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Intrapericardial
procedures for cardiac
regeneration by stem cells
Need for minimal invasive access
(AttachLifter) to the normal pericardial cavity

In the overloaded heart, the function
of cardiomyocytes is impaired by disturbed gene expression as exemplified
by inadequate SERCA2 expression [49,
51] or deficiency of highly unsaturated fatty acids [50]. As a consequence,
neuroendocrine activation results in
remodeling of the extracellular matrix
which further impairs contractile function and coronary blood supply. Moreover, cardiomyocytes are lost by apoptosis [3] or necrosis and are replaced
by collagen, i.e., replacement fibrosis.
While the extent of collagen deposition
can be reduced by interfering with fibrosis-promoting signals of angiotensin
II or aldosterone, little progress has been
made in preventing loss of cardiomyocytes or by promoting cardiac regeneration. Since adult stem cell transplantation has until now not met the ultimate
goal of replacing fibrous tissue with viable myocardium in patients, the question arises whether signals required for
adequate stem cell homing and differentiation are not recruited or are not present at adequate levels. In the treatment
of pericardial diseases [29, 32], the pericardial sac is routinely used as a drug
depot; thus, the question whether cells
or agents to promote cardiac regeneration can be administered to the pericar-
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dial space is addressed. Since the normal pericardial space cannot safely be
accessed with the conventional needle
procedure which requires an adequate
separation of pericardium from epicardium [32], novel tools that greatly reduce the risk of pericardial tamponade
are described. It is proposed that these
tools (“AttachLifter” combined with the
principle of the “Attacher”) can be used
to administer extracardiac stem cells
and agents for enhancing their homing.
In addition, factors for activating resident cardiac stem cells in patients with
small or no pericardial effusion could be
administered.

Extracardiac stem cells:
intrapericardial administration
Autologous adult mesenchymal stem
cells from bone marrow have been used
more often than muscle stem cells and
data on safety have been available long
before they were implanted intracardially. Bone marrow cells or blood progenitor cells are routinely given in patients after chemoradiotherapy and adverse events for the cardiovascular system have been examined. Breast cancer
patients with impaired left ventricular
function do not have higher complica-

tions after chemotherapy and stem cell
rescue [46] and the procedure is generally considered to be safe. Case reports
indicate, however, that arrhythmias and
infiltration of cytotoxic T cells and cytokine release can occur [35, 42]. One
could, thus, have expected that peripherally administered bone marrow stem
cells migrate into injured myocardium
and initiate tissue repair. One might
conclude that chemotherapy interfered
with cardiac stem cell transplantation
or that the cardiac endpoints did not reflect the actual benefits of the administered stem cells. A more likely explanation is that the number of stem cells actually reaching the heart is low.
It was first shown by Strauer et al.
[56] that selective intracoronary delivery of autologous bone marrow cells is
possible and can improve left ventricular function in patients after myocardial infarction. In heart failure patients,
mortality was also reduced [57]. Stem
cell transplantation can also be achieved
through intramyocardial (transepicardial, transendocardial) and transcoronary–venous injection. Although a
greater number of stem cells reach the
target area, benefits as expected from
early animal experiments [11, 33, 36, 37,
38, 58] were not observed. It could be

Abstract · Zusammenfassung
argued that instead of acute administration to the myocardium, a more sustained delivery of stem cells in a larger
number provides greater benefits.
Of particular interest in this respect
is the pericardial space which in humans contains only a few milliliters of
fluid with a low turnover rate. While
the pericardial space is used routinely for administration of low molecular compounds in the treatment of patients with pericarditis [32] and various
aspects of intrapericardial drug delivery are well examined in animals [21], it
has to our knowledge not been used in
a clinical trial for the administration of
extracardiac stem cells. While fibroblast
growth factor (mol. wt. 18 kDa) can be
detected in the myocardium after intrapericardial administration, large proteins do not appear to reach the myocardium directly [16]. One might, thus,
argue that there may also be barriers for
stem cells. This, however, does not appear to be the case. Cell adhesion could
be followed by diapedesis across the endothelial tight junctions and basement
membrane allowing movement into the
extracellular matrix [22].
Cardiac progenitor-like cells expanded in culture were infused into the pericardial sac of mice. The cells that trafficked into the myocardium retained
their immature morphology, but were
capable of undergoing injury-induced
differentiation [55]. It was suggested
that pericardial delivery or “pericardiomyoplasty” may also be clinically useful as a delivery strategy for cells to the
heart [55]. In addition, it was shown in
pigs that intrapericardially delivered autologous bone marrow cells can be detected in the myocardium [13]. In this
experiment, the pericardial space was
accessed via the subxiphoid approach
with an epidural needle. Under fluoroscopic guidance, the needle was advanced past the parietal pericardium, whereby the position of the needle
tip was confirmed by infusion of contrast medium. Bone marrow mononuclear cells stained with Hoechst 33342
were injected. In infarcted and noninfarcted pigs, bone marrow mononuclear cells were detected in the myocardium. Myocardial homing was more pro-
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Intrapericardial procedures for cardiac regeneration
by stem cells. Need for minimal invasive access
(AttachLifter) to the normal pericardial cavity
Abstract
In view of the only modest functional and anatomical improvements achieved by bone
marrow-derived cell transplantation in patients with heart disease, the question was
addressed whether the intracoronary, transcoronary–venous, and intramyocardial delivery routes are adequate. It is hypothesized
that an intrapericardial delivery of stem cells
or activators of resident cardiac stem cells increases therapeutic benefits. From such an intrapericardial depot, cells or modulating factors, such as thymosin β4 or Ac-SDKP, are expected to reach the myocardium with sustained kinetics. Novel tools which provide access to the pericardial space even in the absence of pericardial effusion are, therefore,
described. When the pericardium becomes
attached to the suction head (monitored by
an increase in negative pressure), the peri-

cardium is lifted from the epicardium (“AttachLifter”). The opening of the suction head
(“Attacher”) is narrowed by flexible clamps
which grab the tissue and improve the vacuum seal in the case of uneven tissue. A ridge,
i.e.,“needle guidance”, on the suction head excludes injury to the epicardium, whereby the
pericardium is punctured by a needle which
resides outside the suction head. A fiberscope can be used to inspect the pericardium
prior to puncture. Based on these procedures,
the role of the pericardial space and the presence of pericardial effusion in cardiac regeneration can be assessed.
Keywords
Heart · Stem cells · Progenitor cells ·
Pericardium · AttachLifter

Intraperikardiale Verfahren zur kardialen Regeneration
durch Stammzellen. Notwendigkeit eines minimal-invasiven
Zugangs (AttachLifter) in den normalen Herzbeutel
Zusammenfassung
Angesichts der nur moderaten funktionellen und anatomischen Verbesserungen durch
eine Stammzelltransplantation bei Herzerkrankungen stellt sich die Frage, ob die intrakoronaren, transkoronar-venösen und intramyokardialen Applikationswege ausreichen.
Wir postulieren, dass eine intraperikardiale Applikation von Stammzellen bzw. Aktivatoren der residenten kardialen Stammzellen den therapeutischen Nutzen erhöht. Aus
dem intraperikardialen Depot erreichen Zellen bzw. modulierende Faktoren (z. B. Thymosin β4, AC-SDKP) das Myokard in einer protrahierten Kinetik. Daher werden neue Instrumente beschrieben, die den Zugang in
den Herzbeutel auch in Abwesenheit eines
Perikardergusses ermöglichen. Das Perikard
wird an den Ansaugkopf eines solchen Instruments (AttachLifter) angeheftet, die Anheftung wird überwacht durch einen Anstieg

des Unterdrucks. Dabei wird Perikard vom
Epikard angehoben („Lifter“), die Öffnung
des Ansaugkopfes („Attacher“) wird durch
flexible Klemmen eingeengt, die das Gewebe
festhalten und einen Vakuumverlust bei unebenem Gewebe verhindern. Eine geeignete
Nadelführung am Ansaugkopf verhindert
eine Verletzung des Epikards während der
Perikardpunktion (Nadel befindet sich außerhalb des Ansaugkopfes). Zur Beurteilung der
Perikardoberfläche kann vor der Punktion
eine Fiberglasoptik (Perikardioskop) eingesetzt werden. Basierend auf diesen Verfahren
kann die Beschaffenheit des Perikards mit oder ohne Perikarderguss bei der kardialen Regeneration bewertet werden.
Schlüsselwörter
Herz · Stammzellen · Progenitorzellen ·
Perikard · AttachLifter
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Large pericardial effusion

AttachLifter

Fig. 1 8 Large pericardial effusion (bright area) with a typical ‘swinging heart’ as assessed by cardiac
magnetic resonance imaging. Schematically outlined is a subxiphoid approach for pericardiocentesis
with the AttachLifter

nounced in the infarction group than in
animals without infarction. The largest
penetration of bone marrow mononuclear cells in the myocardium occurred
in the infarcted area, whereby the cells
adhered to wall epithelia of small vessels. Small amounts of the cells were
seen in the epicardium and myocardium
in control animals. While the needle approach can apparently be used in experimental animals in the absence of pericardial effusion, it is not justified in patients when the pericardium is not adequately separated from the epicardium.
Tools beyond the conventional needle
are, therefore, required to minimize the
risk of pericardial tamponade. In addition to administration of stem cells, the
pericardial space also provides a route
to modulate the activity of resident cardiac progenitor cells, whereby effects of
pericardial effusion [27, 39] need to be
examined.

Cardiac progenitor cells
and the pericardium
Recent evidence indicates that the pericardium or the pericardial fluid provides signals for activation and gene expression of cardiac progenitor cells associated with the epicardium. This finding might not be unexpected when considering the role of the pericardium during early development of the heart. Thus,
embryonic progenitor cells of the epicar-
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dium are derived from the proepicardial
serosa, i.e., an extracardiac source. The
proepicardial serosa is part of the pericardial wall which covers the early heart
and together with the parietal pericardium contributes to the pericardial deflections. Via pericardial villi, cells (progenitor cells, vascular cells, and fibroblasts)
are transferred to the heart [34]. During
embryonic life, cardiomyocytes originate from epicardium and interstitial
stromal cells originate from mesenchymal epicardium-derived cells. The epicardium maintains unique properties in
adults. For example, epicardium-derived
cells enhance cardiomyocyte proliferation, cellular alignment, and contraction, as well as the expression and cellular distribution of proteins involved in
myocardial maturation [62].
When considered a part of the pericardium, the epicardium is the inner layer (visceral pericardium) of the pericardium which not only produces pericardial fluid for the movement of the inner and outer pericardial layers but has
crucial influences on cardiac progenitor cells [23]. It was shown that the pericardial fluid mediates reactivation of the
embryonic program in epicardial cells
after myocardial infarction. These cells
expressed c-kit, an antigen which identifies a stem cell population within the
adult myocardium capable of differentiating toward the vascular and myocardial lineages.

It was also observed that an intact
pericardial sac was associated with a
thicker infarcted LV wall containing foci of regeneration and partially prevented left ventricular function deterioration [24]. Since the murine pericardium
comprises only a thin mesothelial cell
layer, mechanical influences of the parietal pericardium are unlikely. It was concluded that other factors, e.g., pericardial fluid accumulation, mediate epicardial c-kit+ cell activation [24]. In gene expression studies of epicardial cells from
infarcted hearts with or without an intact pericardial cavity, the epicardial expression of genes involved in tissue repair and the embryonic epicardial-related genes Tbx18 (T-box transcription
factor 18), WT1 (Wilms Tumor 1), and
RALDH2 (retinaldehyde dehydrogenase
2) were enhanced when the pericardial
sac was intact.

Why is cardiac regeneration
not effective as expected?
The extracellular defect hypothesis
One might hypothesize that the currently administered extracardiac adult or fetal stem cells [10] have an impaired potential of restoring the complex architecture of the myocardium. It might, however, also be that pathways, which are
needed for the physiological regeneration or the continued replacement of senescent cells [17], are disturbed by fibrosis or ischemia. This physiological regeneration appears to involve a small pool of
resident cardiac stem cells [59, 63]. The
replicating cardiac stem cells give rise to
one daughter and one daughter committed cell. By this mechanism, the pool of
primitive cardiac stem cells is preserved,
and a cardiomyocyte progeny is generated together with endothelial and smooth
muscle cells [59]. The cells were found in
specific sites under the epicardium and
close to the origin of the coronary arteries and aorta [43]. They were grouped
in niches which also involve supporting
cells, such as mature cardiomyocytes and
fibroblasts, and connections exist to the
extracellular matrix.
It has been pointed out that in injuries affecting large areas as in myocardi-

Flexible clamp
Ridge

Minimal separation

Pericardium
Epicardium
Separation

Fig. 2 7 Pericardial cavities with minimal (top left),
moderate (middle left), or
large (bottom left) separation of the pericardium
from the epicardium. The
separation by effusion is
mimicked in the AttachLifter procedure by lifting the
pericardium from the epicardium after pericardial attachment. A ridge serves as
needle guidance which excludes injury to the ventricular wall during pericardial
puncture

al infarction, the network of interstitial
Cajal-like cells (ICLCs) is broken [43].
It was suggested that the ICLCs network
is the scaffold capable of guiding differentiating stem cells irrespective of their
origin. ICLCs could also secrete extracellular matrix molecules functioning as
signaling routes. Cardiomyocytes with
immature features show a variable degree of immaturity, resembling mesenchymal cells, ICLCs, or mature cardiomyocytes. Immature cardiomyocytes
also exhibited spatial relationships with
ICLCs.

Hypothesis of an imbalance
between the inhibition
and activation signals
The inadequate mobilization of resident progenitor cells for their differentiation into cardiomyocytes and vascular
smooth muscle cells could be overcome
not only by recruiting activation signals
but also by interfering with inhibition
signals. For hematopoiesis, a number of
inhibitory molecules have been identified, including cytokines and peptides,

Vacuum attachment
90° turn to the right
Separation
Pericardial puncture (despite
no effusion present)

Moderate separation

Needle

Large separation

Separation

such as Ac-SDKP (seraspenide) [14].
Ac-SDKP inhibits the proliferation of
hematopoietic stem cells and committed
progenitors [19]. Ac-SDKP, a tetrapeptide N-acetyl-Ser-Asp-Lys-Pro, is degraded by angiotensin I-converting enzyme (ACE) and is increased after ACE
inhibition [44]. As outlined previously
[48], ACE inhibition might also modulate cardiac stem cell regeneration by
increasing the level of Ac-SDKP. In addition to putative effects on stem cells,
Ac-SDKP affects angiotensin pathways.
Ac-SDKP has an inhibitory action on
ACE, thereby, reducing the formation
of angiotensin II [12]. The contractile
response of the rat aorta to angiotensin
I was reduced by Ac-SDKP arising from
a lower angiotensin II formation [12]. In
accordance with this observation would
be findings that Ac-SDKP exhibits antifibrotic effects. In rats with renal hypertension, Ac-SDKP did not interfere with
left ventricular hypertrophy but blunted
the increase in proliferating cell nuclear antigen- and monocyte/macrophagepositive cells [45]; the increase in interstitial collagen fraction was also pre-

vented by Ac-SDKP. In renin-independent hypertension (aldosterone salt),
Ac-SDKP markedly prevented cardiac
and renal fibrosis [41]. Ac-SDKP also
has direct effects on fibroblasts. Ac-SDKP suppressed differentiation of cardiac fibroblasts into myofibroblasts, probably by inhibiting the TGF-beta/Smad/
ERK1/2 signaling pathway [40].
Ac-SDKP is derived from the 43 amino acid peptide thymosin β4 (Tβ4)
which has cardioprotective properties in
acute myocardial infarction [47]. It was
proposed that some of the therapeutically beneficial effects of Tβ4 may be
due to action of Ac-SDKP [47]. Since intrapericardially administered fibroblast
growth factor of mol. wt. 18 kDa was
detected in myocardium, the extremely
water-soluble polypeptide Tβ4 (mol. wt.
5 kDa) and Ac-SDKP (mol. wt. 487 Da)
are also expected to reach the myocardium directly. The further examination
of Ac-SDKP with respect to modulatory influences of cardiac stem cells is also
of great interest since Tβ4 is not only involved in angiogenesis in the developing
embryo but also in the adult heart [54].
Herz 7 · 2010
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(a) attached

(b) 90° turned („lifting“)

(c) needle advanced

(e) fiberscope

(d) punctured

AttachLifter

Suction head

Needle guidance ridge

Flexible clamp

Attachment monitored

Needle guidewire

Vacuum line
Attachment control

Attachment displayed

Fiberscope

Suction head

Vacuum pump on
Pericardium
Flexible clamps
Not attached
Comparator

in suction head

Increase in vacuum

attached (a)

No clamps
Steps (b), (c) and (d)

Fig. 3 8 Steps involved in pericardial puncture by the AttachLifter and monitoring of pericardial attachment. In the tool on
the upper right (e), a fiberscope (11284A Vascular-Fiberscope, Karl-Storz Endoscopy Inc., Tuttlingen, Germany) was used to
inspect the tissue before puncturing the pericardium. Tissue attachment is monitored by an increase in negative pressure
(vacuum) which is displayed by optical and acoustic means. Tissue attachment is greatly improved by flexible clamps covering the opening of the suction head

Thus, Tβ4 stimulated outgrowth of epicardial cells which display an epithelial
morphology and are positive for epicardial-specific transcription factor, epicardin/TCF21, and for proteins associated with embryonic epicardium, such
as WT-1, TBX18, and GATA-5 (binds
to the DNA sequence “GATA”). Using
Tβ4 to stimulate quiescent adult epicardium-derived progenitor cells, up to
3000 cells were observed as outgrowth
from heart pieces [53]. In our ongoing
work, the influence of intrapericardially administered stem cells/Ac-SDKP in
rats with or without pericardial inflammation is being examined.
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New tools for intrapericardial
administration of stem
cells or activators
For delivering extracardiac stem cells
and/or activators of resident cardiac
stem cells, we addressed the question
whether minimally invasive access to
the pericardial space can be achieved. It
is timely to invest and strengthen this
line of minimally invasive access to the
pericardial sac for several reasons: extensive experience has been accumulated with respect to conventional access to
the pericardial sac using a Tuohy needle.
The pericardial sac provides the unique
opportunity of delivering a drug bolus,
thereby, bypassing unwanted system-

ic effects [26, 28, 31, 52]. This requires,
however, pericardial effusion which
separates the pericardium from the epicardium and, thus, prevents puncture of
the myocardium leading to cardiac tamponade. The needle technique is, therefore, not applicable to patients with cardiac overload but normal pericardium. Extensive experience has also been
gathered during testing of the PerDUCER tool [25], which differs in crucial aspects from the newly developed AttachLifter.
The PerDUCER involves manual
suction with a syringe for attaching the
pericardium to the suction head prior to
puncture with a needle. In a study performed with the PerDUCER, success-

Intrapericardial delivery of activators?
Activators in pericardial effusion?
Extracardiac stem cells
Intrapericardial delivery

Dilatation (loss of
cardiomyocytes,
inadequate
regeneration):
increase in wall stress

Resident cardiac
stem cells

Stem cells
Cardiac degeneration

σ=
Cardiac overload

Dilatation
Ischemia

P
Vlum + Vmyo
Vlum

Wall stress increase

2

3

−1

Fibrosis

Myocyte growth
Fetal phenotype
ECM remodeling

Reduced contractility

Norepinephrine
Ang II, Aldosterone

Fig. 4 8 Schematic of a vicious cycle typically operating during progression
of heart failure. Since current therapy can often not prevent cardiac degeneration, procedures which can induce regeneration involving extracardiac
stem cells or resident cardiac stem cells are required. Emphasis is placed on
the intrapericardial administration of stem cells and/or activators of resident
cardiac stem cells. Ang II angiotensin II

ro

P

Vlum

Vlum+ Vmyo
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t
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Fig. 5 8 Short-axis cardiac view obtained by cardiac magnetic resonance
imaging (top). Thick-walled sphere model of the left ventricle used for calculating LV wall stress based on myocardial wall volume (Vmyo), cavity volume (Vlum), and pressure (P) (bottom). Intraventricular pressure leads to radial and tangential (t) distending forces (F) on the myocardium which means
strain of an arbitrary volume element (symbolized between red lines). Influenced by active and passive mechanical properties, wall stress (σ) is defined
as ratio of orthogonal forces acting on a cross-section area (A) of the ventricular wall. ri inner radius, ro outer radius. For details, see Alter et al. [6]

ful access to the pericardial space was
achieved in 2 out of 6 patients [30, 31].
A reason for the failure could be that
the attachment to the pericardium was
achieved only by manual suction with a
syringe and that parallel to the suction,
the needle had to be advanced for puncturing the attached pericardium. Any
loss of attachment is expected to result
in failure of pericardial puncture. Also
thickened pericardium would fill out
the suction head and the needle would,
thus, not enter the pericardial space.
We developed, therefore, the AttachLifter for accessing the pericardial space irrespective of the pericardial thickness and presence of pericardial effusion. The tool is used in the standard subxiphoid approach and the suction head becomes attached to the pericardium by vacuum in the suction head

(. Fig. 1). The rationale of the AttachLifter is to mimic by mechanical means
the separation of pericardium from epicardium seen in patients with pericardial effusion (. Fig. 2). Successful pericardial attachment results in an increased negative pressure which is monitored and displayed by various means
(thus, the term “Attacher”). A pressure
recording showing the increase in negative pressure upon attachment is given
in . Fig. 3. Contrary to the PerDUCER, the pericardium is punctured outside the suction head, whereby the pericardium is lifted away from the epicardium (therefore, the term AttachLifter).
In this approach (. Fig. 3), the suction
head has flexible clamps which grab the
tissue more effectively and also provide a
seal when a negative pressure is applied.
The suction head is turned by approx.

90° to the right and the needle which is
outside the vacuum channel, is pushed
forward into the “tent”, thereby entering
the pericardial space. A so-called “safety ridge” or needle guidance is present
which excludes injury to the epicardium. In case of markedly thickened tissue, the forwarded needle is left in the
tissue and the suction head is turned
further to the right and a stiff guidewire
is pushed through a guide tube (at a 90°
angle relative to the longitudinal suction
head) through the firmly attached pericardium into the pericardial space (not
shown). The tools for pericardial access
and navigation have been described
in detail in the patent applications
WO/2005/016157, WO/2007/062632, and
WO/2008/071367. The approach is not
only promising in the context of stem
cell implantation but also in the adminHerz 7 · 2010
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istration of nitric oxide donors, which
in swine reduce luminal narrowing after coronary angioplasty [9], or the intrapericardial infusion of n-3 highly unsaturated fatty acids for reducing malignant arrhythmias and infarct size [64].

of arrhythmogenesis. Thus, increased
myocardial stretch and neurohumoral changes associated with ventricular
dilatation predispose to ventricular arrhythmias, e.g., mediated by stretch-activated ion channels [15, 20, 60, 61].

Cardiac regeneration by stem
cells—focus on dilatation

Corresponding address

Although various regenerative mechanisms of stem cells in heart failure have
been implied [18], beneficial effects on
adverse chamber dilatation are still not
well understood. Thus, a meta-analysis including 999 patients in 18 trials showed an improvement of cardiac
function and regression of left ventricular (LV) dilatation following stem cell
therapy [1]. In addition to an increase
in LV ejection fraction, a decrease in
LV end-systolic volume and a trend for
a decrease in the LV end-diastolic volume were found. Thus, cardiac regeneration by stem cells occurs at various
levels of extracellular and cellular organization of the heart and is also expected to interfere with the vicious cycle involving neuroendocrine activation
(. Fig. 4).
Beyond regression of LV dilatation
per se, these effects would be crucial for
reduction of LV wall stress, which is supposed to be of major prognostic importance in dilative heart failure. LV wall
stress is predominantly determined by
LV volume, myocardial mass, and intraventricular pressure [4, 6]. A reduction
of LV volume leads to a decrease of wall
stress. Since wall stress cannot be measured directly, appropriate models have
been developed for its approximation.
Routinely, a thick-walled sphere model
based on LV measurements as derived
from cardiac magnetic resonance imaging can be used for obtaining LV wall
stress in patients ([6, 8], . Fig. 5). Increased wall stress is associated with a
release of B-type natriuretic peptide and
can, thus, also be used as a diagnostic
criterion in heart failure [7, 8]. Furthermore, a rise in wall stress is associated
with an altered autonomic tone as reflected by reduced heart rate variability
[2, 5]. Any effects of stem cells on dilatation should be seen also in the context
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