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Review

Introduction

Minimally or less-invasive aortic and mitral valve proce-
dures have become common, and compared with conven-
tional procedures have been associated with fewer blood 
transfusions, improved pulmonary function, reduced post-
operative pain, and shorter hospital length of stay.1-9 A 
growing demand among patients and referring physicians 
as well as an increasing acceptance within the cardiac sur-
gery community has driven the advancement of cardiopul-
monary bypass (CPB) circuitry, cannulas, and techniques 
to facilitate these procedures. A variety of surgical and per-
fusion techniques for minimally invasive cardiac surgery 
have been reported.10-12 It is incumbent on the clinical team 
to have a foundational understanding of these strategies in 
order to appropriately care for each individual patient. 
What follows is an overview of perfusion strategies for 
minimally invasive cardiac surgery, including circuit and 
cannula selection as well as management techniques.

CPB Circuit Design: Augmented 
Venous Drainage

Minimally invasive cardiac procedures often require 
smaller-caliber venous cannulas that have a higher resis-
tance and render gravity venous drainage insufficient to 
allow for adequate CPB flow. For this reason augmenta-
tion of venous drainage is often required to achieve ade-
quate CPB flow. Augmentation of venous flow can be 
achieved by utilizing either vacuum assisted-venous 
drainage (VAVD) or centrifugal-assisted venous drainage 
(CAVD). Figure 1 illustrates the CPB circuit configura-
tions for VAVD and CAVD.

VAVD has been used in clinical practice for more than 
15 years,13 but clinical teams must be familiar with its 
inherent risks to utilize VAVD safely and effectively.14 
VAVD is performed via the application of external negative 
pressure (with an approved vacuum regulator, eg, the 
Boehringer model 3930) to a nonvented hard-shell venous 
reservoir. This negative pressure is ultimately imparted to 
the venous system of the patient and increases venous 
blood flow. The negative pressure is equal to the sum of 
gravity (−20 to −30 mm Hg depending on the height of the 
reservoir) combined with applied negative pressure (up to 
−70 mm Hg). The minimum amount of applied negative 
pressure should be used to achieve the required flow. To 
avoid blood trauma, the net negative pressure should not 
exceed −100 mm Hg.15 Below −120 mm Hg, the relation-
ship between blood trauma and negative pressure is linear.

The nonvented reservoir also creates an opportunity for 
positive pressurization (generated through sucker and vent 
lines) and paradoxical venous air embolism.16 For this rea-
son, reservoir pressure should be monitored (positive and 
negative), and an audible and visual alarm should be 
included to detect if the pressure in the reservoir becomes 
positive or too negative.17 In addition, most venous reser-
voirs incorporate a positive and negative pressure relief 
valve that will open if the pressure in the reservoir exceeds 
approximately 5 mm Hg or less than −150 mm Hg.
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Unlike a roller arterial pump (pictured in Figure 1), if a 
centrifugal arterial pump is used during VAVD, there is a 
risk of air entrainment via the hollow-fiber membrane 
oxygenator.18 Air can be transmitted across the fibers of 
the oxygenator if the RPMs of the centrifugal pump are 
lowered to the point where flow is reversed and negative 
pressure is imparted to the oxygenator. Incorporating a 
1-way flow valve in the tubing between the venous reser-
voir and the oxygenator will prevent retrograde flow and 
the risk of negative pressure.17

Reports have illustrated that air entrained through the 
venous line of the CPB circuit gets through the reservoir, 
oxygenator, and arterial filter and can be detected in the 
arterial line.19-21 In the setting of venous air entrainment, 
relative to gravity drainage, VAVD has been shown to 
increase the rate of entrainment and total number of gas-
eous microemboli.22 Therefore, in the setting of venous air 
entrainment, VAVD should be minimized by minimizing 
the level of negative pressure. More important, every effort 
should be made to eliminate the source of any venous air.

CAVD is another method of augmenting venous drain-
age. This strategy may be considered more complicated 
than VAVD because it requires the perfusionist to operate 
2 centrifugal pumps simultaneously. CAVD utilizes a sec-
ond centrifugal pump that is placed in the venous line of 
the CPB circuit and is therefore also more expensive. The 
centrifugal pump creates negative pressure at the inlet and 

actively augments venous flow. As with VAVD, CAVD in 
the setting of venous air entrainment has been shown to 
increase the volume of emboli; however, it has been sug-
gested that CAVD breaks the emboli into smaller emboli 
and allows for easier passage through the CPB circuit.23 
The advantages of CAVD include the absence of the risks 
inherent to VAVD—namely, reservoir pressurization and 
oxygenator air entrainment. CAVD also provides the 
option to use a soft shell venous reservoir that has been 
shown in some studies to reduce blood activation and 
improve patient outcome.24,25

In summary, we recommend the following to safely aug-
ment venous return during minimally invasive procedures:

•• VAVD with an approved vacuum regulator—for 
example, Boehringer model 3930;

•• total negative pressure (gravity + applied vacuum) 
should not be less than −100 mm Hg;

•• use the minimum amount of applied negative pres-
sure to achieve the desired flow;

•• monitor venous reservoir positive and negative 
pressure with visual and audible alarms;

•• when using a centrifugal arterial pump, incorporate 
a 1-way flow valve between the venous reservoir 
and oxygenator; and

•• eliminate venous air entrainment in all clinical situ-
ations, especially during VAVD.

Figure 1. Schematic of VAVD and CAVD.
Abbreviations: VAVD, vacuum assisted-venous drainage; CAVD, centrifugal-assisted venous drainage.
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CPB Circuit Design: Hemodilution, 
Transfusion, and Oxygen Delivery

Many studies on CPB circuit size in conventional sternot-
omy procedures can be expanded and applied to strategies 
for minimally invasive procedures. Body size and gender 
are associated with low nadir hematocrit (HCT) and 
increased rates of transfusion during CPB, with women 
and smaller patients at greatest risk.26 In addition, it was 
recently reported that even 1 or 2 units of red cell transfu-
sions are associated with morbidity and mortality.27 
Reduction of the CPB circuit prime volume and autolo-
gous priming have been recommended to minimize the 
incidence of low nadir HCT and subsequent allogeneic 
blood transfusions.28,29 Several reports have illustrated that 
a reduction in surface area priming volume and matching 
the CPB circuit to the size of the patient reduces the fre-
quency of low HCT values and subsequently reduces the 
incidence of allogeneic blood transfusions.30-33

In addition to efforts to maintain HCT, it is important to 
appreciate the concept of oxygen delivery (DO

2
) during 

CPB for minimally invasive procedures. DO
2
 is dependent 

on the combination of HCT and CPB flow rates. DO
2
 can 

be calculated using the following formula:

      
DO  CPB flow indexed 1  Hemoglobin

136 Sat paO  
2

2

=

+

× ×

× ×

0

0 0

(

. ) . 003( ).
 (1)

DO
2
 levels below 262 mL/min/m2 during CPB with mod-

erate hypothermia have been associated with acute kidney 
injury.34 This concept can be particularly useful in the set-
ting of minimally invasive procedures with peripheral can-
nulation where higher CPB flows may be more challenging 
than conventional sternotomy procedures. Just as in con-
ventional procedures, efforts to provide adequate CPB 
flow to maintain DO

2
 levels ≥262 mL/min/m2 may mini-

mize the incidence of acute kidney injury.

In summary, we recommend the following strategies to 
minimize hemodilution and transfusion and maintain ade-
quate DO

2
 during minimally invasive procedures:

•• Match the size of the circuit to the size of the patient
•• 3/8″ venous line with VAVD
•• lower prime oxygenators and filters
•• minimized tubing length
•• Calculate and maintain DO

2
 ≥262mL/min/m2.

Arterial Cannulation Considerations

The surgical procedure and strategy will dictate the arterial 
cannulation technique required. The options for cannula-
tion site include ascending aorta, femoral artery, and axil-
lary artery and are outlined in Table 1. The ascending aorta 
is commonly used for procedures that include an upper- or 
lower-hemisternotomy—for example, aortic or mitral 
valve procedures. The aorta can also be cannulated directly 
via the thoracotomy incision.35

The femoral artery is often used for procedures that uti-
lize a right anterolateral minithoracotomy incision: for 
example, the mitral valve, atrial septal defect, or tricuspid 
valve repair procedures. Recently an increased risk of neu-
rological complications has been reported with the use of 
femoral retrograde perfusion versus central antegrade per-
fusion.36 However, others have advocated for the screening 
of patients at risk for aortoiliac atherosclerosis with con-
trast-enhanced multidetector CT, with avoidance of femo-
ral cannulation in patients with grade IV/V atheroma.37

In patients who already have preoperative coronary 
angiography, our current strategy is to obtain multidetector 
CT angiography of the chest, abdomen, and pelvis in all 
patients older than 65 years of age or those having a sig-
nificant history of smoking, hypertension, or peripheral 
arterial disease. Our evolving strategy is to obtain preop-
erative ECG-gated cardiac CT angiography coupled with a 

Table 1. Preferred Cannulation Sites by Procedure Type.a

Aortic Valve Replacement
Mitral Valve Repair/ 

Replacement
Tricuspid Valve Repair/Replacement, 

ASD Closure

Incision Upper hemisternotomy
Right anterior mini-thoracotomy 

(second or third ICS)

Right anterolateral 
minithoracotomy  
(fourth ICS)

Right anterolateral 
minithoracotomy  
(fourth ICS)

 Lower hemisternotomy Lower hemisternotomy
Arterial cannulation Ascending aorta Femoral artery Femoral artery
 Femoral artery Ascending aorta Ascending aorta
 Axillary artery Axillary artery Axillary artery
Venous cannulation Right atrium Femoral vein Femoral vein and RIJ/SVC
 Femoral vein (Also RIJ/SVC in concomitant 

RA procedures)

Abbreviations: ASD, atrial septal defect; ICS, intercostal space; RIJ, right internal jugular vein; SVC, superior vena cava; RA, right atrium.
aBold script represents our preferred site/approach.
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non-ECG-gated CT angiography of the abdomen and pel-
vis in all patients undergoing minimally invasive mitral 
valve repair. This allows us to screen the majority of 
patients for coronary artery disease, evaluate the presence 
of mitral annular calcification, rule out significant aortoil-
iac atherosclerosis, and assess aortal dimensions with 1 
noninvasive test. Coronary angiography is then obtained 
as an adjunctive screening test in older patients and those 
with significant risk factors. Similarly, the group from 
Cleveland Clinic advocates for CT angiography in all 
patients undergoing minimally invasive robotic mitral 
valve surgery because aortoiliac atherosclerosis and/or 
mitral annular calcification has changed their operative 
strategy in 20% of screened patients, albeit the majority of 
that quintile’s patients were older and had other risk 
factors.38

The axillary artery can be used for arterial access in situ-
ations where the femoral approach is prohibitive because of 
atherosclerosis or tortuosity. In addition, the axillary has 
also been used for minimal access ascending and aortic 
arch surgery through an upper hemisternotomy.39

There are arterial cannulas that have been designed pri-
marily for minimally invasive cardiac valve surgery. 
ThruPort Systems (Edwards Lifesciences; Irvine, CA) is a 
system of minimally invasive cannulas (http://www.
edwards.com/Products/MIVS/Pages/MIVS.aspx) that are 
designed to facilitate minimally invasive intracardiac pro-
cedures. ThruPort commonly utilizes the EndoReturn fem-
oral artery cannula that is inserted under direct vision 
using the Seldinger technique. For isolated mitral valve 
procedures, the IntraClude catheter can also be used to 
facilitate endovascular aortic cross-clamping, cardioplegia 
delivery, and aortic root venting. The IntraClude is inserted 
through a side arm of the EndoReturn cannula and 
advanced into the ascending aorta under transesophageal 
echocardiogram (TEE) guidance.

The ascending aorta can be cannulated for minimally 
invasive procedures with a variety of cannulas that have 
been designed for ascending aortic cannulation. At our 
center, we use a small caliber (7 mm) wire-reinforced dif-
fusion cannula. There are other arterial cannulas, such as 
the Fem-Flex II (Edwards Lifesciences, Irvine, CA) and 
Bio-Medicus (Medtronic, Minneapolis, MN), that are 
designed for percutaneous femoral arterial cannulation 
using a modified Seldinger technique. Tables 2 and 3 pro-
vide reference values for the arterial cannula options we 
utilize.

In addition, the axillary artery can be cannulated utiliz-
ing the graft interposition technique and sewing a 8-mm 
Gore-Tex graft end-to-side to the artery and then inserting 
a ¼″ × 3/8″ connector into the graft. The graft is secured to 
the connector with heavy sutures or umbilical tape. In 
summary, we recommend the following strategies for arte-
rial cannulation during minimally invasive procedures:

•• surgical procedure and patient disease characteris-
tics will dictate the site of arterial cannulation and

•• when considering femoral arterial cannulation, CT 
angiography should be utilized to screen patients at 
risk for aortoiliac atherosclerosis.

Venous Cannulation Considerations

The surgical procedure and strategy will also dictate the 
venous cannulation technique required. The options are 
outlined in Table 1. If an upper or lower hemisternotomy is 
performed, direct right atrial (RA), superior vena cava 
(SVC), or inferior vena cava (IVC) cannulation can be uti-
lized. If a right thoracotomy is performed, the right femo-
ral vein is commonly cannulated, and placement is guided 
via TEE. The femoral venous cannula can be advanced 
through the RA and into the SVC for bicaval single can-
nula drainage or can be placed at the junction of the IVC 
and RA for bicaval dual cannula drainage. SVC cannula-
tion can also be performed percutaneously using a modi-
fied Seldinger technique through the right internal jugular 
(RIJ) vein or a direct SVC cannulation through the thora-
cotomy. In addition to the obligatory indication for bicaval 
cannulation in RA procedures, for example, tricuspid valve 
repair or atrial septal defect repair, to facilitate adequate 
venous drainage, some groups routinely place a percutane-
ous RIJ cannula in patients who exceed a body weight of 
75 to 80 kg.

RIJ cannulation is most commonly performed with ultra-
sound guidance by the anesthesia team. Two guidewires are 

Table 2. Ascending Aortic Cannula, Estimated Flow Rates.

BSA Size
Maximum Flow 

(L/min) Model Manufacturer

≤2.0 m2 6.0 mm 4.8 Soft-Flow Terumo
>2.0 m2 to <2.5 m2 7.0 mm 6.0 Soft-Flow Terumo
≥2.5 m2 8.0 mm 8.0 Soft-Flow Terumo

Abbreviations: BSA, Body Surface Area

Table 3. Femoral Artery Cannula, Estimated Flow Rates.

BSA Size
Maximum 

Flow (L/min) Model Manufacturer

≤1.3 m2 15 Fr 2.5 Bio-Medicus Medtronic
≤1.3 m2 16 Fr 3.2 Fem-Flex Edwards Life 

Science
1.3 m2 to 1.7 m2 17 Fr 4.0 Bio-Medicus Medtronic
1.3 m2 to 1.9 m2 18 Fr 4.6 Fem-Flex Edwards Life 

Science
1.9 m2 to 2.2 m2 19 Fr 5.3 Bio-Medicus Medtronic
>1.9 m2 20 Fr 6.0 Fem-Flex Edwards Life 

Science
>2.2 m2 21 Fr 6.0 Bio-Medicus Medtronic
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placed in the RIJ vein (the distal one for the PA catheter 
sheath and the more proximal one for the neck cannula). A 
bolus of 5000 units of heparin is administered, and using the 
Seldinger technique with serial dilation to appropriate diam-
eter, a 15-, 17-, or 19-Fr Bio-Medicus femoral arterial can-
nula is placed and advanced to the RA/SVC junction with 
TEE guidance. If the RIJ vein is measured on ultrasound to 
be larger than 1 cm, a 17- or 19-Fr cannula is commonly 
utilized. After RIJ cannula insertion, heparinized saline is 
infused slowly (5000 units of heparin in 1000 mL of normal 
saline) via the leur port on the cannula until full hepariniza-
tion for CPB occurs. The RIJ cannula is connected to the 
CPB circuit via a split venous line and clamped. This clamp 
is removed by the perfusionist at the initiation of CPB and 
clamped by the perfusionist at the commencement of CPB. 
Because this line is typically routed outside the surgical field, 
teams are encouraged to be vigilant with the management of 
this line to avoid unintentional venous drainage before or 
after CPB. The RIJ cannula is removed at the end of the pro-
cedure, the purse string on the skin is tied, and pressure is 
applied for 15 minutes.

QuickDraw (Edwards Lifesciences; Irvine, CA) femo-
ral venous cannulas are designed with multiple drainage 
holes to facilitate the ThruPort procedure but can be used 
for other minimally invasive procedures as well. The 
Remote Access Perfusion (Sorin Group Italia, Mirandola, 
Italy) femoral venous cannulas have a bicaval multiple 
drainage hole design, can be inserted percutaneously, have 
excellent flow characteristics, and have become our pre-
ferred cannula. These cannulas are commonly inserted in 
the femoral vein under direct vision using the modified 
Seldinger technique. They are also long enough (65 cm) to 
be advanced into the SVC to facilitate bicaval single-can-
nula drainage. Tables 4 and 5 provide reference values for 
the venous cannula options we utilize.

There are other femoral venous cannulas that have been 
designed to facilitate peripheral CPB and can be used for 
minimally invasive cardiac surgery, including the Fem-Flex 
II and Bio-Medicus. Depending on the size of the cannula, 
they can be placed percutaneously or under direct vision. It 
is common practice at our center to perform all femoral can-
nulation under direct vision over an Amplatz Super Stiff 
J-Tip guidewire (Boston Scientific Corp, Natick, MA).

In summary, we recommend the following strategies for 
venous cannulation during minimally invasive procedures:

•• surgical procedure and patient disease characteris-
tics will dictate the site of arterial cannulation;

•• our preference is to use the 23/25Fr RAP cannula 
for all femoral venous cannulations;

•• an IJ venous cannula (15-, 17-, 19-Fr Bio-Medicus 
femoral arterial) should be used for right-sided pro-
cedures and in patients >80 kg having mitral valve 
procedures; and

•• a protocol for safely managing the venous line con-
nected to the IJ cannula should be developed; the IJ 
is commonly cannulated and connected to the 
venous line outside of the surgical field.

Cardioplegia Considerations

The EndoClamp catheter can be utilized to facilitate endo-
vascular aortic cross-clamping, antegrade cardioplegia 
delivery, aortic root venting, and aortic root pressure mon-
itoring during mitral valve or right-heart procedures.40 The 
EndoClamp is advanced through the EndoArterial Return 
cannula, up the descending aorta and into the ascending 
aorta under TEE guidance. The EndoClamp incorporates a 
balloon that is inflated with saline via a separate lumen to 
occlude the aorta. Once the balloon is occlusive, antegrade 
cardioplegia is delivered through a separate lumen to arrest 
the heart. Strict attention must be given to the aortic root 
pressure, balloon pressure, right radial pressure, and TEE 
to confirm appropriate placement of the balloon and effec-
tive cardioplegia delivery.

The ProPlege sinus catheter and EndoVent pulmonary 
artery (PA) catheters are also available from Edwards to 
facilitate retrograde cardioplegia delivery and PA venting. 
These cannulas are also part of the ThruPort procedure and 
are inserted percutaneously via the RIJ vein.

The most common strategy for cardioplegia delivery in 
minimally invasive procedures is via direct cannulation of 
the aorta, with a long 7-Fr (14 Ga) cardioplegia needle (Sorin 

Table 4. Right Atrial Cannula, Estimated Flow Rates.

BSA Size
Maximum 

Flow (L/min) Model Manufacturer

≤1.8 m2 29/37 Fr 4.5 Thin-Flex Edwards Life 
Science

>1.8 m2 to 2.5 m2 32/40 Fr 6.0 MC2 Medtronic
≥2.5 m2 36/46 Fr 8.0 MC2 Medtronic

Table 5. Femoral Venous Cannula, Estimated Flow Rates.

Size
Augmented Maximum 

Flow (L/min)a Model Manufacturer

17 Fr 2.6 Bio-Medicus one piece Medtronic
19 Fr 3.5 Bio-Medicus one piece Medtronic
19 Fr 3.8 Bio-Medicus multistage Medtronic
21 Fr 4.0 Bio-Medicus one piece Medtronic
21 Fr 4.5 Bio-Medicus Multistage Medtronic
22 Fr 4.6 Remote Access 

Perfusion (RAP)
Sorin

25 Fr 5.2 Bio-Medicus Multistage Medtronic
23/25 Fr 5.2 RAP Sorin

aApproximate cardiopulmonary bypass flow with net (gravity + applied) negative 
pressure of −80 to −100 mm Hg.
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Group Italia; Mirandola, Italy). Figure 2 illustrates the surgi-
cal setup with cardioplegia/aortic root vent cannula and 
cross-clamp in place. The needle also allows aortic root vent-
ing to be performed. Retrograde cardioplegia catheters can 
also be directly inserted. At our center, we prefer not to use 
retrograde cardioplegia because it is difficult to assess the 
position of the catheter as well as to confirm the adequacy of 
delivery. Furthermore, a coronary sinus injury would be a 
significant complication in the minimally invasive setting. 
Antegrade delivery of cardioplegia can be either intermittent 
with traditional blood or crystalloid cardioplegia or a 1-dose 
delivery using either 2 L of Bretschneider (Custodiol)41 or 
1.2 L of del Nido cardioplegia solutions.

In summary, we recommend the following strategies for 
cardioplegia delivery during minimally invasive procedures:

•• antegrade delivery through direct aortic root can-
nulation, and

•• single-dose cardioplegia (Custodiol or del Nido) may 
safely facilitate uninterrupted surgical progress.

Conclusion

Minimally invasive cardiac surgery is performed com-
monly with outcomes comparable to the conventional ster-
notomy approach. With a thorough understanding of the 
foundational concepts of these procedures, they can be per-
formed safely and effectively. Each individual patient 
requires surgical, anesthetic, and perfusion collaboration to 
identify the optimal strategy for that patient’s operation.
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