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Abbreviations and Acronyms 

 
 
Akt    Protein Kinase B  

ANP    Atrial natriuretic peptide 

ARVC    Arrhythmogenic right ventricular cardiomyopathy 

AT    Adipose tissue 

BNP    Brain (beta) natriuretic peptide 

CNP    C-type natriuretic peptide 

AP    Action potential 

APC (fluorochrome)  Allophyocyanin 

APC (protein)   Adenomatous polyposis coli (related protein) 

AV    Atrioventricular 

bpm    beats per minute 

(B)OEC                 (Blood) outgrowth endothelial cells 

BSA    Bovine serum albumin 

BTT    Bridge to transplant 

CAD    Coronary artery disease 

CAV (TV)                                        Cardiac Allograft Vasculopathy (Transplant Vasculopathy) 

CD    Cluster of differentiation antigen 

CED    Coronary endothelial dysfunction 

CFU    Colony forming unit 

CMMC                  Culture modified mononuclear cells 

CPVT                                               Catecholamine Dependent Polymorphic Ventricular Tachycardia 

CRT    Cardiac Resynchronization Therapy 

CRT-P    Biventricular pacemaker 

CRT-D    Biventricular pacemaker defibrillator 

CT    Computerized tomography 

CTEPH    Chronic thromboembolic pulmonary hypertension 

CV    Condution velocity 

Cy5.5/ Cy7   Cyanine 5.5, cyanine 7 (tandem conjugates) 

DAD                  Delayed Afterdepolarization 

DMEM                  Dulbecco’s Modified Eagle’s Growth Medium 

DOCA    Deoxycorticosterone acetate 

DPVR    Diastolic pressure-volume relationship 

DT    Destination therapy 

ECC    Excitation-contraction coupling 

ECMO    Extracorporeal continuous membrane oxygenation 
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EF    Ejection fraction 

EGM    Endothelial growth medium 

EPC    Endothelial progenitor cell 

EPO    Erythropoietin 

ERP    Effective refractory period 

FACS    Flow cytometric antibody cell sorting 

FDA    Food and Drug Administration 

FEV1    Forced expiratory volume in 1 second 

FITC    Fluoroscein isothiocyanate 

FKBP    FK Binding Protein 12 

Flk-1    flt-related tyrosine kinase receptor 

FLT3    FMS-like tyrosine kinase 3 

GFP    Green fluorescent protein 

GSK-3β    Glycogen synthase kinase-3 beta 

HBSS    Hank’s Balanced Salt Solution 

HF    Heart failure 

HFpEF    Heart failure with preserved ejection fraction 

HFrEF    Heart failure with reduced ejection fraction 

HMGB1    High mobility group box 1 

HPC             Haematopoietic progenitor cell 

IABP    Intra-aortic balloon pump support 

ICD                                                  Implantable Cardioverter Defibrillator 

ICT    Isovolumic contraction time 

iNO    Inhaled nitric oxide 

IPAH    Idiopathic pulmonary arterial hypertension 

IRT    Isovolumic relaxation time 

ISHAGE             International Society for Hematotherapy&Graft Engineering 

ISHLT    International Society for Heart and Lung Transplantation 

IVC    Inferior vena cava 

IVUS    Intravascular ultrasonography 

KDR    Kinase domain receptor 

LBBB    Left bundle brunch block 

LCC    L-type calcium channels 

LV    Left ventricular 

LVAD                                              Left Ventricular Assist Device 

LVEDD    Left ventricular end-diastolic diastolic dimension 

LVIDD    Left ventricular internal diastolic dimension 
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MACS    Magnetic activated cell sorting 

MI    Myocardial infarction 

MR                                                   Mitral valve regurgitation 

MRI    Magnetic resonance imaging 

MSC    Mesenchymal stromal (stem) cell 

NSVT     Non-sustained ventricular tachycardia 

NYHA    New York Heart Association 

PA    Pulmonary artery 

PAH     Pulmonary Arterial Hypertension 

PASP    Pulmonary artery systolic pressure 

PBMC    Peripheral blood mononuclear cell 

PBS    Phosphate buffered saline 

PBSFE    Phosphate buffered saline with 0.1% BSA 

PH    Pulmonary hypertension 

PE    Phycoerythrin      

PerCP     Peridinin chlorophyll protein 

PTLD                                               Post transplantation lymphoproliferative disorder 

PVET    Pulmonary valve ejection time 

PVR    Pulmonary vascular resistance 

PCWP    Pulmonary capillary wedge pressure 

RAGE     Receptor for advanced glycation endproducts 

RIMP                                               Right Ventricular Index of Myocardial Performance 

RA    Right atrium 

RAP    Right atrial pressure 

RBBB    Right bundle brunch block 

RIMP    Right ventricular index of myocardial performance 

RV    Right ventricular 

RVEF    Right ventricular ejection fraction 

RVEDV    Right ventricular end-diastolic volume 

RVSP    Right ventricular systolic pressure 

RyR    Ryanodine Receptor 

Sca-1    Stem cell related antigen 1 

SCF    Stem cell growth factor 

SERCA    Sarco/endoplasmic reticulum Ca2+ ATPase 

SVF    Stromal vascular fraction 

SVR     Systemic vascular resistance 

rtPCR    Reverse transcriptase polymerase chain reaction 
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TAH                                                 Total Artificial Heart 

TNF-alpha    Tumour necrosis factor - alpha 

TLR    Toll-like receptor 

TPO    Thrombopoeitin 

TR                                                    Tricuspid valve regurgitation 

VEGFR2   Vascular endothelial growth factor 2 
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Abstract 

 
 
Countries with developed economies are currently facing an epidemic of heart failure 
(HF) and the prognosis of patients with advanced HF remains extremely poor. One of the 
therapeutic options for patients with advanced HF is heart transplant. The number of 
cardiac transplants performed in USA and other states each year has stagnated despite an 
increasing number of cases of end-stage heart failure each year, primarily due to limited 
donor supply. Therefore, novel therapies for cardiac replacement (such as left ventricular 
assist devices, LVADs), other cardiac assistance devices including arrhythmia treatment 
(cardiac resynchronization therapy, CRT or implantable cardiac defibrillators (ICDs) 
have been tested and are being used in clinical practice. Moreover, stem cell therapy has 
been tested as well as a role of endogenous progenitor cells has been explored. However, 
effects of the novel therapeutic approaches or their combination on pathophysiology of 
HF as well the involvement of endogenous progenitor cells are incompletely understood, 
which requires further research.  
 
The main aims of the thesis with corresponding main hypotheses were three as follows. 
First, to study the physiological effects of LVADs on pulmonary vascular resistance and 
the incidence and clinical tolerance of ventricular arrhythmia in patients with advanced 
HF. Second, to study the additional impact of implantable electrical devices such as ICDs 
and cardiac CRT on survival after LVAD implantation in advanced HF patients. Third 
and last, to evaluate the impact of neurohormonal changes in advanced heart failure on 
endogenous reparative mechanisms in experimental model of HF in dogs. 
 
Reduction in pulmonary vascular resistance with LVAD therapy allows right ventricular 
offloading and potential improvement in right ventricular systolic function. This may 
improve tolerability of ventricular arrhythmia in LVAD recipients and alter their clinical 
impact, reducing the potential incremental survival benefit of ICDs and CRT. The 
activation of the renin-angiotensin-aldosterone system in advanced heart failure may 
result in impaired endogenous repair mechanisms due to accelerated senescence of 
endogenous progenitor cells.  
 
We conclude that although cardiac transplantation is the gold standard for advanced heart 
failure therapy but remains an option for the minority. An emerging alternative to 
transplantation, LVAD therapy, provides an excellent longterm outlook and ameliorates 
the impact of the electrical as well as the mechanical consequences of advanced heart 
failure. Future directions in the treatment of advanced heart failure may include the 
manipulation of endogenous repair mechanisms through adjunctive pharmacological 
approaches.  
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Abstrakt 

 
V současné době země s rozvinutými ekonomikami čelí epidemii srdečního selhání, jehož 
prognóza je v pokročilých formách srdečního selhání velmi špatná. Jedním z 
terapeutických možností u pokročilého srdečního selhání je transplantace srdce. Nicméně 
počty transplantací provedených v USA a i v jiných státech stagnují navzdory 
zvyšujícímu se počtu případů pacientů v konečné fázi HF a primárně pro nedostatek 
vhodných dárců. Proto nové terapeutické přístupy k náhradě srdeční funkce (jako jsou 
levostranné kardiální podpory, left ventricular assist devices, LVADs), jiné nástroje k 
podpoře srdeční funkce včetně léčby arytmií (kardiální resynchronizační terapie, CRT 
nebo implantabilní kardioverter-defibrilátor, ICD) byly testovány a jsou používány v 
klinické praxi. Testována byla i léčba kmenovými buňkami a další výzkum probíhá v 
oblasti endogenních progenitorových buněk. Nicméně účinek těchto nových 
terapeutických přístupů či jejich kombinace na patofyziologii pokročilého srdečního 
selhání a také role endogenních progenitorových buněk je neúplně objasněná, což 
vyžaduje další výzkum.  
 
Hlavní cíle PhD. práce korespondující se třemi hlavními hypotézami byly celkem tři. 
První byl studovat fyziologický účinek LVADs na plicní vaskulární hypertensi a 
incidenci a toleranci komorových arytmií u pacientů s pokročilým srdečním selháním. V 
druhé časti byla studován efekt ICD a CRT terapie na přežití u pacientů s pokročilým 
srdečním selháním po implantaci LVADs. Třetí a poslední cíl práce bylo zhodnotit dopad 
neurohumorálních změn u pokročilého srdečního selhání na endogenní reparativní 
mechanismy v experimentálním modelu srdečního selhání u psů.  
 
Z výsledů PhD. práce vyplývá, že redukce plicní vaskulární rezistence pomocí 
implantovaného LVADs navodí snížené zatížení pravé komory  a potenciální zlepšení 
systolické funkce pravé komory. Toto může zlepšit toleranci komorových arytmií u 
příjemců LVADs a ovlivnit jejich klinický dopad s redukcí potenciálního přídatného 
prospěchu ICD či CRT terapie. Výsledkem poslední části práce bylo zjištění, že aktivace 
renin-angiotensin-aldosteronového systému u pokročilého srdečního selhání může vést 
k postižení endogenních opravných mechanismů díky akceleraci stárnutí endogenních 
progenitorových buněk.  
 
Závěrem lze říci, že ačkoliv transplantace srdce zůstává zlatým standardem v terapii 
pokročilého srdečního selhání, je však možností pouze pro menšinu pacientů. Nové 
alternativní terapeutické přístupy jako je LVADs poskytují dobrou dlouhodobější 
perspektivu a zlepšují negativní dopad elektrických a mechanických následků 
pokročilého srdečního selhání. Budoucím směrem v léčbě srdečního selhání může být i 
farmakologické ovlivnění endogenních opravných mechanismů, které jsou u pokročilého 
srdečního selhání rovněž postiženy. 
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Introduction  

 
 
An estimated 5.7 million people carry a diagnosis of heart failure in the US (2006 figures), and 
approximately 10 million people in Europe. Almost 300,000 people die of heart failure in the US 
each year.1 The prevalence of heart failure is increasing, and increases with age.1 It is well 
accepted now that the incidence of heart failure has reached epidemic proportions.2 However, in 
clinical trials that have used this fundamental entry criteria, yearly mortality rates in the placebo 
arms have varied  from 17 to 77%.3  
 
In the Western world, most heart failure is related to coronary disease, and although the survival 
of patients after acute myocardial infarction has improved, this has resulted in an increase in the 
numbers of patients ultimately developing heart failure.4 In fact, coronary artery disease presents 
at an earlier age, predominantly related to the increased prevalence of cardiac risk factors (type 2 
diabetes mellitus, hyperlipidemia, hypertension and obesity) in developed societies.5 Advances in 
medical therapy have resulted in improved survival in patients with moderate and severe heart 
failure, but the prognosis for end-stage heart failure patients remains poor.6-8 The result of this is a 
change in the demographics of heart failure patients in recent years, and the increased survival of 
patients with heart disease into older age. Therefore, the age of patients presenting with advanced 
heart failure is increasing.9, 10  
 
At this time, the gold standard of end-stage heart failure therapy remains cardiac transplantation. 
Although the greatest survival benefit in patients with end-stage heart failure is seen with cardiac 
transplantation, the supply of donor hearts is limited and therefore not an option for many patients 
because of age and other co-morbid conditions. There has therefore been considerable interest in 
alternative strategies to improve quality of life and survival in advanced heart failure. This 
involves reassessing advanced heart failure in terms of several different components.  

 
Heart failure is a progressive condition, and from the point of development of symptoms, there is 
a progressive clinical decline. The manifestations of clinical deterioration and ultimate cause of 
death can be considered in three sphere; mechanical, electrical, and at a cellular level.11 
 
In the work presented here, we will report new insights we have gained through study of patients 
with advanced heart failure in these three areas, and demonstrate how a new pathophysiological 
understanding of advanced heart failure may yield new therapeutic applications.   
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Hypothesis and Aims 

 
Aims and Hypotheses: 
 
The overall main three aims described in this thesis is to glean new insights regarding the 
physiology of advanced heart failure from three fields of innovation in the past 15 years. The 
first, that of mechanical support, the second, advanced in electrical therapy, and the third, insights 
into cellular and neurohormonal endogenous repair mechanisms.  
 
Main three hypotheses: 
 
 

1. We hypothesized that, mechanical unloading by a left ventricular assist device (LVAD) 

will result in a decrease in pulmonary vascular resistance which will allow reduction in 

pulmonary arterial pressures, stabilization of right heart function and improvement in 

survival.  

2. Left ventricular assist device therapy may therefore alter the clinical impact of 

ventricular tachyarrhythmia and potentially nullify the potential additional benefit of 

implantable cardioverter defibrillators (ICDs) and cardiac resynchronization therapy 

(CRT) in this patient group.  

3. Based on an interaction of circulating bone marrow derived stem cells and 

neurohormonal activation, we hypothesized that mineralocorticoid excess might be 

associated with reductions in circulating progenitor cell counts in animal models of 

progressive heart disease  and heart failure.   

 
 
Specific Aims:  
 
The aims of the studies undertaken to address these hypotheses were as follows.  
 

1. To study the physiological effects of left ventricular offloading on pulmonary vascular 
resistance and right ventricular function in human subjects  

2. To evaluate the incidence and clinical effects of ventricular arrhythmia in patients 
supported by left ventricular assist devices  

3. To study the additional impact of ICDs on survival after LVAD implantation  
4. To address the role of CRT in patients on LVAD support, in particular assessing the 

potential impact of right heart failure on CRT response  
5. To evaluate the impact of neurohormonal changes in advanced heart failure on 

endogenous reparative mechanisms   
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Methods:  
 
 
Specific Aim 1: To study the physiological effects of left ventricular offloading on 

pulmonary vascular resistance and right ventricular function in human subjects  
 
The records all consecutive patients who underwent LVAD implantation at Mayo Clinic 
Rochester since February 2007 were reviewed.  Baseline characteristics noted were age, weight, 
gender and body mass index.  Clinical heart failure severity and end-organ perfusion were 
analyzed from serum creatinine and calculated glomerular filtration rate, serum beta natriuretic 
peptide levels, clinical assessment of New York Heart Association (NYHA) estimate of 
functional capacity and peak oxygen consumption (peak VO2) and six minute walk times where 
available. Additionally baseline need for intra-aortic balloon pump support (IABP) and inotropic 
support were documented. Cardiac function, morphology and filling pressures were analyzed 
from baseline echocardiographic and cardiac catheterization laboratory data.  
 
Outcomes were studied in terms of early all-cause mortality (death at 30 days or during index 
hospitalization). In the BTT group, 6 month, one and two-year survival with and without 
transplant was also analyzed, with duration of hospital stay post transplant for these patients 
compared to historical controls. In the DT and salvage groups, all-cause mortality post LVAD 
implantation was studied at the same intervals as for the BTT group. Causes of death in all groups 
were studied.  
 
Invasive hemodynamic data obtained from pulmonary catheter placement in the ICU, and non-
invasive hemodynamic assessment at three months. Echocardiography was used to assess RV 
function at baseline and at three months. Due to limitations in the views obtained following 
LVAD implant, it was not possible to measure right ventricular index of myocardial performance 
consistently in all patients and therefore a visual assessment agreed by at least two 
echocardiographers was used.  
 
 
Specific Aim 2: To evaluate the incidence and clinical effects of ventricular 

arrhythmia in patients supported by left ventricular assist devices  
and 

 

Specific Aim 3: To study the additional impact of ICDs on survival after LVAD 

implantation  
 
 
 
The records all consecutive patients who underwent LVAD implantation at Mayo Clinic 
Rochester since February 2007 were reviewed.  A retrospective analysis of clinical, laboratory, 
echocardiographic, and hemodynamic data before and after LVAD implantation was performed. 
For these studies, the analysis was confined to patients who received continuous flow LVADs.   
 
 
Three subgroups were generated – those who did not have an ICD in situ following LVAD 
implant, those who had an ICD and in whom therapies were active post LVAD placement, and 
those with ICDs with therapies inactive post placement of LVAD (No ICD, ICD-active and ICD-
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inactive).  The determination as to whether ICDs were active or not following LVAD was left to 
the treating physician.  
 
In patients with ICDs in situ with arrhythmia detection active post LVAD surgery, the incidence 
of ventricular arrhythmia was analyzed before and after LVAD implantation. In order to correct 
for the differences in duration of evaluation before and after LVAD implantation, the arrhythmia 
incidence was indexed by evaluation time producing an arrhythmia burden/ density estimate 
using the following formula: 
 

        Arrhythmia Events 
Arrhythmia burden      =                                                         x 1000 (episodes/day x 10

3
) 

                                                  Followup duration 

 
Ventricular arrhythmia episodes were classified based on the ICD detection zone as VF 
(ventricular fibrillation) if rates over 180 bpm, or VT (ventricular tachycardia) if rates were 130 
to 180 bpm. NSVT (non-sustained ventricular tachycardia) was documented where these episodes 
had a duration under 30 seconds.  
 
In the active ICD group, delivery of shock and ATP therapies by the ICD were also studied and 
expressed as an index of burden or density as above. The need for external cardioversion among 
the entire cohort of patients studied was also analyzed and expressed as total shock burden for the 
entire cohort. 
 
 
 
Specific Aim 4: To address the role of CRT in patients on LVAD support, in particular 

assessing the potential impact of right heart failure on CRT response 
 
All patients who received a biventricular pacemaker (CRT-P) or a biventricular pacemaker 
defibrillator (CRT-D) at Mayo Clinic, Rochester MN from January 2002 to December 2008 with 
available RV dysfunction and PA systolic pressure data were studied. Indications for CRT during 
the study period included symptoms of New York Heart Association (NYHA) class III/IV HF 
despite maximally tolerated medical therapy, left ventricular ejection fraction (LVEF) ≤35%, and 
QRS >120 ms. Patients with QRS<120ms were included based on the combined assessment of a 
heart failure cardiologist and an electrophysiologist.  
 
Baseline demographics, medication usage, echocardiographic, ECG, laboratory data and 
functional capacity were recorded before and after implant. Outcomes for measuring response to 
CRT were change in LV ejection fraction, change in LV dimensions and change in functional 
class.  Patients in whom implantation of a CRT system was unsuccessful were not included in the 
study. 

Coronary sinus lead placement was prioritized to a lateral or posterolateral branch, with anterior 
lateral, anterior, or middle cardiac veins used as allowed by ability to cannulate the veins, pacing 
thresholds, or diaphragmatic stimulation. Commonly used standard settings included 
atrioventricular (AV) delay of 100 ms (sensed) and 130 ms (paced), V - V delay of 0 ms with 
DDD or DDDR mode, and standard lower (50–60 bpm) and upper (120–130 bpm) pacing rates. 
In patients with chronic atrial fibrillation, devices were programmed to VVIR mode. 
Commercially available devices and leads were used. 
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Patients were asked to return for followup 3 months after device implant and NYHA class and 
echocardiography were reassessed. Survival status was obtained from Mayo electronic records 
and an institutionally approved national death and location database (Accruint), as previously 
described.12  
 
CRT in LVAD patients: After approval by the Institutional Review Board of Mayo Clinic, the 
records of all patients receiving an LVAD at Mayo Clinic between February 2007 and April 2010 
were evaluated. A retrospective analysis of clinical, laboratory, echocardiographic, and 
hemodynamic data before and after LVAD implantation was performed. Data were subsequently 
analyzed based on pacing mode after LVAD implantation (biventricular, right ventricular or 
none).  
 
Patients receiving left ventricular assist devices electively as bridge to transplant or as destination 
therapy, or emergently in the setting of cardiogenic shock, were studied. Patients with ICDs in 
situ whose therapies were active post LVAD implantation were excluded from analysis for this 
paper due to a possible confounding effect on outcomes independent of the effect of LVAD 
support and pacing. Furthermore, in this current era of continuous flow left ventricular assist 
devices, in order to permit a consistent interpretation of LVAD support, patients supported by 
pulsatile-flow LVADs were excluded from analysis.  
 
Pacing mode post LVAD implantation: The pacing mode employed post LVAD implantation was 
at the discretion of the cardiologist on the LVAD service in collaboration with the 
electrophysiology device consulting service. This was dependent primarily on whether a CIED 
was already in situ and which type, whether this was a biventricular pacing device or single 
ventricular lead only. Electrical interference from the LVAD was also a deciding factor in 
subsequent pacing mode in some patients (see results).  
 
Echocardiographic parameters: Left ventricular parameters assessed were LV ejection fraction 
and end-diastolic diameter, and LV filling pressure by mitral valve inflow E/e’ ratio. Right heart 
parameters assessed were RA pressure by IVC diameter and collapsibility with inspiration, and 
RV systolic pressure from the tricuspid regurgitant jet peak velocity added to the estimated RA 
pressure as per the formula RVSP = 4(peak TR vel)2 + estimated RA pressure.13 RV systolic 
function was assessed visually, and also from tricuspid valve annular velocity and right 
ventricular index of myocardial performance (Tei index). The visual assessment of RV systolic 
function was scored as follows: 0=no dysfunction, 1=borderline RV systolic dysfunction, 2=mild 
dysfunction, 3= moderate and 4= severe RV systolic dysfunction.  
 
Echocardiographic measurements were analyzed at baseline (most recent echo prior to LVAD 
implantation), and then every three months post LVAD implant up to one year and then at 6 
monthly intervals.  
 
Laboratory parameters: Biochemical renal (blood urea nitrogen, BUN and creatinine), and 
hepatic indices (total bilirubin, transaminases and alkaline phosphatase) were analyzed at baseline 
(most recent echo prior to LVAD implantation), and then every three months post LVAD implant 
up to one year and then at 6 monthly intervals up to last follow up. Both BNP and NT pro-BNP 
were also analyzed at the same time points.  
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Specific Aim 5: To evaluate the impact of neurohormonal changes in advanced heart 

failure on endogenous reparative mechanisms  
 
Animal models:  Established canine models of cardiovascular disease were utilized in this study.  
All animal studies were performed in accordance with the Animal Welfare Act and approved by 
the Mayo Clinic Institutional Animal Care and Use Committee. 
 
Pacing model:  The paced systolic dysfunction model is a well-studied model of dilated 
cardiomyopathy.  Severe congestive cardiac failure was induced in 10 male mongrel dogs 
(weight: 20 to 30kg) by rapid right ventricular pacing at 240 bpm as described previously in 
detail.14  Blood was drawn at baseline and on the day of acute study in all animals. After 10 days 
of pacing, cardiorenal parameters were assessed in an acute study according to a protocol 
previously described.14, 15  Plasma aldosterone and atrial and B-type natriuretic peptide (ANP and 
BNP, respectively) were measured by radioimmunoassay.15  

Progressive hypertensive heart disease with and without mineralocorticoid excess:  Ten elderly 
dogs aged 7 to 10 years were studied as previously described.16  These dogs were the last 10 dogs 
studied in a recently published study.16  Briefly, all underwent a midline abdominal incision under 
general anesthesia with wrapping of both kidneys as previously described.  All dogs were also 
instrumented with an indwelling intra-aortic catheter via the femoral artery for blood pressure 
measurement.  After development of hypertension (5 weeks after renal wrap surgery), dogs were 
randomized to receive deoxycorticosterone acetate (1mg/kg/day for 3 weeks; RW DOCA) or no 
additional treatment (RW Control).  As described in this model,16 DOCA increased conscious 
blood pressure and LV diastolic stiffness without a change in LV ejection fraction.   

DOCA in normal dogs:  An additional group of 6 young normal dogs underwent administration of 
DOCA at a similar dose of 1mg/kg/day IM for 10 days to ascertain a mechanism for the 
observations. Blood and bone marrow (by aspirate from the humeral head) were analyzed at 
baseline and at 10 days for CD34+ progenitor cell count. Blood pressures were measured at 10 
days at the time of acute hemodynamic study. 

Flow cytometry: Peripheral blood and bone marrow-derived cells were incubated with 
fluorochrome-conjugated antibodies to CD34-fluoroscein (R&D Systems), mineralocorticoid 
receptor (Abcam, Cambridge, MA), VEGFR2-APC (R&D Systems), and a biotinylated rat anti-
canine CD45 antibody (R&D Systems) subsequently labeled with Streptavidin-PerCP (BD 
Biosciences). Murine IgG1 (R&D Systems) conjugated to Alexa 488, PE (Molecular Probes) and 
Rat anti-mouse PerCP (BD Biosciences) was used as isotype controls as well as IgG1-APC from 
Abd Serotec.  
 
HPC (CD34+ CD45dim VEGFR2- cells) counts were analyzed using the ISHAGE single platform 
sequential gating strategy described in the previous chapter.  EPCs (CD34+ CD45- VEGFR2+ 
cells) were enumerated by sequential gating on CD34+, CD45-, and VEGFR2+ cells (Figure 43).  
Progenitor cell counts are expressed as % total leukocyte count or absolute cell counts as 
indicated.  
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Figure 1: Enumeration of HPCs using the ISHAGE criteria 
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A. After incubation of cells with fluorophore-conjugated antibodies to CD45 and CD34, data are 

displayed as a dotplot of side scatter (SSC) vs. CD45 fluorescence.  All CD45 positive events are 

gated in a region R1.   

B. Data in R1 is displayed as a dotplot of side scatter vs. CD34 fluorescence. A CD34 positive cluster 

of low side scatter should be apparent which is gated R2.   

C. Data from R2 are displayed in a dotplot SSC vs CD45 fluorescence.  The CD45-dim population is 

gated R3.  

D. Returning to the SSC vs CD45 dotplot and switching off all gates again, a new gate R4 is created 

around the homogenous, CD45 positive and low side scatter lymphocyte population. 

E. R4 is displayed as a dotplot of side scatter vs. forward scatter.  This shows the phenotypic 

characteristics of the lymphocytes and blasts, which are similar to those of hematopoetic 

precursors.  A region R5 is created to set the boundaries of these defining phenotypic features.  

F. Contents of R1x R2 x R3 are displayed as in E.  All events outside R5 are excluded from the final 

count, which represents the number of CD34 positive cells per 60,000 events. 

 
 
Isolation of CD34+ cells from blood and bone marrow (uninstrumented normal dogs):  At 
baseline, 20ml of peripheral blood was drawn from the external jugular vein, and animals were 
anesthetized briefly with ketamine and diazepam followed by intubation and administration of an 
isoflurane/oxygen mixture via the endotracheal tube. The upper humeral area was shaved, 
prepped, and draped, and a 13-gauge bone marrow aspiration/biopsy needle (Medical Device 
Technologies, FL) was advanced through the distal end of the greater tubercle of the humerus at 
an angle of 45 degrees facing distally until the marrow cavity was entered (2-3mm). Ten ml of 
marrow was aspirated and transferred to an EDTA tube on ice. Animals were then allowed to 
recover, and DOCA administration was commenced 48 hours later. An identical blood draw was 
performed prior to the acute study.  After induction and intubation, bone marrow aspiration was 
performed again as above prior to commencement of invasive hemodynamic assessment.  Blood 
was processed by density gradient centrifugation with extraction of buffy coat as previously 
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described.17, 18 Bone marrow was treated with 0.014% collagenase solution for 30 minutes, and 
the resulting cell suspension was diluted with PBS and layered over equal volumes of Ficoll-
Paque PLUS™ (Amersham Biosciences, Uppsala, Sweden) for buffy coat extraction as with 
blood. Cells from blood or marrow were washed twice, counted, and Fc blocked with 1µg of 
mouse IgG per 105 cells. Approximately 7 million cells were kept for flow cytometry, which was 
performed as described above. The remainder (approximately 108 cells) was incubated with 
CD34-APC antibody (R&D systems) as per the manufacturer’s instructions. Cells were washed 
twice and re-counted and then incubated with Anti-APC Microbeads (Miltenyi Biotec, Germany) 
as specified by the manufacturers. Cells were again washed twice and resuspended in 50ml 
PBSFE for magnetic cell separation. Cells were separated using an AUTOMACS™ machine 
(Miltenyi Biotec) on a positive cell selection “posseld” program, collected, and pelleted for 
telomerase quantification as described below.   
 
Quantification of telomerase activity by real time PCR:  Telomerase activity was quantified using 
the real-time polymerase chain reaction-based Quantitative Telomerase Detection (QTD) Kit 
(Allied Biotech, Ijamsville, MD, USA)19, 20 according to the manufacturer’s protocol.  Briefly, the 
CD34+ cells from the blood were collected, washed in PBS, and centrifuged for 30 minutes at 12 
000xg at 4°C.  The pellet was stored at -80°C until all samples were collected.  All samples were 
run in triplicate. Positive (enclosed with the kit) and negative controls (heat inactivated product in 
lysis buffer) were included in the analysis. A standard curve for telomerase activity was generated 
using provided control templates.  Telomerase activity is presented in relative units. 
 
 
Statistical Analysis 

 
LVAD and CRT studies: Continuous variables were expressed as mean ± standard deviation (SD) 
or median (IQR).  Comparisons in continuous variables across multiple groups were performed 
using analysis of the variance (ANOVA) or Kruskal-Wallis rank sum test. Two sample t-tests 
were used to assess pairwise differences in groups. Categorical variables were expressed as count 
(percent) and differences across the groups were assessed using Chi-square tests. Linear 
regression models were used to assess the association of RV dysfunction group or RVSP group 
with change in variables from pre to post CRT after adjusting for other baseline variables. 
Survival estimates were calculated by the Kaplan-Meier method and a log-rank test was used to 
compare survival across groups. Cox proportional hazards models were used to identify 
univariate predictors of survival. Stepwise selection was used to determine which of all variables 
with p < 0.10 in the univariate models were included in the final model. RV dysfunction group 
and RVSP group were added (separately) to the final model to determine independent 
associations with survival after adjusting for other variables. Relative risks were expressed as 
hazard ratios (HR) with 95% confidence intervals (CI).  Analyses were performed using SAS 
version 9.2 (SAS, Cary, North Carolina).  A 2-sided p<0.05 was considered significant. 

Animal studies: Normally distributed data are reported as mean ± SEM.  Non-normally 
distributed data are presented as median, [25th percentile, 75th percentile]. Within-group 

comparisons were performed using the Wilcoxon signed rank test.  For between-group 
comparisons with repeated measures, regression analysis of post treatment counts as the y 
variable, treatment group as the x variable of interest, and mean pre-treatment count as a 
covariate, was undertaken. Simple associations between cell counts and neurohormonal markers 
were assessed by Spearman rank correlation. The level of significance was set at  p<0.05. 
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Results:  
 
 
Specific Aim 1: To study the physiological effects of left ventricular offloading on 

pulmonary vascular resistance and right ventricular function in human subjects  
 
 
We evaluated fifty-seven patients implanted since February 2007 with ischemic and nonischemic 
dilated cardiomyopathy. Patients implanted both with the intention of bridge to transplant (BTT) 
and destination therapy (DT) patients were studied. Both pulsatile and continuous (axial) flow 
devices were found to be effective in offloading the left ventricle with reduction in LVIDD, PA 
pressures, PCWP and MR severity (table 1). This is accompanied by an expected reduction in 
serum BNP. PVR did decrease significantly after LVAD implantation, whether flow was pulsatile 
or continuous. We did find that in pulsatile devices, SVR increased following LVAD 
implantation. 
 
Table 1: 
 

0.0983 ± 568 ± 300.000283 ± 873 ± 7Mean Arterial Pressure (mmHg)

0.3360 ± 765 ± 10<0.000176 ± 761 ± 7Diastolic Blood Pressure (mmHg)

0.02128 ± 4107 ± 160.6596 ± 1396 ± 13Systolic Blood Pressure (mmHg)

0.28330.2433RV dysfunction (median, 0=none, 4=severe)

0.00333 ± 865 ± 16<0.000134 ± 1253 ± 13RVSP (mmHg, echo)

0.0027 ± 316 ± 4<0.000110 ± 515 ± 5RA pressure (mmHg, echo)

0.71220.00123TR Severity (median, 0=none 4=severe)

0.0213<0.000123MR Severity (median, 0=none 4=severe)

0.00545 ± 473 ± 90.000256 ± 1668 ± 13LVIDD (mm)

0.0232 ± 1019 ± 80.00127 ± 1320 ± 10LV Ejection Fraction (%)

Echocardiographic data: 

0.10197 ± 139247 ± 203<0.0001145 ± 38315 ± 218PVR (Dynes.s-cm5)

0.091584 ± 5721301 ± 500<0.00012068 ± 4521382 ± 651SVR (Dynes.s-cm5)

0.0042.8 ± 0.82.1 ± 0.5<0.00012.6 ± 0.41.9 ± 0.5Cardiac index (l/min/m2)

0.0075.7 ± 1.64.5 ± 1.1<0.00015.4 ± 1.03.9 ± 1.2Cardiac output (l/min)

0.0316 ± 625 ± 100.000118 ± 624 ± 7PCWP, cath (mean, mmHg)

0.0929 ± 937 ± 13<0.000128 ± 737 ± 10PA pressure, cath (mean, mmHg)

0.8314 ± 615 ± 70.6213 ± 615 ± 8Right atrial pressure, cath (mean, mmHg)

0.0469 ± 1682 ± 120.00581 ± 1274 ± 13Mean arterial pressure, cath (mmHg)

Early hemodynamic data:

0.07377 ± 4331030 ± 1088<0.0001629 ± 8651633 ± 1118BNP (pg/ml)

0.981.6 ± 1.21.6 ± 0.60.681.4 ± 0.91.4 ± 0.5Creatinine (mg/dl)

<0.0001IIIIV<0.0001IIIVNYHA Class (median)

p valueFollowupBaselinep valueFollowupBaseline

0.0983 ± 568 ± 300.000283 ± 873 ± 7Mean Arterial Pressure (mmHg)

0.3360 ± 765 ± 10<0.000176 ± 761 ± 7Diastolic Blood Pressure (mmHg)

0.02128 ± 4107 ± 160.6596 ± 1396 ± 13Systolic Blood Pressure (mmHg)

0.28330.2433RV dysfunction (median, 0=none, 4=severe)

0.00333 ± 865 ± 16<0.000134 ± 1253 ± 13RVSP (mmHg, echo)

0.0027 ± 316 ± 4<0.000110 ± 515 ± 5RA pressure (mmHg, echo)

0.71220.00123TR Severity (median, 0=none 4=severe)

0.0213<0.000123MR Severity (median, 0=none 4=severe)

0.00545 ± 473 ± 90.000256 ± 1668 ± 13LVIDD (mm)

0.0232 ± 1019 ± 80.00127 ± 1320 ± 10LV Ejection Fraction (%)

Echocardiographic data: 

0.10197 ± 139247 ± 203<0.0001145 ± 38315 ± 218PVR (Dynes.s-cm5)

0.091584 ± 5721301 ± 500<0.00012068 ± 4521382 ± 651SVR (Dynes.s-cm5)

0.0042.8 ± 0.82.1 ± 0.5<0.00012.6 ± 0.41.9 ± 0.5Cardiac index (l/min/m2)

0.0075.7 ± 1.64.5 ± 1.1<0.00015.4 ± 1.03.9 ± 1.2Cardiac output (l/min)

0.0316 ± 625 ± 100.000118 ± 624 ± 7PCWP, cath (mean, mmHg)

0.0929 ± 937 ± 13<0.000128 ± 737 ± 10PA pressure, cath (mean, mmHg)

0.8314 ± 615 ± 70.6213 ± 615 ± 8Right atrial pressure, cath (mean, mmHg)

0.0469 ± 1682 ± 120.00581 ± 1274 ± 13Mean arterial pressure, cath (mmHg)

Early hemodynamic data:

0.07377 ± 4331030 ± 1088<0.0001629 ± 8651633 ± 1118BNP (pg/ml)

0.981.6 ± 1.21.6 ± 0.60.681.4 ± 0.91.4 ± 0.5Creatinine (mg/dl)

<0.0001IIIIV<0.0001IIIVNYHA Class (median)

p valueFollowupBaselinep valueFollowupBaseline

Parameters Studied Continuous Flow Pulsatile Flow
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Where the prevalence of RV dysfunction is reviewed before LVAD placement, and three months 
afterwards, there is a decrease in the number of patients with severe RV dysfunction, but still a 
high number of patients with moderate dysfunction (figure 2A). Improvement in RV function was 
most notable in those with severe RV dysfunction at baseline, in keeping with the histograms 
above (figure 2B).  
 
 
Figure 2: Effect of LVAD therapy on RV function 
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Examining a combination of PVR elevation and mitral regurgitation (MR) severity, the greatest 
improvement in RV function appeared to be predicted where MR was at least moderate and PVR 
was elevated (figure 19).  
 
 
 

 

 

 

A 

B 
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Figure 3: MR severity and PVR and improvement in RV function on LVAD support 
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Survival and RV function: We further stratified the patients into those in whom improvement in 
RV function was observed at three months, and those in whom there was no improvement (no 
change or deterioration). Where a log rank analysis was undertaken to study all cause mortality, 
there was a significant difference in survival between those in whom RV function improved 
compared to those where it did not (figure 4). When the findings related to etiology of 
cardiomyopathy are considered, it is notable that the survival of the restrictive cardiomyopathy 
group also appeared to be significantly poorer.   
 
Figure 4: Change in RV function after LVAD and survival 
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Specific Aim 2: To evaluate the incidence and clinical effects of ventricular 

arrhythmia in patients supported by left ventricular assist devices  
 

One hundred and twenty eight patients had LVADs implanted during the study period (February 
2007 to July 2010). The analysis was confined to 121 patients who received continuous flow 
LVADs.  Most (n=117) were implanted electively and four emergently. Among the elective 
implants, 48 were placed as a bridge to transplant and 69 as destination therapy. Implanted pumps 
included the HeartMate II (n = 107), Duraheart (n=1), VentrAssist (n = 6) and Jarvik 2000 (n = 
7).  
 
No significant change in the incidence of ventricular arrhythmia was noted after LVAD 
implantation in patients with arrhythmia detection by the ICD activated (n=38), although a trend 
was noted for a decrease in the incidence of ventricular fibrillation episodes (figure 5).  
 
Figure 5: Ventricular arrhythmia burden before and after LVAD implantation.  
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Specific Aim 3: To study the additional impact of ICDs on survival after LVAD 

implantation 
 
 
In the patient cohort described above, the median follow up uncensored by transplantation was 
455 days, (233 days active ICD, 642 days inactive ICD, and 803 days no ICD). Twenty-three of 
121 patients died at the end of the followup duration, and twenty-nine patients underwent cardiac 
transplantation. 
 
With the exception of two patients who died suddenly outside the hospital where an arrhythmic 
cause of death could not be excluded, all patients died of a non-arrhythmic cause.  
 
At the end of the first year, the survival rate, not censored for transplantation, was 81.1% for the 
inactive ICD group and 91.2% for the active ICD group. For the no-ICD group, survival rate was 
87.5% at one year. Followup duration censored by transplantation or death was 287 days (210 
days active ICD, 391 days inactive ICD, and 677 days no ICD). One year survival censored by 
transplantation or death was 78.5% for the inactive ICD group and 91.6% for the active ICD 
group. For the no-ICD group, overall cumulative survival rate was 87.5% at one year. Survival 
curves censored by transplantation or death are shown in Figure 31 (inactive vs. no ICD p=0.46, 
active vs. no ICD p=0.63, inactive vs. active p=0.14)  
 
Overall survival curves after LVAD implantation in the active and inactive ICD and non-ICD 
groups are shown in Figure 6 (inactive vs. no ICD p=0.61, active vs. no ICD p=0.75, inactive vs. 
active p=0.44).  
 
Figure 6: Overall survival after LVAD implantation in the ICD-active, ICD-inactive and no 

ICD subgroups.  
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Specific Aim 4: To address the role of CRT in patients on LVAD support, in particular 

assessing the potential impact of right heart failure on CRT response  
 
Five hundred sixty-three recipients of CRT (without LVAD) were studied. Positive LV 
remodeling evidenced by reduction in LV end diastolic dimensions (LVEDD) was significantly 
associated with RV function at baseline, (p=0.03) with the greatest improvement in patients with 
normal RV systolic function (3.9 ± 6.9 mm decrease in LVEDD). The Kaplan-Meier estimate 
showed significantly poorer survival in mild (p<0.001), moderate (p=0.022) and severe (p=0.012) 
RV dysfunction compared to patients with normal RV function at the time of CRT implantation 
(figure 7). Where severity of pulmonary hypertension at the time of implant is examined, the 
findings are similar (figure 8).  
 
Figure 7: Survival after CRT implantation by RV dysfunction severity prior to 

implantation.   
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Figure 8: Survival after CRT implantation by severity of pulmonary hypertension 

prior to implantation.  
 

 
 
 
Outcomes of CRT with LVAD therapy: 81 LVAD recipients who were paced following LVAD 
implantation were studied. 24 were biventricularly paced after LVAD implantation (CRT group), 
30 had RV pacing only post LVAD (RV PACE group) and 25 had no pacing post LVAD (NO 
PACE group).  
 
A significant reduction in LVIDD was noted regardless of the pacing mode post LVAD 
implantation, with the most notable effect seen in the RV paced group (CRT p=0.02, NO PACE 
p=0.04, RV PACE p=0.0001). However, marked reductions in estimated RA and RV systolic 
pressure by echo were seen regardless of the pacing mode post LVAD and to equal extents in 
each group (for RA pressure: CRT p=0.003, NO PACE p=0.005, RV PACE p=0.004 and for 
RVSP p<0.0001 for all three groups).  
 
The median follow up post LVAD uncensored by transplantation was 478 days (430 days CRT 
group, 458 days RV PACE, 770 days NO PACE), and censored by transplantation 297 days (219 
days CRT group, 300 days RV PACE, 319 days NO PACE).  
 
Sixteen of 81 patients had died by the end of the followup duration, 20 patients had undergone 
cardiac transplantation and 1 had their LVAD deactivated due to myocardial recovery.  
 
At the end of the first year, the overall survival rate, not censored for transplantation, was 83.1 % 
for the entire cohort (86.8% for the CRT group, 79.2% for the RV group and 84.6% for the NO 
PACE group). One year survival censored by transplantation was 80.4% for the entire cohort 
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(74.1% for the CRT group, 81.8% for the RV group and 84.6% for the NO PACE group). At two 
years, the overall cumulative survival rate censored by transplantation, was 73.4% for the entire 
cohort (74.1 % for the CRT group, 72.7% for the RV PACE group and 76.9% for the NO PACE 
group). Survival curves censored by transplantation or death are shown in Figure 9 (CRT vs. RV 
PACE p=0.72, RV PACE vs. NO PACE p=0.99, CRT vs. NO PACE p=0.93). 
 
Figure 9: Survival after LVAD implantation censored by transplantation in post 

LVAD CRT, RV and no pacing groups. 
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Specific Aim 5: To evaluate the impact of neurohormonal changes in advanced heart 

failure on endogenous reparative mechanisms  
 
 
Rapid cardiac pacing resulted in hemodynamic evidence of advanced congestive cardiac failure 
as evidenced by decreased cardiac output (2.2, [1.8, 2.5] L/min) and increased systemic vascular 
resistance (40.4, [33.8, 51.7] WU) and pulmonary capillary wedge pressure (22.5, [14.8, 25.5] 
mmHg).  In dogs, the majority of circulating CD34+ cells was CD45dim and VEGFR2- consistent 
with an HPC phenotype (95.8±1.9%).  There was a significant decrease in HPCs 
(CD34+/CD45dim/VEGFR2-) after 10 days of pacing, p=0.009 by Wilcoxon signed rank test) 
(Figure 10A).   
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Figure 10:  A: Hematopoietic (HPC) and B: endothelial progenitor cell (EPC) counts 
in a canine pacing model of LV dysfunction.   
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Neurohormonal parameters analyzed in the paced dogs at the time of acute hemodynamic study 
revealed a significant inverse correlation between the change in HPCs over the 10 day pacing 
period and the plasma aldosterone level (Spearman Rank Correlation =-0.67, p=0.03) (Table 18 
and Figure 46). 
 
Table 2: Spearman Rank correlations between change in progenitor cell counts 

from paced dogs over 10 days compared with plasma aldosterone level, canine B-

type natriuretic peptide (cBNP) levels, and canine atrial natriuretic peptide levels 

(ANP) at 10 days. 
 

0.610.190.700.15Plasma ANP level (pg/ml)

0.490.240.780.10Plasma cBNP level (pg/ml)

0.210.43*0.03- 0.67Plasma aldosterone level (ng/ml)

p value Spearman rank correlation p value Spearman rank correlation 

Change in EPC count as a % of total leukocytesChange in HPC count as a % of total leukocytes

0.610.190.700.15Plasma ANP level (pg/ml)

0.490.240.780.10Plasma cBNP level (pg/ml)

0.210.43*0.03Plasma aldosterone level (ng/ml)

p value p value 

Change in EPC count as a % of total leukocytesChange in HPC count as a % of total leukocytes

 
 
To determine whether mineralocorticoid excess is sufficient to account for decreases in HPCs, 
uninstrumented dogs were treated with DOCA for 10 days.   No significant effect on total 
leukocyte counts was noted following DOCA treatment (Figure 11A).  However, a significant fall 
in HPCs as a percentage of total leukocytes was noted in peripheral blood comparing baseline 
values with those at 10 days (0.10 [0.07, 0.17] % to 0.02 [0.02,0.05], p=0.005 by Wilcoxon 
signed rank test) (Figure 11B) but not in bone marrow  (0.11 [0.06,0.18] % to 0.18 [0.09,0.33] %, 
p=0.30) (Figure 11C).   
 
 

A B 
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Figure 11:  Effects of renal wrapping (RW) and deoxycorticosterone acetate 

(DOCA) on HPC counts.   
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To determine whether mineralocorticoid excess is sufficient to account for decreases in HPCs, 
uninstrumented dogs were treated with DOCA for 10 days.  No significant effect on total 
leukocyte counts was noted following DOCA treatment. However, a significant fall in HPCs as a 
percentage of total leukocytes was noted in peripheral blood comparing baseline values with 
those at 10 days (0.10 [0.07, 0.17] % to 0.02 [0.02,0.05], p=0.005 by Wilcoxon signed rank test) 
(Figure 12A) but not in bone marrow  (0.11 [0.06,0.18] % to 0.18 [0.09,0.33] %, p=0.30) (Figure 
12B). 
 
Finally, circulating CD34+ cells demonstrated evidence of senescence with reduced telomerase 
activity following administration of DOCA (Figure 12).  No differences in telomerase activity 
were seen in bone marrow-derived CD34+ cells suggesting a peripheral effect.   
 
Figure 12:  reduced telomerase activity following administration of DOCA 
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Discussion:  
 
 
Specific Aim 1: To study the physiological effects of left ventricular offloading on 

pulmonary vascular resistance and right ventricular function in human subjects 
 
We demonstrate that both pulsatile and continuous flow devices are effective in offloading the 
left ventricle with reduction in LVIDD, PA pressures, PCWP and MR severity. This is 
accompanied by an expected reduction in serum BNP. The numbers of pulsatile devices 
implanted were small which may account for lack of significance of some changes in this group 
compared to the continuous flow group.  
 
We did not find that visual echocardiographic assessment of RV function demonstrated any 
significant improvement. PVR did decrease significantly after LVAD implantation, whether flow 
was pulsatile or continuous.   
 
We did find that in pulsatile devices, SVR increased following LVAD implantation. Therefore, 
antihypertensive and afterload reduction therapy may be still required after LVAD implantation 
in these patients.  

LVAD therapy very effectively decreased pulmonary arterial pressures in patients previously 
identified to have either fixed or reversible pulmonary hypertension at right heart catheterization. 
PVR appears to normalize in both groups post LVAD placement, suggesting that LVAD therapy 
may render some patients who transplant ineligible due to high PVR potentially transplantable.  
 
A very important finding of these studies is that severe right ventricular dysfunction prior to 
implantation of an LVAD has the potential to improve. This is most likely to occur where PVR is 
elevated prior to implant, and where there is more mitral valve regurgitation. However, where RV 
function does not improve after LVAD implant there is a significant effect on longterm survival. 
This strongly underlines the deterministic role of right ventricular function in survival from 
advanced heart failure. 
 
 
Specific Aim 2: To evaluate the incidence and clinical effects of ventricular 

arrhythmia in patients supported by left ventricular assist devices  
      and  
 

Specific Aim 3: To study the additional impact of ICDs on survival after LVAD 

implantation  
 
 
No significant decrease in ventricular arrhythmia burden was seen after LVAD implantation. In 
this small single center study, the presence of an ICD in situ with therapies active did not 
demonstrated significantly improved survival of these patients following LVAD implant. These 
findings are particularly interesting in the light of recent data suggesting that a high ICD shock 
burden may adversely affect survival.21, 22, 23 We believe that in the present era, where we now 
have implantable devices that maintain hemodynamic stability in the setting of advanced pump 
failure, a time has come where we need to further evaluate the risk-benefit ratio of continued ICD 
therapy post LVAD implantation. The reason for tolerance of ventricular fibrillation with LVAD 
support in these cases likely relates to the creation of a Fontan-like physiology in the LVAD-
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supported patient with right ventricular dysfunction. Until additional data are available, a 
reasonable clinical strategy may be to activate ICDs to deliver shocks only for more rapid 
ventricular tachyarrhythmias while prolonging detection as much as feasible in light of the short 
term tolerance of ventricular tachyarrhythmias. 
 
Specific Aim 4: To address the role of CRT in patients on LVAD support, in particular 

assessing the potential impact of right heart failure on CRT response  
 
Right ventricular dysfunction has also been shown to be an independent risk factor for poor 
outcome in chronic heart failure.24-26 RV dysfunction in chronic heart failure results in part from 
pulmonary hypertension and chronic elevation in RV afterload resulting from chronic elevation in  
loading conditions in the LV.27, 28 Chronic pulmonary arterial hypertension is associated with the 
development of right intraventricular dyssynchrony 29, 30and right bundle branch block.31, 32 As 
such, the presence of pulmonary hypertension, right ventricular dysfunction and right bundle 
branch block in chronic heart failure are all likely to be interrelated, each having been 
independently identified to lead to poor outcome in heart failure patients. The current paper 
brings together data suggesting that these collective findings are also associated with worse 
clinical outcomes after CRT (figure 9). 
 
Where the effect of CRT following LVAD was examined, no survival advantage was 
demonstrated for any particular pacing mode in comparison to one another or in comparison to 
absence of pacing after LVAD implantation. Furthermore, the primary physiological effects of 
LVAD therapy as demonstrated by echocardiography in terms of LV offloading, such as 
reduction on LVIDD, RA and RV pressures were present in all pacing subgroups, similar in 
nature to the entire cohort. The apparent relative differences in scale of these changes in the 
different pacing subgroups compared to the entire cohort did not appear to be significant in the 
multivariate analysis. Where laboratory indices were concerned, the most notable effects seen 
post LVAD therapy were reduction in BNP and BUN. Again, these changes were similar in the 
pacing subgroups, although apparent differences in scale of these changes were demonstrated to 
be statistically insignificant in multivariate regression analysis.  
 

 
Specific Aim 5: To evaluate the impact of neurohormonal changes in advanced heart 

failure on endogenous reparative mechanisms  
 
We report a reduction in circulating progenitor cells has been linked to changes in serum levels of 
mineralocorticoids.  Additionally, it is suggested that the underlying mechanisms may include 
effects on telomerase activity in circulating progenitor cells leading to possible telomere length 
shortening and accelerated cell death. The implications of these findings suggest a novel 
paradigm in which to consider aldosterone antagonism in human disease.  

 
Aldosterone antagonism has proven beneficial not just in chronic heart failure33 but also in heart 
failure post myocardial infarction.34 Aldosterone antagonism may also be of benefit in the 
treatment of endothelial dysfunction.35 The possibility of accelerated senescence contributing to 
these disease processes and the possibility of aldosterone as a mediator cannot be ignored in this 
light.  Studies will need to define whether aldosterone antagonism might attenuate the reductions 
in circulating progenitor cells in these models. 
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Conclusions:  
 
The management of advanced heart failure is at a crossroads. The realization of the shortfall of 
transplantation as an option for the majority of patients has lead to extensive research into 
alternative technologies, mechanical, electrical and cellular.  
 
In part one, we discussed how we have reached a plateau in terms of impacting the survival of 
patients with advanced heart failure with conventional therapy. We reported how right ventricular 
dysfunction often coexists with left ventricular dysfunction, and is a key determinant of survival 
and response to therapy.  
 
In part two, we described how left ventricular assist devices (LVADs) have become established 
as a viable means of long-term support for patients with advanced heart failure, and report our 
survival data and comparison with other studies. We described the physiologic effects of left 
ventricular offloading in detail from studies of our patient cohorts. In particular, we reported how 
reduction in pulmonary vascular resistance in most patients who receive an LVAD may allow 
right ventricular offloading and stabilization and even improvement of right ventricular systolic 
function.  
 
In part three, we discussed how ventricular arrhythmia is a significant cause of morbidity and 
mortality in advanced heart failure. In the LVAD recipient population, we demonstrated that left 
ventricular offloading does not eliminate ventricular arrhythmogenicity in advanced heart failure. 
However, the reduction in pulmonary vascular resistance which results from LVAD support may 
improve tolerability of ventricular arrhythmia and alter its clinical impact. We suggested that this 
phenomenon may in fact reduce the additional potential survival advantage of an ICD in this 
population, and provokes consideration regarding appropriate ICD programming for these 
patients.  
 
We also demonstrated that for patients supported by an LVAD, incremental survival benefit of 
cardiac resynchronization therapy (CRT) also appears to be greatly reduced. This finding 
highlights once again the key role that right ventricular dysfunction plays in the outcome of 
patients which advanced heart failure, reminiscent of the patients with idiopathic pulmonary 
hypertension described in chapter two. As such, future therapies to provide a viable alternative to 
cardiac transplantation for the majority of patients will need to address support or restoration of 
the function of both ventricles.  
 
An alternative to transplantation for advanced heart failure patients will need to address 
restoration of function of both ventricles. In the final section, we explored new insights in cellular 
therapy. Ironically, cardiac transplantation has in fact been the basis of many discoveries and 
subsequent landmark studies in this field, which have allowed the demonstration of migration and 
proliferation of cells of recipient origin in the donor heart. We reported our own data from a 
canine heart failure model which add a new dimension to the role of activation of the renin-
angiotensin-aldosterone system in the pathophysiology of heart failure; that of accelerated 
senescence of endogenous progenitor cells. Future studies in this domain may allow the 
characterization of neurohormonal mechanisms at work, and the development of pharmacological 
strategies to influence this complex milieu of endogenous cellular repair.  
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