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Abstract: Cardiopulmonary bypass is an integral and indispensable part of surgical repair of congenital
heart defects. While the complications and morbidity secondary to the use of cardiopulmonary bypass has
decreased considerably, there remains a significant incidence of clinically relevant renal and neurological
injury. To provide more physiological delivery of oxygenated blood to the end-organs, our center has
been successfully using a high-flow, high hematocrit cardiopulmonary bypass strategy since 2006. The
essential components of this strategy include maintaining high flows (typically 200 mL/kg/min in neonates,
150-175 mL/kg/min in older infants weighing <10 kg, and 2.6 L/min/m’ in older children) throughout the
duration of cardiopulmonary bypass irrespective of patient temperature, as well as maintaining a hematocrit
of at least 32% on cardiopulmonary bypass. The incidence of post-operative acute kidney injury (around 3%)
and clinical acute neurological events (<1%) with this strategy is considerably less when compared to other
contemporary publications using the conventional cardiopulmonary bypass strategy. In this review, we discuss
the rationale behind our approach and present evidence to support the high-flow, high-hematocrit strategy.
We also discuss the practical aspects of our strategy and describe the adjuncts we use to derive additional
benefits. These adjuncts include the use of a hybrid pH/alpha stat strategy during cooling/rewarming,
aggressive use of conventional ultrafiltration during cardiopulmonary bypass, a terminal hematocrit of 40—
45%, and avoidance of milrinone and albumin in the early peri-operative period. This results in a very low
incidence of post-operative bleeding, facilitates chest closure in the operating room even in most neonates,
helps in reducing the need for post-operative blood product transfusion and helps in achieving a favorable

post-operative fluid balance early after surgery.
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Introduction

The first ever clinical application of cardiopulmonary bypass
for repair of congenital cardiac defects was conducted by
John Gibbon Jrin 1953. The early years of cardiopulmonary
bypass were characterized by the use of in-house built
crude hardware that were expensive, bulky and complicated
to operate (1). This was associated with high mortality
and morbidity even for repair of simple congenital heart
defects. Over the last several decades, there have been
tremendous improvements in hardware technology as
well as understanding of cardiopulmonary physiology that
has made open heart surgery safer. This has translated
into improvements in outcomes and a drastic reduction
in mortality, especially in neonates and infants. Despite
these advances, there is a significant incidence of post-
operative elevated serum lactate levels, renal dysfunction
and neurodevelopmental sequelae (2-6). Certain aspects of
pediatric cardiopulmonary bypass are well standardized.
There is little variation, if any, in the hardware component
of pediatric cardiopulmonary bypass. The bypass tubings,
cannulae and oxygenators are each available in different sizes
suitable for the smallest of neonates to older children and
teens. The physiological aspect and the actual conduct of
cardiopulmonary bypass, however, varies among institutions.
Over five decades of clinical experience has led to the
practice of what we henceforth refer to as the conventional
or traditional way of conducting pediatric cardiopulmonary
bypass. In brief, this includes a lower flow rate tailored to
patient temperature on bypass, the use of minimum accepted
safe hematocrit (hematocrit equals temperature) level on
bypass and the liberal use of blood and blood products
after cessation of cardiopulmonary bypass. In contrast, our
institution has adopted a high-flow, high-hematocrit strategy
to mitigate the effects of inadequate oxygen delivery [cardiac
output times oxygen carrying capacity (7)], and to facilitate a
smooth post-bypass course. This review will elaborate on the
benefits of our strategy and the outcomes we have achieved
over the last 15 years.

Conventional cardiopulmonary bypass strategies

The primary purpose of cardiopulmonary bypass is to
provide adequate oxygen delivery to the end-organs that
closely mimick native cardiac output. In children, the normal
cardiac index ranges between 3.5 and 5 L/min/m’ (8).
Normal cardiac output in neonates and infants ranges
between 200 to 350 mL/kg/min (9,10). Conventional
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cardiopulmonary bypass strategies typically use flows of
2.4 L/min/m’ which translates to around 150 mL/kg/min for
neonates. The description of conventional cardiopulmonary
bypass is based on what is published in literature (11-14)
and in textbooks of cardiopulmonary bypass and cardiac
surgery (Principles of Cardiopulmonary Bypass-Gravlee,
Comprehensive Surgical Management of Congenital
Heart Disease-Jonas, Pediatric Cardiac Surgery-Mavroudis
and Backer). These flows are considerably lower than
normal cardiac output but are still considered ‘adequate’
to provide adequate systemic oxygen delivery during
general anesthesia. The flows are further reduced based
on the patient’s temperature with flows of 1.6 L/min/m’
used at a temperature of 28 °C and 1.0 L/min/m’ used
at temperatures lower than 25 °C. These numbers are
based mainly on decades of clinical experience to achieve
a balance between providing adequate oxygen deliveries
to all vital organs while avoiding the potential theoretical
consequences of hyper perfusion. The hematocrit in the
traditional approach is maintained around 25% and not
higher based on publications from the Boston hematocrit
trials (15). Ultrafiltration, both conventional and modified
are used but are more focused on volume removal and if
hemoconcentration is a target, the hematocrit goal is set
at 35% (16). Administration of calcium prior to separating
off cardiopulmonary bypass or use of calcium infusion as
an inotrope is not routinely practiced in this approach.
Blood products including platelets, fresh frozen plasma and
cryoprecipitate are administered along with or soon after
administration of protamine. Milrinone is often used in the
early post-operative period to prevent post-operative low
cardiac output syndrome (17).

High flow, high hematocrit strategy: rationale
and practice

The high incidence of renal dysfunction after pediatric
cardiac surgery prompted a rethink in the way we conduct
cardiopulmonary bypass. For the past 16 years or so our
cardiopulmonary bypass strategy at LeBonheur Children’s
Hospital, Memphis, Tennessee has primarily been based
on providing higher than ‘standard’ flows to provide better
end-organ perfusion. Although the exact origin of this
strategy is unclear, it partly stems from the senior author’s
(CJKC) experience way back prior to at least 2002 with the
use of this strategy in the adult population with excellent
neurological outcomes (18). Tuble I lists the essential
differences between the conventional approach and the
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Table 1 Basic differences between conventional CPB and high-flow; high-hematocrit CPB

Parameters on CPB

Conventional High-flow; high-hematocrit

Minimum flows at normothermia (older infants and children)
Minimum flows for neonates

Flows between 26-30 °C

Lowest hematocrit on CPB

Hematocrit while coming off CPB

1.6-2 L/min/m” or 100 mL/kg/min

2.4 L/min/m? 2.6-3.0 L/min/m?

150 mL/kg/min 175-200 mL/kg/min
2.6 L/min/m” or 150-175 mL/kg/min
25% 32%

30% 40-45%"

', higher hematocrit for single ventricle palliations. CPB, cardiopulmonary bypass.

Table 2 Desired flows on cardiopulmonary bypass with high-flow;
high-hematocrit strategy

Patient weight Full flow
<2.5kg 200 cc/kg
2.5t0 3.5 kg 175 cc/kg
>3.5to 10 kg 150 cc/kg
>10 kg 2.6 L/min/m?

high-flow strategy and is further elaborated here. The pump
is primed with a balanced solution of Plasmalyte, fresh
frozen plasma and packed red blood cells to achieve a post-
dilutional hematocrit of >32%. The total prime volume
is usually not more than 140 mL. In addition, 125 mL/kg
of mannitol is added to the bypass circuit. 3/16 tubing sizes
are used for flows less than 600 mL/min. The length of
the tubing is also minimized as much as possible. Full flow
rates are calculated based on weight (Table 2). It is typically
around 175 mL/kg/min for neonates, 150 mL/kg for infants,
and a cardiac index of >2.6 L/min/m’ for those >10 kg. To
achieve and maintain these flows, appropriately sized venous
cannulae are chosen. We prefer to use plastic tipped right-
angled venous cannulae. As a rough guide, the following
cannula size/flow rate is used to decide on the size of the
cannula to be used. A 10 F venous cannula can flow up to
250 mL/min, a 12 F can flow 450 mL/min, a 14 F can flow
up to 600 mL/min and a 16 F can flow up to 900 mL/min.
For example, if a neonate needs a flow of 600 mL/min,
then a combination of 10 F (250 mL/min) and 12 F
(450 mL/min) will be used. The cannulae are positioned
in the respective vena cavae and vacuum assist is used
if needed. The heart should be completely empty once
both venous cannulae are placed and full bypass flows are
achieved. In some instances, circulatory arrest is utilized at
deep hypothermia to facilitate repair (some examples include
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atrial septal defect closure during arterial switch operation,
aortic arch reconstruction, and selected total anomalous
pulmonary venous return repairs). The flows are maintained
during cooling, even at profound hypothermia (15 degrees).
Cooling to deep hypothermia is carried out over a minimum
of 20 min. Flows are reduced at deep hypothermia to
50 mL/kg/min prior to ceasing cardiopulmonary bypass
for circulatory arrest. A pH strategy is used during cooling.
Just prior to circulatory arrest on deep hypothermia, the
excess carbon dioxide is washed off. Alpha stat strategy is
used during rewarming. Conventional ultrafiltration is used
to maintain a hematocrit of >32% on bypass. During the
rewarming phase, conventional ultrafiltration is used to raise
the hematocrit to 40% (45% for single ventricle palliation)
before weaning off bypass. Prior to separating off bypass,
400 mg of calcium chloride (600 mg for older children), is
administered through the bypass circuit. In neonates and
infants, an infusion of calcium chloride (5-10 mg/kg/h)
with an infusion of Dopamine (3-5 pg/kg/min) is initiated
prior to separation from bypass. Protamine is administered
along with 10 mL/kg of platelets for patients undergoing
deep hypothermia. Surgical bleeding spots are sought only
after administration of protamine and platelets. Additional
blood products are used, if necessary, but our experience
shows that they are needed only in the rarest of rare cases.
We do not use milrinone in the immediate post-operative
period (usually the first 24 to 48 h) since it is a potent
vasodilator and is associated with renal injury (17,19). We
also avoid the use of albumin for the first 24 h. The volume
of distribution of albumin, like those in critically ill patients,
may be higher in the post cardiopulmonary bypass period,
thereby contributing to third spacing and interstitial edema
often encountered in these neonates (20). We prefer to
use fresh frozen plasma or crystalloids like normal saline
for volume replacement, or packed red blood cells if the
hematocrit is low.
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Outcomes of high-flow, high hematocrit strategy

Some of our outcomes with our strategy has been previously
published. The incidence of post-operative acute kidney
injury with our strategy was first reported in 2016 (21). In
this study, 102 neonates and young infants who underwent
open heart surgery with or without circulatory arrest were
analyzed. The overall incidence of post-operative acute
kidney injury was 11%, with none of the patients having
advanced renal failure. At the time of publication this
incidence of post-operative acute kidney injury was much
lower than contemporary cohorts using conventional
bypass (22,23). The mean intra-operative lactate in this
study was 1.59 and 1.74 mmol/dL at 24 and 48 h. This led
to a prospective bi-institutional comparative study directly
comparing the high-flow strategy with the conventional
strategy (24). Over a one-year period, all neonates and
infants undergoing open heart surgery were prospectively
enrolled at our center and at a reputable nationally
recognized high-volume center using the conventional
bypass approach. The incidence of post-operative acute
kidney injury in the high-flow cohort was significantly lower
(3.3% wvs. 15.4%, P<0.03). Lower flows on cardiopulmonary
bypass as well as lower hematocrit at the end of bypass were
the only significant factors associated with post-operative
acute kidney injury. The conventional group utilized 30%
more packed red blood cells in the prime and on pump, and
60% more fresh frozen plasma than our high flow cohort.
The high-flow cohort showed significantly better and
consistent fluid balance in the first 72 h after operation. The
high flow cohort also had a greater proportion of primary
chest closures in the operating room (3% wvs. 26%).

We have also recently reported an analysis of post-
operative acute clinical neurological events with the use of
our strategy (25). Seven hundred and fourteen children who
underwent open heart surgery at our center were included
in the study. The incidence of post-operative acute clinical
neurological event was less than 1%. This again compares
favorably with historical and contemporary data using the
same diagnostic criteria (2.4-6%) (26,27).

Apart from preserving renal and neurological function,
there are several other advantages to the high-flow, high-
hematocrit strategy. A higher post-bypass hematocrit makes
the blood more viscous. This prevents blood from seeping
out through the needle holes and facilitates hemostasis.
Reduced bleeding also helps in avoiding post-bypass blood
product transfusion and facilitates primary chest closure
even in complex newborns. In our experience the time
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from separation from bypass to the end on skin closure
averaged 61 min for patients undergoing deep hypothermia.
Higher hematocrit also increases oxygen delivery, maintains
cardiac output, prevents secondary end-organ injury, helps
maintain favorable post-operative fluid balance, and in
general ensures a smooth post-operative period with faster
recovery. This unpublished data was presented at the annual
meeting of the Congenital Heart Surgeons’ Society in 2018.
Eighty-one consecutive neonates undergoing open heart
surgery with the use of deep hypothermia and circulatory
arrest between 2012 and 2018 were included for analysis.
Forty-two patients underwent Norwood operation, 30 had
an arterial switch, 16 underwent repair of truncus arteriosus
and 12 had repair of interrupted aortic arch. Chest was
primarily closed in 75% of this patient cohort. Only a
fraction of the Norwood patients had their chest left open.
4/81 (5%) or needed additional cryoprecipitate or platelets
for bleeding. The median number of blood products used
in the operating room (including the priming volume) was
1 unit each of packed red blood cells, fresh frozen plasma
and platelets. The average time to close the chest from
cessation of bypass was 61 min.

High-flow strategy also results in low intra-operative
and post-operative lactate levels indicating a global benefit
in maintaining end-organ perfusion. In our most recent
analysis, 155 neonates and infants who underwent open
heart operation over the last 2 years (January 2021 to
October 2022) were included (7zble 3). The primary aim
was to look at the serum lactate levels during and after
surgery. The median age of this cohort was 3 months
[interquartile range (IQR), 3] and the median weight was
4.6 kg (IQR, 2.7). 19% of the patients were in STAT
4 (n=19, 12%) or 5 (n=11, 7%) mortality categories.
The median baseline hematocrit was 37% (IQR, 10%),
hematocrit on bypass was 33% (IQR, 4%), and the
hematocrit soon after coming off bypass was 43 (IQR, 6).
Serum median lactate levels on bypass was 1.47 mmol/dL
(IQR, 2), immediate post-bypass was 1.37 mmol/dL (IQR,
2), 24 h post-bypass was 0.92 mmol/dL (IQR, 0.7), and
48 hours post-bypass was 0.8 mmol/dL (IQR, 0.7) (Figure I).
The lactate clearance, calculated as (initial lactate-delayed
lactate)x100/initial lactate as described by Ladha ez 4l
with a cut-off greater than 10% indicating adequate
lactate clearance (28) was 12% in the first 6 h and 28%
in the first 24 h. The incidence of acute kidney injury,
as defined by the Kidney Disease Improving Global
Outcomes (KDIGO) criteria (29) was 9% (14/155), with
2/155 (1.3%) in advanced renal failure or stage 3 renal
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Table 3 Characteristics and outcomes of the high-flow; high-

hematocrit strategy (n=155)

Variables Values
STAT categories
STAT 1 55 (35%)
STAT 2 41 (26%)
STAT 3 29 (19%)
STAT 4 19 (12%)
STAT 5 11 (7%)
Age (months) 3 (IQR, 3)
Weight (kg) 4.6 (IQR, 2.7)

Hematocrit on bypass

Post-bypass hematocrit

Incidence of acute kidney injury (stage 3)
Incidence of stroke

Incidence of hemolysis

Low cardiac output syndrome

Lactate clearance by day 1

Lactate levels on day 1 (mmol/dL)
Vasoactive inotropic score (day 0)
Vasoactive inotropic score (day 1)

Vasoactive inotropic score (day 2)

33% (IQR, 4)
43% (IQR, 6)
2 (1.3%)

1 (<1%)

0 (0%)

12 (7.7%)
28% (IQR, 52%)
0.92 (IQR, 0.7)
5 (IQR, 3.5)
4 (IQR, 8)

0 (IQR, 6)

IQR, interquartile range.

Serum lactate trend with high-flow high-hematocrit

bypass
1.6
1.4 1
1.2 1
1.0
0.8
0.6
0.4
0.2
0.0 T T

Serum lactate, mmol/dL

During bypass
post-bypass

Figure 1 Peri-operative serum lactate.

Immediate 24 hrs 48 hrs
post-bypass

post-bypass
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failure. This included patients who needed extracorporeal
life support (2/155—1.3%). None of the patients needed
renal replacement therapy (including peritoneal dialysis).
The adequacy of cardiac output is mainly determined by
physical examination, serial lactate levels, arterial blood gas
(base deficit) and end-organ function (urine output, serum
creatinine, near infra-red spectroscopy, liver function tests).
Mixed venous oxygen saturations are measured when the
adequacy of cardiac output is equivocal. The incidence of
persistent or new onset low cardiac output in our cohort
was 7.7% (12/155). This compares favorably with the 25%
incidence of low cardiac output reported in literature (30).
The median vasoactive inotropic score (VIS) was 5 (IQR,
3.5) on the day of surgery, 4 (IQR, 8) on post operative day
one and 0 (IQR, 6) on post-operative day 2. Most patients
in our cohort were off inotropes within 48 to 72 h after
surgery. There was no documented incidence of hemolysis.
The incidence of new post-operative stroke was less than 1%
(1/155) and 6/155 (3.9%) showed evidence of post-operative
ventricular dysfunction that subsequently resolved. Primary
chest closure was achieved in 140/155 (90%) with all open
chests in the STAT 4/5 categories. The low lactate levels
in the peri-operative period, adequacy of lactate clearance,
low VIS, low incidence of low cardiac output syndrome and
preservation of end-organ function attests to the success of
our bypass strategy.

Discussion

The principal objective of cardiopulmonary bypass is to ensure
adequate oxygen delivery (DO,) to the vital organs during the
conduct of open-heart surgery. The critical DO, necessary
to preserve end-organ metabolism and prevent end-organ
dysfunction following cardiopulmonary bypass has not been
determined. The widely used current practice of providing
a cardiac index of 2.2-2.4 L/min/m’ at normothermia
is based on the normal cardiac output estimated in
an anesthetized adult with a normal hematocrit (31).
Flows are further reduced at lower temperature based on
the concept of temperature co-efficient (Q,,. the ratio of
metabolic rates at two temperatures separated by 10 °C). The
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limitation of this strategy is evident by the high incidence of
post-operative acute kidney injury and neurological injury
(21,22,26,27,32). The lower oxygen delivery likely plays a role
in precipitating acute kidney injury (33). Acute kidney injury
has been noted in neonates even after operations without
cardiopulmonary bypass. There are multiple factors that leads
to acute kidney injury after cardiac surgery. Multi-institutional
data from 22 north American centers revealed an estimated
incidence of 54% (range, 27% to 86%) (34). A subsequent
study also estimated the incidence of acute kidney injury in
this cohort to be as high as 38% (35). Thus, cardiopulmonary
bypass alone may not be a factor in determining the incidence
of post cardiac surgical acute kidney injury. However, our own
results and studies from other centers do indicate that the way
cardiopulmonary bypass is conducted plays an important role
in mitigating renal injury (7). A cumulative time spent below
the critical oxygen delivery of 350 mL/min/m’ is associated
with acute kidney injury after cardiopulmonary bypass in
children (7). Oxygen delivery to the tissues depend on two
critical factors—the cardiac output and the hematocrit.
The amount of oxygen delivered (DO,) is the product of
the cardiac output and the amount of oxygen carried in the
blood (31). DO, can thus be optimized by increasing the
flows on cardiopulmonary bypass (i.e., the ‘cardiac’ output)
as well as by maintaining a higher hematocrit. This lays
the physiologic foundation for high-flow, high-hematocrit
cardiopulmonary bypass.

The concept of high-flow high-hematocrit has been
known for a since the early 2000s (14,36). However, its
application has not gained popularity due to the lack of
systematic studies. Our long experience of over a decade and
robust data from our patient population attests to the safety
and efficacy of the high-flow high-hematocrit strategy. This
approach has now been validated by other groups. A recent
publication from Cincinatti Children’s hospital reported
a significantly lower incidence of acute kidney injury with
the use of higher flows on cardiopulmonary bypass (37).
In addition to the low incidence of post-operative end-
organ dysfunction, our strategy also results in normal intra-
operative and post-operative serum lactate levels. Serum
lactate levels are a direct indicator of adequacy of systemic
perfusion. It has prognostic significance too, with higher
levels associated with prolonged and complicated hospital
course (4). Thus, the lower lactate levels achieved with our
strategy translates to better outcomes.

Contrary to the expectation that maintaining a higher
hematocrit requires more exposure to more blood products,
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our use of blood products is not any greater. We are able to
achieve this with the use of tailored smaller sized circuits,
lower pump prime volume, use of adequately sized cannulae
and generous use of ultrafiltration on bypass. Strategies
have been described to avoid or minimise blood transfusion
in neonates undergoing open heart procedures (38,39).
The trade-off in these strategies has been accepting a
lower hematocrit. With our strategy we have been able to
minimize the use of donor blood while at the same time
maintain a higher hematocrit. A higher terminal hematocrit
also has a hemostatic effect, and this results in a lower post-
operative transfusion requirement thereby balancing out the
overall use of blood products.

Overall, there still seems to be a wide variation in
the practice of pediatric perfusion. Recent evidence has
emerged that a minimum threshold of oxygen delivery
is necessary to preserve end organ function (7,33). Our
results with high-flow, high-hematocrit strategy has shown
promising outcomes with a low incidence of complications.
This has also been adopted with modifications by other
centers over the years (14,37). Prospective studies with
well-defined protocols can further define the safety and
efficacy of this approach. These studies can focus on more
intense monitoring of end organ perfusion and a more
careful evaluation of potential complications to overcome
the limitations of a limited retrospective analysis.

Conclusions

High-flow; high-hematocrit bypass strategy is easily
adaptable and has several advantages. The key benefits are
preservation of renal and neurological function, ability to
achieve hemostasis without the need for a lot of additional
blood products, lesser duration of operation, higher chance
of primary chest closure, stable and favorable post-operative
fluid balance, and faster post-operative recovery.
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