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Cardiogenic shock following cardiac surgery is a life-threatening condition characterized by
severe myocardial contractile impairment and reduced organ perfusion. In the current era,
patient mortality approaches 40%.1 Acute mechanical support therapies are increasingly
utilized in patients with progressive organ dysfunction despite optimized management,
including mechanical ventilation, blood products, and pharmacotherapy.! Extracorporeal
membrane oxygenation (ECMO) is increasingly used as the first line mechanical circulatory
support in patients that are refractory to conventional treatment. ECMO facilitates
respiratory gas exchange and provides cardiac output to end-organs, supporting organ
recovery, identification of residual lesions and allowing time for “bridge-to-decision” to
more durable modes of support.1=8 ECMO is immediately available, is easy to apply, and
reliably supports heart and lung functions—these features have made it an attractive option
for circulatory support in the post-cardiotomy (PC) setting.1~6 In contrast, implantable or
para-corporeal ventricular assist devices (VADs) are more complex, are costly, and do not
facilitate respiratory gas exchange. These features have hindered widespread adoption in the
immediate PC setting.”12

Post-cardiotomy ECMO (PC-ECMO) is the most frequent indication for ECMO in the
United States.* The exponential increase in ECMO use has not been accompanied by
improved early survival, with some reports of increasing mortality in the last decade.%13 The
published reports of PCECMO are mainly single-center experiences,14-37 frequently
combining adult and pediatric patients in the same series, or including PC-ECMO in reports
of institutional ECMO experience. 38755 As a result, the interpretation of PC-ECMO
indications, complications, and outcomes can be challenging. PCECMO is increasing, and
uniquely complicated, making an analysis of PC-ECMO prevalence, patient selection, in-
hospital management, and short and long term outcomes relevant to the multidisciplinary
team managing these patients.

PC-ECMO is being increasingly used in both adult and pediatric populations. However,
there are distinct differences between PC-ECMO in these groups, and this review will only
focus on adult cardiac surgery patients. The authors aim to provide a detailed and
comprehensive evaluation of the adult PC-ECMO and present outcomes for veno-arterial
(VA) and veno-venous (VV) ECMO. Trends in PC-ECMO use, educational needs, and
future perspectives will be addressed to highlight potential applications, required training,
and implications for future research. An accompanying review will address PC-ECMO in
the pediatric population.
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Characteristics of PC-ECMO

Trends in use

The incidence of ECMO implementation in patients after open-heart surgery has been
reported between 0.4% and 3.7% (Table 1). PC-ECMO has increased considerably over the
past 2 decades.? Indeed, from 2007 to 2011, non-percutaneous ECMO cannulation increased
2-fold, while the use of percutaneous ECMO increased by more than 15-fold.2 Maxwell and
colleagues, evaluating more than 9,000 ECMO patients from the Nationwide Inpatient
Sample database in the United States from 1998 to 2009, identified 4,493 patients with
approximately 50%, cannulated for cardiogenic shock in the postoperative period.> Between
2002 and 2011 in the same database, McCarthy and colleagues found that PC-ECMO was
the most common indication for ECMO in each year of their study.® Recently, data from the
Extracorporeal Life Support Organization (ELSO) Registry also confirmed a substantial
increase in PC-ECMO use over the last 10 years.® ECMO use in adult populations has also
substantially increased in this time, such that the proportion of adults managed on ECMO
for PC indication has decremented.3°

Patient characteristics

Indications

The nature of the PC-ECMO indication is that patients invariably require urgent or emergent
ECMO support compared with other indications. Baseline characteristics reveal that PC-
ECMO patients are older, with a higher incidence of renal insufficiency, prior myocardial
infarction, left main coronary artery disease, and left ventricular (LV) dysfunction. They are
also more likely to have a prolonged history of coronary artery disease and prior open-heart
surgery.1” Age does not appear to be an absolute contraindication, as elderly patients are
routinely considered for PC-ECMO. Indeed, most PC-ECMO series include some patients
older than 80 years of age (Table 1).%6:57

As expected, PC-ECMO is most frequently associated with coronary artery bypass grafting,
valve surgery, and a combination of valve or coronary surgery (Table 1). In several series,
diagnoses previously considered relative contraindications to ECMO, such as the repair of
an acute aortic dissection, have been successfully supported (Table 1). In patients post-heart
transplantation, primary graft failure was associated with early post-transplant mortality. The
use of ECMO post-heart transplant has been reported to be as high as 10%-15%,58-60
possibly associated with the increased use of marginal donors. Notably, in a series of 124
heart transplants, Listijono and colleagues showed that ECMO was used for 17 (14%)
patients with 82% surviving to discharge.8? In patients who received a marginal donor heart,
defined by a pre-transplant LV ejection fraction < 45%, 8 out of 9 patients (89%) were
managed with ECMO, and of these 88% survived to hospital discharge with normal graft LV
function.8 Another indication for ECMO is in patients who develop right ventricular (RV)
failure post-left ventricular assist device (LVAD) implantation.62:63 PC-ECMO may be
utilized to support the RV, or to bridge to right ventricular assist device.53.:64

The most common indication for PC-ECMO implementation is intraoperative failure to
wean from cardiopulmonary bypass (CPB) because of univentricular, biventricular, or
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respiratory failure. PC-ECMO may also be implemented for delayed refractory cardiogenic
shock, postoperative cardiac arrest in the intensive care unit (ICU), respiratory failure, or
intractable postoperative ventricular arrhythmias.14=35 Although not all series delineate the
specific diagnosis and indication for PC-ECMO, it is evident that the use of ECMO for PC
cardiac arrest has been more frequently considered during the last 10 years.55 This is
reflected in the 2017 Society of Thoracic Surgeons Expert Consensus for the Resuscitation
of Patients Who Arrest After Cardiac Surgery wherein it is recommended that failure to
achieve spontaneous circulation is an indication for open cardiac massage and the institution
of either central or peripheral ECMO at the bedside.5¢ The available information with
regards to PC-ECMO applied for perioperative cardiac arrest and related outcomes are
presented in the Supplementary Materials (Supplementary Table S1).

Implementation, management, and complications of PC-ECMO

Cannulation

The location of ECMO cannulation is influenced by the timing and indication, urgency of
deployment, cardiocirculatory cardiocirculatory versus respiratory support required, and
institutional factors including staff familiarity and availability of ECMO circuits. PC-ECMO
is most often utilized for failure to wean from CPB, so operating room cannulation occurs
most frequently, followed by the ICU, and rarely on the ward (Table 2). While PC-ECMO
can be initiated any time in the postoperative course, the majority of PC-ECMO placements
occur within 24-48 hours of procedure (Table 2).

The implementation of intraoperative ECMO generally follows a period of escalating
vasoactive support and may be delayed by the placement of an intra-aortic balloon pump
(IABP). There is limited data to inform the optimal timing of ECMO cannulation, either in
the fail to wean from CPB population, or in those cannulated later in the ICU. Institutional
protocols differ with respect to the escalation of vasoactive therapies, optimal pre-load, and
acceptable duration of myocardial and systemic exposure to highdose inotropes. In the ICU,
the timing of PC-ECMO cannulation may be even more variable, as indications are not well
defined, which may contribute to a delay in decision making, resulting in ECMO
deployment. Furthermore, there is institutional variability in the logistics for ECMO circuit
preparation and implementation.3® ECMO deployed in the setting of extracorporeal
cardiopulmonary resuscitation (ECPR) without the return of circulation may present a more
straightforward decision but with more complicated logistics and event management.%6
Although post-ECMO survival is similar for those cannulated to ECMO in the operation
room and the ICU, longer ICU duration prior to ECMO cannulation is associated with
poorer survival.22

Despite the presence of either a median sternotomy or thoracotomy, which allows central
access, peripheral cannulation (Figure 1) is more common than central cannulation for PC-
ECMO (Table 2). Interestingly, a peripheral approach was the only access employed in 3
series,?1,26 29 whereas a central approach was used exclusively for access in only one
center’s experience (Table 2).28 Peripheral cannulation may be preferred to reduce infection
risk, avoid resternotomy, and continue uninterrupted chest compressions during ECMO
cannulation.
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In studies of PC-ECMO describing peripheral cannulation, open cannula placement was
chosen over a percutaneous approach in the majority of cases.18:26.28 There is evidence that
this approach is associated with fewer complications than percutaneous cannulation.27:29.67
A “pseudopercutaneous approach” exposes the femoral vessels, as with an open approach,
but tunnels the cannulas through a more inferior thigh incision before inserting them into the
vessel, allowing closure of the femoral incision.88-70 This pseudo-percutaneous approach
reduces the risk of bleeding and infection post-ECMO implantation and facilitates more
straightforward device removal. Although an open surgical closure is still needed, the
surgeon has better control of the vascular entry site and can perform embolectomy more
easily in patients with distal or proximal thromboses. However, Rastan and colleagues
showed that femoral venous drainage was associated with worse prognosis, suggesting that
suboptimal right-sided decompression had a negative impact on ECMO flow and
management.22

Central PC-ECMO cannulation is associated with higher rates of bleeding and acute renal
failure requiring continuous VV hemofiltration when compared with peripheral cannulation,
but a recent meta-analysis found no difference in overall survival when compared with
peripheral cannulation.** Technically, emergent central cannulation is associated with a risk
of air entrainment and embolization. The benefit of central cannulation lies in improved
cardiac decompression and anterograde flow from the proximal aorta, preventing the
potential ‘Harlequin syndrome’. Alternative cannulation strategies, that is, arterial inflow via
the subclavian artery with either peripheral20.21.33.68=70 or central®” cannulation for venous
return have also been employed (Figure 2). Central cannulation generally requires an open
sternum to allow the unimpeded exit of atrial and aortic cannulas and to prevent mechanical
cardiac compression, which may inhibit venous return.22:27 Innovative strategies to manage
the atrial and aortic cannulas may result in sternal closure with tunneled cannula exit in the
subxiphoid region (Figure 3). These strategies may facilitate patient extubation,
mobilization, and a decreased risk of infection. However, such a configuration may impede
adequate cardiac filling during weaning because of RV compression exerted by the cannula
course in the mediastinum. In patients who are expected to have an expeditious recovery
after short-term support, suprasternal exit sites, by mobilizing the sternocleidomastoid
muscle insertions and extending the upper sternal incision with a Y toward the head, may be
contemplated (Figure 4). This approach allows the aortic and atrial cannulas to lay vertically
and exit cranially, preventing cardiac compression and tamponade during weaning trials. The
use of a right anterior minithoracotomy for cannulation of the ascending aorta, right atrium
and pulmonary vein (for venting) (Figure 5), has also been reported and may be also useful
in avoiding any cardiac compression.”°

Left ventricular decompression

Veno-arterial ECMO (VA-ECMO), particularly with central cannulation, usually results in
effective right-sided cardiac drainage but may not be effective in decompressing the left side
of the heart because of the incomplete capture of systemic and bronchopulmonary venous
flow. LV distension occurs because of insufficient ejection, either from impaired LV
contractility or high afterload, and inevitably raises wall tension. Increased LV and the
resulting left atrial pressures result in increased myocardial oxygen consumption and acute
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pulmonary edema. Furthermore, inadequate LV ejection results in blood stasis in the left
cardiac chambers and may lead to clot formation with devastating consequences. In these
circumstances, the addition of left-sided catheter drainage may be warranted to fully
decompress the left side of the heart.”! In the presence of LV distension and left
intraventricular or intra-atrial stasis, LV decompression can be accomplished by a surgically
placed catheter in the left atrium or ventricle, or the use of a transaortic valve axial pump
device (if no aortic mechanical prosthesis is in place, Supplementary Table S2). In a recent
meta-analysis of 17 observational studies, including almost 4,000 VAECMO patients, 42%
of the cohort utilized an LV unloading device—IABP in 91.7% of the cases, a percutaneous
device in 5.5%, and trans-septal cannulation in 2.8%. There was significantly lower
mortality in the combined device group (53%) compared with ECMO without LV unloading
(65%).72 Patients with a mechanical prosthesis are at particularly high risk of valve
thrombosis and dysfunction with poor LV ejection, increasing the risk of intracavitary clot
formation. For these at-risk patients, a higher level of blood anticoagulation may be
advisable when unloading the LV.

Pulmonary artery cannulation represents an alternative to direct LV unloading but is not
available to all patients. The use of a transaortic valve axial pump device has been reported
to be beneficial in ECMO patients.”3:74 Patel and associates showed improved in-hospital
survival (43% vs. 22%) with the use of a transaortic device in combination with VA-ECMO.
75 Significantly higher than anticipated risk-adjusted survival was reported in 106 patients
undergoing combined VA-ECMO with the use of a transaortic valve device (Impella,
Abiomed).”® Despite these data, there are no reports of transaortic valve axial pump device
utilization in the PC-ECMO setting. The benefits include LV unloading with theoretically
improved LV recovery, while complications such as hemolysis with renal failure, and an
increase in surgical complexity (Supplementary Table S2) warrant further investigation to
evaluate the impact of this configuration.’!

The concomitant use of IABP in patients on ECMO support for cardiogenic shock remains
controversial. IABP remains the first line of support used in the operating room for
cardiovascular failure.28 Combined with VA-ECMO, the IABP is used to improve coronary
perfusion and support LV ejection and blood flow pulsatility by decreasing the afterload,
decreasing LV wall tension, and thereby decreasing blood stasis in the left heart.20.21.71.77.78
In multiple PCECMO series that we have reviewed, an IABP was used concomitantly in
12%-100% of patients (Table 2). Although this institutional variability may represent
patient heterogeneity, it is more likely thst these differences in utilization reflect a lack of
consensus regarding the relative benefit of IABP in ECMO-supported patients,32:33.77.78
Consistent with this is the fact that in some PC-ECMO series, IABP use was associated with
improved survival,17-22 while in others, no survival differences were found.19.23.24.26.27,40.47
Reassuringly, although the IABP competes for femoral arterial access, conceivably
problematic in peripheral ECMO, there does not appear to be an increase in the risk of limb
ischemia, as those authors uniformly using an IABP in patients on PC-ECMO showed very
low rates of limb-related complications.1421.25 Despite the physiologically justification and
early reports of results, the clinical benefits of LV decompression remain unproven.
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Management of patients on PC-ECMO

The management of patients supported by PC-ECMO differs substantially from the
management of patients on ECMO support for other indications. First, adult cardiac surgery
patients often have significant comorbidities which may impact the outcomes of ECMO.
Second, ECMO may be used as a bridge-to-recovery and also as bridge-to-advanced
mechanical circulatory support. PC- ECMO is only rarely used as a bridge-to-decision, as
the typical cardiac surgery patient has been well characterized clinically during the
preoperative work up, and the goals of therapy are clear. Optimal ECMO flow remains
unclear, as some argue that allowing LV ejection might be superior to full support, taking
into account the magnitude of heart damage, while assessing the need for adequate
peripheral perfusion.”® As previously described, facilitating an injured LV to eject adds
additional myocardial work and energy consumption to an already compromised heart.
Finally, bleeding and coagulopathy are major issues in this setting.

In some patients, the need for perioperative ECMO may be predictable, based on severe
clinical or cardiocirculatory-pulmonary conditions, and assessed preoperatively or
intraoperatively, thereby pre-empting cardiac failure post-CPB. In these patients,
prophylactic ECMO initiation may be of benefit, despite the associated risk of
complications, as it allows a smoother perioperative course with the reduced use of
vasopressors and the avoidance of severe hemodynamic compromise.80

The use of vasoactive medications remains another controversial issue in patients supported
with ECMO, particularly PC-ECMO. As stated above, the support of cardiac contractility
may improve LV unloading and prevent intracardiac hemostasis, as well as to support
ECMO weaning,?0 at the expense of increasing myocardial work, which may impede
recovery. Recently, it was shown that pre-treatment with levosimendan (Symdax, Abbot), a
calcium-sensitizing inodilator, seems to facilitate weaning from VA-ECMO, reducing the
use of high-dose inotropes.8! The weaning rates were 83.3% with versus 27.3% without
levosimendan infusion.81 However, these data are preliminary and require confirmation.81.82
The degree of contractility necessary to protect the unvented heart in the setting of ECMO is
unclear, and thus, there is no definable goal for inotropic support. This aspect of ECMO
management requires investigation.

Duration of PC-ECMO support

The duration of the ECMO support varies between reports, but patients are rarely supported
longer than 15 days for PC indication (Table 2). Several investigators advocate short (48-72
hours) support times and, if insufficient recovery is observed, implementing more advanced
mechanical support.16:21.26 Thijs reflects 2 important aspects of PC-ECMO in adult patients:
1) if recovery occurs, it is usually observed early after surgery,83 and 2) severe and
irreversible complications are frequent and typically occur shortly after ECMO initiation,
resulting in high mortality.5:22

A longer duration of ECMO support may be required and effective in specific patients, such
as patients in need of circulatory support after heart transplantation, to allow myocardial
recovery or the resolution of refractory pulmonary hypertension.16 However, for those
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patients, post-cardiac surgery, the lack of early recovery should precipitate a transition to
more durable forms of support, that is, LVAD or heart transplant listing. Unfortunately, these
therapies are not universally available. This speaks to the need for a relationship between all
cardiac programs and a sophisticated heart failure center (with VAD and heart transplant
expertise) to facilitate patient transfers when indicated.

Complications associated with PC-ECMO

Complications in ECMO patients are common and frequently determine a patient’s final
outcome.8* Table 3 shows the most common adverse events associated with PC-ECMO. In
published reports, limited information is often provided regarding the specific complications
encountered, rather they are categorized in broad terms (e.g., clot, hemorrhage, stroke),
hampering any in-depth analysis. However, bleeding is the most frequent complication
encountered, occurring in up to 90% of patients in some series.1420 PC-ECMO patients are
at high risk for hemorrhagic events, as typical postoperative surgery-related bleeding is
magnified by the early need for anticoagulation required for the ECMO circuit. Furthermore,
the coagulopathy and bleeding encountered may be exacerbated by a recently highlighted,
heparin-like effect induced by ECMO, even when direct thrombin inhibitors are employed as
alternatives to heparin. Ranucci and colleagues detected a heparin-like effect in 23 of 41
patients (56%), most likely owing to a release of heparinoids from the glycocalyx or mast
cells, as the result of the systemic inflammatory response to the ECMO circuit or sepsis.3°
To avoid exacerbating the coagulopathy that is already present postbypass, many
investigators advocate avoiding heparin infusion for the first 12—-48 hours, provided that high
flows are maintained to prevent clot formation.18:21 Heparin can be withheld for even longer
periods in patients with continued postoperative bleeding.16:18.21,22,24,30,47

There are additional adverse events, similar to those seen in other ECMO settings, but
exacerbated as a result of the preceding CPB run and cardiac surgery. Central nervous
system complications have recently been shown to occur in 15% of the adult patients
supported with VA-ECMO and 7% of the adult patients supported with VV-ECMO.85:86 |n
PCECMO, these rates may be much higher, occurring in up to 30% of the patients.14:16.17.21
The caregiver must remain cognizant of the high rate of neuro-complications. A high level
of suspicion, appropriate neuro-monitoring, and the prompt execution of ECMO
management modifications, including a low threshold for neuroimaging, all play an
important role in the care of the PC-ECMO patient.8” Interestingly, it appears that elderly
patients are not at higher risk for neurological adverse events when compared with younger
patients in the PC-ECMO setting.30 A study of the ELSO registry showed equal rates of
cerebral injury in patients older than 70 years of age who underwent ECMO for cardiogenic
shock.84

In contrast to the higher rates of neurological adverse events in PC-ECMO, renal failure and
limb ischemia occur at rates similar to other indications for ECMO. Several investigators
have consistently reported reduced limb ischemia with the routine use of ipsilateral distal
perfusion.?2 A delay in cannula placement, triggered by signs of ischemia, may lead to a
reperfusion injury with a poor outcome?® (Table 3). Although distal femoral artery
cannulation placed directly into the vessel is easy and effective, femoral artery access can
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also be achieved by placing a femoral artery chimney graft (a Dacron or Hemashield
prosthetic graft) of 6-8-mm diameter, anastomosed end-to-side to the femoral artery, thus
maintaining antegrade and retrograde arterial flow to the ipsilateral lower limb.2! In PC-
ECMO, continuous near-infrared spectroscopy monitoring of the adequacy of limb perfusion
is no different from the management applied in other ECMO settings with peripheral arterial
access.’0

Reassuringly, ECMO circuit failure occurs at a very low rate (Table 3). Although circuit
failure may be underreported, the general consensus is that the current ECMO technology is
safe with a low incidence of catastrophic complications owing to component failure or
dysfunction. Most of the time, these events are foreseeable and involve the pump-head or
oxygenator. Even so, further improvements in circuit components, including greater
biocompatibility, are expected in the coming years.

Post-cardiotomy ECMO outcomes

Weaning from PC-ECMO and survival to hospital discharge

As expected, successful weaning from PC-ECMO varies greatly within published series,
ranging from 31% to 76%, with almost half of the published experiences showing a weaning
rate at or slightly above 50% (Table 4). Survival to hospital discharge rates are far less,
ranging from 16% to 52%, with fewer than 30% of the centers reporting survival-to-
discharge above 40% (Table 4). Of note, even in the face of considerably improved
technology and increased experience in managing ECMO care, survival has not improved in
the last 20 years.2* In fact, based on the most recent report from the ELSO registry, there has
been a gradual decline in the survival after PC-ECMO, as low as 15% survival in a recent
analysis.® This may be owing, at least in part, to more widespread application of this
technology to higher risk patients, but it remains a sobering observation.

The presence of cardiac arrest as indication for PC-ECMO is understandably a negative
predictor of weaning or survival to-discharge in all series examined (Table 1); however, this
must be viewed as preliminary data, as only 2 papers specifically address ECPR in this
setting.32:33 Survival in patients with cardiac arrest ranged from 0% to 48%, but factors such
as quality of cardiopulmonary resuscitation (CPR), that is, open versus closed chest, the
location of arrest, that is, in the operating room or in the ICU, and time to ECMO institution,
are all likely to be of paramount importance. An intraoperative onset arrest might have a
better prognosis owing to more rapid ECMO cannulation and limited hypoperfusion-based
organ injury, but this hypothesis has not been explored.

Multiorgan system failure, despite recovery from myocardial failure, is an important
contributor to mortality, but granular data to inform this observation are lacking.20-21 In fact,
the actual cause of death may be interpreted in a misleading fashion in ECMO patients, as
reported by Rastan and associates who showed that in almost 30% of autopsies, an
unexpected cause of death was found, and in 80% of the patients, an unrecognized
concomitant illness was present.89 Overall, that study showed mortality owing to a cardiac
etiology in > 60% of patients, multiorgan system failure in 10%, and neurological
complications in 5%.89
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The survival of patients who received PC-ECMO for post-heart transplant graft dysfunction
is approximately 45%, better than typically seen in PC-ECMO, as post-graft dysfunction is
frequently reversible.16:18.29.90 Takeda and colleagues recently compared patient outcomes
after primary graft failure with PC-ECMO support versus VAD support, and showed that
PC-ECMO had significantly better outcomes, including bleeding after post-implant
rethoracotomy (30% vs 70%, p < 0.01), renal replacement therapy (11% vs 53%, p < 0.01),
duration of support (5.2 + 3.9 days vs 14 § 17 days, p = 0.011), and weaning rates (89% vs
59%, p = 0.03), with a trend toward better survival to hospital discharge (41% vs 19%).%
The favorable impact of ECMO on patients post-heart transplant when compared with other
settings has been highlighted by other investigators, showing significantly better in-hospital
and post-discharge survivals.92:93

Outcomes in elderly patients

The effect of patient age on survival requires highlighting in the context of PC-ECMO, as
many eligible patients in this setting are elderly. In an analysis of 131 adult patients (28% =
65 years of age) with refractory cardiopulmonary failure supported by ECMO, Narotsky and
colleagues observed 48% survival at one year.>1 Age over 65 years was associated with an
~2-fold higher risk of death.>1 However, when the analysis was adjusted for confounders,
age was not a statistically significant predictor for in-hospital death, although a trend for
increased risk remained.5! Saito and colleagues analyzed 91 patients who required
emergency ECMO for a variety of reasons including PC, and found that age was not a
predictor of mortality, concluding that elderly patients can benefit from ECMO, although
they require more time to recover.*! However, Elshakarwy et al found a linear relationship
between mortality after PC-ECMO support and age, but there was no identified age specific
cut off after which ECMO was futile.23 Consistent with this, a recent large database
evaluation demonstrated that older patients who require ECMO support for cardiac or
respiratory indications have a significantly worse prognosis; however, the data does not
appear to support older age as an absolute contraindication to PC-ECMO.88 These findings
create a conundrum for surgeons and patients’ relatives when considering ECMO support
for an elderly patient. Survival rates in elderly patients who undergo ECMO for cardiogenic
shock may range between 25% and 30%.30:88 These survival rates may be influenced by
selection bias, but it is encouraging that well-selected elderly patients managed on ECMO
may do well. Additional investigation is needed to elucidate which older patients have the
best survival after PC-ECMO. At this time, limited information is available on medium and
long term patient disability after PC-ECMO, and one must conclude that further experience
is needed to best determine in whom it is contraindicated.

Bridging to other therapies

Transitioning to VAD support or heart transplantation listing from PC-ECMO appears to
improve in-hospital survival, as shown by Smedira and coworkers.1” They found a 75%
early survival rate in ECMO patients bridged to a VAD after a short ECMO run.17 Despite
this apparent effectiveness, < 20% of patients supported with PC-ECMO transition to other
support, that is, VAD or heart transplantation (range 0%—-20%) (Table 4), totally dependent
upon the suitability of the candidate for more durable therapies and the availability of hub-
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and-spoke networks allowing patient transfers to centers capable of these advanced heart
failure options.

Predictors of outcomes after PC-ECMO

The prediction of ECMO weaning and survival after PCECMO has been addressed by many
investigators.14=35 Pre- and intraoperative factors, post-ECMO events, and the patient’s
physiological response to circulatory support, all play a critical role (Table 4). Among pre-
ECMO factors, ECPR was a strong negative predictor of survival in several experiences.
14,16,30 |y 2 series, no post-cardiotomy patient who underwent ECPR and was elderly or
who had prolonged CPR prior to establishment of ECMO support survived.16:30 However,
other investigators have found that neither CPR nor the time spent in resuscitation had a
significant effect on survival.18:32:33 Currently, the following factors negatively influence
survival after PC-ECMO support: lactate concentration immediately prior to ECMO
initiation, as well as its highest level 12-48 hours post-ECMO initiation,
19,22,26,29,30,35,37,43,83 rengl and liver failure,24~9 respiratory failure,%”-9 and the duration
of ECMO support.16:18.26.27 Regarding pre-ECMO lactates, Fux and collaborators have
recently shown that a value above 10 mmol/l at implant is associated with a 90% in-hospital
mortality, with no survival when lactate levels were >15 mmol/l.37 Surprisingly, neither
ECMO cannulation location (intraoperative, ICU, or ward)2” nor the duration of ECMO
support has been shown to impact survival.19:22:24.30 Other predictors of success in weaning
or survival after PCECMO are reported in Table 4.

Long term outcomes after PC-ECMO

Despite the complex perioperative course of PC-ECMO patients, the long term survival of
patients who survive to discharge appears favorable, with the vast majority of patients still
alive at 1-year follow-up (Table 4). Saxena and colleagues showed that even in a high-risk
cohort of patients over 70 years of age, survival was 69% at 3 years, and 51% at 5 years,
confirming good post-discharge prognosis of PC-ECMO patients, even in the elderly.30

Post-cardiotomy veno-venous ECMO for respiratory dysfunction

Respiratory insufficiency is a common complication after cardiac surgery and an
independent predictor of in-hospital mortality.9”-9 Despite respiratory complications in 7%
to 30% of patients,97:%8 there is a paucity of published reports on ECMO therapy when this
complication is severe, treated either with VA- or veno-venous ECMO (VV-ECMO).
VVECMO has been increasingly employed as therapy for primary, refractory respiratory
failure as a result of the outcomes seen in conventional ventilatory support versus ECMO for
severe adult respiratory failure in the CESAR trial.%9 There are very few reports, however,
specifically addressing the use of VV-ECMO in PC patients. Nakamura and colleagues
explored the outcomes of VV-ECMO in 11 PC patients, ranging in age from 35 to 83 years,
after various cardiac surgery procedures.®® This series showed favorable overall outcomes (7
patients were discharged, 64%), and age was the only predictor of a poor outcome.6 The
mean age of the survivors was 54 years, while non-survivors were mean 80 years old.>®
Interestingly, Song and coworkers recently reported their experience in 13 PC patients
supported with VV-ECMO for acute respiratory distress syndrome, and age did not predict
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survival (overall in-hospital survival 69%).57 In this series, 7 patients received VV-ECMO
within 24 hours of surgery and the remainder (6 patients) at a median of 8.5 days from
surgery.>” They showed that the Respiratory ECMO Survival Prediction score1 proved to
be a good predictor of survival (100% in class 111, 50% in class 1V, and 20% in Class V).%7
Noteworthy, in this experience, septic shock was responsible for all the deaths during ECMO
support.>” Further research is needed to understand the indications for VV-PC-ECMO and to
systematically minimize pre- and intraoperative risk factors for PC respiratory failure
requiring VV-ECMO, that is, smoking cessation, avoiding ventilation-induced lung injury,
decreasing blood exposure, and minimizing CPB times.

Controversial issues and future perspectives on PC-ECMO

ECMO technology has undergone remarkable progress in the last 20 years. More advanced,
user-friendly, miniaturized technology has rendered the wider application of this temporary
support possible, in many instances for conditions once viewed as contraindications.12-101
Obvious targets to improve effectiveness include biocompatible circuitry (e.g., the pump,
oxygenator, and tubing design), more reliable anticoagulation, rational vasoactive or
inotropic support, a better understanding of the most effective ways to achieve temporary
cardiopulmonary support, more effective monitoring, and increasing provider skill and
education. Given the technical aspects of ECMO implementation, the peculiarities of ECMO
management, and the expense and ethical implications of ECMO use, universal provider
education is a crucial target if outcomes are to improve.102.103 Available ECMO courses,
case-presentations and simulation training with a multidisciplinary target audience may
mitigate the lack of high volume ECMO use at most centers and improve standardization
and evidence based care for all.103.104

As we witness an exponential increase in ECMO use, we must question in whom is it truly
beneficial, determining in whom it provides time to recover as opposed to simply prolonging
death.193 ECMO enthusiasts are particularly vulnerable to criticism.6 Because ECMO is
easy to institute, it is being used in patients with increasing disease severity, more complex
procedures with acute, post-bypass myocardial dysfunction, and in patients who heretofore
were viewed as unsalvageable.30:39.40.50.87.101 Regperations, advanced age, surgical urgency,
and poor cardiac reserve are being seen more commonly and contribute to cardiopulmonary
insufficiency post-CPB, with subsequent pressure on the caregiving team to institute PC-
ECMO. It is also possible that PC-ECMO is being overutilized to avoid intraoperative
deaths, a rarity these days, moving the inevitable from the operating room to the 1ICU.11.102
However, PC-ECMO is still in its infancy and suffers from a lack of sufficient evidence to
inform optimal use, that is, patient selection, ECMO configuration, prevention or
management of complications, and decision making for recovery or exit strategies of more
durable therapies. To this end, the authors propose concentrating resources to address the
following areas to improve PC-ECMO effectiveness: 1) the underlying pathophysiology of
PC cardiopulmonary failure and the impact of ECMO on those processes, 2) the
development of a standardized, evidence-based, structured approach to monitoring ECMO
delivery and patient outcomes, 3) the identification of both patient- and population specific
predictors of outcomes, 4) the education and training of ECMO caregivers, and, finally, 5)
the ethical and economic implications of ECMO utilization. For sure, the dilemmas
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associated with ECMO are all part of a complex scenario, but, to a large degree, providers
must accept responsibility for shepherding their use, despite the lack of data to inform them.
6,103 pregperative discussion with highrisk patients and their families about the use of PC-
ECMO should be encouraged to minimize ethical issues that may arise post-operatively. The
futility of ECMO in complex patients with limited or no indication for more advanced
treatment should be considered in a timely manner.

Limitations of the review

This review has some limitations, as it encompasses different patient conditions and
different ECMO approaches in its attempt to be comprehensive. However, underlying
cardiopulmonary insufficiency and a lack of response to conservative, conventional
treatments after cardiac surgery are common to all the studies included. The scenarios for
PC-ECMO include conditions ranging from failure to wean from CPB, to cardiogenic shock
hours to days after cardiac surgery, to cardiac arrest in the ICU or on the ward. PCECMO in
heart transplant recipients is usually included in PC-ECMO series, as we have done, but this
specific patient population tends to have better outcomes when compared with non-
transplant patients.#”:53 In addition, the studies reviewed include a wide range of
resuscitation times prior to ECMO initiation, and in some circumstances, include patients
who need both cardiac and respiratory support post-operatively. This highlights the extreme
variability in the post-cardiotomy patients who received PC-ECMO. Finally, institutional
variability in ECMO management is high, and may impact the results of studies and how the
associated data has been interpreted.#7:53

Conclusions

PC-ECMO represents the most frequent indication for temporary mechanical circulatory
support with increasing use expected in the future. Considerable variability regarding
surgical access and cannula placement still exists, apparently without major differences in
outcomes regardless of the technique used. Although PC-ECMO can be life-saving and is
only employed when there are few alternatives, mortality and morbidity remain high,
reflecting underlying disease severity and an imperfect solution. When PC-ECMO is
determined to be the best option for patient care, its deployment should be rapid, as delay,
with a resultant longer duration of circulatory hypoperfusion and hypoxia, is related to
increasingly poor outcomes. Survivors of PC-ECMO have favorable early outcomes. Long
term survival has not been as well-studied, although some small series show good 1- and 3-
year survival. ECMO-specific educational training programs focusing on patient selection,
cannulation techniques, ECMO management, and ethical considerations, along with
industry-driven refinements to circuit components, will almost certainly improve the
effectiveness of this powerful technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Post-cardiotomy ECMO approaches for cannulation: peripheral cannulation with femoral

artery and vein access, associated with distal limb arterial perfusion.
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Figure 2.
Post-cardiotomy ECMO approaches for cannulation: cannulation of the right axillary artery

for reperfusion. Femoral vein or right atrial access can be used for venous drainage.
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Figure 3.
Post-cardiotomy ECMO approaches for cannulation: central cannulation (right atrium and

ascending aorta cannulation) with a subxyphoid exit port for the cannulas.
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Figure 4.
Post-cardiotomy ECMO approaches for cannulation: central cannulation (right atrium and

ascending aorta cannulation) with jugular exit port for the cannulas.
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Figure 5.
Post-cardiotomy ECMO approaches for cannulation: central cannulation with access through

a left mini-thoracotomy, avoiding median sternotomy.
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