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Abstract
Background: The three-stage surgical approach is now accepted as the standard for management of children born with func-
tional single ventricle. However, there is little consensus on the cardiopulmonary bypass strategies employed for these proce-
dures. We have attempted to avoid cardiopulmonary bypass in patients with single ventricle whenever possible to eliminate
the adverse effects that are induced by this process. The purpose of this study was to review our experience in patients who
underwent all three stages of the Fontan pathway without ever being exposed to bypass. Methods: A total of 52 patients
with single ventricle underwent ‘‘off-pump’’ treatment at all three stages of their surgical management. The time period of the
study was from 2002 to 2013. There were 31 males and 21 females. Anatomic diagnoses included double inlet left ventricle (n ¼
11), pulmonary atresia with intact ventricular septum (n¼ 11), tricuspid atresia (n¼ 10), double outlet right ventricle (n¼ 9), and
other (n ¼ 11). Results: There was no operative mortality in the 52 patients undergoing Fontan completion. The patients have
been followed for an average of 5.1 + 2.5 years, with one late mortality. The median length of hospital stay for the three stages
was 17, 5, and 9 days, respectively. Of the 52 patients, 42 were able to undergo all three stages without the need for a blood
transfusion. Conclusions: This series demonstrates the feasibility of achieving a Fontan circulation without patients exposed to
cardiopulmonary bypass. There was no operative mortality and low mid-term mortality. It is notable that 80% of patients never
required a blood transfusion with this approach. The elimination of cardiopulmonary bypass provides several potential clinical
benefits in this highly select subset of patients with single ventricle.
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Introduction

Achieving a Fontan circulation is a well-established goal for

the management of children who are born with functional sin-

gle ventricle. There is now a consensus for the three-stage sur-

gical approach to patients with single ventricle. The majority of

patients with single ventricle require a neonatal procedure pre-

dicated on the underlying anatomy and physiology. This is fol-

lowed by a bidirectional Glenn procedure at three to six months

of age. The third stage, frequently referred to as a ‘‘Fontan pro-

cedure,’’ is completed between one and five years of age. This

three-stage strategy has resulted in a significant reduction in

morbidity and mortality over the past several decades.1-4

In spite of the consensus regarding a three-stage approach

for the management of patients with single ventricle, there is

little consensus with regard to the cardiopulmonary bypass

strategies employed during these surgical procedures. The

time-honored approaches include bypass without aortic cross-

clamp, bypass with aortic cross-clamp (for completion of

concomitant procedures), and circulatory arrest. In recent

years, there have been several series reporting the experience

with off-pump bidirectional Glenn5-8 and also off-pump Fontan

procedures.9-13 It was presumed that the outcomes for off-

pump surgery might exceed those for on-pump procedures.

However, the outcomes for patients with single ventricle have

improved to such an extent that it has been difficult to prove an

advantage of any one cardiopulmonary bypass strategy. As a

consequence, the divergent bypass strategies flourish in the

absence of proof that one methodology is superior to another.
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Our group has been committed to developing an ‘‘off-

pump’’ approach for management of patients with single ven-

tricle.14,15 This includes performing both the bidirectional

Glenn and Fontan procedures without the use of cardiopulmon-

ary bypass. The purpose of this study was to summarize our

experience with patients who were able to undergo all three

stages of the Fontan pathway without exposure to cardiopul-

monary bypass.

Methods

This study was approved by the institutional review board at

Stanford University. Patients were identified through the car-

diac database, and the medical records were subsequently

reviewed. The time period of this study was from 2002

through 2013.

This was a retrospective study summarizing our experience

with 52 patients (31 males and 21 females) who underwent

completion of all three stages of the Fontan pathway without

the use of cardiopulmonary bypass. This represents approxi-

mately 25% to% of the overall number of patients with single

ventricle undergoing management at our institution during this

period. Anatomic diagnoses of these patients include double

inlet left ventricle (n ¼ 11), pulmonary atresia with intact ven-

tricular septum (n¼ 11), tricuspid atresia (n¼ 10), double out-

let right ventricle (n ¼ 9), and other (n ¼ 11).

Specifically, all patients with single ventricle who needed a

neonatal procedure, which would require the use of cardiopul-

monary bypass, were excluded from this study. The operations

that would fall under this description include a Norwood or

Damus-Kaye-Stancel procedure, repair of total anomalous pul-

monary venous drainage, and atrial septectomy.

The strategy for performing an entirely off-pump approach

begins at the time of the neonatal palliative procedure. We

perform the majority of these procedures through a midline

sternotomy approach, which provides an opportunity to com-

prehensively evaluate the anatomy of each patient. This

approach is also quite versatile from a surgical standpoint and

permits placement of a pulmonary artery band or systemic to

pulmonary artery shunt. We usually perform a short, central

shunt from the ascending aorta to the main or branch pulmon-

ary artery, and in the presence of a single superior vena cava

would place the shunt on the contralateral side. This facilitates

performing the bidirectional Glenn procedure off pump at the

next stage.

The technique for performing an off-pump bidirectional

Glenn has been well described.5-8 Patients with bilateral super-

ior vena cava can undergo an off-pump bilateral bidirectional

Glenn by performing each side sequentially, solely with sys-

temic heparinization. For patients with a single superior vena

cava, we perform the bidirectional Glenn procedure utilizing

a venovenous shunt constructed from the innominate vein to

the systemic atrium (Figure 1). We monitor the upper compart-

ment pressures with a temporary transthoracic line placed in

the superior vena cava or innominate vein. These pressures

should be less than 20 mm Hg when the venovenous shunt is

functioning properly. Pressures higher than that value should

prompt an investigation into the cause, which is usually attribu-

table to malposition of one of the two cannulas. In addition to

this pressure monitoring, we routinely use cerebral and visceral

near-infrared spectroscopy for these procedures. The cavoatrial

junction is clamped proximally and distally, and the atrial side

oversewn. The cavopulmonary anastomosis is then constructed

in a standard fashion (Figure 2).

The Fontan procedure can be performed off-pump using an

extracardiac conduit approach.9-15 Our algorithm has been to

wait until patients have achieved a weight of 12 to 15 kg and

select a conduit to approximate the size of the adult inferior

vena cava. The patients received full systemic heparinization,

and the upper anastomosis to the underside of the pulmonary

artery is performed first. Following complete mobilization of

the superior vena cava and branch pulmonary arteries, a clamp

is placed tangentially along the base of the cavopulmonary ana-

stomosis, as illustrated in Figure 3. The upper compartment

Figure 1. Artist’s illustration demonstrating the technique for
performing an off-pump bidirectional Glenn. The patient is heparinized
and a venovenous shunt is constructed from the superior vena cava
(SVC) to systemic atrium.

Figure 2. Illustration of the bidirectional Glenn procedure. The
superior vena cava (SVC) is divided and the atrial side oversewn. A
partial occlusion clamp is placed on the right pulmonary artery (RPA),
and the anastomosis performed between the SVC and the RPA.
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pressures are monitored, and the positioning of the clamp is

guided by these pressures. The underside of the branch pul-

monary artery is then incised. The anastomosis between the

Goretex conduit and pulmonary artery is then performed (Fig-

ure 4). Following completion of the upper anastomosis, the

clamp across the previously constructed cavopulmonary con-

nection is removed, the conduit is deaired, and the conduit is

then clamped in its mid-portion (Figure 5).

Attention is then turned to the inferior anastomosis. A veno-

venous shunt is constructed from the inferior vena cava to the

systemic atrium in order to decompress the lower compartment

(Figure 6). The inferior vena cava is clamped proximally and

distally and then divided. The atrial side is oversewn with

4-0 Prolene. The Goretex conduit to inferior vena cava anasto-

mosis is performed with 5-0 Prolene (Figure 7).

We currently perform approximately 90% of our bidirec-

tional Glenn and Fontan procedures without the use of car-

diopulmonary bypass.15 Indications for a planned on-pump

approach would include the need for a concomitant intracardiac

procedure such as atrioventricular valve repair, repair of pul-

monary vein stenosis, atrial septectomy, or enlargement of a

bulboventricular foramen. The indications for an unplanned

on-pump approach could include injury to a cardiac structure

during redosternotomy and hemodynamic instability during the

off-pump approach.

Figure 3. Artist’s illustration demonstrating the technique for
performing an off-pump extracardiac Fontan procedure. The branch
pulmonary arteries and previously constructed bidirectional Glenn are
fully mobilized. The patient is fully heparinized. A clamp is then placed
tangentially across the pulmonary artery while still permitting flow to
the ipsilateral lung.

Figure 4. Illustration demonstrating construction of the upper
anastomosis between the underside the branch pulmonary arteries
and the Goretex tube graft. The anastomosis is performed with
6-0 Prolene.

Figure 5. Illustration of the completed upper anastomosis. The clamp
along the underside of the right pulmonary artery is removed and the
Goretex graft deaired and clamped. A venovenous shunt is then con-
structed from the inferior vena cava to the systemic atrium. The two
venous cannulas are deaired and connected together with a ‘‘Y’’
connector.
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Results

Of the 52 patients, 42 required a neonatal palliative (off-pump)

procedure to regulate pulmonary blood flow. This included sys-

temic to pulmonary artery shunts in 33 patients and pulmonary

artery bands in nine patients.

All 52 patients underwent an off-pump bidirectional Glenn

procedure at an average age of 6 + 1 months (range 2-118

months). In all, 38patients had a single superior vena cava and

14 had bilateral superior vena cava. Concomitant procedures

were performed in 44 of the 52 patients, including takedown

of a systemic to pulmonary artery shunt (n ¼ 30), tightening

of a previously placed band (n ¼ 6), ligation of the native right

ventricular outflow tract (n ¼ 4), and placement of a new pul-

monary artery band (n ¼ 4). Approximately half of the patients

had some form of antegrade pulmonary blood flow left after

completion of the bidirectional Glenn, with measurement of the

pulmonary artery pressures to facilitate the regulation of this

flow.

The 52 patients underwent their off-pump extracardiac

Fontan procedure at an average age of 4.1 + 1.3 years (range

of 2.5-14.1 years). There was no operative mortality for the

52 patients undergoing completion of their Fontan. None of

the patients had fenestration of their Fontan. Conduit size was

18 mm in 16 patients, 20 mm in 32 patients, 22 mm in 2

patients, and 24 mm in 2 patients. Of the 52 patients, 18 under-

went concomitant procedures, including ligation of the main

pulmonary artery (n ¼ 15) and ligation of a shunt (n ¼ 8).

Of the 52 patients, 28 were extubated on the day of surgery.

Twenty patients were extubated on the first postoperative day,

and the remaining four were extubated on the second post-

operative day.

The average length of time until all chest tubes were

removed was 4 + 2 days. Eight patients subsequently required

reinsertion of pleural drainage tubes. In these eight patients, the

duration of secondary pleural drainage was 5 + 2 days.

The median duration of hospitalization from the day of

surgery to day of discharge was nine days, with an average

of 14 + 5 days and a range of 5 to 40 days. The median length

of hospital stay for all three stages is shown in Figure 8.

There were six patients who were subsequently readmitted

to the hospital. The underlying reason for readmission was

pleural effusion in four patients, wound infection in one

patient, and viral respiratory infection in one patient.

There has been one (2%) late death in this cohort of

52 patients. This patient developed progressive cardiac dys-

function and underwent a cardiac transplant. The patient

subsequently experienced rejection with allograft failure and

became a late mortality six years following Fontan procedure.

None of the patients in this study demonstrated any overt

evidence of postoperative neurologic injury. Specifically, no

patient demonstrated a neurologic deficit, clinical seizure, or

unexpected delay in regaining consciousness.

Of the 52 patients, 42 were able to undergo all three stages

of the Fontan without a blood transfusion. There were four

patients who received a transfusion of packed red blood cells

Figure 7. Illustration demonstrating the completed extra-cardiac
Fontan. The venous cannulas have been removed and the heparin
reversed with protamine.

Figure 6. Illustration demonstrating construction of the lower ana-
stomosis from the inferior vena cava (IVC) to the Goretex tube graft.
The IVC is clamped and divided, and the atrial side oversewn with a
running 3-0 Prolene. The cava to Goretex anastomosis is performed
with 5-0 Prolene.
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(PRBCs) at the time of their initial palliative procedure.

Five patients received PRBCs during the bidirectional Glenn

procedure, and seven patients had a transfusion during the

Fontan procedure. Six patients received a transfusion during

two of their operations. Thus, 80% of cohort avoided blood

transfusion at all three operations through the strategy of

off-pump surgery.

Comment

This study demonstrates the feasibility of achieving completion

of all three stages of the Fontan pathway without the use of car-

diopulmonary bypass. To accomplish this, a number of specific

features must be present. Specifically, the anatomy must be

favorable so that the patients require only an off-pump pallia-

tive procedure as neonates (or no palliative procedure at all).

In addition to these anatomic constraints, the patients must also

receive their surgical care at an institution committed to per-

forming the bidirectional Glenn and subsequent Fontan proce-

dures without cardiopulmonary bypass. Thus, the number of

patients and the number of institutions that could achieve a

three-stage Fontan without cardiopulmonary is limited. We

believe this is the first report describing the longitudinal care

of patients across all three surgical stages leading to Fontan

completion in whom cardiopulmonary bypass was avoided at

each and every procedure.

McAmmond et al recently published a report from our insti-

tution summarizing a comparison of outcomes between

patients undergoing Fontan with or without cardiopulmonary

bypass.16 This series included 73 patients who underwent Fon-

tan surgery from 2001 to 2006. The results of this comparison

were notable for nearly identical results in the two groups in

most measures of outcome, including mortality, length of hos-

pital stay, duration of effusions, and length of intensive care

unit (ICU) stay. There was a significant difference noted with

regard to intraoperative physiology, where the off-pump group

had significantly lower Fontan pressures compared with the on-

pump group. However, this difference in a key physiologic

parameter had dissipated by the six-hour postoperative mea-

surement point. The authors concluded that an off-pump

Fontan had early physiologic advantages that were short lived

and did not appear to confer a significant clinical advantage.

The 52 patients in the current study experienced no opera-

tive mortality and one late mortality. We also tracked a number

of ‘‘surrogate markers’’ of outcome, including length of time

on the ventilator, length of stay in the ICU, and length of stay

in the hospital, all of which were reasonably comparable to pre-

viously published results for the on-pump Fontan. As in many

previous series, the current study does not prove a superiority

of the off-pump approach. However, the express purpose of this

study was to demonstrate the feasibility of an entirely off-pump

approach for a select group of patients with single ventricle. It

would, in fact, be difficult to prove an advantage of an off-

pump versus on-pump approach from a statistical standpoint,

given the rarity of these adverse events in the modern era. To

provide an example, if one assumed a mortality rate of 0% for

an off-pump Fontan and a 3% mortality rate for on-pump

Fontan, it would require 257 patients in each arm of the study

(or a total of 514 total patients) to reach statistical significance.

Many of the studies that have published on off-pump single

ventricle surgery have probably been underpowered from a sta-

tistical basis, but it is likely that any difference in short-term

measures of outcome will be unprovable based on the low inci-

dence of adverse events.

One potentially significant finding of this study was that

80% of the patients were able to avoid exposure to PRBCs.

This is a direct consequence of eliminating the cardiopulmon-

ary bypass circuit, which usually requires the addition of blood

in the prime solution to avoid hemodilution in pediatric

patients. Nearly, all infants undergoing an on-pump bidirec-

tional Glenn will require the addition of blood to the cardiopul-

monary bypass circuit to avoid excessive hemodilution. The

patients undergoing a Fontan completion are obviously older

and larger than they were at the time of their bidirectional

Glenn but may still require blood added to the pump. In the

study by McAmmond comparing on- and off-pump Fontans,

the patients who underwent an on-pump Fontan received a

blood transfusion in the nearly all cases and received twice the

total amount of blood products compared to the off-pump

group.16 There has been quite convincing evidence that expo-

sure to blood is an independent risk factor for adverse outcome

in adults.17,18 In contrast, transfusion has historically not been

considered to have the same adverse effects in pediatric cardiac

surgery, and indeed, there was some evidence to suggest that

on-pump anemia posed a greater risk than transfusion.19 How-

ever, several recent publications have reevaluated the associa-

tion between blood transfusion and outcomes in pediatric

patients with cardiac disease. These studies found an associa-

tion between blood transfusion and both increased length of

time on the ventilator and increased duration of ICU stay

Figure 8. Bar graph demonstrating the median length of hospital stay
for the three separate surgical stages.
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following congenital heart operations.20,21 In addition, blood

transfusion has been shown to increase infection rates and

increase the incidence of allogeneic sensitivity.22,23 The avoid-

ance of blood transfusion through the off-pump approach may

confer important advantages through the elimination of risks

associated with transfusion.

There are numerous physiologic consequences induced by

the use of cardiopulmonary bypass in the setting of a bidirec-

tional Glenn and/or Fontan procedure. These effects can be

divided into those measurable at a whole organism level and

those measurable at a cellular level. Several examples of the

physiologic changes that have been documented in patients with

single ventricle include an increase in lung water, decrease in

ventricular compliance, and immune suppression. The physiolo-

gic consequences at a cellular level are quite extensive,24-31 as

summarized in Table 1. These changes in circulating media-

tors would generally be thought to have adverse effects, and

yet there has been little evidence to support the conjecture that

these physiologic changes result in negative clinical effects.

This dissociation between circulating mediators and out-

comes is similar to the literature in adult patients undergoing

off-pump coronary bypass surgery. Thus, although a host of

physiologic changes occur following the use of cardiopul-

monary bypass in patients with single ventricle, it is evident

that the majority of these changes do not have a demonstrable

influence on overall recovery.

Although studies have not demonstrated significant short-

term benefits of an off-pump surgical approach, it is conceiva-

ble that there may be some late benefits. Specifically, longer

term areas of concern for patients with single ventricle have

been limitations in exercise capacity and neurologic perfor-

mance, factors which play a critical role in determining quality

of life. Numerous studies in adult patients have demonstrated

better neurologic outcomes in patients undergoing off-pump

versus on-pump coronary bypass surgery.32 This facet of

long-term outcome has not been studied to date in pediatric

patients. In addition, many studies have demonstrated that

patients undergoing multiple operations using cardiopulmon-

ary bypass (+ cross-clamp and + hypothermic circulatory

arrest) are predisposed to late decreased systolic and diastolic

function. Finally, it is possible that avoidance of blood transfu-

sions through an off-pump approach will have late benefits for

the reasons cited in the literature on this subject. In the future, it

is our goal to implement a systematic program for testing exer-

cise and neurologic performance in these patients to evaluate

whether an off-pump approach does have late benefits in these

areas.

In summary, this manuscript summarizes our experience

with 52 patients who were able to complete all three stages

of the Fontan pathway without ever being exposed to cardio-

pulmonary bypass. This is a descriptive report emphasizing the

feasibility of employing this philosophy and the surgical tech-

niques that are utilized. Whether this approach will translate

into clinical benefits remains unproven, but we would specu-

late that avoidance of bypass and avoidance of blood transfu-

sions will ultimately prove to have long-term benefits.
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