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heart—lung machines permitting open-heart surgery, is one of the most important ad-
cardiopulmonary bypass vances in medicine in the 20th century. Many currently practicing
cardiac surgery cardiac anesthesiologists, cardiac surgeons, and perfusionists are
history unaware of how recently it came into use (60 years) and how
much the practice of CPB has changed during its short existence. In
this paper, the development of CPB and the many changes and
progress that has taken place over this brief period of time, making
it a remarkably safe endeavor, are reviewed. The many as yet un-
resolved questions are also identified, which sets the stage for the

other papers in this issue of this journal.
© 2015 Elsevier Ltd. All rights reserved.

Introduction

The development of cardiopulmonary bypass (CPB) to permit cardiac surgery is considered one of
the greatest advances in medicine in the 20th century. Many do not appreciate how recently this has
developed. This has occurred during the lifetime of many who are still practicing. The first successful
series of open-heart surgery utilizing heart—lung (H—L) machines occurred exactly 60 years ago in the
spring and summer of 1955. In this article, the historical development and technological advancement
of extracorporeal circulation and CPB are reviewed. Much of this material is based upon or extracted
from other publications by this author [1—3], and based upon other papers and books related to the
history of cardiac surgery and CPB [4—15]. Cardiopulmonary Bypass Bibliography, covering 1667—1989,
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by Utley and colleagues is a particularly valuable resource [16]. Unfortunately, my review has likely
overlooked many of the important contributions that have occurred in other countries, if not published
in the English language literature.

The birth of use of mechanical H—L machines for CPB in cardiac surgery

The concept of ECC to support organ function was first suggested and explored in animals in the
19th century, but many scientific discoveries and techniques were necessary before clinical CPB could
be achieved including blood types and transfusion, heparin and protamine, and the use of silicone
antifoam [3,11,17]. A number of surgical teams in the early 1950s attempted to develop H—L machines
and used them to perform open-heart surgery without success, but this was finally accomplished by
John Gibbon Jr. (Fig. 1A) on 6 May 1953 [18—20]. Dr. Gibbon was inspired to develop an H—L machine
while caring for a patient in 1930 as a surgical research fellow. Despite being dissuaded by his mentors,
he spent the next 20 years working alongside his wife and finally developed an H—L machine with the
assistance of the engineers at IBM (Fig. 1 B and C), with which he achieved 90% survival in dogs. This led
to his first clinical application, which failed due to wrong diagnosis, but his second attempt, on an 18-
year-old woman with an atrial septal defect (ASD), was successful. Unfortunately, his next two patients,
died and he declared a moratorium on further application of his H—L machine. Only one other suc-
cessful open-heart surgery was performed using an H—L machine during 16 other attempts by six other
teams between 1952 and 1954, leading to an attitude of hopelessness. Some hypothesized that human
patients, as compared with animal subjects, were too sick to tolerate CPB. However, in March 1954, C.
Walton Lillehei (Fig. 2A) and his colleagues at the University of Minnesota initiated a remarkable series
of direct-vision intracardiac surgery with total CPB using another adult as the “heart—lung machine”
(so-called “controlled cross-circulation”), in which the adult's femoral artery and vein were connected
to the child's arterial and venous system, respectively [21] (Fig. 2B). Over the next 16 months, they
operated on 45 seriously ill children with congenital heart disease with 28 survivors and thus clearly
demonstrated the potential for CPB to permit even complex open-heart surgery in sick patients once a
satisfactory artificial H—L machine was available for use by a skillful cardiac surgical team. This was
accomplished during the spring and summer of 1955 when two groups, one led by John Kirklin
(Fig. 3A) at the Mayo Clinic starting on March 22nd [22] and the other by C. Walton Lillehei (Fig. 2A)
starting on May 13th [23], working 90 miles apart, using vastly different H—L machines and approaches
to the conduct of CPB, each operated on about 40 cases.

The Mayo Clinic group used the IBM-Gibbon machine, freely provided by Gibbon and IBM, which
they modified and called the “Mayo—Gibbon” H—L machine (Fig. 3B). Their H—L machine was capable
of oxygenating at flows of 2.4 L/min per square meter, and it included inline arterial and venous
saturation and a vaporizer for administering a volatile anesthetic. Lillehei's team employed a helical
reservoir bubble oxygenator (BO) (Figs. 2C and D) developed by a young physician, Richard A. DeWall,
who was working in the cardiac surgical research laboratory and as a perfusionist for the open-heart
cross-circulation procedures.

Lillehei and Kirklin were truly the giants of the development of open-heart surgery, with vastly
different styles and personalities. Kirklin was methodical and academic [24], whereas Lillehei was
impulsive and action oriented [14], but both made tremendous contributions to the practice of CPB.
While searching for a method to conduct open-heart surgery between 1950 and 1955, besides
inventing and successfully applying human cross-circulation, Lillehei helped his colleagues at the
University of Minnesota develop and apply clinically (but unsuccessfully) an H—L machine employing a
screen oxygenator and the first successful use of circulatory arrest under moderate surface-induced
hypothermia to perform open-heart surgery. He also introduced epicardial pacing to treat surgically
induced heart block, and he pioneered the use of median sternotomy and femoral artery cannulation
for inflow in the late 1950s. Before it was given a name, Kirklin practiced evidence-based cardiac
surgery and perfusion (“show me the data”), stressing the acquisition and the appropriate statistical
analysis of objective data. He authored or coauthored many papers, exploring the pathophysiology and
optimal conduct of CPB. He was the editor of The Journal of Thoracic and Cardiovascular Surgery from
1987 to 1994 [24].



E.A. Hessel II / Best Practice & Research Clinical Anaesthesiology 29 (2015) 99—111 101

Fig. 1. John Gibbon and the first successful clinical use of the heart—lung machine for open-heart surgery. 1A. John H Gibbon, ]Jr.
(1903—1973). Fig. 1 in Theruvath TP and Ikonomidis JS. Historical perspectives of The American Association for Thoracic Surgery:
John H. Gibbon, Jr. (1903—1973). Journal of Thoracic and Cardiovascular Surgery 2014; 147: 833-836. Used with permission from
Elsevier. 1B. Photo of Gibbon Model Il H-L machine. Used by Gibbon for the first successful clinical open-heart surgery with a
mechanical H-L machine, 6 May 1953. Note the stationary vertical screen oxygenator and roller pumps and elevation of HL machine
above the floor requiring active venous drainage. Figure from Romaine-Davis A. John Gibbon and His Heart-Lung Machine. Phila-
delphia, University of Pennsylvania Press, 1991. Used with permission. 1C. Diagram of Gibbon H—L machine. Stationary vertical
screen oxygenator (K); roller pumps for active venous drainage (D) and arterial return (P) and a third (E) for recirculation; (A) blood
reservoir, (B) venous pressure transducer, (C) automatic venous pump shutdown control, (F) oxygen input, (G) reservoir pressure
relief valve, (H) Oxygen exhaust, (J) stainless steel screens, (O) automatic electronic artery pump motor control, and (Q) reverse flow
filter. Figure 14 from Romaine-Davis A. John Gibbon and His Heart-Lung Machine. Philadelphia, University of Pennsylvania Press, 1991.
Used with permission from Wolters Kluwer Health, Inc.

In the last half of the 1950s, many groups initiated open-heart programs employing CPB, mainly to
treat congenital heart disease. Much has changed with regard to the equipment and components
employed and the conduct of CPB, which I have been fortunate to witness during my career in med-
icine, starting as a medical student in 1957, then as a cardiac surgeon until 1982, and subsequently as a
cardiac anesthesiologist.

Subsequent developments
Oxygenators (Fig. 4)

Early on, crude membrane oxygenators (MOs) and biologic oxygenators (animal lungs) (Fig. 4A)
were investigated, but most groups employed BOs of their own design or copied from DeWall's.
However, the rotating disc oxygenator developed by Kay and Cross in the late 1950s [25] became
widely used and favored by many for longer and more complex cases, but it required large priming
volume and reusable parts. Thus, many adopted the unitized plastic-bag disposable BOs (Fig. 4B),
which were introduced in the early 1960s and subsequently replaced by hard-shell disposable BO with
integrated heat exchangers (Fig. 4C). In the early 1970s, disposable but relatively inefficient MOs were
introduced separately by Lande and Kolobow; however, in the mid-1970s, more efficient and
commercially available microporous polypropylene MOs became available, and by the end of the
decade, these were being used in nearly 20% of cases. In the early 1980s, hollow-fiber technology led to
the adoption of MOs, which virtually replaced all oxygenators by 1994. In the early 2000s, a new
nonporous true diffusion membrane constructed from poly-(4-methyl-1-pentene) (PMP) was intro-
duced, which is thought to be more biocompatible and more suitable for long-term perfusion (e.g.,
extracorporeal membrane oxygenation (ECMO)). In recent years, some manufactures have integrated
screen microfilters into MOs, thereby perhaps eliminating the need for a separate arterial line
microfilter.
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Fig. 2. CW Lillehei and early CPB. 2A. C. Walton Lillehei. (1918—1999). Used with permission of the Lillehei Heart Institute at the
University of Minnesota. 2B. Lillehei's cross-circulation procedure using an adult as the H—L “machine.” The adult's femoral artery
was connected to the child's left subclavian artery. A single SVC cannula drained both SVC and IVC into the adult's femoral vein. A
single Sigmamotor pump controlled both the flow out of the adult into the child and the flow out of the child into the adult to keep
blood volumes in each stable. Figure 7 in Stoney WS. Evolution of Cardiopulmonary Bypass. Circulation 2009; 119; 2844-2853. Used
with permission from Wolters Kluwer Health. 2C. Photograph of H—L machine employing a DeWall helical reservoir bubble
oxygenator used by Lillehei for the first series of open-heart surgery performed at the University of Minnesota in the summer of
1955. Note the use of Sigmamotor pumps. Fig. 2 in DeWall RA. The Evolution of the Helical Reservoir Pump- Oxygenator System at
the University of Minnesota. Ann Thorac Surg 2003; 76: S2210 —5. Used with permission from Elsevier. 2D. Diagram of early H-L
machine used at the University of Minnesota. Note the bubble oxygenator a with debubbling chamber, a helical coil debubbling
reservoir, and separate Sigmamotor venous and arterial pumps. Arterial inflow into subclavian but venous drainage through separate
cannulas in IVC and SVC. Fig. 1 in DeWall RA. The Evolution of the Helical Reservoir Pump- Oxygenator System at the University of
Minnesota. Ann Thorac Surg 2003; 76: S2210 —5. Used with permission from Elsevier.

Arterial pumps

Initially, Sigmamotor (“finger”) pumps were commonly used, but they were quickly replaced with
roller pumps. However, in the 1980s, perhaps due to their use in ECMO and as ventricular assist de-
vices, and their purported improved safety and reduced blood trauma, centrifugal pumps began to
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Fig. 3. John Kirklin and early CPB. 3A. John W Kirklin (1917—2004). Circa 1957, 2 years after accomplishing the first successful series
of clinical open-heart surgeries using an H—L machine (Mayo—Gibbon). Fig. 1, from Stephenson L J. Historical perspective of The
American Association for Thoracic Surgery: John W. Kirklin, MD (1917—2004). ] Thorac Cardiovasc Surg. 2007; 134: 225-8. Used with
permission from Elsevier. 3B. The Mayo—Gibbon H—L machine employed for open-heart surgery at the Mayo Clinic in the spring of
1955. Figure 11 in Stoney WS. Evolution of Cardiopulmonary Bypass. Circulation 2009; 119; 2844-2853. Used with permission from
Wolters Kluwer Health, Inc.

compete with roller pumps. Throughout the development of CPB, there has been a continuing debate
about the advantages of providing pulsatile flow with numerous preclinical and clinical studies
providing conflicting data [26]. Pulsatile modes of CPB seem to be more popular in Europe than in the
USA.

Arterial cannulation

In the early days of cardiac surgery, which was most commonly performed through a lateral tho-
racotomy or an transverse sternal bilateral anterior thoracotomy, arterial inflow was directed into the

Fig. 4. Early oxygenators. 4A. Mustard's H-L machine employing a biologic (monkey) lung. (Clinically unsuccessful.) Rhesus monkey
lungs were suspended in the glass flask and used as the oxygenator. Fig. 3 in Stoney WS. Evolution of Cardiopulmonary Bypass.
Circulation 2009; 119; 2844-2853. Used with permission from Wolters Kluwer Health, Inc. 4B. Disposable plastic sheet bubble
oxygenator with reservoir. Modified from Fig. 3 in DeWall RA. The Evolution of the Helical Reservoir Pump- Oxygenator System at
the University of Minnesota. Ann Thorac Surg 2003; 76: S2210 —5. Used with permission from Elsevier. 4C. Hard-shell disposable
bubble oxygenator with integrated heat exchanger (Bentley “Temptrol”). Modified from Figure 6 in DeWall RA. The Evolution of the
Helical Reservoir Pump- Oxygenator System at the University of Minnesota. Ann Thorac Surg 2003; 76: S2210 —5. Used with
permission from Elsevier.
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subclavian artery, but by the end of the 1950s femoral artery cannulation became dominant. By the late
1960s and early 1970s, direct cannulation of the ascending aorta, advocated by DeWall in 1963 [27],
became standard, partly related to the more common use of median sternotomy and because of the
significant incidence of retrograde dissection associated with femoral cannulation. This complication
reappeared with the introduction of “port-access” surgery in the mid-1990s. The reason why cannu-
lating the ascending aorta was not adopted for a long time remains an unanswered question to the
author. Because the role of dislodging atheroemboli and the management of ascending aortic dissec-
tions were of concern, the use of subclavian cannulation was reintroduced in the mid-1990s [28].

Venous cannulation and drainage

Initially active venous drainage accomplished and controlled by a separate venous pump was used
mainly to help balance venous and arterial flow, but soon gravity drainage became standard. This
remained true until the reintroduction of augmented venous return, with either pumps (“kinetic”) [29]
or vacuum [30], in the mid-1990s, initially to facilitate drainage through the long narrow femoral
venous cannulas used for “port-access” minimally invasive cardiac surgery, but now often used to
facilitate reduced prime volume by utilizing smaller venous lines and raising the level of the H—L
machine up from the floor level.

Temperature management

During its early days, CPB was conducted at normothermia, but in the late 1950s Sealy and others
introduced efficient heat exchangers utilizing moderate hypothermia (28—32 °C). This rapidly became
standard practice both to improve the tolerance to the limited flow and oxygenation capacity of early
H—L machines and to hemodilution and for neuroprotection. Until the early 1980s, temperature-
corrected (i.e., corrected to the patient's actual temperature) pH and PaCO, were kept at 7.40 and
40, respectively (so-called pH-stat strategy). However, in 1982, Ream and colleagues advocated the use
of alpha-stat management to produce alkalemia and hypocapnea during hypothermia [31], and alpha-
stat quickly became standard practice. The use of moderate hypothermia during CPB remained com-
mon until normothermic or “tepid” bypass, advocated by the group in Toronto, Canada [32], became
popular starting in the 1990s, partly to reduce the risk of cerebral hyperthermia and injury during
rewarming; this led to emphasis on monitoring nasopharyngeal instead of rectal or bladder temper-
ature [33] with the recommendation of maintaining the arterial inflow temperature at <37 °C.

In 1959, Drew in London, UK, introduced the technique of deep hypothermic circulatory arrest
(DHCA) [34]. DHCA was not widely adopted at the time, but it was reintroduced in the mid- and late
1960s separately by Dillard [35] and Barratt-Boyes [36] to facilitate infant heart surgery and by Griepp
in 1975 for conducting aortic arch surgery [37].

Anticoagulation and bleeding

Until 1975, heparin was administered by protocol without any objective monitoring of its effect. In
that year, Bull at Loma Linda University documented the limitations of this approach and advocated the
use of objective monitoring with the activated clotting time (ACT) being aimed at a rather arbitrary
target of 480 s [38]. The proper level of anticoagulation and the method of monitoring it continue to be
debated, but by the end of the 1970s, some type of objective monitoring and control of heparinization
was employed by most teams. In 1987, Royston [39] and other groups introduced the use of aprotinin to
reduce perioperative bleeding, and soon the use of aprotinin and other synthetic anti-fibrinolytics
during CPB became ubiquitous, although aprotinin was withdrawn from the market in 2007 due to
safety concerns. Heparin-coated circuits were introduced partly with the potential of reducing heparin
requirements, but this has remained controversial. In recent years, the nearly ubiquitous use of drugs
affecting platelet function and the recognition and management of heparin-induced thrombocyto-
penia have led to the development and use of new point-of-care monitoring of coagulation and platelet
function during CPB (e.g., thromboelastography (TEG)) and the introduction of alternatives to heparin
for conduct of CPB (e.g., bivalirudin). In 2007, cardiac surgeons, anesthesiologists, and perfusionists
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collaborated on the development and publication of blood management guidelines which were
updated in 2011 [40].

Hemodilution, anemia, and hemofiltration

Initially, whole blood (and a large volume of it!) was used to prime H—L machines. However, in the
late 1950s and the early 1960s, several groups introduced hemodilution and asanguineous priming to
reduce the adverse effects of blood, conserve this valuable resource, and improve tissue perfusion
during hypothermia. Thereafter, hemodilution, sometimes to extreme degrees, became standard
practice. This became problematic with the adoption of tepid or normothermic bypass, and since 1997
a number of observational studies have detected increased morbidity and mortality associated with
low hematocrit during CPB. Conversely, the adverse effects of RBC transfusion (beyond the infectious
risks) were becoming more apparent. Thus, interventions to reduce the severity of anemia during CPB
were instituted including the use of retrograde arterial priming (RAP) in 1998 [41], reduction of the
priming volumes of extracorporeal circuit (ECC), and the development and use of miniaturized circuits.
The use of hemofiltration during CPB was first reported by Darup and colleagues in 1979 [42] to remove
excess crystalloid, to raise hematocrit and plasma protein concentration, and to remove inflammatory
mediators. In 1991, Naik et al. introduced the practice of modified ultrafiltration (MUF) to the practice
of pediatric CPB [43], and in 1996 Journis et al. advocated zero-balance ultrafiltration (Z-BUF) during
CPB [44].

Modifying the ECC and conduct of CPB to improve organ preservation

Gross air embolism was an early concern during CPB (and the cause for the failure of a number of
early attempts at using CPB); thus, most early H—L machines included a macro-bubble trap on the
arterial line. However, in the early 1970s, recognition of the presence and significance of microemboli
including gaseous microemboli (GME), especially by Roy Swank and Russell Patterson, led to the
development and placement of microfilters on both the cardiotomy suction and the arterial line. The
in-depth Dacron wool filter developed by Swank was soon supplanted by the screen filter from Pat-
terson. By the mid-1990s, the use of arterial line microfilters was nearly 100%. Because activated
leukocytes are thought to be a major contributor to the inflammatory response (systemic inflammatory
response syndrome (SIRS)) associated with CPB, the use of leukocyte-depleting filters in various sites in
the ECC was introduced in the 1990s; however, the lack of high-level evidence for benefits to clinically
important outcomes [52] has curtailed their widespread use. In the 1990s, more attention was redir-
ected at the cardiotomy suction as a major source of microemboli and of activation of other blood
components. This led to the emphasis on minimizing or eliminating the use of cardiotomy suction
when possible or the preprocessing of cardiotomy suction blood before returning it to the ECC using
cell saver/processors. The latter were first introduced by Jack Latham and his company, Haemonetics, in
1971.

Optimal conduct of CPB for brain protection has been of concern since the early days of CPB. In the
early 1980s, the groups at University of Alabama and Copenhagen reported on the objective mea-
surement of cerebral blood flow during CPB [53,54], which partly led to the adoption of alpha-stat pH/
PaCO, management [31,55]. In 1986, Nussmeier and colleagues [56] reported that barbiturate
administration decreased the incidence of neurologic injury during cardiac surgery. Although not
confirmed by a subsequent study [57], this observation stimulated investigation of other drugs and
methods to reduce adverse neurologic sequelae. In 1992, the Washington University group called
attention to the probable role of ascending aortic atherosclerosis and manipulation of the aorta, and
they introduced the use of epivascular ultrasound scanning to guide cannulation [58]. Recognition of
the increased incidence of neurologic dysfunction of the brain during longer periods of circulatory
arrest during deep hypothermia led Ueda et al. [59] to resurrect retrograde cerebral perfusion (first
described by Mills and Ochsner in 1980 to treat massive cerebral air embolism [60]). Shortly thereafter,
antegrade cerebral perfusion was advocated as a superior method of cerebral protection during
induced circulatory arrest. Strategies for neurocognitive protection are reviewed in a subsequent article
in this issue.
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To protect the heart, initially brief periods of ischemic arrest were often induced by administration
of high concentrations of potassium into the aortic root [61]. With the advent of aortic valve
replacement surgery in the early 1960s, continuous perfusion of oxygenated blood from the H—L
machine directly into the coronary ostia was common practice, although Shumway at Stanford Uni-
versity advocated simply topical cooling of the heart with ice and ice-cold fluid. This did not always
reliably protect hypertrophied left ventricles, and in 1972 Cooley et al. described the phenomenon of
ischemic contracture of the LV, so-called “stone heart.” In 1973, Gay and Ebert [62] in the United States
and others in England and Europe introduced intermittent infusion of cold low-concentration potas-
sium crystalloid cardioplegia, and this was rapidly adopted to facilitate all types of cardiac surgery.
Cardioplegia was initially administered antegrade, but in the early 1980s retrograde administration
was introduced and cold blood cardioplegia was introduced in the late 1970s. Although warm blood
cardioplegia was discussed in the late 1970s, it was not until the early 1990s that it was strongly
advocated, especially by the Toronto group [32]. Myocardial protection is discussed further in a sub-
sequent article in this issue.

In 1981, Kirklin's group at University of Alabama identified the systemic inflammatory reaction (SIR)
induced by CPB as a cause for much of the morbidity associated with cardiac surgery [63]. This
contributed to the introduction of drugs such as aprotinin, heparin-coated circuits, hemofiltration,
leukofiltration, low-surface-area minimized circuits, minimized use of cardiotomy suction, and off-
pump coronary artery bypass graft (CABG). The inflammatory response related to CPB is discussed
more thoroughly later in this issue.

Monitoring

Initially, left heart filling was estimated by CVP, but this was soon recognized as being unreliable and
placement of the left atrial (LA) line for direct monitoring of the left atrial pressure (LAP) was intro-
duced by the group at the Mayo Clinic. Placement of an LA line was widely practiced until supplanted
by the use of the pulmonary artery catheter (PAC) developed by cardiologists Swan and Ganz in 1970.
The PAC was quickly adopted in cardiac surgery by the groups at MGH and Emory, and it soon became
standard practice until the introduction of transesophageal echocardiography (TEE) to cardiac surgery
in the 1980s. Perioperative TEE was introduced initially, at least in the USA, by anesthesiologist Michael
Cahalan at the University of California Medical School in San Francisco [45], and followed soon
thereafter by multiple other groups [46—48]. TEE is used not only to guide cardiac surgery but also to
assist with conduct of CPB (e.g., assessing atherosclerosis in the aorta, cannulation strategies,
decompression of the left ventricle and residual air, and possible aortic dissection.)

Although the early H—L machines used by the Mayo group included monitors of arterial and venous
oxygen saturation, these, along with low-level monitors and bubble detectors, were only slowly
adopted until they became standard [49]. In recent years, manufacturers have provided data man-
agement and computerized monitoring and alarm systems, including some that control arterial pump
flows, to H—L machine consoles. Although the Mayo Clinic group employed electroencephalographic
(EEG) monitoring in their early experience, this was not widely practiced and little cerebral monitoring
was used until the introduction of processed EEG (e.g., bispectral index) and cerebral oximetry (by
Somanetics) in the early 1990s. Murkin's trial demonstrating the benefit of cerebral oximetry [50] has
led some to advocate routine cerebral monitoring [51], and although widely practiced its use remains
controversial because of the lack of high-level evidence.

Less invasive cardiac surgery

In an effort to reduce some of the adverse effects and cost associated with CPB, and to compete with
percutaneous coronary intervention, a revolution started by the Swiss cardiologist Andreas Gruntzig
with his letter to the editor of Lancet in 1978 [64], cardiac surgeons Benetti of Argentina [65] and
Buffolo of Brazil [66] began performing direct coronary revascularization without the use of CPB (off-
pump coronary artery bypass (OP-CAB)) in the late 1970s and the early 1980s. Others began adopting
this practice in the 1990s, and soon it was widely practiced by groups throughout the world. Although
there continues to be debate about the benefits and proper indication for OP-CAB, one notable
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observation has been that many of the complications, including stroke, neurocognitive decline, renal
failure, inflammatory responses, and other morbidity and mortality, were only modestly reduced or not
reduced as compared with CABG accomplished with CPB, suggesting that CPB is not the major cause of
the complications associated with cardiac surgery.

In 1996, the “port-access system” was introduced for minimally invasive cardiac surgery [67]. Its use
was associated with some unanticipated morbidity (including the reappearance of retrograde aortic
dissection) and mortality, but it led to the further development of minimal-access surgery. This led to
the reintroduction of augmented venous drainage, required by the use of long and narrow venous
cannulas, yet it was also associated with some catastrophic complications. These unfortunate expe-
riences emphasized the risk of the premature adoption of new techniques prior to adequate evaluation
and the need to carefully prepare before the introduction of any changes in CPB practice. Partly in
response to the challenge of OP-CAB, beginning in 2002 [68], minimized extracorporeal circuits began
to be offered by several different manufactures and evaluated by many different groups. However, their
use posed other limitations on the conduct of CPB and demanded specialized care by the entire team,
and thus it has not been widely adopted in the USA.

Safety and accident surveys

Risk and risk containment has been a concern since the beginning of clinical CPB, but interest
became more focused with the publication of the first national survey of perfusion accidents by Stoney
etal.,, in 1980 [69] followed by multiple subsequent surveys in various countries over the next 20 years
[70—72]. These have led to additional educational efforts and adoption of safe practices and safety
equipment on H—L machines, and promulgation of guidelines such as those issued by the American
Society of ExtraCorporeal Technology (AmSECT) International Consortium for Evidence-Based Perfu-
sion [49]. The Australian and New Zealand College of Perfusionists (ANZCP) has initiated a model
Perfusion Incident Reporting System (PIRS). In 2007, the Society of Cardiovascular Anesthesiologists
(SCA) started the FOCUS (Flawless Operative Cardiovascular Unified Systems) initiative through the
SCA Foundation [73], and in 2013 the American Heart Association (AHA) published a scientific state-
ment on patient safety in the cardiac operating room emphasizing human factors and teamwork [74].

Perfusionists

In the early days, H-L machines were managed by surgeons (often residents) and laboratory
technicians working in the research laboratories. Gradually, at least in the USA, this task was taken over
by “technicians” drawn from various fields, who received “on-the-job training.” A group of these
“perfusionists” (a designation credited to Bennett Mitchell) began meeting in 1964, and they estab-
lished the American Society of ExtraCorporeal Technology in 1968. In the late 1960s and the early
1970s, the demand for perfusionists increased dramatically with the introduction of coronary artery
surgery and more successful valve surgery. In 1974, AmSECT established the American Board of Car-
diovascular Perfusion (ABCP).The first baccalaureate program in perfusion was established by James
Dearing at the Ohio State University in 1969 and the famed Texas Heart Institute School of Perfusion
was established by Charles Reed in 1971. In 1991, the European Board of Cardiovascular Perfusion was
established.

A survey of 811 perfusionists practicing in North America (USA and Canada) in 1980 by this author
and his colleagues provides a snapshot of the nature of perfusion practice 25 years after it began [75].
Although 68% received their training on the job, 76% were ABCP certified. Disposable BOs were used in
>90% of cases, roller pumps in 94%, and arterial filters in 64%. Low-level alarms were used in 45% of
cases, oxygen sensors in 26%, and bubble alarms in 10%. Asanguineous priming was used in 72%. Two-
thirds monitored heparinization prior to initiation of bypass, mostly with the ACT. Most employed
moderate hypothermia (26—30°), and 84% added carbon dioxide to the oxygenator. Cold cardioplegia
was employed in 99% of cases, but 50% of the time it was administered by a pressurized bag (usually
controlled by the anesthesiologist). Changes in these practices are reflected in more recent surveys of
practice in the USA and elsewhere [70—72,76—78].
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Evidence-based practice and guidelines

The concept of basing medical practice on a critical review of the best evidence available in the
medical literature was developed and promulgated by David Sakett and his colleagues at the McMaster
University in Hamilton, Ontario, Canada beginning in 1981. This group included GH Guyatt who is
credited with coining the term “evidence-based medicine” (EBM). They posited a hierarchy of levels of
evidence, with a meta-analysis of several large well-conducted randomized controlled trials (RCTs) at
the top. In recent years, the practice of EBM has been adopted for CPB. Unfortunately, as in many other
fields of medicine, the existence of high-level evidence to guide most aspects of CPB is lacking [26,79],
and there remains a great need and opportunities to generate such evidence to guide the conduct of
CPB, especially in high-risk patients [3,26]. The development of small animal models (e.g., rabbit and
rat) of CPB in the 1990s and the early 2000s has permitted the detailed analysis of the impact of various
aspects of the conduct of CPB [80,81]. In the late 1980s, Mangano and colleagues initiated large
multicenter studies involving thousands of patients, which have generated important observational
data related to the conduct of cardiac surgery and CPB, as has the Northern New England Cardiovas-
cular Disease Study Group. To promulgate EBM practice of CPB, the ANZCP inaugurated the annual
“Perfusion Down Under” and AmSECT established the International Consortium for Evidence Based
Perfusion in 2007, and several EBM guidelines for conduct of CPB have been published in recent years
[26,40,49,82,83].

Education and simulation

In the early days, education mainly occurred through meetings of surgical and cardiology societies
and publications in their journals. AmSECT inaugurated the first journal devoted to CPB (Journal of
Extracorporeal Perfusion) in 1966, and a second journal, Perfusion, was inaugurated in 1986. In 1962,
Galletti and Brecher published the first comprehensive textbook on CPB that served as the definitive
treatise on CPB until other texts began to appear about 13 years later. Meetings devoted to CPB were
first sponsored by AmSECT. In 1978, the SCA was established, which quickly devoted much attention to
education regarding CPB. In 1980, cardiac surgeon Joe Utley initiated the San Diego Cardiothoracic
Surgery Symposium mainly devoted to the conduct of CPB.

As in other fields of medicine and high-tech industries, the development of simulators and the use
of simulation for training and evaluation have recently expanded into the practice of CPB. However, the
use of computer simulation for basic education in perfusion was first described by Riley and O'Kane at
the Mayo Clinic in 1977 [84]. The use of simulation was greatly enhanced by the development of the
“Orpheus” simulator by Morris and Pybus in 2007 [85], and in the last decade various low- and high-
fidelity simulators have been introduced and many groups have demonstrated their value in intro-
ductory perfusion education, maintenance of core skills, the practice of emergency situation responses,
and the development of team resource management and multidisciplinary team education. This
stimulated the AmSECT to establish a Simulation Taskforce in 2011.

Summary

Practical clinical CPB began only 60 years ago, and tremendous changes and advances have been
made over that period of time, making it a remarkably safe and effective procedure (as this author can
attest to personally, after his CABG utilizing CPB about 5 years ago.) Over this period, some accepted
practices have been discarded (e.g., pH-stat strategy for blood gas management, routine use of mod-
erate hypothermia, and prolonged DHCA), whereas previously discarded techniques have been
brought back (e.g., subclavian artery inflow, potassium cardioplegia, and augmented venous return). In
recent years, enhanced attention has been directed to safety, including devices and monitors for the
ECC, establishment of guidelines, and enhanced education and evaluation including introduction of
simulation. An important lesson is that the premature use of new equipment or techniques can lead to
unexpected adverse consequences. Finally, much of our practice of CPB is not based upon a high level of
evidence, and thus there is great opportunity for future research and improvement, therefore adding to
this fascinating history of CPB.
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Practice points

1. CPB has evolved over a short period of time, and it has become remarkably safe but is far
from perfect.

2. The practice of CPB including choice of equipment and conduct is largely based on expe-
rience rather than high-level evidence.

3. The entire team (surgeon, perfusionist, and anesthesiologist) should be involved in selecting
the equipment and deciding how to monitor and conduct CPB

4. Thorough evaluation of new techniques and equipment should be conducted before intro-
ducing them into one's clinical practice.

Research agenda

1. High-level evidence is still needed to guide selection of equipment and conduct of CPB and
to identify in which patients these are critical

2. Some of the many unresolved issues include desirability of pulsatile flow, benefits and use
of minimized circuits, importance of excluding cardiotomy suction, optimal hematocrit, type
of arterial pump, need for and optimal surface coating, importance of GME and optimal
filtration, and role of leukocyte-depleting filters.
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