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Abstract

The long-term outcome of patients with single ventricles improved over time, but remains

poor compared to other congenital heart lesions with biventricular circulation. Main cause

for this unfavourable outcome is the unphysiological hemodynamic of the Fontan circulation,

such as subnormal systemic cardiac output and increased systemic-venous pressure. To

overcome this limitation, we are developing the concept of a contractile extracardiac Fon-

tan-tunnel. In this study, we evaluated the survival and structural development of a tissue-

engineered conduit under in vivo conditions. Engineered heart tissue was generated from

ventricular heart cells of neonatal Wistar rats, fibrinogen and thrombin. Engineered heart tis-

sues started beating around day 8 in vitro and remained contractile in vivo throughout the

experiment. After culture for 14 days constructs were implanted around the right superior

vena cava of Wistar rats (n = 12). Animals were euthanized after 7, 14, 28 and 56 days post-

operatively. Hematoxylin and eosin staining showed cardiomyocytes arranged in thick bun-

dles within the engineered heart tissue-conduit. Immunostaining of sarcomeric actin, alpha-

actin and connexin 43 revealed a well -developed cardiac myocyte structure. Magnetic reso-

nance imaging (d14, n = 3) revealed no constriction or stenosis of the superior vena cava by

the constructs. Engineered heart tissues survive and contract for extended periods after

implantation around the superior vena cava of rats. Generation of larger constructs is war-

ranted to evaluate functional benefits of a contractile Fontan-conduit.
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Introduction

The Fontan principle is the only surgical treatment for patients with single ventricle anatomy

aiming at separation of systemic and pulmonary circulation[1]. Since Francis Fontan pub-

lished his technique in 1971 many surgical modifications have been applied[2, 3]. All these

modifications were based on the experience that Fontan patients have a relevant morbidity

and mortality in comparison to patients after biventricular repair[4–6]. Even in the modern

era freedom from death or transplantation in a recent study was 87%, 83% and 70% after 15,

20 and 25 years, respectively[7]. The key problem is, named by de Leval, the “Fontan paradox”,

i.e. a caval hypertension and pulmonary hypotension[8]. Due to the absent subpulmonary ven-

tricle there is no significant driving force and systemic venous pressure is immediately related

to the pulmonary artery pressure. Increased systemic venous pressure leads to the typical

endorgan sequelae of hepatic cirrhosis, protein losing enteropathy, ascites and plastic bronchi-

tis. To overcome this, creation of a valved subpulmonary ventricle with the principles of tissue

engineering may be a valuable option. Our group aims at a valved „neo-ventricle”from engi-

neered heart tissue (EHT) as an extracardiac pumping chamber (Fig 1). Towards this goal, as a

first step we histologically evaluated the survival, sarcomeric integrity and vascularization of

cardiomyocytes after implantation around the superior caval vein in a rat model.

Fig 1. The concept of a subpulmonary „neo-ventricle”from engineered heart tissue. A: Extracardiac tunnel for the treatment of children with

univentricular hearts. Commonly, a non-contractile GoreTex-conduit is used to bypass blood from the inferior caval vein to the right pulmonary artery. B: Our

group aims for a contractile, valved conduit made from engineered heart tissue (EHT) to propel blood actively through the lungs and avoid endorgan damage

in the long-term.

doi:10.1371/journal.pone.0166963.g001
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Materials and Methods

All procedures were approved by the local animal protection authority (BGV of the Freie und

Hansestadt Hamburg: #101/13) and conformed to the Guide for the Care and Use of Laboratory
Animals (NIH publication 86–23, revised 1996).

Cell Harvest, Culture and Generation of Contractile Tissue Grafts

We generated engineered heart tissues from freshly isolated neonatal (day 0–3) rat heart cells.

Single EHT-units were generated and cultured between flexible silicone posts in 24-well for-

mat as described previously in detail[9]. In short, fresh ventricular heart cells were mixed with

fibrinogen, thrombin and medium. Subsequently, the mastermix (100 μl, containing 4.1x105

cells) was casted in 12 x 3 x 3 mm molds. EHTs were implanted after day 14, prior to implanta-

tion EHTs were incubated with DAPI (1 μg/ml, Molecular Probes, Waltham, USA).

Implantation and Follow-Up

Deeply anesthetized (3,5% sevoflurane, Baxter, Unterschleißheim, Germany) male Wistar rats

(n = 12, 300–350 g, Charles River, Sulzfeld, Germany) were placed on a heated operation table

(37.5˚C). The chest was opened via right thoracotomy in the 3rd intercostal space and the ribs

were spread with a small animal retractor. Subsequently, the SVC was dissected. In each ani-

mal two EHT strips (6–8 mm length, 1 mm diameter) were wrapped around the SVC with

approximately 1–2 mm distance to the right atrium. The ends were sutured using a single

stitch 8–0 nylon (Prolene, Ethicon, Germany). Buprenorphine hydrochloride (0.1 mg/kg,

intramuscular injection) was applied during surgery and for additional three days. For immu-

nosuppression, cyclosporine A (5 mg/kg) and methylprednisolone (2 mg/kg) were adminis-

tered daily by subcutaneous injection with a 27 G canula (BD, Franklin Lakes, USA). Animals

(n = 3 each) were sacrificed after 7, 14, 28 and 56 days, respectively. In addition, three animals

for MRI analysis (d14) underwent sham operation without implantation of a tissue graft.

Morphological Analysis

“Neo-ventricles” were fixed in formaldehyde, embedded in paraffin and cross sections were

taken for staining procedures. Since EHTs were labeled with DAPI prior to implantation, sec-

tions were dewaxed and mounted with Fluoromount-G (SouthernBiotech, Birmingham, USA)

to identify implanted EHT donor cells in the vicinity of the vessel. Sarcomeric actin was labeled

with an antibody (1:600; A7811, Sigma, St. Louis, USA) according to standard procedures with

diaminobenzidine on deparaffinized sections, pretreated with protease for antigen retrieval for

8 min and evaluated with light microscopy using a Leica digital microscope (DMD108; Leica,

Wetzlar, Germany). Tissue integrity of implanted EHTs around vessels was determined using

immunofluorescence stainings. Heat mediated antigen retrieval was performed for 30 min at

96˚C in 10 mM citrate buffer pH 6.0. Subsequently, sections were permeabilized with 0.2%

Triton X-100 (Roche, Basel, Switzerland) in TBS. Tissues were blocked in Pierce Protein-Free

T20 blocking buffer (Thermo Scientific, Waltham, USA) and treated with 1% Sudan Black to

reduce autofluorescence. Antibodies directed against CD31 (1:100; SZ31, Dianova, Hamburg,

Germany), alpha-actin (1:100; M0874, Dako, Hamburg, Germany) and connexin 43 (1:100;

610061, BD, Franklin Lakes, USA) were incubated overnight at 4˚C and for detection the

appropriate fluorescently labeled secondary antibodies were used. Data were acquired with a

Leica TCS SP5 confocal microscope with 63x objective using Leica Application Suite software

(LAS-AF-lite).
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Magnetic Resonance Imaging (MRI)

To evaluate possible constriction of the SVC by EHTs in vivo MRI was performed. Animals

were anesthetized with 2% isoflurane. Coronal cine gradient echo images with a temporal reso-

lution of 6 ms were acquired in a segment of the SVC caudal to the "neo-ventricle" on a 7T

MRI (Bruker ClinScan 70/30 USR, Ettlingen, Germany) using respiratory gating and pulse

oximetry triggering (Model 1025T Sa Instruments, Stony Brook, USA).

Statement of Responsibility

The authors had full access to the data and take full responsibility for its integrity. All authors

have read and agree to the manuscript as written.

Results

Generation of a “Neo-Ventricle” from Engineered Heart Tissue and Graft

Survival

EHTs started beating around day 8 and were implanted around the SVC of Wistar rats after 14

days in vitro cultivation (Fig 2, n = 12). Animal weight was 329±14 g on the day of implanta-

tion. No major bleeding was documented and all animals survived circumferential implanta-

tion of the grafts. Most conduits remained visibly contractile for the rest of the experiment (d7:

3/3, d14: 2/3, d28: 3/3, d56: 2/3). The contractility was observed microscopically (20 x magnifi-

cation) after explantation of the conduit.

Histology and Vascularization

Tissue grafts could clearly be identified at all time points after implantation. The conduit

showed an interconnected network of highly differentiated cardiomyocytes and rich vasculari-

zation (Fig 3A). Red blood cells (Fig 3B) were detected in the capillaries as a proof of connec-

tion to the native vasculature. Moreover, staining of sarcomeric actin demonstrated

circumferential alignment around the SVC (Fig 4G) after 28 days. Abundant Connexin 43 (Fig

4A and 4D, red) as an indicator for a functional and electrical syncytium was observed in all

“neo-ventricles” that were contractile at the end of the study. CD31 (Fig 4B and 4E, green)

staining was used to show dense vascularization. DAPI (Fig 4F and 4C, blue) labeling showed

Fig 2. Generation of a simple contractile conduit from EHT. The illustration shows the construction of a simple „neo-ventricle”out of engineered heart

tissue. Two lamellar EHTs were wrapped around the right SVC of adult Wistar rats. The ends were sutured using a single stitch of nylon suture.

doi:10.1371/journal.pone.0166963.g002
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substantial survival of cells within the contractile conduit and allowed clear identification of

grafted cells after harvest of the specimen. Sarcomeric integrity with plenty of cross striated

cells from a DAPI-positive area was shown in sarcomeric actin stainings (Fig 5).

Magnetic Resonance Imaging

In MRI the area of implantation could be clearly identified and no stenosis or compression by

the construct was seen (Fig 6). Consequently, average vessel diameter was not reduced in the

treatment group (control 1.4±0.11 mm vs. treatment group 1.46±0.12 mm, n.s.).

Discussion

In Fontan patients, systemic venous hypertension is responsible for endorgan failure, like pro-

tein losing enteropathy or hepatic fibrosis, leading to death or heart transplantation[10, 11]. As

heart transplantation is a limited option, several technologies, including mechanically assisted

Fontan circulation and cardiomyoplasty procedures have been attempted[12–14]. As an alter-

native to aforementioned approaches the field of cardiac tissue engineering is emerging[15–

17]. Tissue engineered cardiomyoplasty was introduced by several groups for the treatment of

heart failure[18, 19]. Besides the treatment of acquired heart disease the field was also driven

by the wish to cure congenital malformations that present with hypoplastic ventricular mor-

phology[20]. This approach implies structural an electrical integration into the recipient

myocardium.

Our group developed a concept to replace the missing right ventricle in univentricular cir-

culation by an extracardiac subpulmonary “neo-ventricle” from EHT. Our study provides first

evidence for the suitability of EHT as a transplantable heart muscle around the superior vena

cava. The concept was tested in healthy Wistar rats in order to mimic a setting of venous pre-

load for the utilized ventricular myocytes. Animal survival was 100% after lateral thoracotomy

Fig 3. Hematoxylin and eosin (HE) staining of “neo-ventricle” 56 days after implantation around the superior caval vein (SVC) of rats. A:

Engineered heart tissue organized around the SVC. Thick bundles of cross-striated cardiomycytes are shown above the smooth muscle of the native vessel

wall. The arrow indicates a suture with surrounding lymphocytic infiltration. B: Magnification of detail in left panel. Cross-striation can be seen in the highly

organized cardiomyocytes within the contractile conduit. The arrow indicates red blood cells in a capillary. Scale bar: 50 μm.

doi:10.1371/journal.pone.0166963.g003
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and implantation of EHTs around the SVC. Histology revealed sarcomeric integrity, a matured

phenotype and adequate vascularization of implanted cardiomyocytes (up to 56 days). There

was no electrical coupling of the implanted constructs to the native myocardium. Our study

was not designed to assess functional performance or therapeutic effects of the rudimentary

“neo-ventricle”. This question will be answered after testing these constructs as an extracardiac

tunnel in larger animals.

Adequate vascularization of EHTs after implantation has been previously shown by our

group in rat models of myocardial infarction[19]. Furthermore, an extensive, though primitive

Fig 4. Cardiac morphology of EHT-conduit 28 days after grafting. A+D: Connexin 43 (red), an important

gap junction protein indicating functional syncytium of the grafted cells is shown. Scale bar: 20 μm. B+E:

CD31 staining (green) revealed dense vascularization. Vessels displayed a small diameter compatible with

capillaries. Alpha-actin staining (red) showed dense bundles of cross-striated cardiomyocytes around the

SVC. C+F: DAPI (blue) labeling of cells before implantation allowed for clear identification of grafted cells after

harvest of the specimen. Scale bar: 50 μm. G: Overview of depicted (A-F) sarcomeric details showing the

circumferential alignment of the „neo-ventricle“. Scale bar: 100 μm.

doi:10.1371/journal.pone.0166963.g004
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vascular network spontaneously develops in EHTs after culture in vitro[21]. EHTs were never

tested under the investigated conditions of the venous system (laminar flow) with presumably

altered angiogenic factors compared to the arterial system. In our setting EHTs were strongly

Fig 5. Sarcomeric integrity of implanted EHTs after 14 and 28 days in vivo. A+B: Cross-striation of cardiomyocytes in DAPI-positive areas is shown.

Scale bar: 20 μm.

doi:10.1371/journal.pone.0166963.g005

Fig 6. Cine MRI 14 days after implantation of EHTs around the SVC of rats. A: Approximately 1 mm above the right atrium two stripes of EHT were

implanted around the SVC (box). No stenosis or constriction of the vein could be detected in the treatment group. B: The box shows the SVC of a Sham

operated animal 14 days after the procedure. Scale bars: 1 cm.

doi:10.1371/journal.pone.0166963.g006
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vascularized. Functional vascularization enabling sufficient metabolite and oxygen supply is of

prime importance to render survival of larger constructs in the future possible.

Confocal laser scanning microscopy showed a matured phenotype of cardiomyocytes in

EHTs even under conditions of reduced preload around a great vein. Cross-striation and gap

junction proteins were amply shown in the time course of the experiment. In addition, we

noted that EHTs remained contractile for a considerable time after implantation and docu-

mented negligible graft failure. To exclude stenosis of the SVC after implantation we per-

formed MRI analysis, which did not show any constriction of the vein.

Our study presents a novel concept of contractile elements implanted around a great vein

in order to develop a pulsatile Fontan-conduit, which can actively propel blood through the

lung. Future work will have to specifically work out the structural and functional requirements

of such a pulsatile conduit. The final conduit will need to meet the dimensions of a growing

child and must be from a autologous cell source (e.g. induced pluripotent stem cells) to avoid

immunosupression. Furthermore, it must encompass tissue-engineered valves to direct the

flow to the pulmonary arteries and avoid rising venous pressures. In the development of such

a subpulmonary “neo-ventricle” the groundbreaking experiments of de Leval showing the

energy losses at cavities, corners and stenoses must be considered. It was shown that the right

atrium did not perform as an efficient pump in a valveless atriopulmonary connection. Conse-

quentely, diastolic and systolic function of the construct must be followed to allow for forward

flow towards the pulmonary circulation. In this context, computational fluid dynamics will

have major impact on designing a bioartificial “neo-ventricle” at the bench. Tang and col-

leagues recently showed the impact of geometry on energy dissipation in patients undergoing

total cavopulmonary connection[22]. Another question that needs to be addressed is the

chronotropic control of the construct to achieve an adequate output to the pulmonary vascula-

ture. The proof-of-concept for this approach must be provided from using a large animal

model before translation into the clinical setting.

Acknowledgments

We thank Kristin Hartmann for excellent technical assistance.

Author Contributions

Conceptualization: DB JS AE AH TE.

Data curation: DB JS SK.

Formal analysis: DB JS AE TM RK KP MK TS SK AH TE.

Funding acquisition: DB JS FA TM AH TE.

Investigation: DB AE KP MK TS SK.

Methodology: DB JS AE TM RK AH TE.

Project administration: DB JS RK AH TE.

Resources: DB AE SK AH TE.

Supervision: JS HR AR RK AH TE.

Validation: DB JS AE HS TM RK AH TE.

Visualization: DB HS KP MK TS SK.

Writing – original draft: DB JS.

Engineered Heart Tissue for Congenital Heart Disease

PLOS ONE | DOI:10.1371/journal.pone.0166963 November 22, 2016 8 / 10



Writing – review & editing: DB JS AE FA HR TM AR RK KP MK TS SK AH TE.

References

1. Fontan F, Baudet E. Surgical repair of tricuspid atresia. Thorax. 1971 May; 26(3):240–8. PMID:

5089489. Pubmed Central PMCID: 1019078.

2. Kreutzer G, Galindez E, Bono H, De Palma C, Laura JP. An operation for the correction of tricuspid atre-

sia. The Journal of thoracic and cardiovascular surgery. 1973 Oct; 66(4):613–21. PMID: 4518787.

3. de Leval MR, Kilner P, Gewillig M, Bull C. Total cavopulmonary connection: a logical alternative to atrio-

pulmonary connection for complex Fontan operations. Experimental studies and early clinical experi-

ence. The Journal of thoracic and cardiovascular surgery. 1988 Nov; 96(5):682–95. PMID: 3184963.

4. Khairy P, Fernandes SM, Mayer JE Jr., Triedman JK, Walsh EP, Lock JE, et al. Long-term survival,

modes of death, and predictors of mortality in patients with Fontan surgery. Circulation. 2008 Jan 1; 117

(1):85–92. PMID: 18071068. doi: 10.1161/CIRCULATIONAHA.107.738559

5. Rychik J. Forty years of the Fontan operation: a failed strategy. Seminars in thoracic and cardiovascular

surgery Pediatric cardiac surgery annual. 2010; 13(1):96–100. PMID: 20307870. doi: 10.1053/j.pcsu.

2010.02.006

6. Khairy P, Poirier N, Mercier LA. Univentricular heart. Circulation. 2007 Feb 13; 115(6):800–12. PMID:

17296869. doi: 10.1161/CIRCULATIONAHA.105.592378

7. d’Udekem Y, Iyengar AJ, Galati JC, Forsdick V, Weintraub RG, Wheaton GR, et al. Redefining expecta-

tions of long-term survival after the Fontan procedure: twenty-five years of follow-up from the entire pop-

ulation of Australia and New Zealand. Circulation. 2014 Sep 9; 130(11 Suppl 1):S32–8. PMID:

25200053. doi: 10.1161/CIRCULATIONAHA.113.007764

8. de Leval MR. The Fontan circulation: a challenge to William Harvey? Nature clinical practice Cardiovas-

cular medicine. 2005 Apr; 2(4):202–8. PMID: 16265484. doi: 10.1038/ncpcardio0157

9. Hansen A, Eder A, Bonstrup M, Flato M, Mewe M, Schaaf S, et al. Development of a drug screening

platform based on engineered heart tissue. Circulation research. 2010 Jul 9; 107(1):35–44. PMID:

20448218. doi: 10.1161/CIRCRESAHA.109.211458

10. Wu FM, Jonas MM, Opotowsky AR, Harmon A, Raza R, Ukomadu C, et al. Portal and centrilobular

hepatic fibrosis in Fontan circulation and clinical outcomes. The Journal of heart and lung transplanta-

tion: the official publication of the International Society for Heart Transplantation. 2015 Jul; 34(7):883–

91. PMID: 25863891. doi: 10.1016/j.healun.2015.01.993

11. Ohuchi H, Yasuda K, Miyazaki A, Kitano M, Sakaguchi H, Yazaki S, et al. Haemodynamic characteris-

tics before and after the onset of protein losing enteropathy in patients after the Fontan operation. Euro-

pean journal of cardio-thoracic surgery: official journal of the European Association for Cardio-thoracic

Surgery. 2013 Mar; 43(3):e49–57. PMID: 23396878. doi: 10.1093/ejcts/ezs714

12. Corno AF, Vergara C, Subramanian C, Johnson RA, Passerini T, Veneziani A, et al. Assisted Fontan

procedure: animal and in vitro models and computational fluid dynamics study. Interactive cardiovascu-

lar and thoracic surgery. 2010 May; 10(5):679–84. PMID: 20123892. doi: 10.1510/icvts.2009.223024

13. Chachques JC, Grandjean P, Serraf A, Latremouille C, Jebara VA, Ponzio O, et al. Atrial cardiomyo-

plasty after Fontan-type procedures. Circulation. 1990 Nov; 82(5 Suppl):IV183–9. PMID: 2225401.

14. Rodefeld MD, Boyd JH, Myers CD, LaLone BJ, Bezruczko AJ, Potter AW, et al. Cavopulmonary assist:

circulatory support for the univentricular Fontan circulation. The Annals of thoracic surgery. 2003 Dec;

76(6):1911–6; discussion 6. PMID: 14667610.

15. Hirt MN, Hansen A, Eschenhagen T. Cardiac tissue engineering: state of the art. Circulation research.

2014 Jan 17; 114(2):354–67. PMID: 24436431. doi: 10.1161/CIRCRESAHA.114.300522

16. Ye L, Zimmermann WH, Garry DJ, Zhang J. Patching the heart: cardiac repair from within and outside.

Circulation research. 2013 Sep 13; 113(7):922–32. PMID: 24030022. Pubmed Central PMCID:

3886802. doi: 10.1161/CIRCRESAHA.113.300216

17. Ogle BM, Bursac N, Domian I, Huang NF, Menasche P, Murry CE, et al. Distilling complexity to advance

cardiac tissue engineering. Science translational medicine. 2016 Jun 8; 8(342):342ps13. PMID:

27280684. Pubmed Central PMCID: 4959426. doi: 10.1126/scitranslmed.aad2304

18. Shimizu T, Yamato M, Isoi Y, Akutsu T, Setomaru T, Abe K, et al. Fabrication of pulsatile cardiac tissue

grafts using a novel 3-dimensional cell sheet manipulation technique and temperature-responsive cell

culture surfaces. Circulation research. 2002 Feb 22; 90(3):e40. PMID: 11861428.

19. Zimmermann WH, Melnychenko I, Wasmeier G, Didie M, Naito H, Nixdorff U, et al. Engineered heart

tissue grafts improve systolic and diastolic function in infarcted rat hearts. Nature medicine. 2006 Apr;

12(4):452–8. PMID: 16582915. doi: 10.1038/nm1394

Engineered Heart Tissue for Congenital Heart Disease

PLOS ONE | DOI:10.1371/journal.pone.0166963 November 22, 2016 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/5089489
http://www.ncbi.nlm.nih.gov/pubmed/4518787
http://www.ncbi.nlm.nih.gov/pubmed/3184963
http://www.ncbi.nlm.nih.gov/pubmed/18071068
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.738559
http://www.ncbi.nlm.nih.gov/pubmed/20307870
http://dx.doi.org/10.1053/j.pcsu.2010.02.006
http://dx.doi.org/10.1053/j.pcsu.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17296869
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.592378
http://www.ncbi.nlm.nih.gov/pubmed/25200053
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.007764
http://www.ncbi.nlm.nih.gov/pubmed/16265484
http://dx.doi.org/10.1038/ncpcardio0157
http://www.ncbi.nlm.nih.gov/pubmed/20448218
http://dx.doi.org/10.1161/CIRCRESAHA.109.211458
http://www.ncbi.nlm.nih.gov/pubmed/25863891
http://dx.doi.org/10.1016/j.healun.2015.01.993
http://www.ncbi.nlm.nih.gov/pubmed/23396878
http://dx.doi.org/10.1093/ejcts/ezs714
http://www.ncbi.nlm.nih.gov/pubmed/20123892
http://dx.doi.org/10.1510/icvts.2009.223024
http://www.ncbi.nlm.nih.gov/pubmed/2225401
http://www.ncbi.nlm.nih.gov/pubmed/14667610
http://www.ncbi.nlm.nih.gov/pubmed/24436431
http://dx.doi.org/10.1161/CIRCRESAHA.114.300522
http://www.ncbi.nlm.nih.gov/pubmed/24030022
http://dx.doi.org/10.1161/CIRCRESAHA.113.300216
http://www.ncbi.nlm.nih.gov/pubmed/27280684
http://dx.doi.org/10.1126/scitranslmed.aad2304
http://www.ncbi.nlm.nih.gov/pubmed/11861428
http://www.ncbi.nlm.nih.gov/pubmed/16582915
http://dx.doi.org/10.1038/nm1394


20. Zimmermann WH, Cesnjevar R. Cardiac tissue engineering: implications for pediatric heart surgery.

Pediatric cardiology. 2009 Jul; 30(5):716–23. PMID: 19319461. Pubmed Central PMCID: 2691807. doi:

10.1007/s00246-009-9405-6

21. Naito H, Melnychenko I, Didie M, Schneiderbanger K, Schubert P, Rosenkranz S, et al. Optimizing engi-

neered heart tissue for therapeutic applications as surrogate heart muscle. Circulation. 2006 Jul 4; 114

(1 Suppl):I72–8. PMID: 16820649. doi: 10.1161/CIRCULATIONAHA.105.001560

22. Tang E, Restrepo M, Haggerty CM, Mirabella L, Bethel J, Whitehead KK, et al. Geometric characteriza-

tion of patient-specific total cavopulmonary connections and its relationship to hemodynamics. JACC

Cardiovascular imaging. 2014 Mar; 7(3):215–24. PMID: 24529885. Pubmed Central PMCID: 3962724.

doi: 10.1016/j.jcmg.2013.12.010

Engineered Heart Tissue for Congenital Heart Disease

PLOS ONE | DOI:10.1371/journal.pone.0166963 November 22, 2016 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/19319461
http://dx.doi.org/10.1007/s00246-009-9405-6
http://www.ncbi.nlm.nih.gov/pubmed/16820649
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.001560
http://www.ncbi.nlm.nih.gov/pubmed/24529885
http://dx.doi.org/10.1016/j.jcmg.2013.12.010

