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Safety and efficacy of pericardial endoscopy by percutaneous
subxyphoid approach in swine heart in vivo

Takehiro Kimura, MD,* Shunichiro Miyoshi, MD, PhD,* Seiji Takatsuki, MD, PhD,* Kojiro Tanimoto, MD,
PhD,? Kotaro Fukumoto, MD, PhD,* Kyoko Soejima, MD, PhD.® and Keiichi Fukuda, MD, PhD?

Objective: A nonsurgical approach from the epicardial surface is useful for various cardiac interventions, such
as positioning of the left ventricular lead for cardiac resynchronization therapy and epicardial ablation. Stem cell
delivery on the epicardial surface can be considered in the future if good quality of visualization can be obtained.
However, because the pericardial space is limited, hemodynamic conditions may deteriorate with pericardial

endoscopy. Therefore, the feasibility and efficacy of pericardial endoscopy were examined by using ready-
made endoscopes.

Methods: Anesthetized swines (26-61 kg; n = 6) were used for the experiment. Electrocardiogram, femoral
artery blood pressure, and oxygen saturation by pulse oximetry were continuously monitored during the proce-

dures. Guided by the fluoroscopy, sheaths were advanced to the pericardial space using the modified Seldinger
technique from the subxyphoid space.

Results: After insertion of an endoscope with a maximum diameter of 6.9 mm, hemodynamic parameters were
stable during the procedure with atropine. Stable and acceptable endoscopic images were obtained. Minor op-
erations can be performed with pericardial endoscopic-guided laparoscopic forceps with no complications.

Conclusions: The endoscopic pericardial procedure is effective and feasible. This procedure can increase the
possibility and efficacy of nonsurgical treatment for cardiac diseases. (J Thorac Cardiovasc Surg 2010;l:1-10)

TTCSy . . :
viea§ Video clip is available online.
CLl

Recent progress in minimally invasive therapy has dramati-
cally changed the treatment of heart disease. Percutaneous
transluminal approaches (eg, coronary angioplasty'; catheter
ablation?; pacemaker, implantable cardioverter defi-
brillator, and cardiac resynchronization therapy®; and percu-
taneous heart valve replacement®) have provided significant
therapeutic benefit to patients with a minimal burden. How-
ever, it is still difficult to reach the epicardial targets by
the transluminal approach. Minimally invasive epicardial
approaches may aid epicardial biopsy, implantation of left
ventricular epicardial pacing lead for cardiac resynchroniza-
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tion therapy, and ablation for epicardial arrhythmic
substrate. Furthermore, such approaches are also applicable
for transplantation of stem cells into the myocardium.
Although significant progress in research for cardiac stem
cells has been made, research for optimization of the trans-
plantation procedures is sparse. Compared with catheter-
based transluminal stem cell transplantation® epicardial
transplantation poses less risk for infusion of stem cells
into the bloodstream and systemic dissemination and micro-
embolization of overflowed stem cells.”® Pericardial
endoscopy is also applicable to direct genetic transfection
of the gene to the local myocardium, so-called gene therapy.’

Pericardiocentesis using the Seldinger maneuver from the
subxyphoid to the pericardial space without obvious pericar-
dial effusions is safe'® and allows the epicardial target to be
reached with minimal invasion.'""'? However, it is difficult to
perform the operation within the pericardial space because of
numerous obstacles: the coronary vessels, adipose tissue,
lung, and phrenic nerves. Therefore, endoscopic guidance
is required for the operation. Epicardial biopsy,'*'*
epicardial ablation,"”> pulmonary vein isolation,'® and im-
plantable cardioverter defibrillator lead placement’ using
pericardial endoscopy have been reported, but risk of injury
to arteries, organs, and nerves still remains. The relation
among the diameter of the endoscope, material of the sheath,
and hemodynamic parameters has not been extensively de-
scribed. Epicardial inflammation as a chronic effect should
be further evaluated. Techniques to obtain a more refined
view for critical procedures are not well developed.

The Journal of Thoracic and Cardiovascular Surgery ¢ Volume B, Number B 1
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Abbreviation and Acronym
CCD = charge-coupled device

Therefore, we evaluated the safety of this procedure, not
only for short time periods to assess hemodynamic changes
but also for longer periods to assess chronic complications,
including infections, chronic pericarditis, and other life-
threatening complications. Among various ready-made en-
doscopes, adequate types for pericardial endoscopy were se-
lected. To identify the anatomy of the heart, we defined the
basic method to steer the endoscope and stabilize the view.

MATERIALS AND METHODS
Surgical Procedure

All experimental protocols were approved by the institutional ethical
committee. Studies were performed in 6 mongrel swine weighing 26 to
61 kg. After nitrous oxide inhalation, swine were intubated and ventilated
with room air by the constant-volume cycled respirator (Harvard Apparatus
model 607; Harvard Appatatus, Hoilliston, Mass) and anesthetized with
1.5% to 2% isoflurane. A fluid-filled cannula was placed in the left carotid
artery and connected to the transducer to monitor arterial blood pressure. A
great cervical vein cannula was used to infuse normal saline at a rate of 100
to 200 mL/h to replace spontaneous fluid losses and to inject drugs. Elec-
trocardiogram and pulse oxymetry were continuously monitored.

Mechanical irritation of the pericardium may cause Bezold-Jarisch (va-
gal) reflex and bradycardia that can result in significant deterioration of he-
modynamics; therefore, immediately before the pericardiocentesis, 1 mg of
atropine was administered to suppress the vagal reflex and an additional 0.5
mg of atropine was administered when the heart rate decreased to less than
70 beats/min. After local anesthesia, an 18G epidural needle connected to
a 10-mL syringe filled with contrast material was inserted from the
subxyphoid toward the heart shadow under x-ray fluoroscopic guidance.’®
After puncture of the pericardial membrane, the guide wire (outer

Material Stiffness

SH1 10 radifocus

intoduceriH  PolYPropylene  soft

curved  tight

diameter = 0.81 mm) was inserted into the pericardial space, and the cath-
eter sheath was inserted along the guide wire to the pericardial space. We
used 6 types of sheaths. The size, stiffness, shape, and material of each
sheath are shown in Figure 1. Sheaths were selected in accordance with
the diameter of the endoscope. Six ready-made endoscopes (Olympus Med-
ical Systems Corp, Tokyo, Japan) were used. The model number, visual an-
gle, direction of lens, size, device ports, optical image system, and features
of the endoscopes are shown in Figure 2. The endoscopes are advanced
through the variety of sheaths, checking the effects of hemodynamic data,
controllability, and quality of the view. We tried to maintain a clear view
by regulating the amount of air and saline insufflations through the working
port of the endoscope. Measured vital signs, fluoroscopic images, and endo-
scopic images were analyzed and evaluated after each experiment. To as-
sess chronic effects, animals were kept alive for 2 weeks and then
inspected for evidence of injuries to pericardium, lungs, and other organs.

RESULTS
Effect of Endoscope and Sheath Size on
Hemodynamic Parameters

The performance of the endoscope increases as a function
of the diameter of the endoscope; however, the hemody-
namics may deteriorate. Thus, the adequate diameter of
the endoscope with acceptable visual images without signif-
icantly changing the hemodynamics should be determined.
Representative hemodynamic data during pericardial en-
doscopy are shown in Figure 3. The endoscope with the
largest diameter (6.9 mm in ES5) did not cause significant
deterioration of hemodynamic parameters; thus, the endo-
scope with a diameter less than 6.9 mm is acceptable.

To obtain a clear image, design of the optomechanical de-
vice is important. Mounting a charge-coupled device (CCD)
camera on the tip of the endoscope to connect directly to the
objective lens significantly improved image quality
(Figure 4, D, F). However, this is difficult to do with a thinner
endoscope because of limitations on the miniaturization of

Check

Image
valve 9

SH2 15 handmade polypropylene  soft

straight  tight

polytetra-

SH3 21 handmade fluoroethylene floppy floppy  tight
capiox

ISH4 18 percutaneous  polypropylene hard curved none
catheter kit

SH5 165 E%';n?fKER 2 stainless solid straight  loose

SHE6 33 I?;QCKER Z stainless solid straight  loose

FIGURE 1. List of the sheaths used. Internal diameter in French, model name, material, stiffness, shape of the tip, durability of the check valve, and an
image of the sheath (white scale bars = 5 cm). ID, Internal diameter; F, French.
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SH5
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SH2 Designed forindustrial usage,
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ES4 IPLEX FX V8420 120 90 4.0 non g:z @] of pipes. Robotic controller
attached
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Ess O g vPE UCTeOR: 80 35 69 20SHe X tract,withultrasonic imaging {4
SHS system
St Designed fortrans-nasal
rtrans-nasa
ES6 GIF-XP150N 120 0 55 2.02% O gastro-intestine camera

FIGURE 2. List of the endoscopes used. Models of the endoscope, visual angle, direction of lens (angle along the longitudinal axis), outer diameter, inner
diameter of utility port, adequate sheath, whether CCD camera is mounted on the tip or not, features of the endoscope, images of the endoscope (scale

bars = 5 mm), and the performance of the endoscope in the pericardial space.

the CCD camera. Therefore, the CCD camera was mounted
on the body of the thin endoscope and connected to the ob-
jective lens by a bundle of flexible optic fibers, which signif-
icantly improved image quality (Figure 4, A-C, E). Because
the thickest endoscope (outer diameter = 6.9 mm) was he-
modynamically tolerable, we concluded that mounting the
CCD on the endoscope tip was adequate for pericardial en-
doscopy. Taking these results into account, we selected
ES4 and ES6 as adequate for a pericardial endoscope.

The selection of the sheath was more important. To insert
a large endoscope into a pericardial space, sheaths with
a larger diameter are required, but ready-made larger sheaths
are uncommon (SH1, SH5, SH6) and most of them are solid
(SHS, SH6). Solid sheaths were unstable in positioning, and
use of SH6 sometimes caused significant deterioration of he-
modynamic parameters. Therefore, after insertion of the en-
doscope, withdrawal of the sheath was required to stabilize
hemodynamic parameters (Figure 3, A). Accordingly, we
prepared our handmade flexible sheath with a larger diameter
(SH2, SH3, SH4), which did not cause a significant change in
hemodynamic parameters (Figure 3, B). A check valve on the
sheath was also important to maintain the volume of air in the
pericardial space. The SH3 exhibited the best performance.

Clear Visualization
Our first achievement was to establish the method to ob-
tain a clear view of the pericardial space by endoscopy.

The Journal of Thoracic and Cardiovascular Surgery * Volume B, Number B
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CCD, Charge-coupled device; OD, outer diameter.

Expansion of the pericardial space by air enables us to
maintain a distance from the camera to the heart surface,
which is necessary for a clear view. An equal volume of
saline was injected in some experiments, but a good
image was not obtained and there was significant deteri-
oration of hemodynamic parameters (Figure 3, B). There-
fore, we decided to inject air to expand the pericardial
space.

A larger amount of air infusion provides better vision, but
on the other hand it may deteriorate hemodynamic parame-
ters by inhibiting diastolic function of the ventricles. Injec-
tion of 100 to 200 mL of gas into the pericardial space
caused no hemodynamic changes (5 mm Hg) and allowed
a stable view. In addition, resulting decreases in systolic
blood pressure were less than 10 mm Hg, which is almost
tolerable.

Orientation of the View

Determination of orientation of the view is important for
an endoscopic-guided operation. Because of strong motion
artifacts in the visual field, x-ray fluoroscopic guidance is
essential to determine orientation of the tip of the endo-
scope. Furthermore, recognition of several landmarks of
the heart can also help in understanding orientation. Infu-
sion of 10 to 20 mL of saline and 50 to 100 mL of air into
the pericardial space gives us a clear view of fluid levels.
The fluid level is an important compass for horizontal
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FIGURE 3. Systolic blood pressure, pulse oxymetry, and heart rate as a function of time during procedures of representative cases. Upper white bars in the
graphs denote period of endoscope insertion, and black bars denote insertion of laparoscopic forceps. Upper gray arrows denote the time of insertion of each
sheath, and lower gray arrows denote the timing of administration of atropine, suction, and injection of air/saline into the pericardial space. Hemodynamic
parameters during procedure are well within tolerable limits. Sys-BP, Systolic blood pressure; SpO,, pulse oxymetry; HR, heart rate; ES, endoscope; fc,

forceps; SH, sheath.

direction of the visual field. Landmarks (Figure 5) in the vi-
sual field also help us to recognize the position of the tip of
the endoscope. Left and right atrial appendages are clear
landmarks (Figure 5, A, C, M, P, Q, S, T, U). Other heart
landmarks, that is, the aortic root (Figure 5, K), pulmonary
veins (Figure 5, G, N), superior vena cava (Figure 5, E), and
coronary arteries (Figure 4, A—F; Figure 5, R), also give us
a clue to define the orientation. Adjacent organs—the lung,
diaphragmatic membrane (Figure 5, I, W), and puncture site
(Figure 5, V)—can be good landmarks.

Control of Endoscopes

It is an advantage to understand the movement of the en-
doscope to stabilize the tip of the device at the exact loca-
tion. After the modified Seldinger technique, the
anteroapical portion of the pericardium was penetrated by
sheaths. By advancing and retracting the endoscope, the
tip of the endoscope simply moved forward and backward
along the anterior interventricular groove. In this manner,
the endoscope was straight, the x-ray showed an “I-shape”

4
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configuration, and the heart was observed as in an upward-
viewing manner (apex to base direction, Figure 6, F). As the
endoscope was advanced, the left anterior descending coro-
nary artery (Figure 4, A, E, F), left atrial appendage
(Figure 4, E; Figure 5, A, M, S, T), and aortic root were ob-
served (Figure 5, K). By bending the endoscopic tip toward
the right side, the outflow tract and right ventricle (Figure 5,
0) were observed; by bending toward the left, the left pul-
monary veins could be observed (Figure 5, G). However,
this view was unstable; because the support (backup) of
the shaft was only a shallow interventricular groove, the
tip was easily dislodged. Therefore, another endoscopic
control is required to observe the whole heart.

When we gently advanced the endoscope in the I-shape
configuration under a fluoroscopic guide (Figure 6, A, F),
the tip was trapped at the position along the roof (cranial
end, Figure 6, B) of the pericardial space, between the right
ventricular outflow tract and the left atrial appendage. At
this position, if we rotated the shaft clockwise and ad-
vanced the endoscope with maximally bending the tip

The Journal of Thoracic and Cardiovascular Surgery - B 2010
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FIGURE 4. A-F, Representative images of left anterior descending artery observed by each endoscope (denoted right bottom, number corresponding to it
in Figure 1). Itis difficult to front-view the endoscope with a narrow visual angle (A, B). Images of the endoscope without mounting the CCD on the tip (C, E)
are fuzzy. Images of the endoscope with the CCD on the tip (D, F) are vivid. G, H, Sehematic diagram of spatial configuration of endoscope in the pericardial
space and its visual field. G, If the head of the front-view endoscope is directed to the heart surface, the objective lens gets too close to the heart surface. On
the other hand, if the endoscope is tipped away from the heart surface, the visual field of the endoscope also tips away from the heart. H, The relation between
the visual field and the direction of the objective lens. LAD, Left anterior descending artery; LV, left ventricle; ES, endoscope; RV, right ventricle.

(Figure 6, C), the tip of the endoscope could be advanced
into the right side of the pericardial space. The middle shaft
was turned around at the caudal roof of the pericardium,
resulting in a so-called inverted U-shape right-side config-
uration (Figure 6, D, E, G, H), allowing the heart to be ob-
served as in a downward-viewing manner (base to apex
direction). On the other hand, if we rotated the shaft coun-
terclockwise and advanced the endoscope, the tip of the en-
doscope could go through the left side of the heart, and
a so-called inverted U-shape left-side configuration could
be achieved. By use of the inverted U-shape configurations,
we could observe every portion of the epicardium
(Figure 6, H; Video 1).

To effectively control pericardial endoscopy, it is impor-
tant to take into account the position of backup of the shaft
and fulcrum at the point of bending. First, the shaft was

fixed at the puncture point of the pericardium. In the I-shape
configuration, the shaft was moderately backed up by the
anterior interventricular groove, the rotation of the shaft
did not help steering devices, and the fulcrum point of bend-
ing was only the epicardium. Therefore, it was difficult to
keep a distance between the objective lens and the epicar-
dial surface (Figure 4, G), resulting in loss of focus and sig-
nificant halation (Figure 5, X). However, when the tip was
advanced and bent, the visual field was directed toward
the pericardium and kept a distance from the epicardial sur-
face (Figure 4, G). Finally, in the inverted U-shape config-
uration, the middle of the shaft was strongly backed up by
the whole pericardium and we could steer the devices by ro-
tating the shaft. This configuration enabled us to keep an ap-
propriate distance from the epicardial surface (Figure 4, H;
Video 2).
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FIGURE 5. Representative images obtained by endoscopy and fluoroscopy. Endoscopic images (A, C, E, G, I, K) obtained by ES3 and corresponding
fluoroscopic images (B, D, F, H, J, L, respectively). A, Left atrial appendage and lateral wall of left ventricle. C, Right atrial appendage and lateral wall
of right ventricle. E, Superior vena cava and right atrium. G, Left inferior pulmonary vein. I, Pericardium at the diaphragm looks pale compared with peri-
cardium at the lungs. K, Left ventricular outflow tracts. Aortic root and left atrium can be observed. M-P, Endoscopic images obtained by ESS. Left atrial
appendage (M, P), left inferior pulmonary vein (N), and pulmonary artery outflow tract (O, P). Q, R, Endoscopic images obtained by ES4. Right atrial ap-
pendage (Q), right ventricle (Q, R), and ventricular apex (apex, R). S-W, Endoscopic images obtained by ES6. S, T, Sequential image showing dynamic
motion of left atrial appendage. U, Left atrial appendage and body of fiber itself. V, Pericardial puncture site and the body of fiber itself. W, Pericardium at the
diaphragm. The quality of the images obtained by ES6 is superior to that obtained by ES3. X, Image obtained by ES1. By using the front-view ES with
a narrow visual angle, it is difficult to observe the heart surface without significant halation. Ao, Aortic; ES, endoscopy; LA, left atrium; LAA, left atrial
appendage; LiPV, left inferior pulmonary vein; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RAA, right atrial appendage; RV, right ventricle;
S, diastole; SVC, superior vena cava; T, systole.

Feasibility of Minor Surgery the tip, the internal needle was protruded into the myocar-
We tested the feasibility of endoscope-guided small oper- dium, and then Indian ink was injected without severe hem-
ations in the pericardial space. To simulate transplantation orrhage (Figure 7, B). By protruding the external tube, the
of stem cells into the myocardium from the epicardium,  objective lens and surface of the heart were stabilized to sig-
we injected Indian ink into the epicardium via endoscope. nificantly reduce strong motion artifacts, and adequate
A 1-mL syringe with 0.2 mL of Indian ink was connected working distance was achieved (Figure 7, C).
to a 22G needle for endoscopy (NA-201SX-4022; Olympus, Rigid laparoscopic forceps are essential for endoscope-
Tokyo, Japan). The needle tip was insulated by external Tef- guided surgery; however, such rigid forceps may compress
lon tubing to avoid injury to the coronary vessels. The nee-  the heart and deteriorate hemodynamic parameters. There-

dle was attached to the surface of the left ventricular free  fore, a flexible endoscope (ES6) and rigid laparoscopic for-
wall via a utility port (Figure 7, A). After positioning of  ceps (Figure 7, E) were inserted simultaneously to perform
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FIGURE 6. A-E, Sequential fluoroscopic images during changing I-shape configuration to inverted U-shape configuration. See details in text. F~H, Sche-
matic diagram of [-shape configuration, inverted U-shape configuration of pericardial endoscope, and how to steer the tip of the endoscope in the pericardial

space.

minor surgery (Figure 7, F—H). A needle-type pacing elec-
trode (Figure 7, I) was transplanted into the left ventricular
free wall by use of ES6 (Figure 7, F-H). Transplantation
was successfully performed without significant hemody-
namic change (Figure 7, J-L; Video 2).

Complications

Because pericardial endoscopy is the leading minimally
invasive technique, the safety of this procedure is our main
concern. In the process of puncture by the Seldinger tech-
nique, there were no complications, such as hemorrhages,
pneumothorax, perforation of left ventricle, or other in-
juries. During the whole procedure, we could handle the
devices in and out numerous times with no changes in
blood pressure, pulse oxymetry data, or heart rate
(Figure 3) for more than 1 hour. The injection of more
than 200 mL of air into the pericardial space suppresses
blood pressure by 5 to 10 mm Hg, but blood pressure re-
covers immediately by removing air from the space via en-
doscopic utility port.

In terms of chronic phases, pericardial inflammation was
evaluated 2 weeks after the operations. There were no mac-
roscopic injuries, coronary stenosis by coronary angiogram,
hemorrhages, or adhesion of pericardium (Figure 7, D).

DISCUSSION
Selection of Best Endoscope

Because the first priority for pericardial endoscopy is
a clear image, an endoscope with a CCD camera on the
tip is essential. In popular endoscopes, the objective lens
is usually positioned toward an anterior direction (for-
ward-view, ES1, ES2, ES3, ES6). When the endoscope is
inserted into the pericardial space, a shaft of the endoscope
usually fits along the curve of the epicardial surface, but the
objective lens faces toward a tangent direction to the epicar-
dial surface and away from the surface of the heart
(Figure 4, G). It is reasonable to imagine that positioning
the objective lens in a 30- to 60-degree interior oblique di-
rection may be another option (Figure 4, H). From an opto-
mechanical point of view, it is difficult to position the lens
and CCD complex on the thin tip of endoscopes, although
a lens with a 90-degree direction (lateral-view, ES4) can
be achieved. Also, so-called fish-eye lenses or wider visual
angle lenses (ES3, ES4, ES6) enable observation of the
heart surface, even if the distance between the heart and
the device is not sufficient.

A diameter less than 6.9 mm with a soft shaft is accept-
able, and utility port is necessary for controlling air and de-
vices. Among the ready-made endoscopes, the ES6 showed
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lung
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FIGURE 7. A-C, Indian ink was injected into the left ventricular epicardium with a needle. B, Immediately after injection of Indian ink, there was no active
bleeding. D, Two weeks after the pericardial endoscopy, there was no coronary injury and no marked adhesion of pericardium. E, Laparoscopic forceps used.
F, G, Endoscopic (ES6) images during implantation of pacing lead (I) in the left ventricular muscle by using laparoscopic forceps and fluoroscopic images
during procedure (H). Implanted pacemaker lead immediately after the implantation (J-L). LV, Left ventricle.

the best performance. The ES4 also showed good perfor-
mance, but there is no utility port for intervention.

Selection of Best Sheath

A certain length of the sheath should be positioned in the
pericardial space to obtain back-up support for intervention.
By advancing the sheaths, the direction of the sheath is usu-
ally perpendicular to the heart surface. A solid sheath
causes significant compression of the heart surface and de-
terioration of hemodynamic parameters. Thus, a floppy
sheath is suitable for pericardial endoscopy. Furthermore,
to maintain the amount of air within the pericardial space,
a check valve at the top of the sheath is essential. Taking
this into account, we selected SH4 as the best sheath for
pericardial endoscopy.

Stabilization of Motion Artifacts
Stabilization of strong motion artifacts is important.
Keeping a distance from the heart surface by use of the in-

verted U-shape configuration can help stabilize the visual
field. Gentle compression of the heart by a rigid manipula-
tor, such as sheaths and laparoscopic forceps, can also sta-
bilize the heartbeat.

Optimization of the Tools

Although we demonstrated the feasibility of the peri-
cardial endoscope by ready-made endoscopes, optimiza-
tion of the tools should be required. The ES6 is almost
acceptable as a pericardial endoscope if we have well-
designed forceps for interventions through the utility
port. On the other hand, further optimization of the ma-
nipulator should be done for pericardial interventions,
such as an optimized tool for a cell-delivery system,
epicardial pacemaker implantation, and curving of the
tip to fit along the heart curvature. The design for the
sheath should also be optimized. The optimal material,
stiffness, and curve of the sheath remain to be eluci-
dated.

8 The Journal of Thoracic and Cardiovascular Surgery - l 2010

250



Kimura et al

Evolving Technology/Basic Science

Limitations

Before application for human use, the pericardial endo-
scopic system should be optimized, and further experiments
should be done in other conditions. For example, we did not
try the system on an animal with heart failure; therefore, the
feasibility of the procedure in the patient with severe heart
failure is still undetermined.

We performed the experiment under general anesthesia
with respirator support, but for humans this procedure could
be performed with local anesthesia. However, in patients
with congenital pericardial defect, of which there is a prev-
alence of 0.0001% " to 0.044%,% infusion of the gas may
cause pneumothorax, so respirator support should be re-
quired in such cases.

During this procedure, coincidental occurrence of ven-
tricular fibrillation should be carefully monitored. If this oc-
curs, immediate suction of the gas should be required to
perform successful external defibrillation.

It was difficult to observe the posterior surface of the
heart because of the limited space between the posterior
wall of left atrium and the spine. If the target is the posterior
portion of the heart, a lateral position of the patient may gain
space and avoid puddling at the focus area. Further experi-
ments should be done for safer procedures.

Clinical Applications

The future of this new technique relies on optimizing its
use in humans. Previous studies have demonstrated the ef-
fective use of the pericardial approach in the human body,
and the device itself is already well known and used clini-
cally. Therefore, there are no obstacles to human applica-
tion. This method enables us to reach epicardial areas and
deep into the myocardium to focus on ablation and implant-
able cardioverter/defibrillator lead placement in a minimally
invasive way. In the present study, we infused air into the
pericardial space. However, there is less chance of causing
air embolism and significant mediastinal emphysema with
carbon dioxide compared with air. For clinical application,
infusion of carbon dioxide gas is considered to be safer in
this system.

Moreover, in cardiac stem cell therapy, there is no stan-
dard method of stem cell transplantation. Transplantation
via coronary vessels may not deliver the cells to the appro-
priate location in the heart tissue, may occlude coronary
vessels, and may generate additional myocardial infarc-
tions.” Direct injection into the myocardium from an endo-
cardial site via a needle devised on the tip of a catheter
using an electroanatomic mapping system (NOGA Sys-
tem, Biosense Webster, Markham, ON, Canada)® is similar
to the common catheter ablation procedure. Although the
catheter procedure is safe and can be performed repeat-
edly, the injected cells may backfiush into the left ventric-
ular cavity via needle trajectory and disseminate into the
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systemic circulation, causing systemic microemboliza-
tions. From this point of view, injection of the cells
from the epicardial surface is secure. However, open chest
surgery is required to avoid coronary vessels. Pericardial
endoscopy-guided cellular transplantation from the epicar-

dial surface can be a major method for stem cell transplan-
tation.

CONCLUSIONS

Our experiment has established a new and simple
method for obtaining a clear view of the pericardial space
with the use of pericardial endoscopy. The percutaneous
subxyphoid approach using the Seldinger technique was
useful and safe. An x-ray fluoroscopic guide was neces-
sary to steer the endoscope in the pericardial space. We
have shown short- and long-term safety with regard to he-
modynamic changes, infections, and adhesion of pericar-
dium. Pericardial endoscopy can introduce a new era

of technology for cardiac surgeons and cardiac interven-
tionists.

The authors thank Olympus Corporation for technical advice
and Satoshi Ogawa MD, PhD, and Toshiaki Satoh, MD, PhD,
for medical advice.
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000 Safety and efficacy of pericardial endoscopy by percutaneous subxyphoid

approach in swine heart in vivo
Takehiro Kimura, MD, Shunichiro Miyoshi, MD, PhD, Seiji Takatsuki, MD, PhD, Kojiro Tanimoto,

MD, PhD, Kotaro Fukumoto, MD, PhD, Kyoko Soejima, MD, PhD, and Keiichi Fukuda, MD, PhD,
Tokyo and Kawasaki, Japan

As the pioneer of the novel minimally invasive surgery, we have demonstrated the safety and
feasibility of pericardial endoscopy. We have established the techniques to obtain clear images by
selecting appropriate devices in swine and succeeded in performing interventions such as cell
transplantation and pacemaker lead implantation with no complications.
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Abstract Mouse embryonic fibroblasts (MEFs) are the most commonly used feeder cells for pluripotent stem cells. However,
autogeneic feeder (AF) cells have several advantages such as no xenogeneic risks and reduced costs. In this report, we
demonstrate that common marmoset embryonic stem (cmES) cells can be maintained on common marmoset AF (cmAF) cells.
These cmES cells were maintained on cmAF cells for 6 months, retaining their morphology, normal karyotype, and expression
patterns for the pluripotent markers Oct-3/4, Nanog, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81, as well as their ability to
differentiate into cardiac and neural cells. Antibody array analysis revealed equivalent protein expression profiles between
cmES cells maintained on cmAF cells and MEFs. In addition, similarly prepared human embryonic stem (hES) and induced
pluripotent stem (hiPS) cell-derived AF cells supported the growth of and maintained the morphology and pluripotent marker
expressions of hES and hiPS cells, respectively. DNA microarray analysis revealed that these hES and hiPS cells had mRNA
expression profiles similar to those of hES and hiPS cells maintained on MEFs, respectively. Taken together, these findings imply
that AF cells can replace MEFs in the routine maintenance of primate pluripotent stem cells.

© 2010 Elsevier B.V. All rights reserved.

Introduction

Since human embryonic stem (hES) cells were first established
by Thomson et al. in 1998, promising results have been
obtained with these cells (Thomson et al., 1998). However,
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kfukuda@sc.itc.keio.ac.jp (K. Fukuda). primates and their ES and induced pluripotent stem (iPS) cells
' Weizhen Li and Hiromi Yamashita equally contributed to this are expected to be effective preclinical models given their
study. close genetic relationships to humans, as compared with
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rodents (Hearn, 2001; Nakatsuji and Suemori, 2002). Sasaki
and co-warkers recently established common marmoset ES
(cmES) and iPS cell lines, and green fluorescent protein (GFP)-
transgenic marmosets (Sasaki et al., 2005; Sasaki et al., 2009;
Tomioka et al., 2010}, and described the efficient differenti-
ation of neural cells from cmES cells (Sasaki et al., 2005). Chen
et al. also reported successful differentiation of cardiomyo-
cytes from cmES cells and described their characterization
{Chen et al., 2008).

Recently, iPS cells have been established in rodents
(Takahashi and Yamanaka, 2006), nonhuman primates (Tomioka
et al., 2010; Wu et al., 2010; Liu et al., 2008), and humans
(Takahashi et al., 2007). Clinical applications for these cells are
also eagerly awaited, since iPS cells with a genetic background
identical to that of the patient can be generated with less
ethical concerns. Even though several improvements have been
made to combat initial problems, clinical application of human
iPS (hiPS) cells is still controversial due to a number of safety
concerns.

Common technical constraints for the therapeutic applica-
tion of hES and hiPS cells also remain. One such limitation is
avoiding the use of xenogeneic materials, since there is a risk of
cross-transfer of potential pathogens and unexpected genes. To
date, various xenogeneic factor-free culture methods have been
developed to replace the MEFs used for culturing hES cells, such
as immortalized MEFs (Choo et al., 2006), Matrigel (Xu et al.,
2001; Akopian et al., 2010), mixed extracellular matrix (Amit
and Itskovitz-Eldor, 2006), human-derived primary (Cheng et
al., 2003; Lee et al., 2005) and immortalized feeder cells (Unger
et al., 2009), suspension culture systems (Steiner et al., 2010;
Singh et al., 2010; Olmer et al., 2010; Amit et al., 2010), and
autogeneic feeder (AF) cells (Amit and Itskovitz-Eldor, 2006;
Choo et al., 2008; Stojkovic et al., 2005; Wang et al., 2005), as
well as several xenogeneic factor-free media (Akopian et al.,
2010) which can be combined with xeno-free feeders and
feeder-free methods. Nevertheless as shown in the report from
the International Stem Cell Initiative, most xenogeneic factor-
free culture systems based on feeder-free conditions are biased
toward hES cell lines (Akopian et al., 2010), suggesting that the
MEF feeder system remains the standard because it ensures
stable and reliable maintenance for every pluripotent stem cell
line. Also in our hands, the MEF feeder system is still the most
reliable and general method for maintaining cmES and hES cells,
and hiPS cells. Therefore, it is necessary to develop further
options for alternative human feeder cells.

AF systems for hES cells have been reported by two groups;
the first group derived AF cells via embryoid body (EB) formation
(Stojkovic et al., 2005), while the second group generated a
stable cell line from differentiated hES cells (Choo et al., 2008).
In the present report, we describe a novel method for the
preparation of AF cells derived from spontaneously differenti-
ated cells for use in the routine maintenance of pluripotent stem
cells, In addition, we report a common method for the
preparation of AF cells for different nonhuman primate and
human pluripotent stem cells. :

Results

Under our routine experimental conditions, cmES, hES, and
hiPS cells stably self-renew on MEFs. However a small
fraction of each colony contains spontaneously differentiat-

ed cells that have sprouted from the edges of the colonies.
During routine passaging, we found that the weak trypsin and
collagenase treatment detached preferentially the undiffer-
entiated cells of the colonies, leaving the differentiated cells
attached to the plate (Fig. 1a). Since the detached cells had
features typical of fibroblasts, we expected that they could
be used as AF cells. Previously, these cells would have been
discarded, so we term our AF preparation the “cell recycling
system.” The principle underlying this phenomenon is shown
in Fig. 1b.

We cultured the residual cells for 2—-4 weeks until they
reached subconfluence. The cultivation period to the first
passage varied depending on the initial concentration of
differentiated cells. The period of time between the passages
was approximately 3-5days. Between the first and third
passages, we estimated that the cells had a doubling time of
about 20 h. To investigate the relationship between passage
number and ability to maintain the undifferentiated state of
the cmES cells, we seeded cmES cell clumps onto mitomycin C-
treated cmAF cells of various passage numbers, and observed
the morphology of the ceils under the microscope (Fig. 1c). We
found that the cmAF cells that underwent up to three passages
maintained the cmES cells without any obvious marphologic
alteration of the cmES cells (Fig. 1c). In contrast, when we
used cmAF cells after the fourth passage, we found a
significant decrease in their maintenance capability. There-
fore, we used cmAF cells at the third passage for routine
cutturing of cmES cells. cmAF cells that were freshly treated
with mitomycin C could maintain cmES cells for 1 week;
thereafter, they showed decreased viability and maintenance
ability. To investigate whether residual MEFs were diluted
during cmAF expansion, we performed immunohistochemical
analysis for human nuclear antigen (Chen et al., 2008) on
cultures of cmAF cells. We found no human nuclear antigen-
negative cells (residual MEFs) by fluorescent microscopy
(Fig. 1d), which meant that the MEFs had been eliminated
during the three passages. The mitomycin C-treated and
untreated cmAF cells were successfully stored in the long-term
using slow-freezing methods. The viability of the recavered
CmAF cells was typically 80 to 90%.

We prepared consecutive batches of cmAF cells from cmES
cells that had been cultured on cmAF cells, and maintained the
cmeES cells in this system for more than 6 months. The cmES cells
cultured on cmAF cells for 6 months expressed Oct-3/4, Nanog,
SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 (Fig. 2a). We also
confirmed that the cmES cells possessed alkaline phosphatase
activity, which is a typical feature of pluripotent stem cells
(Fig. 2a). Cytogenetic analysis of the cmES cells that were long-
term-cultured on cmAF cells revealed that they retained the
normal karyotype of 46XX (Fig. 2b).

To investigate the differentiation ability of the cmES cells
cultured on cmAF cells, we induced cardiogenic and neurogenic
differentiation. The cmES cells differentiated into cardiomyo-
cytes via embryoid body formation (Fig. 3a}. We partially
dispersed the EBs and attached them to fibronectin-coated
dishes. Immunohistochemical analysis revealed that the EBs
expressed Nkx2.5 and sarcomeric a-actinin, indicating that they
were cardiomyocytes (Fig. 3b, left panel). We induced
neurogenic differentiation by serum withdrawal and retinoic
acid stimulation. Thus, we observed sprouting filamentous cells
from the attached core of the EBs (Fig. 3b, right panel). We
demonstrated immunofluorescence staining for il tubulin,
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culture dish are expanded. (b) Schematic representation of the preparation of cmAF cells and the culturing of cmES cells.
(c) Morphology of cmES cells cultured on either MEFs (left) or cmAF cells (right). (d) Absence of MEF contamination in the cmAF cells
(p3). The right panel shows MEFs used as a negative control in the immunohistochemical detection of human nuclear antigen (hNA).

Scale bars: (a and ¢) 500 pm; (d) 200 um.

which is a marker for mature neurons, and confirmed that some
of the cells expressed Bl tubulin.

Furthermore, to demonstrate the similarity of cmAF cellsand
MEFs, we analyzed the protein expression profiles of cmES cells
cultured on cmAF cells and MEFs, taking advantage of antibody
(protein) arrays that are applicable to a broad range of species
from rodents to humans. We used the Panorama antibody
microarray XP725 kit, which consists of 725 antibodies that have
been validated by the manufacturer for studies of mouse and
human samples. These antibodies represent families of proteins
known to be involved in a variety of important biological
pathways, including cell signaling, matrix processing, cell
growth, and apoptosis. We analyzed Cy3 labeling of the total
protein extracts from cmES cells cultured on cmAF cells or MEFs.
Each Cy3-labeled protein was bound to an individual antibody-
arrayed glass slide. The fluorescent signals were evaluated using
a scanner (Fig. 3c, left). Few proteins had greater than twofold
expression changes between cmES cells cultured on cmAF cells
and MEFs, indicating that cmES cells cultured on cmAF cells and
MEFs have similar protein expression profiles (Fig. 3c, right). We
also compared cmES cells cultured on cmAF cells with purified
common marmoset ES cell-derived cardiomyocytes as a control
experiment. Several differences in protein expression were
observed between the cmES cells and purified cardiomyocytes;
these included proteins reported to be expressed in cardiomyo-
cytes, such as histone deacetylase 2 (Lu and Yang, 2009),
estrogen receptor, and in pluripotent stem cells, such as
mitogen and stress activated kinase (Arthur and Cohen, 2000),
C-src tyrosine kinase, and Coffilin (Fig. 3d).

Next, we applied our feeder preparation method to hES and
hiPS cells (Fig. 4). The hAF and hiAF cells prepared from hES and
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hiPS cells were found to maintain hES and hiPS cells for more
than 2 months, respectively (Fig. 4a). To investigate whether
the MEFs were diluted during the expansion of hiAF cells, we
performed immunofluorescent staining for human nuclear
antigens with analysis by FACS. Almost all the prepared hiAF
cells were positive for human nuclear antigen (Fig. 4b). To
further investigate whether the MEFs were diluted during the
expansion of hAF cells, we used a stably GFP-expressing hES cell
line for hAF cell preparation. We randomly observed five visual
fields under the microscope. As a result, no GFP-negative cells
(MEFs) were found in the prepared hAF cells (Supplementary
Fig. 2). Taken together, these findings show that residual MEFs
are eliminated in hiAF cells. Next, we investigated the
pluripotency of hiPS cells maintained on hiAF cells by
immunofluorescent stainings including microscopic observation
(Supplementary Fig. 3) and FACS analysis of SSEA-4, TRA-1-81,
Nanog, and Oct-3/4, and confirmed that almost all the hiPS cells
expressed the four pluripotent markers (Fig. 4c). We also
performed DNA expression array analysis of the hES and hiPS
cells that were maintained long-term on hAF and hiAF cells,
respectively. Equivalent mRNA expression levels of the plur-
ipotency-related genes including oct-3/4, nanog, sox-2, lin28,
and ¢-myc were observed. Global gene expression profiles were
also quite similar in both cases (Fig. 4d, left). In contrast, two
comparative expression profiles between hES and hiPS cells and
their differentiating EBs indicated the marked existence of
differentially expressed genes (Fig. 4d, right). In addition, a
similar magnitude of difference to the results shown in the left
panel of Fig. 4d was seen when comparing global gene
expression profiles for hES and hiPS cells during different
passage numbers (Supplementary Fig. 4). All these results show
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Figure 2  Pluripotent marker expression and cytogenetic
analyses of cmES cells cultured on cmAF cells. (a) Immunoflu-
orescence staining for Oct-3/4, Nanog, SSEA-3, SSEA-4, TRA-1-
30, and TRA-1-80 of cmES cells cultured on cmAF cells for
6 months. Alkaline phosphatase activities of cmES cells cultured
on either cmAF cells (left panel) or MEFs (right panel).
(b) Cytogenetic analysis of cmES cells cultured on cmAF cells
for 6 months. Scale bar: (a) 300 um.

that our hAF and hiAF cells can maintain hES cells in an
undifferentiated state and in a condition quite similar to that
achieved with MEFs.
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Discussion

We have demonstrated the preparation of AF cells from three
different cell sources using a common method. These AF cells
succeeded in effectively maintaining their pluripotent stem
cells.

In this study, we used antibody array analyses to characterize
cmES cells. Quite similar protein expression profiles were
observed between cmES cells cultured on cmAF cells and
MEFs. However, in contrast, various differentially expressed
proteins were observed in purified cmES cell-derived cardio-
myocytes compared to cmES cells. These results validate the
usefulness of this system, and indicate a similar efficacy of cmAF
cells compared to MEFs for the maintenance of cmES cells. The
mRNA expression profiles produced by global gene array
analyses comparing hES cells cultured on hAF cells and MEFs
and hiPS cells cultured on hiAF cells and MEFs revealed an overall
high similarity in profiles; however, they were not perfectly
identical. The differential gene expression profiles comparing
different passage numbers of the same human pluripotent stem
cells maintained with the same feeder cells showed a similar
dispersion to those observed between human pluripotent stem
cells maintained with MEF and AF cells. These results suggest
that some allowable gene expression changes might spontane-
ously occur during long-term culture in pluripotent stem cells,
although the genes related with pluripotency must be
maintained.

Using our routine preparation of cmAF cells, approximately
1x108 cells can be obtained from a single 10-cm dish and three
cell passages. This number of cmAF cells is sufficient to prepare
100 10-cm dishes for cmES cell culturing. In contrast, 1x107
MEFs are typically obtained from a single mouse embryo under
our experimental conditions. Thus we believe that our AF system
has a comparable cell yield to that of the MEF system.

As potential therapies using personalized iPS cells become
possible, it may be reasonable to maintain an individual's hiPS
cell line using their AF cells, because there would be no concerns
of transfer of allogenic antigens or infectious viruses from the
feeder cells. Even in the case of mass production of therapeutic
cells from banked pluripotent stem cells, techniques have not
yet been established for maintaining pluripotent stem cells
under xenogeneic factor-free conditions at a reasonable cost.

Conclusions

The present study establishes an effective method for preparing
AF cells which is applicable to cmES, hES, and hiPS cells. We
believe that the results of the present study pave the way for the
reliable and economic production of alternative feeder cells for
pluripotent stem cells.

Materials and methods

Maintenance of undifferentiated cmES, hES cells,
and hiPS cells

The cmES cells (cell line No. 20; Central Institute of
Experimental Animals, Kawasaki, Japan), hES cells (khES-2;
Institute for Integrated Cell-Material Sciences, Kyoto Universi-
ty), and hiPS cells (G4; Center for iPS Cell Research and



