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AQUIET AND BLOODLESS FIELD PROVIDING

optimal surgical conditions has been a crucial
prerequisite for the performance of complex

cardiac repairs in early life. The use of deep hypother-
mic circulatory arrest has fulfilled this role, and has
been a catalyst for the development of neonatal and
infant cardiac surgery. The recently increased aware-
ness of possibly increased incidence of adverse neuro-
logical events and developmental outcome associated
with this technique,1–5 however, has led to a general
trend away from its use. In its place, techniques have
been developed to provide cerebral perfusion during
reconstruction of the aortic arch and the Norwood
operation. Some have described the techniques as
regional low-flow perfusion. In our opinion, they are
described more accurately as antegrade regional cere-
bral perfusion. In this review, we discuss the recently
described techniques for such antegrade regional cere-
bral perfusion during surgery on the aortic arch, with
emphasis both on the Norwood operation and the
observed physiological changes in the cerebral and sys-
temic circulations. The neurologic and developmental
outcomes following the use of the technique are still
unknown.

Techniques for antegrade regional 
cerebral perfusion

The various methods described to provide antegrade
regional cerebral perfusion share the common char-
acteristic of perfusion through the brachiocephalic
artery, or rarely directly through the carotid arteries.
They differ in terms of the techniques used for can-
nulation, whether there is concomitant perfusion of the
myocardium and/or the systemic circulation via the

descending aorta, and the rates of flow and temperature
during the process of antegrade perfusion.

Polytetrafluoroethylene graft anastomosed to the
brachiocephalic artery
This was the first technique for antegrade cerebral per-
fusion, and was described by Asou et al.6 in 1996 for
repair of patients with hypoplastic aortic arches. Initial
systemic perfusion is achieved via an arterial cannula
placed in the patent arterial duct with proximal snar-
ing. A second arterial cannula, connected to the arterial
line by a “Y” connector, is placed into the proximal end
of a polytetrafluoroethylene graft that is anastomosed
distally to the brachiocephalic artery (Fig. 1). After
achieving deep hypothermia, the cannula is removed
from the duct, the proximal brachiocephalic artery is
snared, and antegrade regional perfusion to the brain
is provided at low rates of flow during reconstruction
of the aortic arch. To ensure a bloodless field, it is also
necessary to snare the left common carotid and left
subclavian arteries, along with the descending thoracic
aorta. Once the repair of the aortic arch is completed,
all snares and clamps are removed, and the arterial
cannula is transferred to the neoaorta. During rewarm-
ing, the proximal end of the polytetrafluoroethylene
graft is anastomosed to the right pulmonary artery.
This serves as a modified Blalock-Taussig shunt if
one is performing the Norwood operation. The tech-
nique includes a short period of deep hypothermic
circulatory arrest for the transfer of the arterial can-
nula and the atrial septectomy. The potential risk of air
embolism during initial cannulation of the open end
of the polytetrafluoroethylene graft, and transfer of the
cannula, is of concern, but can be avoided by careful
deairing and compression of the right common carotid
artery at the time of initiation of blood flow.

Direct cannulation of the cerebral vessels
Asou et al.7 subsequently described a modification of
their initial technique in which they achieved cerebral
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perfusion through a thin-walled and metal-tipped
aortic cannula, with a high ratio of internal to external
diameters, inserted directly into the brachiocephalic
artery. This technique is used more frequently for
repairing an interrupted or hypoplastic aortic arch,
when construction of a modified Blalock-Taussig
shunt will not be a part of the procedure. The external
diameter of the cannula is sufficiently small to allow
flow around its tip for systemic perfusion. Direct can-
nulation of the cerebral vessels, however, carries the
risk producing stenosis of the carotid artery, or occlu-
sion at the site of cannulation, and therefore has few
advocates.

Cerebral perfusion using the completed shunt via the
confluence of the pulmonary arteries
This technique, specifically designed to provide ante-
grade regional cerebral perfusion during the Norwood
operation, was introduced by our group in 20008

(Fig. 2). Following systemic heparinization, and prior
to cannulation for cardiopulmonary bypass, a modified
Blalock-Taussig shunt is constructed between the
brachiocephalic artery and the right pulmonary artery.
Great care is used to avoid kinking of the diminutive
ascending aorta by placing gentle traction sutures 
to its adventitia and pulling to the left. Clamping 
of the right pulmonary artery for the construction of

the distal anastomosis usually increases the hemo-
dynamic stability by decreasing the run-off into the
pulmonary circulation. Once completed, the modified
Blalock-Taussig shunt is clamped. Cannulation for
arterial inflow for cardiopulmonary bypass is achieved
using direct placement of a flexible 8 French arterial
cannula (Bio-Medicus, Medtronic; Minneapolis, MN)
into the proximal end of the patent arterial duct, and
directing it distally toward the descending aorta.
Venous drainage is obtained using either a single
atrial cannula, or by means of bicaval cannulation.
The patent arterial duct is snared proximal to the
arterial cannula as cardiopulmonary bypass is begun.
During the period of cooling needed to achieve sys-
temic hypothermia at around 18°C, the pulmonary
trunk is transected proximal to its bifurcation, and
the distal end is closed with a homograft patch. Just
before completing the suture line, the modified
Blalock-Taussig shunt is unclamped briefly to deair
the pulmonary arteries in a retrograde fashion. Once
deep hypothermia has been achieved, the right and
left pulmonary arteries are snared distally, and the
clamp is removed from the modified Blalock-Taussig
shunt. Without removing it, the arterial cannula is
redirected into the confluence of the pulmonary
arteries, and the patent duct is now snared distally.
Low-flow antegrade regional cerebral perfusion can
now be provided via the brachiocephalic artery, which
is perfused through the confluence of the pulmonary

Figure 2.
The technique specifically designed to provide antegrade regional
cerebral perfusion during the Norwood operation.

Figure 1.
This first technique for antegrade cerebral perfusion as described by
Asou et al.6 in 1996 for repair of patients with hypoplastic aortic
arches.
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arteries and the previously constructed modified
Blalock-Taussig shunt. Snares are placed on the prox-
imal brachiocephalic, left common carotid, and left
subclavian arteries, and a clamp is placed on the
upper descending thoracic aorta to control backbleed-
ing. The snared arterial duct is transected distally, 
all ductal tissue is excised, and the aortic arch and
the opened ascending aorta are reconstructed with 
a pulmonary homograft patch. The reconstructed
aorta is then anastomosed to the proximal end of 
the transected pulmonary trunk, thus completing 
the Norwood operation. After the completion of the
repair, the neoaorta is deaired by removing the clamp
on the descending aorta and the snares on the arch 
vessels, followed by tying down the suture line. The
arterial cannula is then rapidly transferred to the
ascending neo-aorta, the proximal end of the patent
arterial duct is ligated, and the shunt is clamped. The
patient is rewarmed on full cardiopulmonary bypass.

Indirect cannulation of the brachiocephalic 
artery via the ascending aorta
Our group9,10 has also described a technique for pro-
viding antegrade regional cerebral perfusion when the
ascending aorta is large enough for arterial cannula-
tion (Fig. 3). The arterial cannulation is achieved by
placing a flexible 8 French cannula on the right side
of the ascending aorta, close to the base of the 

brachiocephalic artery. After systemic cooling to
about 18°C, the cannula is advanced into the brachio-
cephalic artery without removing it, and a snare is
applied around it. Snares are also placed on the left
common carotid and left subclavian arteries, and a
clamp is placed on the upper descending thoracic
aorta to control backbleeding. The aortic arch is then
reconstructed, usually with a pulmonary homograft
patch, while maintaining continuous antegrade
regional cerebral perfusion into the brachiocephalic
artery. Following this, the descending aortic clamp is
removed to deair the ascending aorta, followed by
removal of the snares from the arch vessels, and the
arterial cannula is pulled back into the ascending
aorta, again without taking it out. Full cardiopul-
monary bypass is reinstituted, and the patient is
rewarmed. We have used this technique for antegrade
regional cerebral perfusion when performing the
Norwood operation for patients with hypoplastic left
heart syndrome or associated lesions when the ascend-
ing aorta is equal to or greater than 5 mm in diameter.

Miscellaneous techniques for antegrade regional 
cerebral perfusion
The approach promoted by Imoto and colleagues11,12

for use during the Norwood operation combines the
technique described by Asou et al.6 with the additional
direct cannulation of the descending aorta above the
diaphragm to avoid deep hypothermic circulatory
arrest. Through a median sternotomy, a polytetra-
fluoroethylene graft is sewn to the proximal brachio-
cephalic artery, an arterial cannula is placed into its
open end, and connected to the arterial line via a “Y”
connector. The descending aorta is identified through
an incision in the posterior pericardium just superior
to the diaphragm. An angled metal-tipped cannula is
used to cannulate the descending aorta, and is con-
nected to the arterial line. Flow from the pump is
maintained at 150 to 180 ml/kg/min, and the systemic
temperature at 29 to 31°C. Applying a clamp to prox-
imal descending aorta and snaring the cerebral vessels
allow isolation of the aortic arch for reconstruction
while the brain and lower body are continuously per-
fused at moderate hypothermia. In our opinion, the
main concern with this technique is the need for dis-
section and cannulation of the descending aorta behind
the heart, which adds another potential site for post-
operative bleeding that may be difficult to control,
along with the potential to produce stenosis at the site
of cannulation. Furthermore, in the face of uncertainty
of the optimal rates of flow at different temperatures, it
is questionable that moderate hypothermia should be
used instead of deep hypothermia.

Another technique combining selective cerebral
and myocardial perfusion was described by Ishino 

Figure 3.
Antegrade regional cerebral perfusion when the ascending aorta is
large enough for arterial cannulation.
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et al.13 that used direct cannulation of the brachio-
cephalic artery and the aortic root.

Rates of flow and monitoring of cerebral flow

The optimal rates of flow at different temperatures
during antegrade regional cerebral perfusion remain to
be defined. This is mainly due to the absence of clear
end-points that define adequate cerebral perfusion at
various conditions. Hypoperfusion or hyperperfusion
of the brain may both be deleterious. Assessments of
neurological outcome in the short term are currently
crude, and the methods currently available to evaluate
the adequacy of cerebral perfusion intra-operatively are
inadequate. A method to determine the optimal flow
during antegrade perfusion has been to target the flow
of blood to the brain achieved during full cardiopul-
monary bypass. The limitation of this assumption is
that, due to disturbances of cerebral autoregulation and
characteristics of flow, while the blood reaching the
brain on full cardiopulmonary bypass may be physi-
ologically appropriate, this may not necessarily be the
case during deep hypothermia.

Near-infrared spectroscopy has been used to pro-
vide useful information about relative changes in
cerebral saturations of oxygen, and the index of cere-
bral blood volume, at different rates of flow. Pigula
et al.14 used this technique to investigate the opti-
mal rates necessary to restore these parameters dur-
ing reconstruction of the aortic arch while using
continuous antegrade perfusion delivered via a poly-
tetrafluoroethylene graft sewn to the brachiocephalic
artery. They incrementally increased the rates of flow
during antegrade perfusion until they achieved the
baseline values obtained on full flow hypothermic
cardiopulmonary bypass. They have demonstrated
that, at deep hypothermia, a rate of 20 ml/kg/min,
equivalent to approximately 0.3 l/min/m2, is ade-
quate both to restore the cerebral blood volume and
maintain the appropriate saturations of oxygen.

Andropoulos et al.15 also used near-infrared spec-
troscopy to evaluate optimal antegrade perfusion while
reconstructing the aortic arch in 34 neonates, moni-
toring the velocity of flow of blood to the brain by
transcranial Doppler ultrasonography, and measuring
cortical saturations of oxygen. Having established
these values at baseline, that is during cardiopul-
monary bypass at full flow at temperatures from 17
to 22°C, they adjusted the rates of flow during the
period of antegrade perfusion so as to maintain a
velocity of flow within 10% of baseline. The mean
rate of flow needed to maintain such velocities was
63 ml/kg/min, representing almost half the full flow
achieved during bypass. They attributed the need for
higher flows during antegrade perfusion in their
study compared with previous studies to their use of

pH-stat strategy, which provides relatively more cere-
bral flow and volume due to the decreased cerebral
vascular resistance, their use of �-receptors antagonists
such as phenoxybenzamine or phentolamine which
dilate the cerebral vessels, and because more than half
of their patients underwent advancement of the arch
without needing to snare the brachiocephalic vessels
or open the proximal aortic arch. The left subclavian
and left carotid arteries were perfused during their
technique because the descending aorta was cross-
clamped distally. They may, therefore, have potentially
perfused additional vascular beds.

It is of interest that, during antegrade regional cere-
bral perfusion, there is significant back bleeding from
the descending aorta, suggestive of real perfusion to
the lower body through collateral circulation. This
possibility was first studied by Pigula et al.16 They
studied 15 consecutive neonates undergoing surgery
on the aortic arch with antegrade regional cerebral
perfusion, either during biventricular repairs or the
Norwood operation. They found that antegrade perfu-
sion through the brachiocephalic artery was associated
with an abdominal aortic blood pressure at a mean of
12 mmHg, although this was lower than the simulta-
neously measured pressure in the left radial artery,
which had a mean of 22 mmHg. Near-infrared spectro-
scopy was used to measure the index of blood volume,
and the saturations of oxygen, for the quadriceps 
muscle. There was a significant increase in both these
values during antegrade regional cerebral perfusion as
compared with values obtained during brief periods of
deep hypothermic circulatory arrest. In order to evalu-
ate the degree of splanchnic perfusion, they also mea-
sured gastric tonometry and arterial tensions of carbon
dioxide in 9 neonates undergoing antegrade regional
cerebral perfusion, and compared them to 3 infants
undergoing closure of ventricular septal defects during
deep hypothermic circulatory arrest. Accumulation of
carbon dioxide in the gastric mucosa was thought to
result from inadequate flows of blood, and/or anaerobic
conditions. They observed a significant difference in
the gap during rewarming between the gastric mucosa
and the arterial tensions of carbon dioxide. These find-
ings suggest that the infradiaphragmatic systemic per-
fusion during antegrade regional cerebral perfusion is
physiologically significant, and is likely to confer a
protective effect to the other organs beside the brain.
The magnitude and clinical significance of such bene-
ficial effect remains to be determined.

De Campli and associates17 studied the effects in
neonatal piglets of antegrade regional cerebral perfu-
sion at rates of 20 and 40 ml/kg/min on the brain,
muscle, liver, and small bowel, and compared it with
deep hypothermic circulatory arrest. They measured
tensions of distribution of oxygen through the principle
of oxygen-dependent quenching of phosphorescence.
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They showed that tensions of oxygen in the cerebral
cortex were significantly higher in the brain of ani-
mals receiving antegrade regional cerebral perfusion
as compared with those undergoing deep hypother-
mic circulatory arrest. During the rewarming phase,
cortical tensions of oxygen remained lower than the
values measured prior to cardiopulmonary bypass in
the animals having deep hypothermic circulatory
arrest, whereas the values were not significantly dif-
ferent in animals receiving antegrade cerebral perfu-
sion irrespective of the rates of flow. Even after 2 to 4 h
recovery after cardiopulmonary bypass, values were
still depressed below baseline in those subjected to
deep hypothermic circulatory arrest, whereas the val-
ues were still comparable to baseline in the animals
perfused at a rate of 20 ml/kg/min. Animals perfused
at the higher rate of flow, in contrast, showed a signifi-
cant deterioration in levels of cortical oxygen during
recovery, and showed associated hemodynamic insta-
bility. These data suggests that higher flow during
antegrade regional cerebral perfusion may not neces-
sarily be protective for the brain. The cerebral effects of
hypothermic cardiopulmonary bypass may also extend
to the post-operative period, when neuroprotective
measures need to be continued.

At Montreal Children’s Hospital, during recon-
struction of the aortic arch with antegrade regional
cerebral perfusion, we continuously monitor mixed
venous saturations of oxygen in the venous cannula,
aiming to maintain an average mixed venous oxygen
saturation of 80%. This usually requires mean rates of
flow of 0.6 l/min/m2 at 18°C, which is in keeping with
the mean flow of 44 ml/kg/min reported by Pigula and
his colleagues.14 Other investigators have reported
using similar flows.6,11 The optimal rate of flow for
antegrade regional cerebral perfusion at various tem-
peratures, nonetheless, still remains undefined.

Conclusion

Several techniques have been devised to provide ante-
grade regional cerebral perfusion during reconstruc-
tion of the aortic arch and the Norwood operation.
Although there is increasing information accumulat-
ing with respect to optimal rates of flow, as yet there
is no long-term data concerning neurobehavioral out-
comes. Whether the favorable biochemical and phys-
iological changes observed during and after such
cerebral perfusion compared to deep hypothermic
circulatory arrest will translate into a clinically sig-
nificant benefit with respect to protection of the
brain and the other organs still remains to be proven.
The development of antegrade regional perfusion
during these operative procedures, nonetheless, rep-
resents a promising addition in the area of cerebral
protection during pediatric cardiac surgery.
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