameters.

5.4.1. Description of the evidence

No meta-analyses have been published evaluating the impact
of oxygenator design on outcome parameters. One RCT
investigating 9 commercial microporous membrane oxygen-
ators, under controlled clinical conditions, documented sig-
nificant differences in pressure drop, diffusion capacity,
oxygen gradient and heat exchanger performance among the
devices. However, no differences were observed for platelet
loss or free plasma haemoglobin (Hb) concentration.”® In
addition, 2 studies looking at the relationship between shear
stress, pressure drop and cell activation were unable to
demonstrate differences in cell damage between the different
hollow fibre membrane oxygenator designs, although white
blood cell activation was more pronounced with a flat sheet
design.”8° An RCT studying the differences between 2 mem-
brane oxygenators with an integrated arterial filter but
different surface coatings showed a significant difference be-
tween devices with respect to postoperative bleeding, trans-
fusion and inflammatory response as witnessed by C-reactive
protein concentration.® However, the results could not be
used to determine whether those differences were due to
design variables or to the different types of coatings used. An
extensive retrospective analysis looked at the impact of the
use of a haemocompatible coating versus no coating on the
incidence of oxygenator failure caused by the pathological
absorption of fibrinogen, platelets and other blood compo-
nents. The analysis showed an apparent protective effect of
coating in preventing oxygenator failure (0.03% vs 4.3%).5?

Two small RCTs show that it is not advisable to use poly-
methylpentene membrane oxygenators in combination with
volatile anaesthetics during cardiac surgery because the
membrane has a low permeability for volatile anaesthetics. As
a consequence, volatile anaesthetics administered through
the native lungs accumulate in the plasma, leading to an un-
desired greater depth of anaesthesia®® alternately, when
added to the sweep gas of the oxygenator, they present the risk
of intraoperative awareness.®*%> Microporous polypropylene
membrane oxygenators do not have increased membrane
resistance for volatile anaesthetics. The use of volatile an-
aesthetics does not interact with the chemical structure of the
membrane and does not influence oxygenator performance
over time.%°

Recommendations for selection of an oxygenator

Recommendations Class® Level® Ref®

Microporous membrane 1 B 78
oxygenators are recommended as

the first choice for use in CPB.

Polymethylpentene membrane 84,86

oxygenators are not recommended
when volatile anaesthetics are used
during the procedure.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
® Level of evidence.
¢ References.

5.5. Pumps

Most heart—lung machines use roller pumps for aspirating
wound blood, venting cardiac chambers and delivering car-
dioplegia. Both, roller pumps and centrifugal pumps are used
to support systemic circulation. With roller pumps, occlusion
needs to be adjusted manually. Depending on the setting, they
can generate haemolysis and spallation of the tubing inside
the pump housing. Centrifugal pumps are non-occlusive but
sensitive to sudden changes in afterload and preload. As such,
they need to be used in combination with a flow probe.
Because no tubing wear takes place with centrifugal pumps,
they are considered more haemocompatible for prolonged
usage. Despite the theoretical advantages of centrifugal blood
pumps over roller pumps, it has been challenging to demon-
strate that the use of centrifugal pumps improves clinical
outcomes.

5.5.1. Description of the evidence

One systematic review and a meta-analysis of the existing
literature investigated the effect of different blood pumps in
cardiac surgery on postoperative clinical outcomes.”*®” Based
on high-quality RCTs, no differences were seen between roller
pumps and centrifugal pumps with respect to the number of
patients transfused [odds ratio (OR) 1.11; 95% confidence in-
terval (CI) 0.64—1.92], packed red blood cell (PRBC) transfusions
[weighted mean difference (WMD) —0.10 units; CI —0.35 to
0.15], postoperative blood loss (WMD —10.26 ml; 95% CI —54.3
to 33.7), intensive care unit (ICU) length of stay
(WMD -0.10days; 95% CI —0.29 to 0.09), hospital length of stay
(WMD —0.12 days; 95% CI —0.37 to 0.12) and death (OR 1.05; 95%
CI 0.58—1.88).%” In contrast, a large single-centre RCT showed
that the use of centrifugal pumps versus roller pumps with the
same extracorporeal circuits was an independent predictor of
significantly less chest tube drainage and massive blood
transfusions (>5 units).®®

The impact of the pump on blood elements remains un-
clear. One single-centre RCT showed significantly lower
platelet activation with centrifugal pumps,®® whereas another
showed a more than 50% reduction in tissue factor release
with centrifugal pumps versus roller pumps but no difference
in thrombin—antithrombin III, F1 + 2 or thrombin formation.”®
A recent RCT was not able to demonstrate significant differ-
ences in preoperative, perioperative and postoperative
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laboratory values in patients having CABG surgery using 3
different centrifugal pumps, a roller pump or a peristaltic
pump.”’ When studying differences in haemolysis in vivo
among centrifugal pumps, roller pumps and roller pumps with
a dynamic occlusion setting, no differences between pumps
were noted.”?

With respect to outcome measures, 1 single-centre RCT of
103 patients using neuropsychological testing before and after
elective CABG could not find significant differences in the
incidence of neuropsychological deficits for patients with a
deficitin at least 1 test (centrifugal, 33% vs roller, 51%; OR 0.48;
95% CI 0.22—1.06) or patients with a deficit in >2 tests (cen-
trifugal, 6% vs roller, 18%; OR 0.26; 95% CI 0.07—1.03), although
more individual test deficits were noted in the roller pump
group.”®

Recommendation for selection of a blood pump

Recommendation Class® Level® Ref®

The use of centrifugal pumps IIa
should be considered for expected
longer CPB times.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
® Level of evidence.
¢ References.

5.6. Filters

Since the start of cardiac surgery with CPB, solid microemboli,
deformable (fat) microemboli and GME have been a concern.
To minimize embolization, filters were introduced at several
levels in the CPB circuit. Different filter technologies were
introduced: depth filtration, screen filtration or a combination
of both. A combination of both filters is used for removing
particles and (activated) leucocytes to attenuate the inflam-
matory response. Although most cardiac centres use ALF,
minimal information is available on the clinical benefits,
especially when combined with extraluminal hollow fibre
membrane oxygenators that act as a depth filter.

5.6.1. Description of the evidence

No recent meta-analysis comparing the impact of (integrated)
ALF in combination with extraluminal hollow fibre membrane
oxygenators is available. One small non-controlled trial
showed a significantly lower number of GME compared with
bubble oxygenators.” The use of ALF reduces microemboli
significantly when used in combination with bubble oxygen-
ators.”>% This efficiency is inversely related to the pore size of
the filter screen.”

Interestingly, a membrane oxygenator without ALF had a
lower microemboli count than a bubble oxygenator with ALF
and elicited better scores in patients given neuropsychological
tests 1month postoperatively.”® When comparing the effi-
ciency of integrated versus standalone ALF in reducing micro-
emboli, no differences were found for a 40-um screen ALF, but a
higher efficiency was found for a 20-um screen ALF.”” When
using MiECC that uses no reservoir, the use of an ALF'% and a
venous bubble trap is beneficial in reducing GME.'**

A small RCT comparing leucodepletion (LD) filtration
versus no filter was unable to demonstrate outcome

differences but did not look for neuropsychological out-
comes.'%21% An attempt was made to perform a meta-analysis
comparing the benefit of LD filtration versus standard filtra-
tion after cardiac surgery, but the authors concluded that
insufficient data were available in the literature to perform a
meta-analysis or a sensitivity analysis.'®* The authors were
not able to define any benefit for the length of hospital or ICU
stay. An RCT comparing an LD filter with 2 standard filters
showed a significantly lower microemboli count in the right
middle cerebral artery in the LD group (median = 15) compared
to 2 conventional screen filters (median =67 and median =55)
(P <0.001). However, the authors were unable to demonstrate a
statistically better neuropsychological outcome.'®> Among the
2 RCTs studying the impact of LD filtration on postoperative
morbidity, one was unable to show a significant impact on
postoperative morbidity with an LD filter,'° whereas the other
demonstrated lower pulmonary inflammation as witnessed by
a significantly improved oxygenation index.'%”

5.7. Material and surface treatments

The contact of blood with the CPB circuit induces a systemic
inflammatory response with involvement of leucocytes;
platelets; and complement, inflammatory and coagulation
systems. This response can be reduced by coating the circuit
and oxygenator with a biocompatible ionic or covalent heparin
substance, phosphorylcholine, poly(2-methoxyethyl acrylate)
or other artificial surface material. Biocompatible coatings
may contribute to a reduction in the systemic inflammatory
response and in the activation of the coagulation system
during CPB.

Recommendations for use of blood filters

Recommendations Class® Level® Ref®

ALFs may be considered in order to | IIb
reduce the number of microemboli.

The routine use of LD filters, when 103,104

combined with membrane
oxygenators, is not recommended.

ALFs: arterial line filters; LD: leucodepletion.
2 Class of recommendation.
b Level of evidence.
¢ References.

5.7.1. Description of the evidence

Three systematic reviews and a meta-analysis investigated
the effect of different biocompatible coatings in cardiac sur-
gery on postoperative clinical outcomes.’®"*'! When high-
quality RCTs were taken into account, biocompatible coat-
ings were associated with a reduction in PRBC transfusions
(OR 0.88; 95% CI 1.08—1.26), atrial fibrillation (AF) (OR 0.66; 95%
CI 0.49-0.88) and reduced ICU stay by 5+2h, but not with the
number of deaths (OR 0.78; 95% CI 0.39-1.55).1%% Others
showed the beneficial effects of heparin-bonded circuits on
blood loss and transfusion rates, reoperation for bleeding (OR
0.6; 95% CI 0.4—0.8), reduced ICU stay (WMD -9.3h; 95%
CI —14.7 to —3.9) and hospital stay (WMD -0.5days; 95%
CI —0.9 to —0.1).1°%'! Finally, in a systematic review of 14
RCTs, the beneficial effect of heparin or phosphorylcholine
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coating was shown on postoperative neurological and pul-
monary functions.*

The number of comparative studies of biocompatible
coatings that focus on major end points, including neurolog-
ical outcomes, kidney function or death, is limited. A relatively
large RCT showed a lower incidence of postoperative neuro-
logical deviations in the heparin-coated group compared to
the non-coated group (3.9% vs 9.4%; P=0.021) after CABG
surgery.'’> The use of a phosphorylcholine coating in
isolated coronary surgery was associated with lower peak
serum creatinine levels (1.19 +0.48 mg/dl vs 1.41+0.94mg/dl;
P =0.048) compared to controls.’*®

Head-to-head comparisons of different surface materials
for circuit coating with the clinical outcome as a primary end
point are, however, lacking.

Recommendation for coating material of cardiopulmonary
bypass circuits

Recommendation Class® Level® Ref®

The use of any biocompatible Ila 108110

coating to reduce postoperative
complications should be
considered.

o

Class of recommendation.
Level of evidence.
References.

o

)

6. Preparation for cardiopulmonary bypass

Prior to the initiation of CPB, several vital steps must be
completed to ensure patient safety. Patient safety was defined
by the Institute of Medicine''* as ‘the prevention of harm to
patients’. Emphasis is placed on the system of care that (i)
prevents errors; (ii) learns from the errors that do occur; and
(iii) is built on a culture of safety that involves health care
professionals, organizations and patients. Adequate prepara-
tion for CPB is one of the crucial steps to successful cardio-
vascular operations.

6.1. Checklist

The use of checklists has been well established in medicine,
specifically surgery, as well as other industries. It has been
proven that their use can save lives, time and money as well as
reduce the rate of complications.'*® It therefore appears logical
to assume that the use of pre-CPB checklists will have similar
effects, particularly with regard to complications during CPB.
Checklists should be used in an appropriate, diligent and
professional manner. They should be adapted to the specific
working environment; they should consider emerging tech-
nologies; and they should be revised at time intervals consis-
tent with institutional protocol.

The efficient use of checklists needs to be supported by
additional safety features, such as multidisciplinarity, team-
work, professional communication, managerial support and
an open safety and adverse incident reporting culture.'*®

6.1.1. Description of the evidence

Although pre-CPB checklists have been increasingly used
since the early days of CPB,'Y there is a lack of evidence

demonstrating a beneficial effect, because the topic has not
been investigated in much detail. A few case reports*'®*'° and
1 study of a simulation scenario’?® suggest that adverse in-
cidents can be avoided by the use of checklists; however, the
studies fail to show that the introduction of a new checklist
enhances safety in a clinical setting. One study, based on a
survey from the Netherlands, suggests that there was no
correlation between the reported rate of adverse incidents and
the use of a written pre-CPB checklist.’?! Nevertheless, the
authors recommend including a pre-CPB checklist in perfu-
sion practice.

Recommendations for use of precardiopulmonary bypass
safety checklists

Recommendations Class® Level® Ref®

It is recommended to use an I
institution-approved pre-CPB
checklist during the set-up of and
prior to initiating CPB.

It is recommended that completion I
of the perfusion checklist is
acknowledged during the surgical
safety checklist ‘time out’
procedure.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
® Level of evidence.
¢ References.

To conclude, it is recommended that a pre-CPB checklist be
used during CPB set-up and the initiation of CPB as well as
throughout the entire perioperative period (weaning from CPB,
post-CPB, emergent reinstitution of CPB) and during any other
procedure or technique performed by perfusionists. The EBCP
has provided a checklist on its website that can be adapted to fit
centres’ preferences (Supplementary Material, Appendix C).'??

6.2. Preoperative assessment

To be fully prepared to put a patient on CPB, the perfusionist
must have a situational awareness about the patient’s condi-
tion, concomitant diseases and the type of surgical procedure.
Ideally, planning should be worked out together with every
stakeholder involved in the pathway of care for the patient.
The use of specialized preanaesthesia clinics has a beneficial
impact on hospital outcomes,'*>'?* whereas inadequate or
incorrect preoperative assessment can lead to harm to the
patient.'?®

6.2.1. Description of the evidence

The institutional preoperative assessment forms should be
fully employed before any initiation of CPB. A written or
electronic form should be kept in the patient’s medical record.
Because the quality of information is improved when using a
standardized form,'?® we propose such a form (Supplementary
Material, Appendix D). Itis an essential document where items
can be added or left out.

An adequate preoperative assessment of the patient allows
the perfusionist to plan the procedure and anticipate possible
complications. A preoperative assessment should be a vital



Guidelines on cardiopulmonary bypass | 15

part of an institute-wide planning and clinical pathway for
patients.

Recommendation for preoperative patient assessment

Recommendation Class® Level® Ref®

A preoperative assessment of the 1
patient is recommended in
preparation for CPB.

CPB: cardiopulmonary bypass.
@ Class of recommendation.
® Level of evidence.
¢ References.

7. Procedures during cardiopulmonary
bypass

Goals during CPB include the maintenance and stabilization of
parameters that approximate normal physiology for optimal
end-organ function, general anaesthesia and pain manage-
ment and anticoagulation. Therefore, numerous specific
management strategies are employed during CPB in order to
modify variables that are closely related to both short-term
and long-term outcomes after cardiac surgical procedures.

7.1. Type of circuit

Until a few years ago, the traditional set-up of CPB was uni-
formly focused on safety and maximum versatility. Following
the initial success of off-pump surgery, several perfusionists
tried to improve the CPB set-up. A combination of several
techniques emerged that were aimed at improving biocom-
patibility and reducing haemodilution. The resulting mini-
mized circuits are generally characterized by the term MiECC.
The Minimally invasive Extracorporeal Technologies interna-
tional Society recently published a consensus paper on ter-
minology and definitions.*!

Features of MiECC include a small priming volume, tip-to-
tip coating of the circuit, a closed system and the use of a
centrifugal pump. In addition, mechanical salvage of red blood
cells is used instead of cardiotomy suction. Vents are avoided
whenever possible. According to the Minimally invasive Extra-
Corporeal Technologies international Society, the following
components are required to fulfil the definition of MiECC: a
closed CPB circuit, coated contact surfaces, reduced priming
volume, a centrifugal blood pump, a membrane oxygenator, a
heat exchanger, a cardioplegia system, a venous bubble trap/
venous air-removing device and a shed blood management
system. Initially, MiECC systems were developed for coronary
bypass surgery. However, all types of cardiac operations have
been performed using MiECC systems today. It is important to
underscore that the use of the MiECC concept relates not only
to the hardware of a minimized circuit but also to a team effort
to ensure successful use.

7.1.1. Description of the evidence

Three RCTs have been conducted to compare MIiECC to con-
ventional CPB.'?”"'?° However, none of these studies was
sufficiently statistically powered to examine the primary end
points. During the quality assessment, these 3 studies were

classified as studies at moderate risk of bias. Therefore, sys-
tematic reviews and meta-analyses have played a central role
in informing the scientific community about the effects of
both interventions. Compared to the group of patients who
underwent cardiac surgery with the use of conventional CPB
circuits, the MiECC group of patients had a significant reduc-
tion in mean postoperative chest tube drainage and rates of
transfusions of concentrated red blood cells.’**'*! This finding
may, in part, be ascribed to a reduction in haemodilution.
However, chest tube drainage over the first 24 h was similar in
both groups as was the rate of reoperation,’*! making it diffi-
cult to judge the usefulness of MIiECC. Thus, there is an
ongoing scientific discussion of results indicating a reduction
in blood loss, blood activation, myocardial infarction (MI),
postoperative arrhythmias, cerebrovascular events and
deaths.®'3? From a scientific point of view, interpretation of
the evidence is difficult due to the inadequate statistical power
of the available studies.'*>'*> As a consequence, results from
meta-analyses on hard end points, such as death, are not
confirmed in individual clinical trials.*?

Recommendations for the cardiopulmonary bypass circuit

Recommendations Class® Level® Ref®

MiECC should be considered over IIa B 130,131

standard conventional CPB systems
to reduce blood loss and the need
for transfusion.

MIECC should be considered over Ila B 130
standard conventional CPB systems
to increase the biocompatibility of
ECC.

A combination of MiECC Ila
features—such as coating, the
centrifugal pump, the separation of
cardiotomy suction blood and the
use of closed systems—should be
considered to improve
conventional CPB.

CPB: cardiopulmonary bypass; ECC: extracorporeal circulation; MiECC:
minimally invasive extracorporeal circulation.

2 Class of recommendation.

® Level of evidence.

¢ References.

7.2. Carbon dioxide flush

Neurocognitive impairment following cardiac surgery remains
a significant concern. Its origin is multifactorial but particle
emboli and especially GME, representing almost 80% of all
emboli, are considered significant culprits because they
occlude small cerebral capillaries.’** Complete de-airing of the
CPB circuit before surgery and of the cardiac chambers during
open-heart procedures remains a challenge. Many techniques
to optimize de-airing have been proposed over the years. A
technique that regained renewed popularity is the use of CO,.
The theory for using CO; is that its higher solubility and higher
density increase the buoyancy of a bubble compared to its
buoyancy in air. As such, itis advocated to flush the CPB circuit
with CO, before priming and to flood the operative field with
CO;, perioperatively. Many different flooding techniques have
been proposed over the years. Nevertheless, there are not
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many studies that address the impact of the techniques on
neuropsychological outcomes.

7.2.1. Description of the evidence

No meta-analysis or RCT is available that evaluates the impact
of a CO; flush before priming on the remaining amount of air
in the CPB circuit. Two small studies showed a statistically
significant reduction of GME.'*>'*% In order to obtain the CO,
content at 97—98% in the oxygenator, a single-centre study
suggested that ~5 min of flushing is necessary, whereas a more
extended duration did not increase the value significantly.’*
Another important finding was that a CO; flush reduced GME
in the prime and not in the arterial filtration.’*® One meta-
analysis has been performed regarding the impact of CO,
flooding on the neuropsychological outcome.’®” Risk differ-
ence (RD) was used as a summary statistic to account for
double zero studies. Although the amount of GME was signif-
icantly lower in the CO, flooding group (RD —0.94, 95% CI —1.63
to —0.25; P=0.008), no differences in postoperative neuro-
cognitive decline were noted (RD —7%, 95% CI -0.22-8;
P =0.35). Potential biases of the analysis were the non-uniform
administration technique for CO; flooding and the fact that
only 1 study quantified cerebral embolization.

A single-institution RCT showed superior neurocognitive
outcome when CO, flooding was used [risk ratio (RR) 0.30, 95%
CI 0.14—0.63; P=0.001], with an RD of 13%.'*® However, no
correlation could be found between the remaining air in the
heart chambers, as validated by TOE and neurocognitive
outcome. The timing of neuropsychological testing at 1 and
4 weeks postoperatively, as used in this RCT, causes an addi-
tional debate, because these tests might be influenced by
anaesthetic techniques, including haemodynamic manage-
ment and cerebral perfusion pressures as well as by the use of
postoperative opioids.’***! To avoid bias, it is recommended
that neuropsychological testing not be performed during the
first 3 months postoperatively.’*> The only RCT that performed
psychological testing at 6 weeks was not able to show the
beneficial effects of CO, flooding, although a significantly
lower amount of intracardiac gas was noted on the intra-
operative TOE in all cardiac chambers at any measured time
point in the CO, group compared to the control group.
Furthermore, the de-airing time was significantly shorter in
the CO, group (median 9 vs 12 min, respectively; P =0.02).'*3

The technique used for administering CO, flooding is an
important issue, because inefficient administration can result
in up to 50% of the air remaining inside the thoracic cavity.'**

Recommendations for use of a carbon dioxide flush

Recommendations Class® Level® Ref®

It is recommended that CO, flush of I B 135,136

the CPB circuit before priming be
established as the standard of care
to reduce GME.

CO, flooding of the operative field 1Ib B 37

may be considered to reduce GME.

CO,: carbon dioxide; CPB: cardiopulmonary bypass; GME: gaseous
microemboli.

2 Class of recommendation.

® Level of evidence.

¢ References.

Ineffective de-airing may lead to conclusions that underesti-
mate the potential benefits of CO, flooding. Points of concern
with CO, flooding are associated hypercapnic acidosis,*
which leads to increased cerebral blood flow with its
inherent risk for cerebral embolization,'*® red blood cell
damage’ and a higher risk for thrombus formation in stag-
nant blood.**’

7.3. Priming volume and autologous priming

The use of priming solutions in CPB induces haemodilution,
may affect coagulation and may lead to fluid extravazation
into the tissues. Different types and combinations of crystal-
loid and colloid solutions have been used, often influenced by
local tradition. More recently, methods to reduce the amount
of priming volume, such as autologous priming, have become
popular. This reduction is achieved by allowing blood to
displace the fluid in the circuit into an external reservoir in an
antegrade or retrograde manner. This external reservoir is
then excluded from the circuit. Unbalanced and balanced
colloid solutions as priming volume or infusion fluids during
CPB are discussed in Section 7.5.

7.3.1. Description of the evidence

There is no consensus regarding an optimal priming solution.
According to a recent survey, crystalloids are the preferred
priming solution in European centres.’*® Some colloids have
been used, such as albumin, gelatin-based solutions and
hydroxyethyl starch (HES). The goal of adding colloids to the
priming solution is to reduce fluid extravazation and oedema
formation. Recent studies have shown that this goal is
feasible.*® However, there is no evidence to support the use of
a more defined priming volume, particularly because the
priming volume depends on patient- and circuit-related vari-
ables. In addition, priming volume is one of several constitu-
ents of fluid management before, during and after CPB.

Many studies have been performed to evaluate the effects
of adding HES regarding coagulation and acute kidney injury
(AKI). Most studies on priming solutions using postoperative
blood loss and/or transfusion requirements as the primary end
point reported no difference in postoperative blood loss.’*® A
recent Cochrane review found clear evidence of an increased
risk of AKI when using a solution of HES, and its use is
discouraged.'® Recently, the use of a dextran 40-based prim-
ing solution has been advocated. However, possible advan-
tages, such as a reduced fluid balance, and disadvantages,
such as allergic reactions, have not been investigated in larger
trials.

In many centres, mannitol is added to the priming solution
in an attempt to reduce the risk of AKL.'*? A recent Cochrane
review found no evidence to support this notion.’*> However,
the quality of the evidence was not high.

Autologous priming is often combined with other methods
when minimized CPB systems are used. Only smaller RCTs
focused on autologous priming. A total of 6 RCTs that were
explicitly conducted to investigate autologous priming were
summarized in a meta-analysis published in 2009."** These
studies showed that autologous priming preserved HCT and
reduced homologous blood transfusion, particularly in pa-
tients with a small body surface area (BSA). A more recent
meta-analysis of 10 RCTs confirmed that the use of autologous
priming was associated with a significant reduction in both
intraoperative (RR 0.39, 95% CI 0.29-0.53; P<0.001) and
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perioperative transfusion of PRBCs (RR 0.53, 95% CI 0.43—0.66;
P <0.001).'*° These findings were confirmed in an RCT with 120
patients with a small BSA (<1.5m?).%*® The largest retrospec-
tive study, which included 753 patients,' suggested that
retrograde priming is associated with reduced transfusion
requirements. In contrast, another study showed no benefits
of retrograde priming for transfusion end points.'*® This dif-
ference was attributed to the lower transfusion threshold and
the infusion of large amounts of fluids intraoperatively in the
latter study.'’

Recommendations for priming volume in the cardiopulmo-
nary bypass circuit

Recommendations Class® Level® Ref°

The use of modern low-molecular-
weight starches in priming and
non-priming solutions to reduce
bleeding and transfusions is not
recommended.

Retrograde and antegrade 1547156

autologous primings are
recommended as part of a blood
conservation strategy to reduce
transfusions.

@ Class of recommendation.
® Level of evidence.
¢ References.

7.4. Anticoagulation management

Unfractionated heparin serves as an anticoagulant during
cardiac procedures with CPB. Heparin binds to antithrombin,
thereby potentiating the inactivation of thrombin and factor
Xa by antithrombin up to 1000-fold. The sensitivity to heparin
is determined by patient-specific characteristics.'>® The peri-
operative effect of heparin on the coagulation system is
assessed by the activated clotting time (ACT). The ACT is a
whole-blood coagulation test for the intrinsic coagulation
system that is influenced by patient and surgical factors,
including temperature, haemodilution and platelet counts.
Target ACT values that are commonly used during CPB range
from 300 to 600s. Both heparin and protamine prolong the
ACT.'®

Although the use of heparin is part of daily clinical care,
challenges exist regarding heparin dosing, because this might
influence haemostasis and the risk of postoperative bleeding.
Moreover, the global variation in heparin potency may result
in a different anticoagulation effect of heparin purchased from
different suppliers.

7.4.1. Interventions

Heparin is usually dosed based on patient dimensions, starting
with a heparin dose that ranges from 300 to 500 U/kg. During
CPB, ACT tests are regularly performed and additional heparin
doses are given in case of a decrease in the ACT. Heparin
resistance and postoperative heparin rebound are 2 significant
limitations of this strategy. Heparin resistance may lead to
insufficient anticoagulation during the procedure, whereas
heparin rebound may contribute to postsurgical bleeding.

Interventions that contribute to tailored heparin dosing
include the use of heparin measurements, anti-Xa measure-
ments or computer-based dosing models.

7.4.2. Description of the evidence

7.4.2.1. Heparin dosage. Although most units aim for an ACT
of >480s during CPB, this threshold has been challenged in
numerous clinical studies. Patients who underwent CABG
with heparin-coated circuits and an ACT of 250s during CPB
did not show a significantly increased risk of thromboembolic
events or signs of clotting or other technical incidents.'®!
Another large cohort study from 2 centres also reported that
the use of heparin-coated circuits with target ACT between 250
and 300s was safe and effective.'®? Additionally, a small RCT
of CABG procedures using MiECC has shown the clinical safety
of an ACT below 300s.'%® Taken together, it appears that the
required safe ACT depends on the specifics of the circuits used.
However, further research in this field is warranted.

7.4.2.2. Individualized heparin management. Individualized
heparin management or titration is based on the use of the
Hepcon Haemostasis Management System (Medtronic, Min-
neapolis, MN, USA), anti-Xa measurements or blood heparin
measurements in addition to the ACT. The majority of publi-
cations on this topic considered postoperative bleeding and
transfusions as the secondary end point.

Using a point-of-care—based haemostasis protocol in CABG
did not reveal a difference in postoperative blood loss between
patients with individual heparin titration and patients
without, as shown in an RCT of 102 patients.164 However, these
findings are difficult to translate to daily practice, because a
mean 24-h blood loss of more than 750ml is considered un-
usually high in CABG surgery.’®* A more recent study inves-
tigated how Hepcon-based heparin and protamine
management influenced heparin and protamine doses
compared to a conservative anticoagulation strategy in pa-
tients having CABG surgery.'®® The study showed no differ-
ences in total heparin doses between groups, but protamine
dosing was significantly reduced in the Hepcon group. This
reduction was associated with an increase of 75ml in the 12-h
blood loss but not with differences in transfusion re-
quirements.'®® In contrast, the use of a Hepcon-based strategy
increased heparin dosing and reduced protamine dosing in
valve surgery compared to an ACT-based strategy.'®® In the
Hepcon group, fewer patients showed more than 450 ml blood
loss 24h following surgery. A small study showed that the
increase in heparin dosing during a Hepcon-based strategy did
not result in less haemostatic activation or postoperative
bleeding compared to ACT-based management.'®” A Hepcon-
based anticoagulation strategy did not influence heparin and
protamine dosing or postoperative haemostasis or bleeding
compared to ACT-based dosing.’®® Contrarily, the use of the
Hepcon/HMS device resulted in a highly significant difference
for the total protamine dose compared to ACT-based dosing
(mean protamine dose: 14.1901U vs 24.7771IU; P<0.001) and
total blood volume (mean blood loss: 804ml vs 1416 ml;
P <0.001), whereas there was no difference in the total heparin
dose.’® Due to the lack of perioperative bleeding and trans-
fusion rates as primary end points in these studies, larger
multicentre studies are required to determine the added value
of individual heparin management in the modern cardiosur-
gical setting.
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7.4.2.3. Measures to prevent heparin rebound. Heparin
rebound is the result of residual concentrations of heparin in
the blood in the postoperative phase. Although most literature
on this topic originates from the 1980s and 1990s, the recent
literature can be divided into studies focusing on the presence
of residual heparin in the blood following weaning from CPB
and studies on the occurrence of postoperative bleeding
associated with residual heparin. Unfortunately, most avail-
able studies focus on surrogate haemostatic end points and
are not powered to show differences in postoperative bleeding
and transfusions. The only comparative study that is currently
available investigated whether continuous protamine infusion
(25mg/h for 6h) to neutralize residual heparin resulted in
reduced mediastinal blood loss compared to control sub-
jects.'’® Whereas protamine infusion resulted in a reduction in
a 24-h blood loss of ~100ml, there were no differences in
transfusion rates between the groups. Blood heparin levels in
the control group were highest at 3h following surgery and
normalized within 9h postoperatively. The study was, how-
ever, limited by the possibility of administering additional
protamine to normalize ACT values to preheparin values,
which occurred more frequently in the control group and
might have enhanced postoperative bleeding.°

7.4.2.4. Protamine management. After weaning from CPB,
protamine is used to neutralize heparin. The
heparin—protamine complex that is formed leads to dissoci-
ation of heparin from antithrombin and restores the procoa-
gulant properties of blood. Apart from systemic hypotension
and pulmonary hypertension, protamine sulphate can cause
anaphylactic reactions (<1%), which can result in cardiovas-
cular collapse and are associated with an increased risk of
death. Inadequate protamine dosing may influence patient
haemostasis and the risk of postoperative bleeding.

7.4.2.5. Interventions. The dosage of protamine is regularly
based on the initial or total administered dosage of heparin
throughout the procedure. Interventions that may contribute
to tailored protamine dosing include the use of heparin mea-
surements, anti-Xa measurements or computer-based dosing
models.

7.4.2.6. Prevention of protamine overdosing. A small RCT
showed that protamine dosing based on the initial heparin
dose resulted in prolonged clotting times and microvascular
bleeding compared to protamine dosing based on the
measured heparin concentration following CPB.'’? Others
found that a protamine-to-heparin dosing ratio of 1.3 is asso-
ciated with coagulation abnormalities, impaired restoration of
post-protamine thrombin levels and postoperative bleeding
compared to a protamine-to-heparin dosing ratio of 0.8.7?
Post-protamine ACT levels were comparable among groups,
and none of the patients showed signs of heparin rebound.
This study was limited by the calculation of the protamine
dose over the total heparin dosage administered throughout
the procedure.

In addition, several studies have shown that individualized
heparin and protamine dosing strategies based on Hepcon
result in higher heparin and lower protamine dosages
compared to ACT-based strategies in valve surgery'® or CABG
procedures.’’® This individualized strategy was associated
with the preservation of platelet function’® and with a
reduction in coagulation disturbances.'®® In contrast, a recent

trial of patients having CABG surgery showed that a
protamine-to-heparin ratio below 0.6 was associated with
enhanced blood loss and increased transfusion requirements
compared to patients with a ratio exceeding 0.8.%° In sum-
mary, protamine should be given in a ratio of 0.8—1.0 of the
initial doses of heparin. Excessive administration of protamine
in the absence of a sufficient concentration of heparin is
associated with perioperative bleeding and enhanced trans-
fusion requirements.

7.4.2.7. Alternative anticoagulation. In some patients, heparin
and/or protamine is contraindicated (for example, in those with
severe protamine allergy or heparin-induced thrombocyto-
paenia). In these patients, direct thrombin inhibitors are indi-
cated, such as the recombinant hirudin analogue bivalirudin or
argatroban, a synthetic L-arginine derivative.'”* The therapeu-
tic level of bivalirudin is measured using the ecarin clotting
time, although the ACT can also be used. A baseline ACT value
is measured before the administration of bivalirudin, aiming for
a target of an ACT of 2.5 times baseline during CPB. Bivalirudin
has a relatively short half-life of 25—36 min. Clearance of biva-
lirudin is mainly driven by proteolytic cleavage, and the rest of
the ~20% of the unchanged agent is cleared by the kidney.'”
Although the use of bivalirudin in comparison with heparin
was associated with similar postoperative chest tube output in
the literature,'’® its pharmacological properties require avoid-
ance of blood stagnation in the CPB circuit to minimize the risk
of thrombosis. These characteristics ultimately affect the set-
up of the perfusion system and the conduct of CPB. Thus, the
routine use of bivalirudin is restricted to a skilled perfusionist/
surgeon/anaesthesiologist team. On the other hand, argatroban
undergoes hepatic clearance with a half-life of 40—50 min; it can
therefore be used in patients with renal failure. No specific
reversal agents are available for either of these direct thrombin
inhibitors. Although renal replacement therapy can be used to
reduce the plasma concentrations of bivalirudin, it has only
modest effects on the pharmacokinetics of argatroban.

Recommendations for periprocedural anticoagulation
management
Recommendations Class® Level® Ref®

Heparin management

ACT above 480s during CPB IIa
should be considered in CPB with
uncoated equipment and
cardiotomy suction. The required
target ACT is dependent on the
type of equipment used.

Individualized heparin and Ila 165,166,169

protamine management should be
considered toreduce postoperative
coagulation abnormalities and
bleeding complications in cardiac
surgery with CPB.

In the absence of individual I
heparin dosing tools, it is
recommended that ACT tests be
performed at regular intervals
based on institutional protocols,
and heparin doses have to be
given accordingly.

Continued
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Continued

Recommendations Class® Level® Ref®

Protamine management

Protamine overdosing should be | Ila 72

avoided in order to reduce
postoperative coagulation
abnormalities and bleeding
complications in cardiac surgery
with CPB.

Alternative anticoagulation

In patients with Ila 174,176

contraindications to heparin and/
or protamine usage and in need of
an operation requiring CPB,
anticoagulation with bivalirudin
should be considered.

In patients with 1Ib
contraindications to heparin and/
or protamine usage, in need of an
operation requiring CPB and
significant renal dysfunction,
anticoagulation with argatroban
may be considered.

ACT: activated clotting time; CPB: cardiopulmonary bypass.
2 Class of recommendation.
b Level of evidence.
¢ References.

7.5. Acid-base homeostasis and electrolyte
management

Tissue hypoxia or an electrolyte imbalance may lead to
metabolic acidosis, which increases the risk of tissue injury
and organ dysfunction during CPB. The excessive use of
normal saline or unbalanced colloid solutions may further
lead to an electrolyte imbalance and acidosis due to supra-
physiological concentrations of chloride (>154 mmol/l). The
management of acid-base blood gases during CPB with mild to
moderate hypothermia (excluding procedures associated with
deep hypothermic circulatory arrest), is normally temperature
uncorrected (alpha-stat) in adult patients undergoing cardiac
surgery, i.e. the blood gas measurement takes place at 37°C
and it is interpreted uncorrected for body temperature.

7.5.1. Description of the evidence

In a retrospective study, moderate perioperative acidosis
(pH<7.35) and hyperlactataemia (lactate >4.0mmol/l) were
associated with a higher 12 h chest drainage volume compared
to no acidosis/hyperlactataemia (mean blood loss: 576 vs
406 ml; P=0.001), but no other outcomes were reported.’” In a
subgroup analysis of the Transfusion Requirements After
Cardiac Surgery (TRACS) trial, it was shown that lactate levels
>3mmol/l at 6h following surgery increased the odds for
major complications (OR 3.28; 95% CI 1.61—6.69).'78

The use of alpha-stat acid-base management in adult car-
diac surgery with moderate to mild hypothermia was sup-
ported by 3 RCTs from the 1990s, where it was demonstrated
that alpha-stat acid-base management is associated with
improved postoperative neurological and neuropsychological

outcome compared with pH-stat, i.e.
corrected.?’? 181

Normal saline or unbalanced colloid solutions that are used
as priming volume or infusion fluids during CPB may result in
hyperchloraemic acidosis. In 81 patients receiving either an
unbalanced or balanced 6% HES 130/0.4 solution, the results
showed higher plasma chloride levels, lower pH levels and a
more significant decrease in base excess in the unbalanced
HES group.'® This study was, however, underpowered to
show differences in clinically relevant end points.

There is a lack of large, prospective studies exploring the
impact of the prevention of acidosis or hyperchloraemia dur-
ing cardiac surgery on patient outcome. However, there is
general agreement that normal physiological circumstances
should be maintained, including an optimal pH and the
avoidance of hyperchloraemic acidosis.

Increased potassium levels are commonly associated with
CPB as a result of the use of cardioplegia. This is usually self-
limiting and only rarely needs to be treated. However, if po-
tassium concentrations increase to levels above 6.5—7 mmol/
1, treatment should be considered with the use of modified
ultrafiltration (MUF), calcium or insulin/dextrose. In addi-
tion, hypocalcaemia can occur during CPB as a result of
haemodilution and particularly after transfusion of citrated
blood products. Due to the important physiological role of
calcium, particularly regarding cardiac surgery relevant pa-
rameters, such as coagulation, cardiac rhythm, positive
inotropy and vascular tone, hypocalcaemia should be
promptly treated.

temperature

7.5.2. Magnesium

Whether intravenous magnesium can prevent postoperative
arrhythmias after cardiac surgery has been investigated in
several small RCTs. A recent meta-analysis including 20 RCTs
and 3696 patients indicated that magnesium might reduce the
incidence of supraventricular arrhythmias compared with the
placebo. However, this effect was lost when studies of higher
quality were considered.'®® Magnesium had no effect on any
other postoperative outcome variable, such as death or major
morbidity and length of stay. A more recent RCT of 389 pa-
tients undergoing cardiac surgery demonstrated that intra-
operative magnesium did not reduce the postoperative
incidence of AF.'®* Recent comprehensive Scottish recom-
mendations about cardiac arrhythmias in coronary artery
disease suggest that magnesium may be used when prophy-
laxis for AF and ventricular arrhythmias is indicated following
CABG surgery.185

7.6. Control of mean arterial blood pressure

Targeting sufficient mean arterial blood pressure during CPB is
of importance in order to maintain appropriate perfusion
pressures in all end-organs, particularly the kidneys, the brain
and the gastrointestinal tract. Vasoplegic syndrome during
CPB may derive from the release of proinflammatory cyto-
kines, anaesthetic drugs, active endocarditis and the preop-
erative use of angiotensin-converting enzyme inhibitors and
calcium channel blockers. Hypertension during CPB may
derive from an inadequate level of anaesthesia/analgesia, a
release of catecholamines, vasoconstriction due to hypother-
mia and others.
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7.6.1. Description of the evidence

A recent RCT compared high-target (70—80mmHg) to low-
target (40-50mmHg) mean arterial blood pressure during
CPB in 197 patients who had cardiac surgery, finding no dif-
ferences in terms of cerebral injury.’®® In this study, the pump
flow was the same in the 2 groups, and the achievement of the
target perfusion pressure was based on the significantly higher
amount of norepinephrine used in the high-target group. Of
note, there was a trend towards a higher rate of stroke (7.0% vs
1.1%; P =0.06; respectively) and death (4.1% vs 0%; P=0.06;
respectively) in the high-target group. Previous RCTs found
conflicting results. No differences in the mortality rate, major
neurological or cardiac complications, cognitive complications
or deterioration in functional status were found between pa-
tients treated at a target MAP of 80 mmHg and a ‘custom’ MAP
(based on the pre-CPB MAP).'®” The Cornell Coronary Artery
Bypass Outcomes Trial (CCABOT) Group Gold'®® randomized
patients into a high-MAP (80—100 mmHg) group or a low-MAP
(50-60mmHg) group, finding a significantly higher rate of
major cardiac and neurological outcomes in the low-MAP
(12.9%) versus the high-MAP (4.8%) group. However, the
high-MAP group reached a mean MAP lower than the target
(69 +7 mmHg). In another RCT, less cognitive dysfunction and
delirium were found in patients treated at an MAP of
80—90 mmHg versus 60—70 mmHg.’®° In the retrospective se-
ries, no differences in MAP during CPB were observed in pa-
tients who developed postoperative AKI versus patients with a
normal renal outcome.'*'° It was suggested that the optimal
MAP during CPB should reflect the preoperative MAP**°; more
recently, the optimal MAP (during CPB and during the early
postoperative period) was assessed using ultrasound-tagged
NIRS based on cerebral blood flow autoregulation.’”>1%> The
extent of the MAP excursions below the optimal MAP was
superior in patients with postoperative AKI and delirium.'**
Finally, the MAP during CPB is usually accepted in a range of
50—80 mmHg; however, novel approaches to settle the optimal
blood pressure have been recently proposed.'*?

Recommendations for acid-base balance and electrolyte
management

Recommendations Class® Level® Ref®

Alpha-stat acid-base management | Ila :3 179-181

should be applied in adult cardiac
surgery with moderate to mild
hypothermia because neurological
and neurocognitive outcomes are
improved.

Maintenance of a normal pH (7.35 | Ila B 7

—7.45) and avoidance of
hyperchloraemic acidosis should
be considered in order to reduce
the risk of postoperative
complications.

Magnesium sulphate may be 1Ib B 1837185

considered perioperatively for
prophylaxis of postoperative
arrhythmias.

2 Class of recommendation.
® Level of evidence.
¢ References.

Vasopressors (epinephrine, norepinephrine, vasopressin,
terlipressin, phenylephrine, metaraminol, methylene blue,
hydroxocobalamin and combinations) are required to treat
vasoplegic syndrome during CPB.’**'® In an RCT enrolling
patients under angiotensin-converting enzyme inhibitors,
methylene blue was effective for the prevention/treatment of
vasoplegic syndrome (compared to saline), resulting in lower
lactate levels during and after CPB.'°° In a similar patient
population, vasopressin was effective in preventing/treating
vasoplegic syndrome compared to saline.”’ The use of
hydroxocobalamin has been reported as a rescue treatment
for methylene blue-refractory cardioplegic syndrome during
CPB.'® The depth of anaesthesia should be checked and
adequately adjusted before using vasodilators. Different
intravenous vasodilating agents are available once the level of
anaesthesia is guaranteed as adequate (sodium nitroprusside,
nitroglycerin, milrinone, enoximone, phentolamine, urapidil).
At present, the existing literature does not contain adequate
information to provide recommendations on the choice of
vasodilating agents.

7.7. Pump flow management

The target blood flow during CPB is traditionally determined
according to BSA and temperature. Under moderate
hypothermia-to-normothermic conditions, the pump flow rate
is set between 2.2 and 2.8/min/m? by the majority of perfu-
sionists. However, this range may suffer from a number of lim-
itations that recently emerged, including the use of BSA to
determine pump flow rate. For example, the BSA may not be an
adequate measure of the metabolic needs in obese patients,?*
and lean body mass has been suggested as a more sensitive es-
timate of systemic metabolism.?’" In turn, the purpose of the
pump flow is to fulfil the oxygen needs of the different organs
[oxygen consumption (VO,)] through an adequate DO,; however,
the DO, is obtained from the product of the pump flow multi-
plied by the oxygen content, which derives from the Hb content
(g/dl) and the Hb oxygen saturation (SaO,). Therefore, recent
studies suggest determining the adequate pump flow based not
only on BSA and temperature but also on the DO,.1%%2027204

7.7.1. Description of the evidence

Retrospective and propensity-matched studies highlighted
that patients suffering from postoperative AKI were treated at
lower pump flows than patients without AKIL'°%'° Older
studies (anterior to 1990) did not find any association between
pump flow and adverse cerebral, neurocognitive or renal
outcomes.??>207

At present, no RCTs have investigated the association be-
tween pump flow and outcomes. A retrospective study on
conventional CPB (for the purpose of these guidelines, ‘con-
ventional CPB’ is defined as CPB not fulfilling the definition of
MIECC given in the text and the position paper of the Minimal
invasive Extra-Corporeal Technologies international Society>?)
versus miniaturized CPB (MiECC) showed that patients treated
with miniaturized CPB experienced a significantly lower pump
flow rate but had significantly less haemodilution.””® As a
result, the DO, was equivalent and the renal outcome was
equivalent. However, the risk of developing stage 1 AKI was
significantly and inversely associated with the DO, in the
pooled groups.?®

It is not possible to produce recommendations on the
optimal pump flow rate when this index is considered alone.
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However, low values of mixed venous oxygen saturation
(SvOy), DO,, NIRS and high values of the oxygen extraction
ratio (O2ER) and lactates during CPB are markers of inadequate
perfusion associated with adverse outcomes.’*? 2! A large
retrospective study showed that a strategy focused on main-
tenance of an SvO, >75% resulted in a lower rate of stage 1 AKI
in patients reaching the goal.?'?

Pump flow rate adjustment based on the Hb content in
order to maintain an adequate DO, (‘goal-directed perfusion’)
was effective in reducing the AKI rate in a propensity-matched
prospective study.’® A recent RCT confirmed the efficacy of
goal-directed perfusion over conventional perfusion in
reducing the rate of stage 1 AKI (RR 0.45, 95% CI 0.25—0.83;
P=0.01).2"*

Recommendations for control of mean arterial blood pressure
during cardiopulmonary bypass

Recommendations Class® Level® Ref®

It is recommended to adjust the 186,187

MAP during CPB with the use of
artelrial vasodilators (if MAP

>80 mmHg) or vasoconstrictors (if
MAP <50 mmHg), after checking
and adjusting the depth of
anaesthesia and assuming
sufficiently targeted pump flow.

The use of vasopressors to force 186,191,195

the MAP during CPB at values
higher than 80 mmHg is not
recommended.

It is recommended that
vasoplegic syndrome during CPB
be treated with a1 adrenergic
agonist vasopressors.

In patients with vasoplegic 194,196,197

syndrome refractory to ol1-
adrenergic agonist vasopressors,
alternative drugs (vasopressin,
terlipressin or methylene blue)
should be used, alone or in
combination with al-agonists.

Hydroxocobalamin may be used 1Ib
to treat vasoplegic syndrome
during CPB.

CPB: cardiopulmonary bypass; MAP: mean arterial pressure.
& Class of recommendation.
® Level of evidence.
¢ References.

Recommendations for pump flow management during CPB

Recommendations Class® Level® Ref®

It is recommended that the I
pump flow rate be determined
before initiation of CPB based
on the BSA and the planned

temperature.
The adequacy of the pump flow | IIa 209211
rate during CPB should be
Continued

Continued

Recommendations Class® Level® Ref¢

checked based on oxygenation
and metabolic parameters
(SvO,, O,ER, NIRS, VCO, and
lactates).

IIa B 199,202—-204

The pump flow rate should be
adjusted according to the
arterial oxygen content in order
to maintain a minimal
threshold of DO, under

moderate hypothermia.

Pump flow rates may be settled | IIb B

based on lean mass in obese
patients.

BSA: body surface area; CPB: cardiopulmonary bypass; DO,: oxygen de-
livery; NIRS: near-infrared spectroscopy; O.ER: oxygen extraction ratio;
SVO,: mixed venous oxygen saturation; VCO,: carbon dioxide production.

@ Class of recommendation.

® Level of evidence.

¢ References.

7.8. Pulsatile and continuous flow

All over the world, the majority of CPB procedures are run with
a continuous flow (with roller or centrifugal pumps). A pulsatile
flow during CPB may be generated by modified conventional
pumps or by specifically designed pulsatile pumps. However,
there is no universal definition of pulsatile perfusion and its
quantification. A correct quantification should be based on an
energy gradient rather than on a pressure gradient.”>?'%2%°> The
inhomogeneity of definitions and the quantification of pulsatile
flow make it challenging to compare different studies and,
moreover, to pool different studies on pulsatile versus contin-
uous flow. A limited number of RCTs are available, which have
been pooled in different (but similar) meta-analyses.?!¢ %18

7.8.1. Description of the evidence

Meta-analyses of RCTs have found that patients treated with
pulsatile flow had a better renal outcome, as characterized by
a lower rate of acute renal insufficiency (RR 0.52, 95% CI
0.39—0.68), a better-preserved creatinine clearance rate and
lower values of arterial blood lactates postoperatively.?6?1”
Another meta-analysis that included 9 RCTs investigated
pulmonary function and general outcome in patients receiving
pulsatile versus non-pulsatile perfusion.”’® Only 2 studies
contained respiratory indices [pulmonary compliance, ratio of
arterial oxygen partial pressure to fractional inspired oxygen
(Pa02/FiOy), chest radiography score], and the findings fav-
oured pulsatile perfusion for all the indices. The same article
addressed clinical outcomes that were presented in 3—4 RCTs
and found that pulsatile flow was associated with shorter
intubation time and shorter stays in the ICU and hospital. The
need for non-invasive ventilation was lower in patients
treated with the pulsatile flow (RR 0.48, 95% CI 0.36—0.63).
Additionally, other RCTs found beneficial effects of the pul-
satile flow in terms of micro or macro haemodynamics.?'°2%
Several RCTs showed beneficial effects on splanchnic
perfusion and the inflammatory reaction by adding an intra-
aortic balloon pump to the CPB circuit, which creates pulsa-
tion directly inside the body of the patient.”????* In the
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evaluation of pulsatile perfusion, the main problem when
pooling studies on pulsatile perfusion is the vast heterogeneity
in definitions, which results in relatively large publication bias.
However, data from the RCTs converge in identifying benefi-
cial pulmonary and renal effects.

Recommendation for the type of cardiopulmonary bypass
pump flow

Recommendation Class® Level® Ref®

Pulsatile perfusion may reduce IIa 214,218

postoperative pulmonary and renal
complications and should be
considered in patients at high risk
for adverse lung and renal
outcomes.

2 Class of recommendation.
® Level of evidence.
¢ References.

7.9. Goal-directed haemodynamic therapy

Perioperative optimization of the balance between DO, and
VO, is a cornerstone of the management of patients under-
going cardiac surgery. DO, in patients being operated on CPB
may be decreased due to numerous factors, including
myocardial depression, rhythm disturbances and impaired
vascular tone.?”* Goal-directed haemodynamic therapy (GDT)
is a strategy based on increasing cardiac output by using fluids
and/or inotropes to improve DO, to the tissues.??®

7.9.1. Description of the evidence

Numerous RCTs have been conducted to assess the influence of
a goal-directed protocol on clinical outcomes, including
death.??° 2% In a prospective, controlled, parallel-arm and
open-label trial, 100 patients who were to undergo CABG and/or
aortic valve replacement were randomized to receive GDT
(study group) or standard care (control group).??® It was shown
that early (after induction of anaesthesia) GDT—based on car-
diac index, stroke volume variation and an optimized global
end-diastolic volume index—resulted in a reduced incidence of
postoperative complications (study group vs control group: 40
vs 63; P=0.004) and shortened the length of stay in the ICU
(study group vs control group: 42 +19h vs 62 + 58 h; P=0.018).
An RCT combined with a systematic review was designed
to investigate the effect of GDT on outcomes in high-risk car-
diac surgical patients [EuroSCORE >6, left ventricular ejection
fraction <50%, recent acute MI or high-risk unstable angina
(<14 days) or combined cardiac surgical procedure].??® Patients
were randomized into a GDT group (n=62) or a standard care
group (n=64). In the GDT group, intravenous fluids, inotropes
and PRBC transfusions were used to maintain a cardiac index
of >3.0/min/m?. The primary outcomes comprised the 30-day
mortality rate and the number of major postoperative com-
plications, which were reduced in the GDT group (27.4% vs
45.3%; P=0.037). A meta-analysis of 6 trials showed that, when
compared with standard treatment, GDT significantly reduced
the overall rate of postoperative complications and the length
of hospital stay. However, no significant difference in the
postoperative mortality rate was observed for GDT (9 of 410,
2.2%) compared with standard care (15 of 415, 3.6%; OR 0.61,
95% CI 0.26—1.47; P=0.27). A more recent meta-analysis of 9

trials (1148 patients) showed that GDT significantly reduced
the length of hospital stay.?*

Recommendation  for  perioperative = haemodynamic
management

Recommendation Class® Level® Ref®

GDT is recommended to reduce 1 N 226228231

the rate of postoperative
complications and length of
hospital stay.

GDT: goal-directed haemodynamic therapy.
2 Class of recommendation.
® Level of evidence.
¢ References.

7.10. Assisted drainage

The use of vacuum-assisted venous drainage (VAVD) has been
developed in paediatric cardiac surgery and during minimally
invasive cardiac procedures. VAVD is now often used in
standard CPB. A dedicated vacuum controller is connected to
the lid of the hard-shell venous reservoir to enhance the
venous return from the patient. Alternatively, negative pres-
sure may be generated by using a centrifugal pump between
the venous cannula and the reservoir.?*?

7.10.1. Description of the evidence

The main advantage of VAVD is the increased venous return
compared to gravitational drainage, allowing the use of a
smaller cannula that increases visibility in a narrow operative
field.?>* Moreover, the reservoir can be positioned closer to the
patient, allowing for a marked reduction in priming volume.?**
On the other hand, several risks have been associated with the
use of VAVD. In a recent survey on the use of VAVD, the risks
identified consisted of pressurized venous reservoirs, air
introduction through the membrane oxygenator and non-
functional VAVD devices,”>> emphasizing the need for initial
safety checks and monitoring. The increase in the combined
negative pressureon the venous reservoir by combining VAVD
with gravity drainage may increase the risk of haemolysis.”*? A
trial for adult cardiac patients comparing gravity drainage to
different vacuum levels showed that haemolysis was increased
at —80mmHg compared to —40 mmHg or gravity drainage.”®
Furthermore, GME formation is associated with increased

Recommendations for use of assisted venous drainage

Recommendations Class® Level® Ref®

It is recommended that an I
approved venous reservoir be used
for assisted venous drainage.

It is recommended that the venous I
line pressure be monitored when
using assisted venous drainage.

Excessive negative venous
pressures are not recommended
due to the deleterious haemolytic
effects.

2 Class of recommendation.
® Level of evidence.
¢ References.
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negative pressure in VAVD.?*’ Although VAVD seems to be safe
under the circumstances with controlled negative pressures,
clinical air embolism has been described.?*?

7.11. Strategies for transfusion of blood products

PRBCs and fresh frozen plasma (FFP) transfusions may be
required during CPB, whereas usually no role exists for platelet
or cryoprecipitate transfusions during CPB. PRBCs are typically
transfused when the Hb values fall below a threshold
considered critical for adequate DO,. When considering PRBC
transfusions in other scenarios, this threshold is difficult to
identify based on absolute values, and it should be individu-
alized based on the measured DO, and on indices of oxygen
extraction (SvO; and O,ER). Low values of Hb during CPB have
been associated with adverse outcomes in many stud-
ies,?*®72%0 and this concept raised the hypothesis of a more
liberal transfusion trigger during CPB; however, in the pres-
ence of a low Hb value, the DO, is preserved by increasing the
pump flow.?>> FFP has been used during CPB as a source of
antithrombin for patients with poor heparin responsiveness.
However, the use of antithrombin concentrates is an effective
way to treat this condition, avoiding the use of FFP.

7.11.1. Description of the evidence

7.11.1.1. Packed red blood cell transfusions. Few RCTs have
compared different Hb or HCT trigger values for RBC trans-
fusions during CPB. In a small RCT,?*! patients with an HCT
during CPB between 21% and 25% were randomized for
receiving or not receiving RBC transfusions. The results sug-
gest that non-transfused patients had similar renal outcomes.
An RCT of liberal versus restrictive transfusion protocols, in-
clusive of RBC transfusions for an Hb <7.0g/dl during CPB in
the restrictive group and <9.5 g/dl in the liberal group, resulted
in more substantial transfusions for the liberal group but more
adverse events in the restrictive group.?*> However, this study
included transfusion strategies after CPB. A retrospective
study showed that, during CPB, PRBC transfusions are effec-
tive if the SvO, is <68% and/or the O,ER is >39%.2%*

Existing guidelines suggest transfusing PRBCs if the Hb is
<6.0 g/d1*** and an acceptable HCT value between 21% and 24%
if the DO, is maintained above 273 ml/min/m?.?

7.11.1.2. Fresh frozen plasma transfusions. FFP during CPB
has the sole indication of supplementing antithrombin in pa-
tients with poor heparin responsiveness. However, RCTs and
existing guidelines demonstrated that antithrombin concen-
trate is more effective than FFP in restoring heparin respon-
siveness and allows areduction in FFP transfusions and volume
overload.>?**2% Prophylactic use of FFP to decrease perioper-
ative bleeding is ineffective and should be abandoned.?*®?%°

Recommendations for transfusion management during car-
diopulmonary bypass

Recommendations Class® Level® Ref®

PRBC transfusions

It is recommended that PRBCs be I
transfused during CPB if the Hb
value is <6.0 g/dl.

Continued

Continued

Recommendations Class® Level® Ref®

For HCT values between 18% and 1Ib 243
24%, PRBCs may be transfused
based on an assessment of the

adequacy of tissue oxygenation. ¢

PRBCs should not be transfused
during CPB if the HCT is >24%.

FFP transfusions

It is recommended that 245247

antithrombin concentrate be used
instead of FFP to treat antithrombin
deficiency to improve heparin
sensitivity.

If antithrombin concentrate is
unavailable, FFP should be
considered to treat antithrombin
deficiency to improve heparin
sensitivity.

FFP should not be used
prophylactically during CPB to
reduce perioperative blood loss.

248,249

CPB: cardiopulmonary bypass; FFP: fresh frozen plasma; Hb: haemoglo-
bin; HCT: haematocrit; PRBCs: packed red blood cells.

2 Class of recommendation.

b Level of evidence.

¢ References.

4 The DO, is maintained at >273ml/min/m? and cerebral oximetry is
satisfied.

7.12. Anaesthesia and pharmacological treatment
during cardiopulmonary bypass

CPB is associated with significant changes in the pharmaco-
kinetics and pharmacodynamics of anaesthetic drugs. Causes
include priming-induced haemodilution and reduced plasma
protein concentrations, hypothermia-induced altered drug
clearance and drug sequestration during lung isolation.?*°
These alterations demand particular expertise by cardiac
anaesthesiologists regarding sedation and anaesthetic depth,
analgesia and neuromuscular blockade. Other aspects that
should be considered during anaesthesia include corticoste-
roids and glycaemic control, which are discussed at the end of
this chapter. Haemodynamic drugs, coagulation-related drugs
and serum electrolytes are discussed in other sections.

7.12.1. Volatile anaesthetics

RCTs have shown that volatile anaesthetics used to maintain
general anaesthesia during cardiac surgery and also during
CPB have the potential to improve postoperative morbidity
and mortality rates.”’’?*> However, a recent large interna-
tional multicentre RCT in 36 centres, including 5400 patients
undergoing elective CABG surgery, showed that the use of a
volatile agent did not reduce the rate of all-cause death at
lyear compared to total intravenous anaesthesia (2.8% vs
3.0%; P=0.71). The discussion of this lack of protection
included the fact that patients in this trial had a relatively low
risk for ischaemia reperfusion injury and that propofol was co-
administered in the volatile anaesthetic group.?>
Haemodilution and hypothermia counterbalance each
other during most phases of CPB, with hypothermia increasing
the blood/gas partition coefficient and haemodilution
decreasing it. During rewarming, however, the increase in
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temperature is faster than the increase in HCT, resulting in a
lower blood/gas partition coefficient and thus in increased
wash-in and more rapid increase in depth of anaes-
thesia.?>*?>° The effect during rewarming, i.e. reduced blood/
gas partition coefficient and faster wash-in, is subsequently
reversed towards the end of CPB.

Itis of note that the effects of temperature and HCT described
previously were assessed with prime volumes of 21 or more and
a drop in temperature to about 30°C.?*> Therefore, these effects
will be less pronounced with the CPB techniques used today,
which include lower prime volumes and the use of milder de-
grees of systemic hypothermia or even normothermia.

Using EEG-based bispectral index (BIS) monitors and
auditory-evoked responses as a measure for depth of anaes-
thesia indicates that the requirements of volatile anaesthetics
are temperature dependent, with a lower requirement during
systemic hypothermia and a higher requirement during
rewarming. 22>’

However, the use of EEG-based BIS monitors as a surrogate
for depth of anaesthesia during CPB may have limitations,
because a burst-and-suppression EEG pattern in anaesthetized
and hypothermic patients might correlate with high (awake)
BIS values, and there is a high variability of BIS values below
32°C. It has been shown that the BIS value is reduced by about
1.2 units per 1°C reduction.?*®2*°

Volatile anaesthetics cross the conventional and
commonly used microporous polypropylene hollow fibre
membrane oxygenator. During CPB, the concentration of the
volatile anaesthetic in the oxygenator exhaust line should be
monitored.?”® It has been demonstrated that this concentra-
tion correlates well with the arterial concentration,”%?%°
although others dispute this.>*° During CPB, isoflurane and
sevoflurane can cause hypotension by vasodilation. This effect
may add to the vasodilatation during prolonged CPB.

Nitrous oxide is highly insoluble in blood and can
therefore enlarge air bubbles.?®! Therefore, its use imme-
diately before and after CPB may result in potential adverse
effects on neurological outcome through the expansion of
gaseous emboli. Apart from the reduction of MAP, heart
rate, stroke volume and cardiac output, the cardiovascular
effects of nitrous oxide after CPB include the induction of
regional wall motion abnormalities and possibly diastolic
dysfunction.?®?

7.12.2. Intravenous anaesthetics and opioids during
cardiopulmonary bypass

There is widespread use of total intravenous anaesthesia for
the maintenance of general anaesthesia in cardiac patients,
particularly in Europe.?*° During CPB, there will be a reduction
of the total concentration of intravenous anaesthetic drugs
due to haemodilution. However, propofol and opioids are
highly protein bound and, therefore, with haemodilution-
induced lower blood concentrations of proteins (such as al-
bumin), their unbound and pharmacodynamically active free
fractions will increase, offsetting the haemodilution-induced
reduced drug concentrations.?%> 2%

In addition, hypothermia, decreased microcirculatory flows
and reduced organ perfusion during CPB affect hepatic meta-
bolism and renal clearance, resulting in prolonged elimination
half-lives of anaesthetics and leading to small increases in
blood levels of propofol and opioids.

Based on the temperature-dependent Hofmann elimina-
tion of remifentanil, a remifentanil infusion can be reduced

after initiation of CPB by about 30% for each 5°C drop in tem-
perature. The dose reduction can start immediately after
initiation of CPB if the patientis cooled to 27°C and after 20 min
if he/she is cooled to 32°C, because it takes about 20—30 min for
the reduced temperature-induced reduction in metabolism by
Hofmann elimination to offset the haemodilution-induced
reduction in plasma levels.?®

During lungisolation, During lung isolation, opioids such as
fentanyl and sufentanil have been shown to sequester in the
lungs, resulting in increased plasma levels of these drugs
during separation from CPB [263, 264]. Similar to volatile an-
aesthetics, during CPB, propofol may cause hypotension by
vasodilation.

7.12.3. Neuromuscular blocking agents

Historically, pancuronium was used as a neuromuscular
blocker in cardiac anaesthesia due to its vagolytic actions,
reducing the incidence of bradycardia during induction.

The recent 5th National Audit Project in the UK, which
assessed accidental awareness during general anaesthesia
(AAGA), confirmed a high risk for AAGA in cardiac anaes-
thesia. It also confirmed that AAGA is associated with the use
of neuromuscular blocking agents, particularly in cardiac
anaesthesia; this finding would support the use of short-acting
neuromuscular blockers.?®” In addition, fast-tracking patients
and enhanced recovery protocols after cardiac surgery would
also support the use of short-acting neuromuscular blockade
during induction only.

Atracurium and rocuronium were used in 90% of cases in
the 6th National Audit Project in the UK, which reported the
incidence of life-threatening allergic reactions during anaes-
thesia and surgery. The incidence of anaphylactic reactions
was 4.2/100000 administrations with atracurium.?®® The risk
of an anaphylactic reaction, if the risk of atracurium is equal to
1, is 1.42 for rocuronium and 0.78 for mivacurium.

7.12.4. Corticosteroids

Two multicentre RCTs assessed whether the outcome could be
improved with high doses of intraoperative corticoste-
roids.?®??’% The Dexamethasone for Cardiac Surgery (DECS)
trial randomized 4494 patients with one single intraoperative
dose of dexamethasone 1mg/kg given to patients in the
treatment group. The incidence of the primary outcome,
which was a composite of postoperative deaths, cardiac, renal,
respiratory or cerebral adverse events, was lower in the study
group (7% compared to 8.5% in control patients) but without
statistical significance (P =0.07).%°

The more recent Steroids in Cardiac Surgery (SIRS) trial
randomized 7507 patients to receive 500mg of methylpred-
nisolone intraoperatively. The results were also neutral, with
no reduction in the postoperative mortality rate at 30days
(with 4% in the treatment group vs 5% in the control group)
and no change in the risk of death or major morbidity (with an
incidence of 24% in both groups).?’°

Based on these 2 large neutral RCTs, one can, therefore,
conclude that routine intraoperative corticosteroids do not
affect postoperative mortality or morbidity rates. A recent
systematic review and meta-analysis including 56 RCTs and 16
013 patients confirmed an unclear effect on the mortality rate.
In addition, it demonstrated an increased risk of myocardial
injury with perioperative corticosteroids but also a lower risk
of new onset AF.?’? The hypothesis that patients younger than
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75 years might benefit from corticosteroids in cardiac surgery
is currently being investigated in a large RCT.?”’? The poten-
tially beneficial pulmonary effects of perioperative dexa-
methasone are discussed in Section 7.15.

7.12.5. Glycaemic control

There is a high incidence of hyperglycaemia in patients during
CPB due to (i) a high prevalence of diabetes mellitus in patients
presenting for heart surgery, (ii) surgery- and CPB-associated
inflammation and stress and (iii) the use of positive ino-
tropes. The degree of intraoperative glycaemic control is
controversial. Tight control of blood glucose levels may be
associated with a lower mortality rate and fewer adverse
outcomes including AF, the requirement of epicardial pacing
and shorter durations of mechanical ventilation and ICU
stay.?”’® However, tight control of glucose levels may induce
hypoglycaemia, which is associated with an increase in
morbidity and mortality rates. Whether the benefit of tight
glucose control outweighs the risks of hypoglycaemia remains
unclear. Recently, it was suggested that patients with diabetes
can be managed with a more liberal glycaemic control strat-
egy, with blood glucose levels up to 10mmol/l, whereas
management of patients who do not have diabetes may be
beneficial if the blood glucose level is kept at <7.8 mmol/1.77*

Recommendations for anaesthesia and pharmacological
management

Recommendations Class® Level® Ref

Volatile anaesthetics should be Ila 2517253

considered during CPB.

The oxygenator exhaust IIa
concentration of volatile anaesthetic
agents during CPB should be at least
the same as that before CPB (if used
as the sole anaesthetic agent), except
duringrewarming, whenitshould be
increased.

Oxygenator exhaust concentrations | IIa 26,260

of volatile agents should be
monitored during CPB.

Doses of intravenous anaesthetics Ila 263-266

and opioids, except remifentanil,

during maintenance of CPB should
be atleast the same as before CPB (if
used as the sole anaesthetic agent).

After the initiation of CPB, the
remifentanil dose may be reduced
after 20—30 min by 30% at 32°C.
Hypothermia below 27°C requires
immediate reduction by 60%.

Short-acting neuromuscular
blocking agents should be
considered in cardiac anaesthesia.

Routine use of prophylactic 269-271

intravenous corticosteroids is not
recommended during cardiac

surgery.

Continued

Continued

Class® Level® Ref®

1Ib “ 273,274

Recommendations

Tight glycaemic control may be
considered during CPB.

CPB: cardiopulmonary bypass.
2 Class of recommendation.
b Level of evidence.
¢ References.

7.13. Cardioplegia

Protection of myocardial function from ischaemic damage
during CPB and the ability to provide a quiet and bloodless
operative field are the main goals of cardioplegia techniques.
The standard technique for the induction of cardiac arrest
includes the delivery of a high concentration of potassium of
8—20mEq/] by either crystalloid or blood carrier solutions to
the myocardium, leading to fast inactivation in the sodium
channels and thereby inducing depolarized arrest. The
composition of cardioplegia solutions varies considerably, but
they are generally divided into 2 distinct categories: pure
crystalloids or blood-to-crystalloid mixtures. Pure crystalloid
solutions may be of either the intracellular or extracellular
type, whereas conventional blood cardioplegia is a mix of both
crystalloid solution and blood, typically in a ratio (4:1) of 4
parts of blood to 1 part of crystalloid.”’> Moreover, the blood
mixtures include del Nido cardioplegia [which contains 1 part
of blood to 4 parts of crystalloids (1:4) with the addition of
lidocaine to prolong the hyperpolarization lifetime] together
with microplegia [which delivers cardioplegia with a minimal
crystalloid solution in a ratio of at least 66 parts of blood to 1
part of crystalloid (66:1) or no crystalloid at all].

7.13.1. Description of the evidence

Several experimental studies favour the use of blood car-
dioplegia over crystalloid solutions when comparing the
release of cardiac enzymes and metabolic response. Never-
theless, the 2 largest clinical trials in the field showed no sta-
tistical differences in terms of major or minor postoperative
clinical outcomes between crystalloid or blood cardioplegia
among 1140 randomized patients who underwent CABG?’®
and 345 patients after aortic valve replacement.”’” Further-
more, a systematic review and meta-analysis of 34 RCTs that
compared crystalloid with blood cardioplegia in 5044 patients
found no difference between the groups regarding the rates of
perioperative MI and death; however, a significantly lower
incidence of low cardiac output syndrome (LCOS) was
observed immediately upon reperfusion with blood car-
dioplegia.”’® A more recent meta-analysis of 36 RCTs showed
similar results in terms of in-hospital death (RR 0.96, 95% CI
0.60—1.51; P=0.83) or perioperative MI (RR 0.79, 95% CI
0.55—1.12; P=0.12), but the difference in LCOS disappeared
after the inclusion of more recent studies (RR 0.69, 95% CI
0.48—1.04; P=0.072).7°

Although the difference in outcomes between crystalloid
and blood cardioplegia has been studied extensively, most of
the studies did not report the risk of bleeding complications
and transfusion rates. In an RCT including 100 patients, crys-
talloid cardioplegia was compared to blood cardioplegia and
was associated with significantly higher intraoperative
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haemodilution, greater blood loss and more PRBC trans-
fusions.?®° Moreover, in the recently published 2017 EACTS/
EACTA guidelines on patient blood management,’ the limita-
tion of haemodilution has been recognized as a vital part of a
blood conservation strategy to reduce bleeding and perioper-
ative transfusion requirements (class IB recommendation).
Thus, due to limited crystalloid fluid content, the use of blood
cardioplegia solutions should be considered as the preferred
strategy in patients with anaemia, low BSA and chronic kidney
disease or patients undergoing complex procedures to reduce
haemodilution and the risk of subsequent complications
including AKI, bleeding and the need for transfusions
perioperatively.

The most commonly used mode of application for car-
dioplegia is antegrade, applied directly into the aortic root prox-
imal to the aortic cross-clamp at a pressure of 60—100 mmHg or
infused directly into the coronary ostia with pressure monitoring.
Retrograde cardioplegia is administered via direct insertion of a
catheter into the coronary sinus, using a flow of 200—400 ml/min
to a coronary sinus pressure of between 30 and 50 mmHg.%%!
Higher pressures should be avoided to prevent coronary venous
system injury.?® Induction of cardiac arrest is usually slower
with retrograde than with antegrade cardioplegia, often 2—4 min
instead of 30—60s, but it should be noted that experimental re-
sults indicate that the flow to the microvasculature of the right
ventricle is inadequate during retrograde cardioplegia and,
therefore, the protection of the right ventricle might be incom-
plete.?®? In more complex cases, where the cross-clamp time is
extended or severe coronary disease with poorly developed col-
laterals or aortic valvular insufficiency is present, antegrade plus
retrograde cardioplegia can be used to ensure adequate distri-
bution of the cardioplegia.?®>?%*

Usually, cardioplegia is administered cold and intermit-
tently every 20—30 min to maintain cardiac arrest and hypo-
thermia; however, a single-shot cardioplegia may also be
applied in low-risk cases with short aortic clamp times. A
single-shot approach, often using intracellular crystalloid so-
lutions or the del Nido solution, minimizes interruptions
during the surgery for repeated administration of cardioplegia
and also facilitates less invasive procedures. Although the
interest in these methods has been continuously growing, the
evidence to support their use in daily practice in high-risk
operations is insufficient due to a lack of adequately pow-
ered RCTs to prove their superiority over conventional ap-
proaches.?®® The most recent systematic review and meta-
analysis, which compared the del Nido solution with con-
ventional approaches in adult patients undergoing cardiac
surgery, included 9 observational studies and small RCTs
(n=1501). This meta-analysis showed that the use of the del
Nido solution did not result in the reduction of the mortality
rate (RD 0, 95% CI —0.01 to 0.01; P=0.53), a lower release of
postoperative myocardial enzymes (standardized mean
difference —0.16, 95% CI —0.41 to 0.08; P=0.18) or reduced
length of hospital stay (standardized mean difference —0.10,
95% CI —0.26 to 0.05; P =0.18).7°

The warm or tepid blood cardioplegic approach was devel-
oped for use in patients with acute MI and to enhance the re-
covery of contractile function after hours of ischaemia.?®” The
less commonly used method is an infusion of continuous warm
or tepid cardioplegia through the coronary sinus. In the meta-
analysis of 41 RCTs with 5879 patients, in-hospital deaths,
length of stay, incidence of stroke and AF and the use of an
intra-aortic balloon pump were compared and did not differ
between warm versus cold cardioplegia groups.?®® However,

warm cardioplegia was associated with a significantly better
postoperative cardiac index and lower cardiac enzyme release.
In a large prospective study comparing early and late outcomes
of patients receiving tepid/warm or cold cardioplegia during
isolated CABG, adjusted perioperative mortality rates were not
different (OR 1.45, 95% CI0.95—2.22; P =0.09) but patients in the
cold blood cardioplegia group had 1.86 times higher adjusted
odds for having MI compared with the patients in the warm
cardioplegia group (OR 1.86, 95% CI 1.36—2.53; P <0.001).%° A
drawback of warm or tepid cardioplegia is that the poor dis-
tribution or interruption of normothermic cardioplegia may
induce anaerobic metabolism and warm ischaemic injury.
Therefore, normothermic cardioplegia must be delivered
continuously and homogeneously, which explainsits relatively
limited popularity.?’> Small RCTs have indicated some benefits
regarding myocardial metabolic derangements with the use of
warm blood-controlled reperfusion (‘hot-shot’), often admin-
istered retrogradely at the end of a complex procedure, but this
strategy requires further validation.?*

Recommendations for control of ischaemic cardiac arrest

Recommendations Class® Level® Ref®

It is recommended that patient- I
centred myocardial protective
strategies be used based on clinical
condition and procedural
complexity rather than on the use
of a fixed institutional cardioplegic
solution.

Blood cardioplegia should be Ila 280
considered in selected patients ¢ to
reduce haemodilution, bleeding
complications and transfusion

requirements.

Class of recommendation.

Level of evidence.

References.

Patients with anaemia, low body surface area, chronic kidney disease
or undergoing complex procedures.

a
b
c
d

7.14. Lung protection

Respiratory failure is a common complication after cardiac
surgery, with an incidence of 9% and a 6-fold increase in the
mortality rate compared to patients without respiratory fail-
ure.?! CPB activates inflammatory and oxidative stress path-
ways, resulting in pulmonary ischaemia reperfusion injury.
Apart from CPB, causes of respiratory failure include median
sternotomy, dissection of the internal mammary artery, local
cooling for myocardial protection and transfusion of blood
products. Intraoperative strategies to reduce cardiac surgery-
associated lung injury include CPB modifications, continuous
positive airway pressure and/or ventilation during CPB and
pharmacological interventions.

7.14.1. Description of the evidence

7.14.1.1. Cardiopulmonary modifications. Biocompatible mod-
ifications of circuits are designed to mimic endothelial surfaces
by coatings, including heparin, poly(2-methoxyethyl acrylate),
synthetic protein and phosphorylcholine. A single-centre RCT of
78 patients undergoing CABG compared biocompatible coated
circuits with an uncoated control group and demonstrated that
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biocompatible coatings resulted in fewer inflammatory re-
sponses and less oxidative stress.’”> A systematic review and
meta-analysis assessing 4360 patients in 36 trials and clinical
outcomes found no differences in postoperative lung dysfunc-
tion and mechanical ventilation times when biocompatible
bypass circuits were compared with uncoated circuits. There
was, however, a significantly shorter duration of stay in the ICU
when biocompatible bypass circuits were used. However, het-
erogeneity of different biocompatible modifications was noted,
with 78% of trials using heparin-bonded surfaces only.'*®

7.14.1.2. Leucocyte filtration. Activated leucocytes play a
crucialroleininflammatory lungdamage. The effect of systemic
leucofiltration on the pulmonary injury after CPB has been
assessed in a meta-analysis that included 995 patients in 21
studies. Results revealed that short-term pulmonary outcomes,
such as oxygenation at 12 h after CPB, were improved but not at
24h. Postoperative ventilation times were also reduced. How-
ever, lengths of stay in critical care and the hospital were un-
changed. There was high heterogeneity among RCTs.?> A more
recent, small single-centre RCT compared inflammation and
lung function in 30 patients with leucocyte filtration in the car-
diotomy suction, showing no evidence of improved pulmonary
function when leucocyte filters were used.’”* Another RCT in 60
patients with mild-to-moderate lung dysfunction assessed
systemic and cardioplegic leucocyte filtration. Whereas the
postoperative ventilation time was shorter in the intervention
group, there were no differences in pulmonary complications
such as pneumonia and acute lung injury.?>> A potentially un-
wanted effect of leucocyte filtration is that it results in increased
neutrophil elastase levels in patients. Elastase hydrolyses pro-
teins and plays a crucial role in inflammatory lung tissue
injury.?*

7.14.1.3. Modified ultrafiltration. MUF includes the removal of
fluids and low-molecular-weight substances at the end of CPB.
This technique was assessed in an RCT of 573 patients, and it
was associated with significantly decreased numbers of pa-
tients with postoperative respiratory failure.””” A more recent
small RCT of 37 patients suggested that the MUF decreased
airway resistance postoperatively.?® However, a large pro-
spective RCT is necessary to find out whether MUF has an
impact on meaningfullong-term clinical pulmonary outcomes.

7.14.1.4. Pulmonary artery perfusion. Two single-centre RCTs
assessed selective pulsatile pulmonary perfusion with
oxygenated blood during CPB in 64 and 30 patients, respec-
tively. On the one hand, this technique demonstrated a
reduction of lung tissue inflammation with lower neutro-
philic/lymphocytic alveolar infiltration in the bronchoalveolar
lavage and improved oxygenation and lung compliance
immediately after the operation. However, circulating cyto-
kine levels were unaffected, and the effect on meaningful
long-term clinical pulmonary outcomes remains open.??%3%°
Another more recent small RCT assessed selective pulmo-
nary perfusion with cold (2°C) venous blood during CPB in 59
patients with chronic obstructive pulmonary disease; the
study demonstrated a non-significant trend towards a shorter
ventilation time and stay in the ICU in the treatment group.>*

7.14.1.5. Minimally invasive extracorporeal circulation.
Features of MiECC are described in Section 7.1. MiECC includes a
small priming volume, a closed system, a centrifugal pump and
a biocompatible coated system. No venous reservoir is used. A
recent systematic review and meta-analysis of RCTs including
2770 patients in 24 studies showed that MiECC was associated

with shorter durations of postoperative mechanical ventilation
and shorter ICU stays. However, different minibypasses were
assessed, and outcome results did not include meaningful
longer-term outcomes beyond the discharge of patients.*°

7.14.1.6. Continuous positive airway pressure and ventilation
during cardiopulmonary bypass. Whether continuous positive
airway pressure or ventilation during CPB can protect the
lungs has been assessed in a meta-analysis and semi-
quantitative review of 16 RCTs and 814 patients. Results
demonstrated that continuous positive airway pressure or
vital capacity manoeuvres during CPB improve oxygenation
variables directly after CPB. However, improved oxygenation
was not sustained, and clinical outcomes were unchanged.
Besides, the methodological quality of the RCTs in this meta-
analysis was graded as low.>°> A multicentre RCT of 870 pa-
tients is planned to address this question, with patients ran-
domized to receive no mechanical ventilation, continuous
positive end-expiratory pressure or low minute volume
ventilation with a continuous positive end-expiratory pres-
sure during CPB. The primary end point will be the incidence of
respiratory failure until discharge from the critical care unit.>*?

7.14.2. Pharmacological interventions

7.14.2.1. Hyperoxia. Exposure of the alveolus to 100% oxygen
leads to alveolar collapse and the generation of oxygen radicals,
which might exacerbate ischaemia-reperfusion injury after
CPB. Small RCTs assessed the effect of hyperoxia on post-
operative ventilation times, with conflicting results, demon-
strating prolonged ventilation times with intraoperative
hyperoxia in 1 RCT but not in others.>** The lengths of the stays
in the critical care unit and in the hospital were not affected.®**

7.14.2.2. High-dose dexamethasone. A large multicentre RCT,
where 4494 patients were randomized to receive high-dose
dexamethasone (1mg/kg), demonstrated a significant
improvement in lung protection relevant secondary outcome
variables: incidence of prolonged ventilation (>24 h), with 3.4%
in the dexamethasone group compared to 4.9% in the placebo
group; and postoperative pneumonia in the treatment group,
with a reduction from 10.6% to 6%. However, the primary
outcome, which was the 30-day incidence of major adverse
events, was similar in both groups.?®®

Recommendations for lung protection during cardiopulmo-
nary bypass

Recommendations Class® Level® Ref®

Biocompatible modifications Ila B 108,292

of circuits should be
considered in order to protect
the lungs from inflammatory
responses and provide less
oxidative stress.

MUF and selective pulmonary 1Ib B 297-301

artery perfusion may be
considered for improving
postoperative respiratory
function.

Continued
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Continued

Recommendations Class® Level® Ref€

293-296,304

Leucocyte filtration and
hyperoxia are not
recommended for protecting
the lungs during CPB.

PEEP during CPB should be
considered in order to protect
the lungs.

Ventilation during CPB may be
considered for lung
protection.

High-dose dexamethasone
may be considered in order to
protect the lungs in selected
patients.

CPB: cardiopulmonary bypass; MUF: modified ultrafiltration; PEEP: posi-
tive end-expiratory pressure.

2 Class of recommendation.

b Level of evidence.

¢ References.

7.15. Non-invasive cerebral monitoring

Despite significant improvements in CPB technology and
anaesthetic techniques, neurological complications remain a
concern. Adverse cerebral outcomes after cardiac surgery are
associated with increased mortality rates, prolonged ICU and
hospital stays and the use of additional hospital resources.
Hence, the choice of an optimal monitoring tool for the early
diagnosis of deteriorating neurological function is required to
improve surgical outcomes.

7.15.1. Description of the evidence

7.15.1.1. Near-infrared spectroscopy. Several studies claim
that the magnitude and duration of cerebral oxygen desaturation
are associated with early postoperative neuropsychological
dysfunction and a prolonged hospital stay after cardiac sur-
gery.”'13%> The use of NIRS-based algorithms intended to
improve the cerebral oxygen supply/demand ratio to improve
clinical outcomes is currently undergoing extensive research. In
alandmark study, 200 patients undergoing on-pump CABG were
randomized to receive either the NIRS-based algorithm or stan-
dard care intraoperatively.?*! Although there were no differences
inthe overallincidence of complications, the rates of major organ
morbidity and mortality were significantly lower in patients
treated using the NIRS-based algorithm. An improvement in
neurocognitive function was also observed in the interventional
group according to the results of several studies.>>3%

However, 2 recent high-quality trials that included patients
with a high risk of complications®*®*% and a recently pub-
lished meta-analysis and systematic review of 1466 patients
from 10 randomized controlled studies showed no clinical
benefit of the use of NIRS-based algorithms.?’° These results
clearly contradict previously published evidence.

7.15.1.2. Monitoring of depth of anaesthesia. Intraoperative
awareness, although rare, negatively influences the neuro-
psychological status of patients after surgery. Processed EEG
monitors are widely used to reduce the incidence of recall
during surgery. No studies have specifically focused on

patients undergoing surgical procedures requiring CPB. In a
prospective study, 2000 patients (26.5% had planned open-
heart surgery) were randomly assigned to EEG-derived BIS-
guided anaesthesia (target BIS range, 40—60) or end-tidal
anaesthetic gas concentration-guided anaesthesia (target
end-tidal anaesthetic gas range, 0.7—1.3 minimum alveolar
concentration).>'! The authors found no differences in intra-
operative awareness or in the need for volatile anaesthetics
between the 2 groups. It is of note that only 2 cases of intra-
operative awareness in each group were reported. The results
of a later randomized study that analysed 5713 patients
confirmed these results.>'? According to the results of a meta-
analysis and systematic review, BIS-guided anaesthesia can
reduce the risk of intraoperative awareness in surgical pa-
tients at high risk for awareness compared to the use of clin-
ical signs as a guide for anaesthetic depth.>’® BIS-guided and
end-tidal anaesthetic gas-guided anaesthesia may provide
equivalent protection against intraoperative awareness.

7.15.1.3. Transcranial Doppler. Transcranial Doppler moni-
toring is used in patients undergoing cardiac surgery under
CPB to detect the velocity and the direction of cerebral blood
flow. Due to several disadvantages that limit the wide appli-
cation of this technique, including the requirement for special
equipment, the need for technical expertise and the chal-
lenges of identifying an acoustic window, transcranial Doppler
is not discussed here in detail.

Recommendations for wuse of non-invasive cerebral

monitoring

Recommendations Class® Level® Ref®

Routine use of processed EEG 1Ib 3 311313

monitoring to reduce the
incidence of intraoperative
awareness may be considered.

The use of NIRS-guided IIb B
algorithms to improve clinical
outcomes may be considered.

211,306—310

EEG: electroencephalography; NIRS: near-infrared spectroscopy.
2 Class of recommendation.
b Level of evidence.
¢ References.

7.16. Management of shed blood

Traditionally, shed blood—also known as cardiotomy suction
blood, pleural and pericardial blood or wound blood—was
aspirated back into the heart—lung machine via cardiotomy
suckers. Over time, however, it was discovered that shed blood
is highly activated and might be associated with thrombin
generation, the activation of coagulation and fibrinolytic and
inflammatory pathways and could contribute to higher
transfusion requirements.” Moreover, reinfusion of shed blood
is associated with neurological injury, cognitive decline and
lung injury attributed in part to increased levels of haemolysis
and fat in the scavenged blood and lung injury.>'* 3¢ By col-
lecting shed blood apart from the systemic blood that flows
through the heart—lung machine, it becomes possible to
handle this blood separately, e.g. with a cell saver, before
returning it to the patient. In this way, it may be possible to
reduce the pathological activation caused by shed blood.
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7.16.1. Description of the evidence

During CPB, intraoperative autotransfusion, either with blood
directly from the cardiotomy suction or processed using
centrifugation to concentrate red cells, may be considered as
part of a blood conservation programme.’** Clinical studies
comparing retransfusion of unprocessed versus discarded or
processed shed blood report conflicting results regarding
bleeding and transfusion requirements and neurological
injury. It has been shown that processed or discarded shed
blood is associated with decreased expression of markers for
thrombin generation, platelet activation, inflammation,
neuronal injury and decreased blood loss.>'*3Y 31 However,
contradictory findings showed more postoperative bleeding
and transfusion requirements and no clinical evidence of any
neurological benefit when shed blood was discarded or pro-
cessed before transfusion.>?0322

In vitro laboratory assays for haemolysis, coagulation,
inflammation and neurological injury in retransfusing shed
blood show that this blood is severely contaminated. The
extent to which this contamination has consequences for the
clinical outcome is difficult to estimate. Based on current
knowledge, it is justified to avoid retransfusion of unprocessed
shed blood as much as possible. It is preferable, if reinfusion is
necessary, to first process the shed blood with a cell saver and,
thereafter, to filter it.>2**314

Shed blood can be collected separately in a suitable car-
diotomy reservoir (dual chamber), a blood transfusion bag or
in the reservoir of a cell saver. The best way to deal with shed
blood depends on the volume of shed blood and the charac-
teristics (e.g. BSA, preoperative HCT, Hb, platelet count) of the
patient. For example, smaller volumes of shed blood may be
discarded and medium volumes may be processed before
returning it.>”:3!® With larger quantities, in most cases, the
choice must be made to return shed blood to the patient
because large volumes of cell-salvaged red blood cells may
lead to an excessive loss of plasma and may result in impaired
coagulation.?*?!

It remains crucial that, during the operation, blood loss
should be kept to a minimum. Preferably, the blood that is lost
should be aspirated away as soon as possible. The longer the
blood stays in the chest cavity, outside the bloodstream, the
more activated it becomes.?!*%??

Research results in the area of shed blood management are
difficult to interpret. On the one hand, the results often come
from smaller, single-centre RCTs; on the other hand, the di-
versity in the quality of the studies is tremendous. Further-
more, it is unfortunate that no relevant review article has been
published so far.

Recommendations for management of shed blood

Recommendations Class® Level® Ref®
Discarding shed blood should be Ila B i
considered.

Processing and secondary filtration | IIa B 318,315

of red blood cells should be
considered to decrease the
deleterious effects of reinfused
shed blood.

2 Class of recommendation.
b Level of evidence.
¢ References.

7.17. Minimally invasive surgery

A significant number of cardiac surgical units offer minimally
invasive cardiac surgical procedures, mainly valve surgery, to
selected patients. Specialized perfusion techniques are
required to achieve the goal of minimal invasiveness. Periph-
eral cannulation, most often in the groin, is used instead of
central access. This procedure necessitates the use of a special
cannula, and, usually, vacuum-assisted drainage is applied.
Moreover, the type of cardioplegia used has to be adjusted.
Minimized perfusion circuits may be used instead of conven-
tional circuits. Readers are referred to the dedicated chapters
in this document on cannulas (Section 5.1) and the type of
circuit (Section 7.1).

7.17.1. Description of the evidence

Clinical results of minimally invasive surgery have been
evaluated in several modest clinical trials, and the results of
individual studies are combined in meta-analyses. Most pub-
lications focus on a specific procedure, i.e. mitral valve surgery
or aortic valve surgery. The most recent meta-analysis and
systematic review on mitral valve surgery, based on a few
RCTs and a more significant number of non-randomized evi-
dence, suggests that minimally invasive surgery has some
benefits, such as decreased bleeding, AF, sternal wound
infection and length of stay in the ICU.*”> However, an
increased risk for stroke, vessel injury including aortic
dissection and increased procedure time were found.***
There are a larger number of RCTs concerning aortic valve
replacement. A meta-analysis on aortic valve replacement
using a Bayesian network method revealed comparable clin-
ical results between conventional and minimally invasive
methods but confirmed longer procedure times for minimally
invasive surgery.>?* However, groin or vascular access com-
plications were not addressed in this meta-analysis. Few
studies have been conducted to examine different perfusion
strategies in minimally invasive cardiac surgery, but none of
them are supported by the evidence from prospectively ran-
domized settings. In a comparison between the use of the
endoaortic balloon occlusion and transthoracic aortic clamp-
ing, neither of the techniques was found to be superior.*?°

Recommendations for minimally invasive surgery

Recommendations Class® Level® Ref®

Perfusionists should be adequately IIa
trained and educated in the
different aspects of minimally
invasive cardiac surgery
techniques.

Minimally invasive heart valve IIb 323,324

surgery may be considered to
reduce blood loss and the need for
transfusion.

Minimally invasive heart valve IIb 323,324

surgery may be considered in
experienced units with respect to
the patient’s preference.

2 Class of recommendation.
® Level of evidence.
¢ References.
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7.18. Emergency institution and reinstitution of
cardiopulmonary bypass

Perfusionists regularly work in an urgent/emergent situation.
They should always be prepared to institute and reinstitute
CPB in life-saving settings, which can be either for an urgent
or emergent procedure or reinstitution on CPB after weaning.
Perfusionists can be best trained periodically for these
emergencies through protocols and/or team simulation
sessions.

7.18.1. Description of the evidence

There is no scientific evidence available with regard to the
reinstitution of CPB in emergent situations, but common
sense must prevail. For emergent procedures, always have a
sterile set-up ready, be it primed or dry. For reinstitution on
CPB after weaning, keep the extracorporeal circulation
operable, with sterile tubing on the operating table, until the
patient’s sternum has been closed. In case of urgent institu-
tion or reinstitution on CPB, it is of vital importance to make
sure that the patient is adequately anticoagulated such that
sufficient heparin has been administered and that it has
circulated. National guidelines mention a few recommenda-
tions for emergency procedures.®® Every hospital must
consider how these recommendations can best be imple-
mented with regard to sterility and local regulations. After
reviewing the available literature and the documents of the
national societies, the task force is in consensus that a 72-h
storage time for primed circuits and a 30-day storage time
for dry circuits should be considered as an institutional
policy.

Recommendations for emergent institution and reinstitution
of cardiopulmonary bypass

Recommendations Class® Level® Ref®

It is recommended that a set-up I
CPB circuit be available at all times
for emergent procedures.

After the patient is weaned from 1
CPB, it is recommended that the

CPB circuit be kept functional until
the patient’s chest has been closed.

CPB: cardiopulmonary bypass.
@ Class of recommendation.
® Level of evidence.
¢ References.

8. Separation from cardiopulmonary bypass

Weaning from CPB refers to the transition from mechanical
circulatory and respiratory support to the unassisted func-
tioning of the patient’s heart and lungs. Successful weaning
from CPB is defined as adequate circulation, oxygenation and
organ perfusion without the aid of ongoing CPB. It is a com-
plex, multistep and interdisciplinary team effort. Therefore,
appropriate planning and close communication between the
surgeon(s), anaesthesiologist(s), perfusionist(s) and operating
room staff are imperative during the weaning period in order
to be able to prompt, react and adequately solve any medical
or technical problems.

8.1. Reperfusion time

It seems evident that a sufficient reperfusion time following
aortic cross-clamping is an essential prerequisite for suc-
cessful separation from CPB. However, there are many pa-
rameters that influence myocardial recovery and, indeed, the
recovery of other organs following ischaemia. Moreover, there
is a massive variation in routine practice without apparent
differences in results. Clear and practical advice on what is the
optimal reperfusion time after cardiac ischaemic arrest is
currently not available from the scientific literature.

8.2. Weaning checklist

Weaning from CPB is a multidisciplinary effort in which
communication between all team members is of crucial
importance. The use of a checklist can structure this process
and optimize safety. Weaning scenarios, together with the use
of a checklist, can be trained and validated through interactive
training sessions and simulations.

8.2.1. Description of the evidence

It is difficult to prove that a cognitive aid, such as a checklist
before weaning, might improve patient outcomes. In general,
recentresearch suggests that the use of a checklist reduces errors
of omission and enhances patient safety. No research has been
performed concerning the use of a weaning checklist by perfu-
sionists, but research in anaesthesia may be extrapolated. One
study compared simulation-based weaning scenarios for
anaesthesiologists, performed with and without a checklist.'*°
The use of a checklist resulted in significantly better perfor-
mance in completing5 of the 9 designated tasks (P <0.01). Several
authors have proposed checklists, developed using different
methods, and have obtained divergentresults. Itisnoteworthy to
mention the 4-item checklist®?® and the 7-item checklist.*”’ The
use of these checklists was suggested in combination with team
education and simulation-based training to help develop crucial
skills that allow operating room staff to reach their full potential.
Others proposed several structural measures before weaning
from CPB and pointed out that a failed weaning attempt might
invoke haemodynamic instability, causing organ injury or
dysfunction.>”® A structured approach was used by different
physicians.?*?° The items on the checklist were generated us-
ing a Delphi method. The checklists were created by 7 centre-
specific anaesthesiologists'® or by 90 nation-wide anaesthesi-
ologists.*”® Simulation-based training was compared to interac-
tive seminar-based training. The authors concluded that high-
fidelity simulation-based training leads to better performance
and checklist adherence during CPB weaning,**°

Derived from these different checklists, we propose a
weaning checklist (Supplementary Material, Appendix E) for
cardiac surgery. The checklist may be adjusted to individual

Recommendation for use of weaning checklist

Recommendation Class® Level® Ref®

The use of a checklist before the I
weaning process is recommended
to enhance team performance and
augment patient safety.

2 Class of recommendation.
® Level of evidence.
¢ References.
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unit needs. The use of a checklist is recommended before the
actual weaning process so that teams can restore focus and no
critical steps are omitted.

8.3. Haemodynamic monitoring

Apart from the electrocardiogram for the assessment of heart
rate, rthythm and myocardial ischaemia, haemodynamic
monitoring devices for weaning from CPB include the pulmo-
nary artery catheter (PAC), newer haemodynamic minimally
invasive monitors (pulse contour analysis) and TOE. They help
to assess cardiac performance, including preload, afterload and
contractility of left and right ventricles, as well as the quality of
the surgical intervention including retained intracardiac air.

8.3.1. Description of the evidence

8.3.1.1. Pulmonary artery balloon catheter. Despite the intro-
duction of the PAC into clinical use in the 1970s, there is a lack of
evidence about the balance of benefits and complications during
cardiac surgery. Whereas advantages include the possible as-
sessments of cardiac output, pulmonary artery pressures and
SvO,, disadvantages are technical errors such as unreliable data
or false interpretation and iatrogenic complications such as ar-
rhythmias, pulmonary embolism or haemorrhage.

A recent retrospective observational study of cardiac sur-
gical patients in the USA, including 76297 patients without
and 40 036 patients with a PAC during a 4-year period, showed
no increased risk of intraoperative cardiac arrest and no sig-
nificant decrease in mortality associated with the PAC.**! The
PAC was also assessed in 2063 337 patients during 10 years in
the USA. A propensity-matched subgroup analysis revealed
that the mortality rate was higher when the PAC was used in
octogenarian patients (OR 1.24, 95% CI 1.03—1.50; P =0.024) and
high-risk patients (OR 1.30, 95% CI 1.14—1.48; P<0.001). In
addition, a higher incidence of prolonged mechanical venti-
lation and length of stay beyond 30 days was seen in patients
receiving the PAC.>*’> A smaller single-centre retrospective
analysis in 2414 low-risk patients undergoing off-pump CABG
revealed that the use of a PAC did not affect the conversion to
an on-pump procedure, intraoperative intra-aortic balloon
pump use, LCOS or in-hospital death.?*>

Meaningful results of RCTs are needed to further assess the
potential usefulness of the PAC. Overall, one can conclude that
there is no indication to use the PAC as a routine monitor.

8.3.1.2. Minimally invasive haemodynamic monitors using
pulse contour analysis. There are several devices that use an
algorithm based on pulse contour analysis in order to calculate
cardiac output. Agreement of cardiac output assessments be-
tween these minimally invasive pulse contour analysis mon-
itors in comparison to the ‘practical’ gold standard PAC has
been poor in a meta-analysis of accuracy and precision with a
mean percentage error of 41%, which is beyond the accepted
agreement of a reference standard of 30% or less.** In addi-
tion, particularly during the clinical situation of weaning the
patient off CPB with possible haemodynamic instability and
changes in temperature, vascular tone, afterload and intra-
vascular volume, these devices are not particularly accurate,
which leads to questions about their usefulness during these
situations.?* There are no clinical studies assessing clinical
outcomes and the use of minimally invasive haemodynamic
monitors using pulse contour analysis.

8.3.1.3. Transoesophageal echocardiography. The usefulness
of intraoperative TOE has been evaluated in a retrospective
study in 12 566 consecutive patients in 1 institution, demon-
strating that before and also after CPB, TOE influenced surgical
decisions in 7.0% and 2.2% of patients, respectively. After
CABG surgery, post-CPB TOE influenced 1.5% of decisions and
after isolated valve procedures, it influenced 3.3% of surgical
decisions.**® Routine TOE has been shown to reduce costs in a
prospective study in 300 patients undergoing elective valve
replacement® and also in a retrospective study in 430 pa-
tients undergoing cardiac procedures under CPB.**® However,
one also has to consider complications related to perioperative
TOE, particularly in view of recent results from a 1-year pro-
spective audit. This national audit in the UK reported an
incidence of major TOE-associated complications of 0.08% and
a mortality rate of 0.03%.>*° Based on this unexpectedly high
incidence of TOE-associated morbidity and mortality rates, the
routine use of TOE in cardiac surgery needs to be rethought.

Recent guidelines by the American Society of Anesthesiol-
ogists and the Society of Cardiovascular Anesthesiologists
confirm that, in the absence of contraindications, intra-
operative TOE should be performed in all open-heart (i.e.
valvular) and thoracic aortic procedures and also in some
CABG operations.>*® Apart from confirming and refining the
preoperative diagnosis, detecting new or unsuspected disease
and adjusting the anaesthetic and surgical plan accordingly,
TOE during and after weaning off CPB is also indicated to
assess the results of the surgical intervention.>*!

Recommendations for haemodynamic monitoring

Recommendations Class® Level® Ref®

A PAC may be indicated in selected | IIb 331,332

cases.

Cardiac output with pulse contour | IIb 334,335

analysis may be indicated in
selected cases.

TOE should be considered in open- [ IIa 336339
heart and thoracic aortic
procedures unless there are
contraindications.
PAC:  pulmonary  artery catheter;  TOE: transoesophageal

echocardiography.
2 Class of recommendation.
b Level of evidence.
¢ References.

8.4. Positive inotropes

LCOS in cardiac surgery is a life-threatening complication,
particularly during weaning off CPB. It is associated with
increased morbidity and short-term and long-term mortality
rates and places a burden on hospital resources. Reduced
cardiac output decreases DO, to the tissues, causing subse-
quent tissue hypoxia. Inotropes are usually the first-line
therapy to manage this complication and should only be
started after correction of potential causes of LCOS, such as
graft dysfunction or hypovolaemia. Inotropes such as dobut-
amine, adrenaline, noradrenaline, phosphodiesterase III in-
hibitors and calcium sensitizers are the most commonly used
drugs in this setting.
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8.4.1. Description of the evidence

Although the use of inotropes/vasopressors in patients un-
dergoing cardiac surgery is widely accepted, there are no
randomized studies that have compared the effects of these
drugs to no treatment at all. The majority of evidence as to the
beneficial effects of inotropes/vasopressors in cardiac surgery
comes from small RCTs. Several RCTs showed that prophy-
lactic infusion of phosphodiesterase III inhibitors before
weaning off CPB was associated with significant improve-
ments in haemodynamics and reduced demand for other
inotropes®*?7>* and also with improved weaning success.>*>
Results of a meta-analysis found that the use of inotropes/
vasopressor therapy was not associated with differences in
mortality rates among 28 280 patients from 177 RCTs in critical
care and the perioperative setting.>*® However, in the cardiac
surgical subgroup (40% of all patients in this meta-analysis,
including 70 studies), the authors demonstrated a reduction
in the mortality rates associated with inotrope/vasopressor
use [51/1899 (2.7%) vs 77/1884 (4.1%), RR 0.70, 95% CI 0.50—0.96;
P=0.03]. Three recently published, large multicentre trials
were devoted to the study of the perioperative use of levosi-
mendan, either prophylactically in patients with low left
ventricular ejection fraction,***® or for the treatment of
LCOS.3*° None of the trials showed any benefit regarding the
use of the drugin terms of survival. An updated meta-analysis
of levosimendan use in cardiac surgery showed that survival
benefits related to the drug were not observed in either mul-
ticentre or in high-quality trials.>*° However, in high-quality
subgroup trials, levosimendan therapy was associated with
reduced mortality rates in patients with low preoperative
ejection fractions (RR 0.58, 95% CI 0.38—0.88; P =0.01).

Recommendations for use of positive inotropes

Recommendations Class® Level® Ref®

Positive inotropic and/or I 342

vasopressor agents are
recommended as a first-line
treatment to reduce mortality rates
in patients with haemodynamic
instability.

The use of phosphodiesterase Ila 344,345

inhibitors should be considered to
increase weaning success.

The prophylactic infusion of 347,348

levosimendan to reduce adverse
events and mortality is not
recommended.

Levosimendan as a therapeutic
strategy in selected difficult-to-
wean patients having CPB may be
considered.

In patients requiring
haemodynamic support after
cardiac surgery, adding
levosimendan to other positive
inotropes or vasopressors is not
recommended.

CPB: cardiopulmonary bypass.
@ Class of recommendation.
® Level of evidence.
¢ References.

8.5. Haemostasis management

Haemostasis management following CPB includes monitoring
and treatment of coagulation abnormalities in patients who are
bleeding. With the introduction of point-of-care tests, including
thromboelastography, thromboelastometry and platelet func-
tion analyses, haemostatic monitoring shifted to the setting of
the operating room. Nowadays, most centres use haemostatic
monitoring algorithms to reduce the risk of transfusion. More-
over, antifibrinolytic agents are routinely used as an additive to
the prime or given prior to CPB to reduce fibrinolysis.

For a full review of evidence-based haemostatic manage-
ment and treatment strategies following CPB, we refer readers
to the 2017 EACTS/EACTA guidelines on patient blood man-
agement for adult cardiac surgery.”

8.6. Mechanical circulatory support

Mechanical circulatory support during the perioperative
period for cardiac surgery is comprehensively addressed in the
upcoming joint document of the EACTS, the Society of
Thoracic Surgeons (STS), the American Association for
Thoracic Surgery (AATS) and the Extracorporeal Life Support
Organization (ELSO) on post-cardiotomy ECLS. Taking into
account the complexity of this topic and the word limit, we
refer readers to the upcoming position statement of the 4
societies.

8.7. Residual blood management

Retransfusion of the residual volume of the CPB circuit at the
end of CPB is part of a blood conservation strategy. It can be
accomplished in 2 different ways: first, direct retransfusion
without processing; and, second, after processing by centri-
fugation, cell salvage or ultrafiltration (MUF). When processing
by centrifugation or cell salvage, only the red blood cells are
returned; and most of the plasma components are discarded.
With ultrafiltration, however, whole blood is concentrated and
water-soluble components are removed.

8.7.1. Description of the evidence

Direct retransfusion without processing can be done by col-
lecting the residual volume of the CPB circuit into an infusion
bag and returning it to the patient. An alternative is to chase
the residual blood into the circulation through the arterial
cannula with Ringer’s acetate solution. In a randomized study
of 40 patients,®®' retransfusion of residual blood of the CPB
circuit with the Ringer’s chase technique was compared to the
commonly used ‘infusion bag’ technique. In this study, the
Ringer’s chase technique was associated with better-
preserved platelet function, reduced haemolysis, fewer signs
of coagulation and fibrinolysis. There were no significant dif-
ferences in blood loss during the operation and during the 4h
after surgery.

A prospective RCT compared the clinical effects of direct
retransfusion, cell salvage and ultrafiltration.’*> Among the 3
groups (20 patients in each group), there were no significant
differences in postoperative Hb levels, platelet counts, ACTs,
partial thromboplastin times and postoperative chest tube
drainage on arrival in the ICU and 12 h after CPB. A more recent
study of 51 patients compared the effects of centrifugation,
cell salvage and ultrafiltration.>*® Their results showed that
cell salvage was superior with respect to postoperative Hb gain
and washout of free Hb compared to centrifugation or
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ultrafiltration. Unfortunately, for ethical reasons, they were
unable to include a retransfusion group without blood pro-
cessing. A prospective RCT comparing retransfusion of blood
unprocessed versus blood processed by cell salvage showed
reduced blood loss (859+382 vs 605+265ml, respectively;
P=0.019) and a decreased number of units of allogeneic
erythrocyte concentrate suspension transfused during the
first 24h postoperatively (2.5+0.7 vs 1.6 +1.4 units, respec-
tively; P=0.023) in the cell salvage group. Both groups showed
impaired haemostasis, no significant differences in measured
coagulation parameters and no significant differences in
complement activation.®** A pilot study comparing the same
techniques showed similar blood volumes in the chest drains
4h after surgery but reduced platelet numbers, prolonged clot
formation time and less maximum clot firmness in the cell
salvage group.>> Comparing no retransfusion of the residual
volume of the CPB circuit to retransfusion of the residual blood
salvaged through a cell saver showed increased chest tube
drainage (749 +320 vs 592 +264; P> 0.05) and FFP transfusion
rate [5 (29%) patients vs O patients (0%); P <0.04] in the cell
salvage group. Cell salvage of the residual volume of the CPB
circuit improved postoperative Hb levels (differences intra-
operatively and 2 h after the end of CPB; P=0.003) but induced
strong thrombin generation, fibrinolysis activation and lower
fibrinolysis inhibition. These conditions could generate a
consumption coagulopathy.**® In an RCT involving 200 pa-
tients, ultrafiltration of residual pump blood was compared to
retransfusion of unprocessed blood. This study demonstrated
no effect of ultrafiltration on the transfusion of homologous
blood, postoperative haemorrhage or discharge Hb.*’ In
contrast to this study, another prospective RCT in 573 patients
receiving ultrafiltration at the end of CPB (treatment) or no
ultrafiltration (control) showed a lower prevalence of early
morbidity [66 of 284 (23.2%) vs 117 of 289 (40.5%); P =0.0001]
and lower blood transfusion requirements (1.66+2.6 vs
2.25 + 3.8 U/patient; P=0.039) in the ultrafiltration group.?”’ In
a similar, smaller RCT (60 patients), also comparing ultrafil-
tration to no ultrafiltration at the end of CPB, ultrafiltration
was associated with increased inflammatory response,
reduced chest tube drainage (598+123ml vs 848 +455ml;
P=0.04) and fewer blood transfusions (0.6+0.6 U/patient vs
1.6 + 1.1 U/patient; P=0.03).%°®

Recommendations for residual blood management

Recommendations Class® Level® Ref®

Retransfusion of the residual 1
volume of the CPB circuit at the
end of the procedure is
recommended as a part of a blood
management programme to
minimize allogeneic blood
transfusions.

Retransfusion of the processed Ila 297,353,356

residual volume of the CPB circuit
at the end of the procedure
should be considered for
minimizing the risks of allogeneic
blood transfusions.

CPB: cardiopulmonary bypass.
& Class of recommendation.
® Level of evidence.
¢ References.

Due to the publication of contradictory results, indicating
the best way to deal with the residual volume of the CPB circuit
is complicated. However, processed or not, there is agreement
that retransfusion of the residual volume of the CPB circuit at
the end of the procedure is part of blood-saving strategies.

9. Final remarks

These guidelines list over 100 practical recommendations
about CPB procedures in adult cardiac surgery, the majority of
which contain a significant body of scientific evidence to
support a given recommendation (classes I and III are sum-
marized in Supplementary Material, Appendices F and G).
These are the first ever EACTS/EACTA/EBCP cardiopulmonary
bypass guidelines.

During the systematic literature review of the current body
of evidence, we identified several gaps in knowledge and areas
in which evidence is conflicting or lacking, resulting in expert
consensus statements, based on expert opinion. High-quality
clinical research is necessary in the near future to fill the
knowledge gaps and improve the current recommendations.

We believe that these European guidelines contribute to-
wards optimization and standardization of CPB techniques.
The next steps for CPB teams and stakeholders include
dissemination and implementation of these recommenda-
tions into clinical practice, adoption into national guidelines
and evaluation of the impact of these guidelines on patient
outcomes after cardiac surgery.
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