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Objectives This study sought to investigate the combination of transcatheter aortic valve implantation and a novel concept of stem cell-based, tissue-engineered heart valves (TEHV) comprising minimally invasive techniques for both cell harvest and valve delivery.
Background TAVI represents an emerging technology for the treatment of aortic valve disease. The
used bioprostheses are inherently prone to calciﬁc degeneration and recent evidence suggests even accelerated degeneration resulting from structural damage due to the crimping procedures. An autologous,
living heart valve prosthesis with regeneration and repair capacities would overcome such limitations.
Methods Within a 1-step intervention, trileaﬂet TEHV, generated from biodegradable synthetic scaffolds, were integrated into self-expanding nitinol stents, seeded with autologous bone marrow
mononuclear cells, crimped and transapically delivered into adult sheep (n ⫽ 12). Planned follow-up
was 4 h (Group A, n ⫽ 4), 48 h (Group B, n ⫽ 5) or 1 and 2 weeks (Group C, n ⫽ 3). TEHV functionality was assessed by ﬂuoroscopy, echocardiography, and computed tomography. Post-mortem analysis was performed using histology, extracellular matrix analysis, and electron microscopy.
Results Transapical implantation of TEHV was successful in all animals (n ⫽ 12). Follow-up was
complete in all animals of Group A, three-ﬁfths of Group B, and two-thirds of Group C (1 week, n ⫽
1; 2 weeks, n ⫽ 1). Fluoroscopy and echocardiography displayed TEHV functionality demonstrating
adequate leaﬂet mobility and coaptation. TEHV showed intact leaﬂet structures with well-deﬁned
cusps without signs of thrombus formation or structural damage. Histology and extracellular matrix
displayed a high cellularity indicative for an early cellular remodeling and in-growth after 2 weeks.
Conclusions We demonstrate the principal feasibility of a transcatheter, stem cell– based TEHV implantation into the aortic valve position within a 1-step intervention. Its long-term functionality proven, a
stem cell– based TEHV approach may represent a next-generation heart valve concept. (J Am Coll
Cardiol Intv 2012;5:874 – 83) © 2012 by the American College of Cardiology Foundation
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Figure 1. Stem Cell–Based, TEHV Implantation Into the Aortic Valve Position via a Transcatheter, 1-Step Interventional Approach
Bone marrow is aspirated from the sternum into a heparinized syringe (1) and bone marrow mononuclear cells (BMMC) are obtained by centrifuging the samples on a histopaque density gradient (2). The BMMC are seeded onto the stented heart valve scaffolds using ﬁbrin as a cell carrier (3). Thereafter, the tissueengineered heart valve (TEHV) is loaded into the delivery device by crimping the outer diameter down to 8 mm and transapically delivered (4). The mean
duration of the entire procedure, starting from cell harvest until TEHV-implantation takes approximately 2 h.

Transcatheter implantation of stem cell– based TEHV into the
aortic valve position. TEHV were transapically delivered

into the aortic valve position via a mini sternotomy (Fig. 1).
The valves were crimped and loaded onto a custom-made,
guidewire-inducing system (outer diameter ⫽ 8 mm). The

apex of the left ventricle was punctured after 5/0 Prolene
(Ethicon Inc., Norderstedt, Germany) pledged, purse-string
sutures were placed. TEHV were delivered into the aortic
valve position under fluoroscopic control (OEC 9900 Elite,
GE Healthcare, Fairfield, Connecticut). After the stepwise

Figure 2. Study Design
Animal distribution and follow-up (FU). *In Group C, 1 animal completed 1 week FU and 1 animal completed 2 weeks FU.
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Table 1. Pre-Operative Data and Angiographic Measurements
Body weight, kg

53.3 ⫾ 8.1

Diameter AA on pre-op TTE, mm

22.1 ⫾ 0.7

Diameter AA, mm

22.7 ⫾ 1.0

Diameter BCT, mm

15.2 ⫾ 1.4

Distance to BCT, mm

45.1 ⫾ 2.7

Diameter SP, mm

28.3 ⫾ 2.0

Diameter STJ, mm

24.5 ⫾ 1.4

Height of SP, mm

13.3 ⫾ 2.0

Values are mean ⫾ SD.
AA ⫽ aortic annulus; BCT ⫽ brachiocephalic trunc; pre-op ⫽ pre-operative; SP ⫽ sinus portion;
STJ ⫽ sinus-tubular junction; TTE ⫽ transthoracic echocardiography.

opening and positioning of the distal part of the stent in the
aortic root under fluoroscopic control, the proximal part of
the stent was instantly delivered. The appropriate placement
and functionality of the implanted valve was confirmed by
contrast angiography before the device was carefully removed and the purse-string sutures were tightened.
Assessment of stent positioning and TEHV functionality.

Stent positioning was controlled using angiography and computed tomography (Siemens, Munich, Germany). In vivo
functionality was evaluated using intraoperative, epicardial 2and 3-dimensional echocardiography (iE33W xMATRIX
Ultrasound, Philips Healthcare, Best, the Netherlands). TTE
was serially performed until the animal was sacrificed. Threedimensional computed tomography reconstruction and volume
rendering were performed using the OsiriX Image Processing
Software (OsiriX Mac OSX, version 3.8.1).
Post-operative care and follow-up. Anticoagulation was
done with aspirin 100 mg/day and a clinical checkup was
performed daily until sacrifice. The animals were sacrificed
applying potassium euthanization and exsanguination.
Thereafter, the hearts were harvested and the TEHV were
excised for in vitro analysis.
Histology and scanning electron microscopy. Tissue samples of the explanted TEHV were analyzed qualitatively
via histology and scanning electron microscopy (Online
Appendix).
Quantitative explant tissue analysis. Explanted TEHV were
lyophilized and analyzed by biochemical assays for total
deoxyribonucleic acid and glycosaminoglycans content
(Online Appendix).
Statistical analysis. Quantitative data are presented as mean ⫾
SD (SPSS, version 17.0, IBM, Somers, New York).
Results
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of Stro-4 was observed (Online Fig. 2A). Ovine mesenchymal stem cells were positive for CD29 (92.3 ⫾ 2.1%),
CD44 (24.3 ⫾ 11.9%), CD166 (73.0 ⫾ 14.2%), and Stro-4
(93.7 ⫾ 14.2%). In contrast, low expression of the hematopoietic lineage markers CD31 (1.3 ⫾ 0.9%) and CD34
(2.1 ⫾ 1.8%) was observed (Online Fig. 2B). The results of
the ovine mesenchymal stem cells phenotype were confirmed using immunofluorescence (Online Fig. 2C). Ovine
mesenchymal stem cells displayed a characteristic spindleshaped fibroblastic morphology (Online Fig. 2D). Their
differentiation potential was demonstrated by inducing cells
to specific lineages: adipogenic; osteogenic; and chondrogenic (Online Fig. 2D).
Transcatheter aortic valve implantation of stem cell–based TEHV.
DELIVERY, POSITIONING, AND INTRAOPERATIVE COMPLICATIONS. Transcatheter aortic valve implantation of stem
cell– based TEHV could be performed successfully in all
animals (n ⫽ 12) (Fig. 3, Online Video 1). The aortic root
was visualized (Fig. 3A) before the loaded delivery device
was inserted and positioned (Fig. 3B). Under instant fluoroscopic control, the TEHV was stepwise delivered beginning with the deployment of the distal part (Figs. 3C and 3D)
followed by the proximal part (Fig. 3E). Immediately after
full deployment, coronary perfusion (Fig. 3F) and valve
functionality was confirmed in the fluoroscopy (Fig. 3G).
The animals remained hemodynamically stable during the
entire procedure. Device removal was uneventful and no
major complications, such as bleeding or cardiac arrhythmia occurred. As on fluoroscopy (Figs. 3A to 3G,
Online Video 1) and as confirmed on computed tomography (Online Figs. 3A to 3G), TEHV could be successfully
placed into the aortic valve position, thereby fully excluding
the native leaflets while not compromising the coronary
perfusion (Fig. 3D to 3G, Online Video 1). In 1 animal of
Group B the TEHV appeared to be placed too proximal
into the left ventricular outflow tract. Consecutively, after a
few hours, it further migrated into the left ventricle and the
animal was sacrificed due to beginning acute left heart
failure. Another animal of Group B had to be terminated
after successful delivery due to severe valvular leaflet dysfunction displaying severe central regurgitation immediately
after implantation.
The mean duration from cell harvest until TEHV loading
was 64 ⫾ 8 min and the mean crimping time until
transapical delivery was 12 ⫾ 6 min. The mean duration of
the entire procedure, starting from cell harvest until TEHV
implantation was 109 ⫾ 14 min (Table 2).

Performance of TEHV and acute echocardiography ﬁndings.
Cell isolation, characterization, and preparation of TEHV. Ovine

BMMC were evaluated by flow cytometric analysis. Surface
marker expression of CD29 (59.0 ⫾ 7.0%) and CD44
(61.0 ⫾ 16.7%) was detected. Less than 4% of the cells
were positive for CD31 (3.7 ⫾ 1.7%), CD34
(3.7 ⫾ 1.0%), and CD166 (3.5 ⫾ 4.4%) and no expression

Acute TEHV functionality and mobility was controlled via
fluoroscopy (Fig. 3G) and epicardial echocardiography.
Except for the 2 terminated animals, in all other study
animals (n ⫽ 10), a sufficient opening and closing pattern of
the TEHV was observed and the loading pressure of the
systemic circulation was well tolerated (Figs. 4A and 4B,

878

Emmert et al.
Stem Cell–Based TAVI

JACC: CARDIOVASCULAR INTERVENTIONS, VOL. 5, NO. 8, 2012
AUGUST 2012:874 – 83

Figure 3. Fluoroscopy-Guided Transapical Delivery of Stem Cell–Based TEHV Into the Aortic Valve Position
The aortic root was visualized (A) before the loaded delivery device was inserted and positioned (B). Under instant ﬂuoroscopic control, the tissue-engineered heart
valve (TEHV) was stepwise delivered beginning with the deployment of the distal part (C and D) followed by the proximal part (E). Immediately after full deployment,
coronary perfusion (F) and valve functionality (G) was conﬁrmed. The animals remained hemodynamically stable during the entire procedure and the TEHV could be
successfully placed into the aortic valve position, thereby fully excluding the native leaﬂets while not compromising the coronary perfusion. See Online Video 1.

Online Video 2A). TEHV functionality was confirmed in
the 2-dimensional color mode and the 3-dimensional
mode, demonstrating good leaflet mobility and coaptation (Figs. 4C to 4G, Online Videos 2B and 2C). The
mean transvalvular gradient was 8.4 ⫾ 2.0 mm Hg and
the mean effective orifice area was 1.4 ⫾ 0.1 cm2 (Table 2).
Only 1 animal displayed a mild mitral regurgitation, and
none of the animals showed central aortic regurgitation.
In contrast, in 40% of the animals, an at least mild
paravalvular leakage was present (Table 2), which was
related to the stent shape and design, but not to the
TEHV itself.

Early post-operative period, complications, and follow-up.

Except the 2 terminated animals, all other animals of Group B
(3 of 5) and Group C (3 of 3) tolerated the procedure very
well without any hemodynamic compromise and could be
awakened immediately. Despite of an uneventful TEHV
delivery and an excellent TEHV functionality without any
signs of regurgitation or paravalvular leakage, 1 animal of
Group C died due to acute stent dislocation. All other study
animals were monitored regularly and received regular doses
of aspirin until the planned harvest.
The 2 remaining animals of Group C (planned to be
followed-up for 1 and 2 weeks) displayed a sufficient TEHV in
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Table 2. Intraoperative Data and Echocardiography Measurements
After Implantation
Duration from cell harvest to TEHV loading, min

64 ⫾ 8

Crimping time until TEHV delivery, min

12 ⫾ 6
109 ⫾ 14

Duration of the entire 1-step procedure, min
TVG mean, mm Hg

8.4 ⫾ 2.0

TVG peak, mm Hg

16.9 ⫾ 5.8

EOA, cm2
Central aortic regurgitation
Paravalvular leakage*

1.4 ⫾ 0.1
None
2.1 ⫾ 1.7

Regurgitation of mitral valve*

None†

Leaﬂet motion

Normal

Cardiac output, l/min

5.7 ⫾ 1.2

Values are mean ⫾ SD. *Regurgitation/paravalvular leakage grading: 0 ⫽ none; 1 ⫽ trivial; 2 ⫽
mild; 3 ⫽ moderate; 4 ⫽ severe. †Except 1 animal displaying mitral regurgitation grade 2.
EOA ⫽ effective orifice area; TEHV ⫽ tissue-engineered heart valve; TVG ⫽ transvalvular
gradient.

vivo functionality on TTE and transesophageal echocardiography at 1 week with a mean transvalvular gradient of 8.0 ⫾ 1.7
mm Hg and a mean effective orifice area of 1.5 ⫾ 0.1 cm2.
Therefore, it was decided to harvest 1 animal at 1 week
and to keep the last remaining animal for an additional
week to gain further insight into the early remodeling
process. The remaining animal was clinically followed-up
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daily and the pre-final TTE control on day 10 before the
planned harvest displayed sufficient TEHV performance.
While preparing for the final assessment and harvest, the
animal suddenly decompensated hours before the planned
sacrifice at day 14 due to a sudden stent dislocation.
Explant macroscopy. Except the animal that had to be terminated due to sudden valve dysfunction, all other TEHV (n ⫽
11) displayed intact leaflet structures with well-defined cusps
and sufficient coaptation, without signs of thrombus formation,
thickening, shrinking, or structural damage (Figs. 5A and 5B).
The TEHV harvested at 1 and 2 weeks after implantation
appeared to be well integrated into the surrounding tissue by
complete tissue covering of the stent frame (Fig. 5C). The
TEHV explanted at 2 weeks showed tissue formation and
coaptation in 2 fully intact leaflets. The third leaflet (noncoronary) displayed a thin fissure that we assume was
possibly related to the harmful explantation procedure as the
stent was completely entrapped in the mitral valve and
adequate trileaflet TEHV functionality was confirmed on
TTE 3 days before.
Explant microscopy. After explantation, harvested tissues
were analyzed using scanning electron microscopy, histology, and extracellular matrix analysis. In scanning electron
microscopy, acute TEHV explants revealed a surface with

Figure 4. Performance of TEHV and Echocardiography Findings
Tissue-engineered heart valve (TEHV) functionality and mobility was controlled via epicardial and transesophageal echocardiography. TEHV tolerated the loading
pressure of the systemic circulation adequately and demonstrated a sufﬁcient coaptation (A, B, and insets). TEHV functionality and absence of regurgitation was
conﬁrmed in the 2-dimensional color mode (C, D, and insets) and in the 3-dimensional mode demonstrating adequate leaﬂet mobility (E to G, and insets). See
Online Videos 2A, 2B, and 2C.

