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Effective combined off-pump surgical treatment and autologous bone
marrow cell transplantation: a new alternative for patients with end-stage
ischemic cardiomyopathy (Prapas’ procedure)
Otolog kök hücre transplantasyonu ve pompas›z cerrahi tedavinin etkili birlikteli¤i: Terminal iskemik
kardiyomiyopatili hastalar için yeni bir alternatif (Prapas prosedürü)
Sotirios Prapas, Dimitrios Protogeros, Fotini Danou*, Chrysanthi Trikka**,
Ioannis Panagiotopoulos, Helen Chandrinou***
From Departments of Cardiac Surgery, *Anesthesia, **Cardiology, and *** Immunohematology and Transfusion Medicine,
Henry Dunant Hospital, Athens, Greece

ABSTRACT
Objective: To propose an alternative method combined off-pump treatment of end-stage ischemic cardiomyopathy consisting of
revascularization of ischemic areas, external reshaping of the left ventricle (LV) in order to restore near normal geometry and autologous bone
marrow-derived mononuclear cell (BM-MNC) implantation.
Methods: Forty- seven patients (mean age 58±8.9 years) underwent the above procedure. All patients were NYHA III-IV and four were
transplantation candidates. They underwent standard laboratory evaluation, transthoracic echocardiography, dipyridamole thallium
scintigraphy (DTS) and cardiac magnetic resonance imaging preoperatively and at 3rd, 6th and 12th months postoperatively. After
revascularization and external LV reshaping, BM-MNCs were injected into predetermined peri-infarct areas.
Results: Forty-five patients survived during a follow up period of 3-37 months. Ejection fraction improved from 21.7±7.4% to 30.6±6.9%, 36.5±4.3%
and 37.7±4.2% at 3rd, 6th and 12th months, respectively. Left ventricular end-diastolic diameter was reduced from 66.1±4.9 mm to 62.6±3.9 mm,
60.5±2.9 mm and 59.3±4.2 mm respectively. Previously non-viable areas on DTS were found to contain viable tissue and MRI showed
hypokinesia in previously akinetic areas. NYHA class improved to I-II. No significant arrhythmias were noted during the follow-up period. One
patient died due to low cardiac output and one patient died due to septic shock.
Conclusions: Combined off-pump surgical treatment and autologous bone-marrow mononuclear cell transplantation for end-stage ischemic
cardiomyopathy is safe and feasible and appears to improve the patients’ functional status.
(Anadolu Kardiyol Derg 2008; 8: Suppl 2; 101-7)
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ÖZET
Amaç: Bu çal›ﬂma son safhada iskemik kardiyomiyopatisi olan hastalar için iskemik alanlar›n revaskülarizasyonu, normal geometriye
dönüﬂtürülmesi amac› ile sol ventrikülün (LV) d›ﬂardan yeniden ﬂekillendirmesi ve otolog mononükleer kök hücrelerin (BM MNC) implantasyonuna dayanan kombine alternatif bir tedavi yöntemi geliﬂtirmek amac› ile yap›lm›ﬂ.
Yöntemler: Ameliyat toplam 47 hastaya uyguland› (ortalama yaﬂ, 58±8. 9 y›l). Bütün hastalar, evre III ve IV NYHA s›n›f›nda idi ve 4'ü transplantasyon aday› idi. Tüm hastalara standart laboratuvar de¤erlendirme, transtorasik ekokardiyografi, dipiridamol talyum sintigrafisi (DTS) ve preoperatif, postoperatif 3., 6., 12. aylarda kardiyak manyetik rezonans görüntülemesi (MRI) yap›ld›.
Otolog mononükleer kök hücreleri, revaskülarizasyon ve LV yeniden ﬂekillendirme iﬂlemi sonras›nda önceden belirlenen peri-infarkt alanlar›na
enjekte edildi.
Bulgular: Üç ile otuz yedi ay izlem döneminin sonunda 47 hasta hayatta kald›. Ejeksiyon fraksiyonu 3., 6. ve 12. ayda %21.7±7'den s›ras› ile
%30.6±6'ya, %36.5±4.3'e ve %37.7±4.2'ye kadar yükseldi. Sol ventrikül diyastol sonu çap› ayn› dönemlerde 66.1±4.9 mm'den 62.6±3.9 mm,
60.5±2.9 mm ve 59.3±4.2 mm'ye kadar azald›. ‹zlem sonunda DTS’de önceden canl› olmayan alanlarda canl› dokular tespit edildi ve MRI'da,
önceden akinetik olan alanlarda hypokinezi görüldü. NYHA s›n›f›, evre I- II'ye azald›. ‹zlem s›ras›nda hiçbir önemli aritmi tespit edilmedi. Bir
hasta, düﬂük kardiyak debi sendromu ve bir hasta septik ﬂok nedeni ile kaybedildi.
Sonuç: Kombine pompa-d›ﬂ› cerrahi tedavi ve otolog mononükleer kök hücre transplantasyonu son safhada iskemik kardiyomiyopatili hastalar
için güvenilir, uygulanabilir ve hastalar›n fonksiyonel durumunu iyileﬂtiren bir yöntemdir. (Anadolu Kardiyol Derg 2008; 8: Suppl 2; 101-7)
Anahtar kelimeler: ‹skemik kardiyomiyopati, "off-pump" cerrahi, hücre transplantasyonu
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Introduction
Congestive heart failure (CHF) is a major cause of death and
disability in western societies. It affects 6-10% of people over the
age of 65 and its incidence is increasing, leading to an increased
number of hospitalizations and health care costs (1, 2). About two
thirds of cases are due to ischemic heart disease, where
myocardial mass is lost after an acute infarction. The remodeling
process which follows, although useful initially, eventually leads
to chamber dilatation, loss of normal geometry and further
compromise of heart function (3).
The mainstay of CHF treatment is conservative. This may lead
to amelioration of symptoms but does not seem to offer long term
benefits on survival (4). Surgical options are heart
transplantation, ventricular assist devices (VADs) or, in selected
patients, revascularization combined with ventricular
aneurysmectomy. Heart transplantation is limited by the lack of
donors and requires chronic immunosuppression, which is
accompanied by serious risks. Ventricular assist devices are
most commonly used as a bridge to transplantation and their
usefulness is limited by potential complications such as
bleeding, infection, thromboembolic episodes etc. Additionally,
they have a significant cost, a limited life and the quality of the
patients’ life is usually compromised (4, 5). Revascularization
with aneurysmectomy may be applied to patients with large
aneurysms. This procedure requires the use of extracorporeal
circulation, which is associated with significant morbidity,
particularly in such severely ill patients. In addition, large,
well-defined aneurysms are rarely seen today due to the
evolution of interventional cardiology and the improvement of
treatment after acute ischemic events (6, 7). More commonly, a
combination of akinetic and/or dyskinetic areas is seen, with
variable amounts of viable myocardium in between (8).
Recent stem cell research has raised hopes for myocardial
repair or regeneration. Studies in animals (9-15) and humans
(16-23) suggest that a number of cells, isolated from skeletal
muscle, bone-marrow or peripheral blood may engraft into the
scarred myocardium and the surrounding areas resulting in
functional improvement via a yet to be defined mechanism.
Angiogenesis, vasculogenesis, differentiation into muscle or
myocardial cells and more complex paracrine mechanisms have
been suggested as potential pathways (15, 24, 25).
However, end-stage ischemic cardiomyopathy is a complex
syndrome and it is unlikely that a single treatment, even cell
therapy, would prove to be a “universal” cure. Similar to the
multimodal pharmacological treatment of CHF, a combined surgical approach seems more reasonable.
Based on this rationale, we treated patients with end-stage
ischemic cardiomyopathy with a combination of surgical
revascularization, external reshaping of the LV and implantation
of autologous bone marrow-derived mononuclear cells on an
off-pump basis, in order to investigate the safety and efficacy of
this combined technique.

Methods
Between July 2005 and August 2008, 47 patients underwent
the combined surgical treatment after informed consent. The
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inclusion criteria were diagnosis of HF of ischemic etiology,
NYHA class III or IV, ejection fraction (EF) ≤35%, left ventricular
end-diastolic diameter (LVEDD) ≥55 mm, large areas of
irreversible ischemia and at least one target suitable for
revascularization. Exclusion criteria were chronic renal
dysfunction (serum creatinine >2.0 mg/dl), hepatic failure,
hematologic disease, history of malignancy, history of
cerebrovascular disease, diffuse vascular disease, history of
severe arrhythmias, severe primary lung disease, body surface
area >2.0 m2, age <18 or >75 years and insulin dependent
diabetes mellitus. Preoperative evaluation included NYHA class
assessment, coronary angiography, hematologic assessment,
pulmonary function tests and standard blood tests.
Transthoracic echocardiography was performed by a single
cardiologist, blinded to the procedure, in order to measure EF
and LVEDD. Cardiac magnetic resonance imaging (MRI) and/or
dipyridamole thallium scanning were used to identify and map
scarred areas of the left ventricle in detail. All tests were
repeated at 3rd, 6th and 12th months.

Operative technique
Intraaortic balloon pump (IABP) was inserted in all patients
immediately before surgery.
In 15 patients, after induction of anesthesia and institution of
invasive monitoring, the patient was positioned appropriately
and bilateral posterior iliac crest aspiration was performed
under strictly sterile conditions. The bone marrow was aspirated
with 10 ml syringes rinsed with a solution containing 1000 ml
normal saline and 25000 units of heparin to avoid clotting. The
contents of each syringe were then transferred in the collection
bag of the Bone Marrow Collection Kit (R4R2107; Fenwall,
Baxter), where 40 ml of anticoagulant ACD-A (Acid Citrate
Dextrose-Adenine solution, Macoflex) was added to obtain a
final volume of approximately 450ml of bone marrow, aiming at
isolating a large number of cells (109). In the cellular and
molecular therapy, the bone marrow was filtered by gravity
through a series of successively smaller diameter mesh filters
(500μm and 200μm) to eliminate bone spicules, fat and cellular
debris and then was collected in a sterile plastic transfer bag.
The bone marrow mononuclear cells (BM-MNCs) were isolated
using the Bone Marrow Processing (BMP) procedure, sorting
the cells on a Spectra cell separator (777006-300; Cobe Spectra
Apheresis System, Gabro BCT). During this procedure,
anticoagulated bone marrow enters the inlet chamber through
the inlet tube; as it flows through the channel, it is separated into
three layers: the red blood cells on the outer layer, the buffy coat
containing the white blood cells in the middle and the platelet
rich plasma in the inner layer. Maintaining the red blood cell/
plasma interface in a constant position, the white blood cells
(WBC) are drawn from the channel through the WBC collect tube,
and the MNCs are concentrated to a volume of 80 ml. The
cellular product is diluted by an equal volume of Dulbecco’s
phosphate-buffered saline (PBS, calcium and magnesium free,
GIBCO) with 5% human serum albumin. The cell suspension is
placed over HISTOPAQUE-1077 (Sigma-Aldrich) 3:1 and the
remaining red blood cells are removed by density-gradient
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centrifugation at 400G for 30 minutes. The upper layer is
aspirated, leaving the mononuclear cell layer at the inter-phase.
The inter-phase cells are transferred to a new conical tube and
exhaustively washed with PBS containing 5% human serum
albumin by centrifugation at 1200G for 20 minutes twice. The
supernatant is completely removed and the cell pellet is
re-suspended in saline solution with 5% human serum albumin for
injection at a final volume of 30 ml.
Bone marrow cells in 32 patients were isolated using the
BMAC system (Harvest Technologies Corporation, Plymouth, MA)
according to the instructions of the manufacturer Approximately
60 ml of bone marrow was collected from posterior iliac crest of
each patient. The system uses a dual chamber disposable. The
first chamber contains a floating shelf of a specific density into
which the heavy red blood cells are separated from the nucleated
cells, platelets and plasma during the initial centrifugation phase.
The cellular elements and plasma are automatically decanted into
the second chamber and concentrated by centrifugation.
A portion of the supernatant plasma is removed and the cellular
elements are resuspended in saline solution with 5% human
serum albumin for injection at a final volume of 30ml.
A small fraction of the cell suspension is reserved for cell
counting, cultures and viability testing with trypan blue
exclusion. Cell viability was shown to be consistently above 90%
(95±4%) thus assuring the quality of the cell suspension.
Bacterial and fungal cultures of the clinically used cell preparations were performed and proved negative. An average of 1.5±0.8
x 109 BM-MNCs were isolated per patient (range 0.85-3.03 x109).
Meanwhile, the operation was performed through a median
sternotomy. The first step was to revascularize the identified
coronary targets using arterial grafts whenever possible. The
aorta non-touch technique was applied. Both internal mammary
arteries were harvested in a skeletonized fashion and
preconstructed conduits (Y, T, Π, I) (Fig 1), using the free right
internal mammary, radial or saphenous vein, were prepared
according to the required grafts (26, 27).
After completing the revascularization, the external
reshaping was performed off-pump. The heart was positioned
appropriately and the dilated, akinetic/dyskinetic areas were
defined. Superficial interrupted mattress sutures reinforced with
Teflon felt or pericardial strips were used to plicate these areas,
taking care not to injure adjacent or underlying vessels (Fig. 2-5).
Before tying, the sutures were put under tension simultaneously
after temporarily reducing the LV preload, using a small nitroglycerine bolus and the head-up position when needed, so that
tension was evenly distributed along the suture lines (28).
The BM-MNCs were then injected into the peri-infarct areas of
the heart, as defined by preoperative testing (echocardiography,
MRI, scintigraphy), through a 24G butterfly needle which was
inserted at a 450 angle into the myocardium (Fig. 6). Approximately
15-30 punctures were performed, injecting 0.5 ml at each puncture.
Statistical analysis: Data are presented as mean±SD.

Results
Forty-four patients were male and the mean age of all patients
was 58±8.9 years. Thirty-seven patients were in NYHA class III and
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Figure 1. ∏- Circuit

Figure 2. Schematic representation of external LV reshaping (arrows indicate areas around the infarct injected with cells)
LV-left ventricular

10 in class IV (mean value 3.4). The mean preoperative EF was
21.7±7.4% and the LVEDD was 66.1±4.2 mm.
At a follow-up period of 3-37 months only two patients died.
The first one died due to low cardiac output and the second one
due to septic shock. All the other patients are alive and their
clinical assessment reveals a significant improvement in their
symptoms and quality of life (average NYHA class 2.4, 1.5 and 1.5
at 3rd, 6th and 12th months respectively). Ejection fraction
improved to 30.6±6.9%, 36.5±4.3% and 37.7±4.2% at 3rd , 6th and
12th months, while LVEDD was reduced to 62.6±3.9 mm, 60.5±2.9
mm and 59.3±4.2 mm respectively.
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Figure 3. Anteroapical plication

Figure 4. Plication of the inferolateral wall

Anadolu Kardiyol Derg
2008: 8: Özel Say› 2; 101-7

The changes in EF and LVEDD over time are illustrated in
Figures 7 and 8 respectively.
For logistic reasons, only thirty-two patients were tested with
cardiac MRI and thirty six had a dipyridamole thallium scan. The
areas of akinesia/ dyskinesia and the measured EF and LVEDD
were in agreement with the echocardiography findings. At six
months and one year, apart from the improvement of global EF
and LVEDD, thallium scanning or MRI revealed hypokinesia or
reduced distribution of radioopaque contrast in areas where
previously akinesia or lack of distribution were observed.
No severe adverse effects were noted. There was no
bleeding from the iliac crest puncture sites. Three patients
developed supraventricular arrhythmia (atrial fibrillation or atrial
extrasystoles) in the first 24 hours postoperatively, which were
treated successfully with amiodarone. Continuous rhythm
monitoring throughout hospitalization and Holter examination
3 months after discharge revealed no further arrhythmias.
Twelve patients did not require external reshaping because
no clearly defined akinetic/dyskinetic area was identified. One of
them had significant mitral regurgitation due to LV dilatation and
required mitral valve repair. In this patient, stem cells were
implanted after weaning from bypass and full reversal of heparin.
Patient No 9 was the most challenging as he had suffered an
acute anterolateral myocardial infarction 6 weeks before
surgery. He went into acute heart failure (EF 10%), complicated
by pulmonary infection and soon developed acute renal failure
(creatinine up to 5.2 mg/dl). Therefore, the option of LVAD was
excluded and the patient remained intubated and supported by
IABP in alternating femoral arteries. Although he was
undergoing hemofiltration, he was not excluded from our
treatment group because it was felt that the renal failure was
prerenal, of reset onset and potentially reversible. Considering
the lack of options, we decided to wait for 6 weeks until the
infarcted area healed and became less friable in order to
operate. He underwent a single bypass to the left anterior
descending artery, external reshaping of the anterior wall and
the apex and was injected with (number) of BM-MNC in the
peri-infarct areas of the anterior and anterolateral wall. The
procedure was successful and the patient was discharged with
normal renal function and in a good clinical state.

Discussion

Figure 5. Plication of the inferior wall

Our initial experience with the combined surgical/cellular
approach for end-stage ischemic heart failure shows that it is
feasible, safe and seems to improve patients’ cardiac function
and quality of life.
We chose to apply this technique in patients with severe
ischemic cardiomyopathy, as these patients have no or very
limited options and, once they are diagnosed with stage C or D
CHF, their life expectancy averages 1.7 years (American Heart
Association, 2002). The possibility for heart transplantation in
Greece is remote, as only 3.17 transplantations are performed
each year due to lack of donors (29). It is important to note that 4
of our patients were transplantation candidates.
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It is difficult to deduce which one of the three aspects of the
intervention (revascularization, external reshaping or stem cell
transplantation) was the most effective. Yet, we felt that this
multimodal approach would be more beneficial considering the
complexity and severity of the patients’ condition. In a recent
review, Angelini et al (30) pointed out that cell treatment would
be unlikely to yield a viable and functional myocardium if the
normal blood supply were not also restored. The efficacy of stem
cell therapy is still under investigation and the mechanism
through which it works is unclear (24). Yet, studies so far that
show beneficial effects cannot be overlooked. It appears that it
takes at least three months for such effects to become
significant (20, 22, 31). Therefore, it seems reasonable to give the
myocardium any assistance possible by providing optimal blood
supply to the diseased coronaries. Additionally, it is possible that
in advanced CHF, where the LV is severely dilated and
dyskinetic, even myocardial regeneration may not be enough to
adequately reverse the remodeling process and achieve
near-normalization of the LV size and shape (30). The external
reshaping procedure that we describe may assist in this
direction. Depending on the extent to which it is applied, it can
either prevent the progress of chamber dilatation or even reduce
LVEDD and improve LV geometry as shown by echocardiography. Our group has published the application of this technique in
57 patients with good results and no adverse effects (28). A
significant advantage is that it can be performed off-pump. In
contrast to traditional surgical techniques (32-34) it does not
involve excision of any LV segments, which would be
significantly more traumatic and could lead to loss of viable
segments of myocardium, while disturbing the continuity of the
cardiac muscle (30).
Performing the whole procedure off-pump is of great
importance. Adding the risks of cardiopulmonary bypass,
cardioplegic arrest and aortic manipulations to this already
severely compromised patient population would most likely
increase significantly the perioperative morbidity and mortality.
We were obliged to use IABP in all patients in order to be
able to manipulate the heart as needed without compromising

Figure 6. Stem cells implantation
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Figure 7. Plot of EF mean values ± SD and ± SE. (Values analyzed from 37
patients with full data)
LVEF - left ventricular ejection fraction
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Figure 8. Plot of LVEDD mean values ± SD and ± SE. (Values analyzed from 37
patients with full data)
LVEDD - left ventricular end-diastolic dimension

cardiac output and perfusion pressures. In 18 cases, the addition
of levosimendan, a new inodilator, which acts through calcium
sensitization was used in addition to IABP. This agent was
chosen over traditional inotropes such as dobutamine or
adrenaline as it is less arrhythmogenic, it does not significantly
increase myocardial oxygen demand and has a prolonged
effect after discontinuation (35). No patient suffered any
complications such as life-threatening or persistent arrhythmias,
cerebrovascular accident, renal failure etc.
Measurements of EF and LVEDD were based on
echocardiography which remains the cornerstone of diagnosis
and follow-up of heart failure (4, 36, 37). It is a simple and
inexpensive test, which is most widely applied. A single, blinded
cardiologist performed the examination in all patients to avoid
interobserver variability and bias. Although there is increasing
literature supporting the use of MRI, which offers more detailed
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information about the morphology, viability and motion of
myocardial segments (38-41), this test is not as widely available
and its cost is significant. We were able to obtain cardiac
MRI in thirty-two patients. Its findings paralleled those of
echocardiography.
In six patients, we used dipyridamole thallium scanning to
determine viable and non-viable areas. It was interesting to find
some distribution of radioopaque contrast, during the 6th and 12th
month follow-up, in areas that were preoperatively identified as
non-viable. These areas were not revascularized, as no target
could be identified and received only stem cell implantation. This
might suggest cell-mediated neovascularization and/or
regeneration of these areas consistent with the growing
consensus that bone-marrow cells are angiogenic.
There are many reasons why we selected bone marrowderived mononuclear cells: first, they comprise a mixed
population of multipotent cells (haematopoietic, endothelial
progenitor and mesenchymal or stromal cells) (5, 42). They are
autologous, therefore there are no ethical concerns regarding
their use and they are devoid of immunologic reactions. Their
cardiac application has not been associated with arrhythmias
(16, 18, 20, 23, 43). They can be harvested on the day of operation
and prepared within 3-4 hours at a relatively low cost. Until there
is clearer evidence that a certain subpopulation of these cells or
another cell type is more effective, it appears reasonable to
apply the simplest and most cost-effective option.
It has been suggested that the number of transplanted cells
is quite important for the effectiveness of cell therapy, while
there are questions about the number of cells that are retained
after application (24). Our dose was on the order of 109, which to
the best of our knowledge has not been used in other studies. To
achieve such numbers we had to collect 400 ml of bone marrow,
which was not associated with any adverse effects.
Our exclusion criteria were extensive compared to other
studies. The reason was that we chose to exclude severe
co-morbidities, which could complicate further the condition of the
patients. It is likely that some of these criteria (e.g. diabetes mellitus,
peripheral vascular disease, primary lung disease) will become only
relative contraindications as we gain more experience.
We are aware of the limitations of a non-randomized,
non-controlled study. Yet we could not find an ethically plausible
reason to operate on such a patient population without using all
three components of our technique simply in order to form
a comparable control group. They are designed to complement
each other and in patients with end-stage CHF and no further
options we felt that we should try to offer a maximum potential
benefit. We believe that our encouraging results could be
a foundation on which a larger controlled, randomized study could
be designed, aiming perhaps at less severely ill patients, although
preliminary data from other groups suggest that the most ill patients
are those with the greatest response potential (44, 45).

Conclusions
In conclusion, our initial experience shows that patients with
end-stage heart failure of ischemic etiology may be treated
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safely and effectively by a combined surgical procedure
comprising of revascularization, external reshaping of the LV and
autologous bone marrow-derived mononuclear cell
transplantation on an off-pump basis. Its application is simple as
it does not require additional skills, when performed by a
surgeon experienced in off-pump coronary surgery, it has a
lower cost than other surgical options and a low complication
rate. Furthermore, it does not exclude the patients from
alternative treatments in the future. Perhaps the most important
finding is that results are maintained for more than three years,
leading to a significant improvement of the patients’ cardiac
function and quality of life.
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