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Abstract

Background: Bone marrow stromal/stem cells (BMSCs) remain a promising potential therapy 

for ischemic cardiomyopathy. The primary objective of this study was to evaluate the safety and 

feasibility of direct intramyocardial injection of autologous BMSCs in patients undergoing 

transmyocardial revascularization (TMR) or coronary artery bypass graft surgery (CABG).

Methods: A phase I trial was conducted on adult patients suffering from ischemic heart disease 

with depressed left ventricular ejection fraction who were scheduled to undergo TMR or CABG. 

Autologous BMSCs were expanded for three weeks prior to scheduled surgery. Following 

completion of surgical revascularization, BMSCs were directly injected into ischemic 

myocardium. Safety and feasibility of therapy were assessed. Cardiac functional status and 

changes in quality of life were evaluated at one year.

Results: Fourteen patients underwent simultaneous BMSC and surgical revascularization therapy 

(TMR+BMSCs = 10, CABG+BMSCs = 4). BMSCs were successfully expanded and no 

significant complications occurred as a result of the procedure. Regional contractility in the cell-

treated areas demonstrated improvement at 12 months compared to baseline (TMR+BMSCs Δ 

strain: −4.6% ± 2.1%; P = 0.02. CABG+MSCs Δ strain: −4.2% ± 6.0%; P = 0.30). Quality of life 
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was enhanced, with substantial reduction in angina scores at one year post-treatment (TMR

+BMSCs: 1.3 ± 1.2. CABG+MSCs: 1.0 ± 1.4).

Conclusions: In this phase 1 trial, direct intramyocardial injection of autologous BMSCs in 

conjunction with TMR or CABG was technically feasible and could be performed safely. 

Preliminary results demonstrate improved cardiac function and quality of life in patients at one 

year after treatment.
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Recent studies have shown that bone marrow-derived stromal mesenchymal stem cells 

(BMSCs) may be recruited and incorporated into tissues undergoing neovascularization, 

including cardiac tissue. These cells have been pursued as an alternative therapeutic strategy 

for ischemic cardiovascular diseases that cannot be treated with traditional interventional 

revascularization techniques, such as percutaneous coronary interventions or coronary artery 

bypass graft surgery. Limitations with several types of multipotent stem cell types, such as 

time-consuming differentiation process, oncogenic risks, costs, and ethical implications have 

been cited.[1, 2] However, BMSCs have shown promise in multiple studies in which 

investigators have regenerated cardiomyocytes, encouraged angiogenesis, and improved left 

ventricular function following myocardial ischemia.[3–9] Furthermore, BMSCs can be 

produced in an economic and expedient manner, have a well-documented safety profile, and 

are less susceptible to immune rejection.[1, 10–12]

The primary therapeutic advantage of BMSCs is largely based on its ability to secrete a large 

number of paracrine-related growth factors and cytokines that ultimately enhance 

angiogenesis.[13–15] Therefore, in the context of cardiomyopathy, the hypothesis is that 

injection of BMSCs into damaged myocardium will encourage local repair and perfusion. 

Histological findings in animal models have demonstrated increased vascular cells, smooth 

muscle cells, and endothelial cells after injection of BMSCs.[24, 25] While BMSCs have 

been administered in a variety of clinical trials for subjects with left ventricular dysfunction 

after myocardial ischemia, variations in study reporting have made interpretation of their 

safety and efficacy challenging.[3, 7] Furthermore, there is limited data assessing the use of 

autologous BMSCs delivered by direct myocardial injection during simultaneous surgical 

revascularization procedure to treat ischemic myocardial regions, which is not amenable to 

traditional techniques alone.[11, 16]

This study was therefore performed to evaluate the safety and feasibility of direct intra-

myocardial injection of autologous BMSCs in adult subjects concurrently undergoing 

transmyocardial revascularization (TMR) or coronary artery bypass graft surgery (CABG), 

and to determine whether this therapy improves cardiac function and quality of life.
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MATERIAL AND METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. This was a phase 1, non-randomized, open label treatment trial in 

which two parallel groups of subjects, undergoing either CABG or TMR, were treated with 

BMSCs to evaluate safety and feasibility. The study protocol was approved by the 

Institutional Review Board and the trial was registered with Clinicaltrials.gov (identification 

number NCT01557543). Recruitment and enrollment occurred from cardiology referrals and 

online through Clinicaltrials.gov. The investigational nature, research objectives of this 

study, the details of the procedure, and its attendant risks were explained and signed 

informed consent was obtained for all patients. Indications for enrollment criteria included 

adult subjects with three-vessel coronary artery disease, stable angina, depressed left 

ventricular ejection fraction (LVEF ≤ 50%), evidence of hypokinetic segments. All patients 

were scheduled for operative revascularization: CABG or, in cases of severe diffuse three-

vessel coronary artery disease not amenable to bypass grafting, TMR. Subjects were 

excluded if they have had a recent myocardial infarction (within 30 days), bleeding disorder, 

active infection or HIV, or who were unable to wait the prerequisite 3 weeks for surgery 

while cells were being expanded prior to injection. Patients were enrolled in two groups 

based on the type of procedure scheduled: TMR+BMSCs or CABG+BMSCs.

BMSC Manufacturing and Processing

The investigational product, BMSCs, was used under BB-IND 14758 for the protocol for 

which the FDA issued the “Safe to Proceed” letter. All donors met FDA criteria for 

autologous donor [21 CFR 640.3 and 640.12] prior to donation. Consented subjects meeting 

the inclusion criteria underwent bone marrow aspiration three weeks prior to scheduled 

CABG or TMR. The bone marrow aspiration (up to 15 ml) was performed using aseptic 

technique into a syringe containing preservative-free heparin. Autologous BMSCs were 

isolated from the marrow aspirate, cultured, and expanded in vitro for three weeks using the 

following process in an FDA-registered, AABB-accredited laboratory using current good 

manufacturing practices (cGMP). To produce BMSCs, peripheral RBCs were separated by 

gradient centrifugation using lymphocyte separation liquid, re-suspended in Minimum 

Essential Medium Eagle Alpha Modification (α-MEM media) (Invitrogen; Carlsbad, CA), 

supplemented with 20% fetal bovine serum and gentamicin sulfate, and cultured in T-flasks 

at a density of 2–3 × 105/cm2 at 37°C with 5% CO2. One day later, the non-attached, 

floating portion of the mononuclear cells were washed away by medium change and every 

three days thereafter. The attached colonies were continued in culture. When the attached 

cells reached confluence, they were split and expanded for a maximum of 3 passages in cell 

factories. The total ex-vivo expansion time of the cells was 21 days (± 3 days), and the 

targeted number of cells was 150 × 106 cells (minimum of 15 × 106 cells). BMSC surface 

makers were tested by BD FACSCalibur (BD Biosciences; San Jose, CA) via flow 

cytometry at three weeks after ex-vivo expansion and just prior to its administration, and 

showed strong positivity for CD90, CD44, and negative for CXCR4, CD34, C-kit, CD144, 

CD54, CD45, CD31. These results were cross-referenced with published literatures to 

confirm presence of BMSCs. All cells were tested for pathogens which included endotoxins, 

prior to its use in surgery for intramyocardial injections.
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Surgical Procedure with Administration of BMSCs

On the day of surgery, the BMSCs were washed and re-suspended in 3.0 ml of 0.9% sodium 

chloride. CABG was performed in standard fashion through a midline sternotomy exposure, 

with cardiopulmonary bypass support. TMR was performed using a CO2 laser system (PLC 

Medical Systems; Franklin, MA) with channels fired one centimeter apart (20 joules/pulse) 

in the ischemic area with 20–30 channels per patient. After completion of CABG or TMR, 

BMSCs were injected directly into the ischemic area of the left ventricle. For patients who 

underwent CABG+BMSCs, the injections were made in the ischemic zone of the un-grafted 

anatomic territories with no distal targets for revascularization. Therefore, only partial 

revascularization by CABG was performed in these cases. For TMR+BMCSs patients, the 

injections were made between TMR channels. The cell injections were performed in a 

distribution of one injection per cm2 in the area of the ischemic zone, which was based on 

preoperative imaging of reversible ischemia. The BMSCs were injected in approximately 30 

injections sites with 100 μl in each injection. A modified 22-gauge needle and syringe were 

used as a delivery device to deposit cells into the mid-myocardium of the ischemic zone at 

an injection depth which varied from 0.3 – 0.75 cm depending on the thickness of the left 

ventricle. To assure delivery of cells into the myocardium and not into the left ventricular 

cavity, myocardium of less than 0.5 cm in thickness was avoided.

Endpoints

The primary endpoint of the present study was to evaluate the safety and feasibility of direct 

intramyocardial injection of autologous BMSCs in adult subjects concurrently undergoing 

transmyocardial revascularization (TMR) or coronary artery bypass graft surgery (CABG). 

Serious safety events were defined as peri-operative life-threatening ventricular arrhythmia, 

myocardial infarction, worsening of cardiac function, pulmonary embolism, cardiac 

tamponade, and bleeding. Post-discharge events included re-hospitalization for heart failure, 

recurrent myocardial infarction, stroke, inflammatory responses, and/or other unexpected 

adverse events. Feasibility was defined as the capability to develop a cellular product to the 

stated minimum criteria in this patient population. Secondary endpoints were undertaken for 

quantitative assessment of therapeutic effects, specifically whether there were improvements 

to cardiac function and quality of life post-operatively. Cardiac functional improvements 

were assessed versus baseline measurements with transthoracic echocardiograms at three 

and 12 months after surgery, specifically evaluating global left ventricular ejection fraction 

and wall motion score index. Cardiac magnetic resonance imaging (CMR) strain tagging 

studies were additionally performed to evaluate myocardial regional functional change 

(HARP, Myocardial Solutions; Morrisville, NC). Quality of life was assessed using Short 

Form 36 Health Survey (SF-36), Seattle Angina Questionnaire (SAQ) and Canadian 

Cardiovascular Society (CCS) Angina Grading Scale at three and 12 months postoperatively. 

Continuous variables were presented as a mean and standard deviation and comparisons 

were made using Student’s t test; categorical variables were reported as percentages. All 

analyses were performed using SAS software (Version 9.2; Cary, NC).
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RESULTS

Over a three-year period, fourteen patients were enrolled and were followed in the trial, with 

ten patients undergoing TMR+BMSCs and four patients undergoing CABG+BMSCs 

(Figure 1). Baseline characteristics of patients are noted in Table 1. Many trial participants 

reported a history of myocardial infarction. Peri-operative characteristics, as shown in Table 

2, reveal a total time of 105 ± 26 min and 215 ± 57 min to complete TMR+BMSCs and 

CABG+BMSCs procedures. In the ten TMR+BMSCs patients, 27 ± 4 TMR channels were 

created; a mean of 2 ± 1 bypass grafts were performed in the CABG+BMSCs cohort. The 

majority of patients (TMR+BMSCs: 0/10, CABG+BMSCs: 2/4) did not require blood 

product transfusion. Both cohorts were observed to have nominal ICU (TMR+BMSCs: 17 ± 

5 hours, CABG+BMSCs: 20 ± 3 hours) and total hospital lengths of stay (TMR+BMSCs: 3 

± 1 days, CABG+BMSCs: 5 ± 2 days). The primary endpoint of this study was met: no 

patient was noted to experience a perioperative serious cardiac adverse event as defined as 

ventricular arrhythmia, myocardial infarction, worsening of cardiac function, pulmonary 

embolism, cardiac tamponade, and bleeding. There were no instances of renal failure, 

surgical site infections, or atrial fibrillation. None required hospital readmission within 30 

days or expired within 90 days of procedure.

Baseline assessment of LVEF by echocardiography was conducted on all patients, and 

shown to be depressed. Following treatment, a statistically significant increase in LVEF 

(Figure 2) was observed at 12 months (TMR+BMSCs: 42.0% ± 5.1% vs. 46.4% ± 4.3%; P = 

0.04. CABG+BMSCs: 36.6% ± 8.1% vs. 44.3% ± 10.7%; P = 0.04). Wall motion score 

index (WMSI) at 12 months also significantly improved (Figure 3) from 2.04 ± 0.38 to 1.52 

± 0.48 (P = 0.03) in TMR+BMSCs, with a similar significant improvement in CABG

+BMSCs group (2.37 ± 0.18 to 1.87 ± 0.48; P = 0.02). CMR tagging studies evaluating 

myocardial shortening in the circumferential direction around the left ventricular short axis 

view showed quantitative evidence of improved regional myocardial function in segments 

with a baseline abnormal myocardial strain (Figure 4). When comparing myocardial strain at 

baseline to the last follow-up available (mean follow-up 0.9 years ± 0.25 years), treated 

segments exhibited significantly abnormal baseline regional strain (< −10%, with less 

negative values denoting impaired contractility) and were significantly improved in the TMR

+BMSCs group from −0.4% ± 1.4% to −5.1% ± 1.6% (Δ strain: −4.6% ± 2.1%; P = 0.02). In 

the CABG+BMSCs group, a notable trend in strain improvement was also observed, from 

−6.2% ± 1.6% to −10.4% ± 3.3% (Δ strain: −4.2% ± 6.0%; P = 0.30).

Quality of life assessments (SAQ and SF-36) documented significant angina relief, as well 

as enhanced physical and mental activity, at three and 12 months compared to baseline 

(Figure 5). SAQ values for TMR+BMSCs and CABG+BMSCs at baseline were 51.6 ± 20.5 

and 61.6 ± 7.2, respectively. TMR+BMSCs patients had improved scores post-operatively at 

three months (70.6 ± 20.5; P = 0.03) and 12 months (69.8 ± 19.9; P = 0.07) compared to 

baseline. Following CABG+BMSCs, improvements of SAQ scores were also noted at three 

months (79.3 ± 7.2; P = 0.04) and 12 months (73.2 ± 15.1; P = 0.19). SF-36 evaluations 

were broken down by physical (PCS) and mental (MCS) component summaries. CABG

+BMSCs had non-significant improvements with both PCS (32.1 ± 8.8 at baseline, 44.3 ± 

13.3 at three months; P = 0.07, 48.7 ± 19.0 at 12 months; P = 0.12) and MCS (45.6 ± 19.4 at 
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baseline, 49.1 ± 16.0 at three months; P = 0.12, 52.7 ± 13.0 at 12 months; P = 0.12). For 

TMR+BMSCs SF-36 scores, a significant improvement in PCS at 12 months compared to 

baseline was observed: PCS at baseline 35.8 ± 8.1, 40.5 ± 8.7 at three months; P = 0.09, 43.9 

± 12.0 at 12 months; P = 0.03, BMCS at baseline 51.8 ± 11.0, 56.6 ± 9.1 at three months; P 
= 0.16, 56.5 ± 7.7 at 12 months; P = 0.16.

Using the CCS angina classification, the mean baseline value was 3.3 ± 0.5 for TMR

+BMSCs and 3.5 ± 0.6 in CABG+BMSCs, correlating to considerable angina symptoms 

leading to moderate or severe limitation in activities of daily living. Overall, CCS angina 

scores were improved, with most patients reporting an angina class of 0 or 1 at three months 

(TMR+BMSCs: 1.5 ± 1.3; P = 0.01, CABG+BMSCs: 0.5 ± 1.0; P < 0.01) and 12 months 

(TMR+BMSCs: 1.3 ± 1.2; P < 0.01, CABG+BMSCs: 1.0 ± 1.4; P < 0.01).

COMMENT

A variety of studies have been conducted in subjects with coronary artery disease using 

different cell/stem cell types and routes of administration.[3, 7] The present study, 

specifically evaluating the administration of autologous BMSCs using direct intramyocardial 

injection when combined with TMR or CABG, makes several unique observations. The 

manufacturing of BMSCs within the three-week period prior to scheduled surgery was found 

to be both feasible and practical. The target number of viable cells was successfully achieved 

in all cases, and were classified as BMSCs in accordance with the published guidelines for 

the nomenclature of BMSCs. Karyotyping of the cells prior to injection was also completed, 

and did not reveal any evidence of chromosomal mutations, which have been reported in 

other studies during ex-vivo expansion.[17] The primary endpoint was achieved with the 

demonstration that this experimental treatment could be performed safely. There was no 

evidence of contamination observed in this trial. With a one-year follow up, no safety issues 

from BMSC therapy have been observed, and no study participants suffered complications 

or mortality directly related to treatment.

While this study was not designed to demonstrate the individual impact of BMSC therapy, 

and definitive conclusion regarding treatment efficacy should be cautioned, these results 

suggest that the adjunctive use of BMSCs in conjunction with TMR or CABG may be 

beneficial. Based on assessment by transthoracic echocardiogram, patients were observed to 

have improvement of cardiac function in terms of ejection fraction and WMSI. In addition, 

regional myocardial shortening or strain has been recently used to evaluate systolic 

dysfunction.[18] This supplemental method was applied to assess myocardial function: 

recovery was noted in treated myocardial segments with abnormal strain at baseline. Quality 

of life surveys performed post-operatively were additionally encouraging and appear 

consistent with symptomatic relief leading to improvements in angina and functional 

capacity.

Autologous cells were chosen in this study to obviate the possibility of rejection in this 

phase I safety trial. There is increasing evidence that allogenic BMSCs can be used safely, as 

they do not express MHC II antigens and therefore are able to be transplanted without 

provoking an immune response.[10, 13] Only elective operative revascularization candidates 
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were enrolled in this trial, which minimized concerns of the requisite three-week period for 

adequate cell expansion. However, the prospect of large scale allogenic BMSC 

manufacturing may provide greater flexibility and treatment availability as an off-the-shelf 

clinical therapy option.[1, 19] Based on our pre-clinical experiments, α-MEM media was 

used to culture BMSCs, and displayed characteristics of morphology and cell markers 

consistent with BMSCs.[20, 21] These cells maintained multi-potency differentiation 

abilities when appropriately stimulated. Previous studies have not demonstrated that injected 

BMSCs ultimately differentiate into functional or morphologically analogous cardiac 

myocytes.[12, 22, 23] Instead of cell transplant engraftment and differentiation, it is more 

likely that the primary therapeutic effect of BMSCs delivered into the ischemic area is its 

role as a paracrine source to release a set of growth factors to enhance angiogenesis. This is 

consistent with histological findings in prior pre-clinical models demonstrating local 

increase in vascular cells, smooth muscle cells, and endothelial cells, and may contribute to 

the cardiac functional improvement seen in these patients.[24, 25]

Several previous clinical trials, which used autologous bone marrow-derived cell therapy in 

cardiovascular disease, have utilized percutaneous methods with catheter devices to deliver 

cells through intracoronary injection.[3, 5, 8, 9, 26–28] However, the efficacy of this method 

is greatly diminished as a large fraction of the administered cells are ultimately not retained 

within the ischemic myocardium, but rather diffused into the bloodstream and frequently end 

up in the lung, liver or spleen.[29, 30] Furthermore, this administration method is generally 

limited to non- expanded cells due to the technical size constraints of catheter-based therapy, 

and consequentially are limited in efficacy, as a majority are hematopoietic lineage cells.[25] 

Our approach utilizes direct intramyocardial injection, which allows optimal delivery 

BMSCs, as this method overcomes the aforementioned obstacles. Other potential surgical 

approaches, such as thoracoscopic injection of BMSCs, may provide additional advantages. 

However, it remains unknown what the effects of repeated adjuvant administrations of cell 

therapies are, which remains outside the scope of this phase 1 trial but continues to be an 

area of future consideration.

There are several limitations in this current study. At present, we are unable to discern the 

individualized effects on stem cell therapy from the potential impact of simultaneous TMR 

or CABG procedures. However, because the primary objective of this FDA phase 1 trial was 

to assess the safety and feasibility of BMSC co-treatment with simultaneous surgical 

revascularization with either TMR or CABG, a control group was not utilized for 

comparison. This primary endpoint was achieved successfully, with no adverse effects 

attributed to this therapy noted. Patients appeared to experience post-treatment myocardial 

recovery based on echocardiographic and CMR imaging modalities as well as improved 

functional status. This was reflected in the quality of life survey scores, which further 

underscored its safety profile, if not additionally its beneficial effects. These findings 

advocate for the consideration of a phase 2 trial examining this experimental therapy’s 

efficacy. This may potentially be best accomplished through a multi-center, randomized 

control trial to answer the remaining questions regarding the discrete contribution of BMSC 

therapy as an adjunct during surgical revascularization.
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In conclusion, this phase 1 clinical trial assessed the use of autologous BMSCs delivered by 

direct intramyocardial injection in combination with TMR or CABG surgical 

revascularization in patients with ischemic heart disease. The primary endpoint of this 

preliminary study demonstrates that this treatment modality is feasible and can be performed 

safely. Moreover, secondary endpoints were met, including improvement in cardiac function 

and quality of life after one-year post-treatment. These findings encourage further 

examination of this regenerative cell therapy strategy for the management of advanced 

coronary artery disease.
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Figure 1. 
CONSORT Flow Diagram.
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Figure 2. 
Left Ventricular Ejection Fraction as Assessed by Echocardiography.

* P < 0.05 compared to baseline

CABG: Coronary artery bypass graft surgery; LVEF: Left ventricular ejection fraction; 

BMSCs: Bone marrow stromal/stem cells; TMR: Transmyocardial revascularization
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Figure 3. 
Wall Motion Score Index as Assessed by Echocardiography.

* P < 0.05 compared to baseline

CABG: Coronary artery bypass graft surgery; WMSI: Wall motion score index; BMSCs: 

Bone marrow stromal/stem cells; TMR: Transmyocardial revascularization
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Figure 4. 
Regional Myocardial Contractility of Treated Segments as Assessed by Cine Cardiac 

Magnetic Resonance Imaging.

CABG: Coronary artery bypass graft surgery; CMR: Cardiac magnetic resonance imaging; 

BMSCs: Bone marrow stromal/stem cells; TMR: Transmyocardial revascularization
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Figure 5. 
Postoperative Quality of Life and Symptom Improvement.

* P < 0.05

CABG: Coronary artery bypass graft surgery; CCS: Canadian Cardiovascular Society; 

BMCS: Mental component summary; BMSCs: Bone marrow stromal/stem cells; PCS: 

Physical component summary; SAQ: Seattle Angina Questionnaire; SF-36: Short Form 36 

Health Survey; TMR: Transmyocardial revascularization
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Table 1.

Patient Demographics

TMR+BMSCs (n = 10) CABG+BMSCs (n = 4)

Demographics

 Age, years 60 ± 11 58 ± 7

 Male 90.0% (9/10) 50% (2/4)

 Body Mass Index, kg/m2 27.7 ± 4.0 26.3 ± 6.0

Medical Comorbidities

 Diabetes Mellitus 40.0% (4/10) 100.0% (4/4)

 Insulin Dependence 30.0% (3/10) 50.0% (2/4)

 Hypertension 90.0% (9/10) 100.0% (4/4)

 Hyperlipidemia 80.0% (8/10) 75.0% (3/4)

 Tobacco Use 60.0% (6/10) 25.0% (1/4)

 Peripheral Vascular Disease 10.0% (1/10) 0.0% (0/4)

Cardiac Medical and Surgical History

 Prior Myocardial Infarction 90.0% (9/10) 50.0% (2/4)

 Prior Pacer/AICD 40.0% (4/10) 0.0% (0/4)

 Prior PCI 90.0% (9/10) 25.0% (1/4)

 Prior CABG 80.0% (8/10) 25.0% (1/4)

Values represented as mean ± standard deviation or percentage (%)

AICD: Automatic implantable cardioverter/defibrillator; CABG: Coronary artery bypass graft surgery; BMSCs: Bone marrow stromal/stem cells; 
PCI: Percutaneous coronary intervention; TMR: Transmyocardial revascularization
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Table 2.

Peri-Operative Characteristics

TMR+BMSCs (n = 10) CABG+BMSCs (n = 4)

Total Procedure Time, min 105 ± 26 215 ± 57

Blood Products Transfused, units 0 ± 0 1 ± 1

Mechanical Ventilation, min 219 ± 128 501 ± 160

ICU Length of Stay, hours 17 ± 5 20 ± 3

Total Hospital Length of Stay, days 3 ± 1 5 ± 2

Serious Cardiac Adverse Event 0% (0/10) 0% (0/4)

Readmission Within 30 Days 0% (0/10) 0% (0/4)

Mortality Within 90 Days 0% (0/10) 0% (0/4)

Values represented as mean ± standard deviation or percentage (%)

CABG: Coronary artery bypass graft surgery; ICU: Intensive care unit; BMSCs: Bone marrow stromal/stem cells; TMR: Transmyocardial 
revascularization
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