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Abstract
Minimally invasive cardiac surgery requires arresting and emptying of the heart, which compromises
visualization of the surgical field. In this feasibility study a novel surgical procedure is demonstrated
in which real-time MRI is used to guide the placement of a prosthetic aortic valve in the beating heart
via direct apical access in eight porcine hearts. A clinical stentless bioprosthetic valve affixed to a
platinum stent was compressed onto a balloon-tipped catheter. This was fed through a 15-18-mm
delivery port inserted into the left ventricular (LV) apex via a minimally invasive subxyphoid
incision. Using interactive real-time MRI, the surgeon implanted the prosthetic valve in the correct
location at the aortic annulus within 90 s. In four of the animals immediately after implantation,
ventricular function, blood flow through the valve, and myocardial perfusion were evaluated with
MRI. MRI-guided beating-heart surgery may provide patients with a less morbid and more durable
solution to structural heart disease.
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Recently there has been a focus on using minimally invasive approaches in cardiac surgery in
an effort to reduce trauma and speed recovery for the patient (1-3). In valve surgery, incisions
have been shortened and robotics employed to achieve this goal; however, these approaches
still require arresting and emptying of the heart to allow visualization. Real-time MRI
techniques previously developed for intravascular guidance (4,5) are immediately applicable
to provide vision in the surgical field, even in a beating heart with circulating blood, to guide
the surgeon.

A new generation of short (120 cm), wide-bore (70 cm) 1.5T imaging systems (Magnetom
Espree, Siemens Medical Solutions) has recently been introduced. This magnet design gives
a clearance of up to 30 cm above the chest of the supine patient, and the short design allows a
surgeon to directly manipulate thoracoscopic instruments within the chest with ample “attack
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angles” and degrees of freedom. The more open bore allows better access to the patient for
anesthesia when imaging the heart. While MR-guided therapeutic interventions have been
pursued extensively (6,7), most MR systems used in these applications to date have not been
designed for the high-performance real-time scanning required for guiding cardiac procedures.
The imaging gradients and amplifiers of the new systems yield a scanning performance that
rivals that of the standard cardiac MR scanners, and therefore high-quality images can be
obtained with real-time acquisition speeds. Imaging techniques used for intravascular MR
guidance are immediately applicable to minimally invasive surgical procedures. The excellent
blood/tissue contrast and the ability to interactively adjust imaging planes to view devices and
the beating heart from multiple simultaneous viewpoints makes real-time MR ideal for guiding
cardiac surgical interventions.

The key to any interventional treatment is achieving the correct balance between risk and
benefit. In the surgical treatment of aortic valve disease, the morbidity of the operation is
balanced by the durability of the result. Similarly, the development of percutaneous therapies
(8) is driven by the size and shape of the arteries for catheter access, and the miniaturization
of devices that may reduce their performance and durability. Interventional MRI has been
shown to be successful at guiding percutaneous delivery of prosthetic aortic valves (9). Full
exposure of the surgical field provides superior visibility and instrument access, but carries a
greater risk of complications and trauma along with increased recovery time. Ideally, one could
combine the best device with the best imaging technique, such as MRI, to eliminate the need
for a cardiopulmonary bypass and decrease the risk of the procedure without sacrificing the
durability of the surgery.

In this paper we describe the first real-time MRI-guided cardiac surgery procedure: the
implantation of an aortic valve in the beating heart through direct LV apical access.

MATERIALS AND METHODS
Real-Time Interactive Scanner Control

A fully interactive, real-time MRI system was previously developed for intravascular
interventions (10-14). The real-time MRI system consists of an interactive user interface, an
in-room display, specialized pulse sequences, and specialized image reconstruction software
(10). A custom computer is connected to the commercial scanner through a gigabit Ethernet
port. With this system, multiple oblique planes can be imaged and displayed simultaneously
at their respective 3D locations. The rendering may be rotated on the in-room display to match
the orientation of the patient, and this feature is essential for monitoring the trajectory of a
device through the body. Slices may be repositioned and turned on or off as needed. The MRI
tissue contrast can be interactively changed by toggling saturation pulses on or off to highlight
selected objects. During the valve placement described in this work, a steady-state free
precession (SSFP) sequence was used with the following scanning parameters: TR = 3.5 ms,
TE = 1.75 ms, imaging flip angle = 35-45°, slice thickness = 7 mm, field of view (FOV) = 340
mm × 255 mm, and matrix = 192 × 108, with 3/4 partial Fourier acquisition in the phase
direction. Imaging artifacts were kept to a minimum by the following methods: The temporal
resolution was set high enough to avoid significant motion blurring. If a phase-encoding “wrap-
around” artifact interfered with the surgical FOV, the orientation was rotated or the posterior
coils were turned off. The materials of the valve, delivery device, and stent were tested to ensure
that field distortions did not occur.

Surgical Preparation and Devices
All experiments were performed under protocols approved by the NIH Animal Care and Use
Committee. With the use of general endotracheal anesthesia, eight domestic Yorkshire swine
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(45-55 kg) underwent a preprocedure MRI scan to determine the aortic annular diameter,
coronary ostial anatomy, and apical location. Via a small subxyphoid incision, the pericardium
was opened and the apex of the heart was exposed. Two concentric pursestring sutures were
placed around the apex, through which an 15-18 mm trocar was inserted into the left ventricle
(LV) to create direct access to the aortic valve.

The delivery device has a 1/4“ central channel for a guidewire-directed NuMed BiB (24 mm
OD × 35 mm long) balloon-tipped catheter. Compressed onto the balloon is a 21-25-mm St.
Jude Toronto SPV stentless bioprosthetic valve that is affixed to an similarly sized NuMed
Cheatham Platinum 28-mm 8-zig platinum-iridium stent (Fig. 1a and b). The valve and its
orientation are protected by a sheath that covers the valve, balloon, and catheter (Fig. 1c). A
16-mm stabilizing rod allows the prosthetic valve to be advanced through the sheath (Fig. 1d).
During the procedure the animals were monitored for electrocardiographic rhythm, O2
saturation, end tidal CO2, and instantaneous arterial and ventricular blood pressure.

Preparatory Imaging
Before the stent-valve was inserted, 10-15 min of imaging was performed to determine the
orientation of the heart, evaluate ventricular and valve function, locate the native valve annulus
and the origin of the coronary arteries, and set up scan planes to be used for the myocardial
perfusion and aortic flow imaging performed after the valve was inserted. Once the trocar was
in place, the body matrix coil array was placed over the chest and the MR patient table was
advanced to move the animal into the imaging volume.

A series of single-shot axial images were acquired in three orthogonal planes to localize the
heart and the orientation of the trocar. Using the central sagittal plane through the heart, a series
of contiguous axial planes were prescribed. From these axial planes a three-point tool was used
to define an imaging plane that passed through the apex, the aortic valve, and the ascending
aorta. A cine acquisition in this plane and planes a few millimeters adjacent showed the level
of the aortic valve ring as a dark line, and this position was marked as the location for the base
of the stent valve (see Fig. 2). An imaging plane orthogonal to this was obtained to view the
valve in axial cross section. This view was used to measure blood flow velocity through the
valve and determine the location of the coronary arteries, as shown in Fig. 3.

Real-Time Image-Guided Valve Implantation
Figure 4 shows the position of the surgeon at the front edge of the MRI system. He is equipped
with headphones and a microphone to talk with the person operating the scanner
(Magnacoustics, Atlantic Beach, NY, USA). Figure 5 shows what the surgeon sees during the
progress of the valve implantation. The still images in Fig. 5 are single frames extracted from
the continuous real-time movie that is playing on the screen shown in Fig. 4. Initially a nitinol
guidewire is advanced through the trocar across the native aortic valve. Then the prosthetic
stent-valve on the delivery device is advanced through the apical trocar while its location is
observed by real-time MRI. The prosthetic valve is then advanced on the balloon along the
guidewire, and positioned across the native valve in proper position with respect to the coronary
artery ostia. The balloon is inflated using 1% diluted gadopentate dimeglumine (Gd-DTPA,
Magnavist; Berlex, Inc.) to implant the prosthetic valve under observation with real-time MRI.
The balloon is then deflated and removed through the trocar. At this point the ventricular
function resumes and is visualized immediately by real-time MRI.

The velocity of blood flow through the prosthetic valve was measured with a cine phase-
contrast imaging sequence (15) in the imaging planes proximal to the valve (just inside the
LV), and just distal to the valve. An MR first-pass perfusion scan (16) was performed during
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intravenous injection of a Gd-DTPA contrast agent to confirm that myocardial blood flow was
intact.

The authors had full access to the data and take responsibility for their integrity. All of the
authors have read and agreed to the manuscript as written.

RESULTS
A total of eight pigs underwent the acute implantation and imaging procedure. Four animals
survived the surgical procedure and valve implantation. Two pigs died during manipulation of
the delivery device, and two died after valve implantation, likely due to coronary obstruction.
During the procedure some PVCs were observed, but on the whole the heart rhythm was steady.

The location of the aortic valve ring and coronary arteries were obtained in approximately 5
min. Retrospectively gated cine imaging was useful for identifying both of these structures
because they move through the scan plane during the heart cycle. The ability to place graphic
markers on the real-time images was useful for orienting the valve with respect to the valve
ring and the coronaries. In Fig. 5 the timing of the events is illustrated. The valve initially exits
the trocar on the balloon and is positioned in 25 s, the balloon is inflated for 30 s, and the
balloon is withdrawn in 5 s. The total time elapsed between the exit of the prosthetic valve
from the trocar and the removal of the balloon was approximately 1 min. The image quality is
superior to that achieved with ultrasound or x-ray fluoroscopy for guiding this procedure.

Immediately after the balloon was removed, the ventricular function was seen to return to
normal on the real-time MRI. The phase-contrast cine MR study showed good flow through
the valve immediately after valve implantation and apical and chest closure, with no evidence
of a paravalvular leak. Figure 6 shows the through-plane blood velocity at both systole and
diastole. Good systolic flow can be seen, and there is no diastolic regurgitant flow.

Immediately after the valve was placed, the first-pass contrast MRI showed a small apical zone
of low flow (data not shown) in the region of the trocar. After removal of the trocar, and apical
and chest closure, a subsequent first-pass perfusion study showed uniform enhancement over
the LV, as shown in Fig. 7.

Retrospectively gated cine MRI showed excellent myocardial function after valve implantation
in both long- and short-axis views (data not shown). The position of the valve was examined
postmortem and found to be in the correct location, with the native valve tissue pressed against
the aortic wall. In this set of acute procedures there was no evidence of thrombosis, severe
bleeding, or pericardial bleeding. In the animals with successful valve implantation, the heart
rhythm remained normal postprocedure.

DISCUSSION
Percutaneous valve placement has been under development for many years. The development
of this real-time MRI-guided technique for valve delivery may circumvent many of the
problems associated with delivering a valve through a relatively small catheter (8). The ability
to obtain direct access to the heart opens up opportunities for the placement of more durable,
well-tested devices compared to those available through catheter access, since the port is
bigger, the distances are smaller, and the force transduction from the surgeon’s hand to the
delivery device is more direct. The large port access and real-time visualization of the surgical
field also facilitates the development of methods to remove sections of calcified or otherwise
compromised valves.
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The distinct advantage of MRI for guiding cardiac surgery is that the surgeon can see “through”
the blood, and thus all of the morphological landmarks for positioning the device are visible.
The short magnet makes it possible to have high-performance, real-time MRI available while
the prosthetic valve is being manipulated under image guidance. In addition to aortic valve
replacements, other target applications for real-time MRI-guided cardiac surgery include
mitral, pulmonary, and tricuspid valve replacements or repairs (17-20).

Although the current stent-valve is made of FDA-approved components, it may have to be
modified to improve long-term fixation pending long-term testing for stent-valve migration.
Additional MR-visible markers may be beneficial to ensure that the valve is positioned
correctly with respect to the location of the coronary arteries.

The ability to measure cardiac function online is also an advantage to performing the surgery
within the MR scanner. Myocardial perfusion, blood flow, and valve leaflet motion are all
available for the surgeon to observe in the working heart. For revascularization procedures,
instant feedback on the impact of the procedure on perfusion is available in addition to anatomic
data. For valve repairs, real-time feedback on leaflet function can be used to tailor the repair
accordingly. Presently, surgical repairs are done on flaccid, empty hearts, and the ultimate
effect of the correction is not apparent until the heart is refilled and beating.

The major limitation of this study is that it entailed a set of acute experiments that were designed
to test the feasibility of valve delivery. Many questions remain unanswered, such as those
regarding the long-term stability and functionality of the valve, and the response of the heart
to the procedure. We are currently designing chronic experiments that we hope will answer
important questions about the prevalence of ischemia in the heart and brain, LV aneurysm, and
thrombosis in the postoperative period.

Although we have demonstrated here that real-time MRI is an excellent method for guiding
valve placement, a number of developments need to occur before this procedure can be
evaluated in clinical trials. First, the delivery device must be optimized so that it will have the
smallest impact on the ventricle while retaining the ability to deliver a standard valve. The
method used to secure the valve needs to be improved to guarantee that the valve will not
migrate. Also, a procedure must be developed to extract the calcified diseased valve before the
new valve is placed.

Real-time MRI provided better image quality than all competing imaging methods for directing
minimally invasive surgery, including x-ray fluoroscopy/angiography (in which some
anatomical structures are not visible) and echocardiography (in which the FOV is small and
the images are of low quality). The MRI-guided surgery also allowed direct functional
assessments to be made prior to, during, and immediately after valve implantation. The
combination of real-time noninvasive, noncontrast imaging that can provide both anatomic
details and functional assessments will enable the use of minimally invasive approaches that
may provide patients with a less morbid and more durable solution to structural heart disease.
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FIG 1.
a: Valve before the stent is fastened. b: Valve sewn inside the platinum stent. c: Stent valve
on a balloon catheter. d: Prosthetic stent-valve loaded into the delivery device. The blue dot
on the shaft of the delivery device is an orientation marker that is visible under MRI.
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FIG 2.
Long-axis view of the porcine heart before (left) and after (right) insertion of the trocar. The
position of the aortic valve annulus is obvious as the dark line dividing the LV chamber from
the aorta.
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FIG 3.
Four views of the root of the aorta used to find the locations of the coronary ostia. The top row
shows two parallel short-axis views to obtain the angle of the ostia, and the bottom row shows
two long-axis views to obtain the distance of the ostia from the valve plane.
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FIG 4.
Using real-time MRI on the projection screen, the surgeon advances the delivery device into
the LV, just proximal to the aortic root. He then advances the prosthetic stent-valve mounted
on the balloon catheter.
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FIG 5.
Selected frames from the real-time MRI displayed within the scan room, showing the
deployment of the prosthetic valve. a: A guidewire is advanced through the trocar across the
native aortic valve. b: The prosthetic valve is advanced to the end of the trocar. c: The prosthetic
valve is advanced into position in the LV outflow track. d: The prosthetic valve is inserted
across the native valve and aligned with the coronary ostia and the aortic annulus. e: A balloon
filled with dilute Gd-DTPA MR contrast agent is used to expand the prosthetic valve. f:
Interactive saturation is used to enhance visualization of the extent of balloon inflation. g: The
balloon is taken down and pulled back through the trocar. h: The guidewire is removed. i: The
delivery device is removed from the trocar. The total time required for this sequence of pictures
was 77 s. (Also see the movie in the National Heart, Lung, and Blood Institute [NHLBI] archive:
http://imagegallery.nhlbi.nih.gov/mcveighe/mrm1.html)
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FIG 6.
A first-pass perfusion scan in three slices of the heart 3 hr after valve implantation. Each row
represents a different time after venous injection of Gd-DTPA. A small area of low perfusion
corresponding to the location of the trocar is seen in the endocardium of the most apical slice
(7 o’clock position in the bottom left image); however, all of the major coronary territories are
perfused, indicating proper valve positioning with respect to the coronary ostia.
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FIG 7.
Frames from a cine phase-contrast movie showing the blood flow through the aorta and the
atria after trocar removal and chest closure. Note that there is no sign of a paravalvular leak.
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