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A Dosing Study of Bone 
Marrow Mononuclear Cells
for Transendocardial Injection in a Pig  
Model of Chronic Ischemic Heart Disease

We studied the effect of the dose of bone marrow mononuclear cells, delivered via 
transendocardial injection, upon capillary density and fibrosis in pigs with chronic ischemic 
heart disease.

Pigs (n=16) that had undergone ameroid constrictor placement (left circumflex coronary 
artery) to induce chronic ischemia were divided equally into 4 groups on the basis of bone 
marrow mononuclear cell dose: control (saline injection) and 50, 100, or 200 × 106 bone 
marrow mononuclear cells. Thirty days after ameroid placement, each pig received 13 
transendocardial NOGA-guided injections. An implantable loop recorder monitored possi-
ble arrhythmias caused by cell transplantation. Thirty days later, the pigs were killed, and 
their hearts were evaluated histopathologically for fibrosis and capillary density; the num-
ber of cells per segment was correlated with fibrosis and capillary density. No adverse 
events, arrhythmias, or cardiac inflammatory reactions were associated with cell therapy. 
Less fibrosis was seen in pigs that received 100 × 106 cells than in control pigs. A trend to-
ward higher capillary density was seen with higher cell concentrations. Segments injected 
with more than 20 × 106 million cells had the highest capillary density and the least amount 
of fibrosis (P <0.05 vs controls).

In conclusion, transendocardial injections (up to 200 × 106 bone marrow mononuclear 
cells) were safe. Analyses of individual injected segments suggest potential benefit from 
higher cell concentrations per segment. (Tex Heart Inst J 2011;38(3):219-24)

S tudies have shown that bone marrow mononuclear cells (BMMNCs) have the 
potential to improve the perfusion of chronic ischemic myocardium.1-6 Trans
endocardial injection using electromechanical mapping (EMM) has been 

performed safely in preclinical and clinical studies.7-9 Because it can distinguish vi-
able ischemic tissue from normal and infarcted myocardium, EMM can be used to 
target sites in the heart for cell injection.10-12 In addition, EMM-guided transendocar-
dial injections can be clustered, which enables higher localized tissue concentrations 
of stem cells.13

	 Despite mounting preclinical and clinical evidence of the beneficial effects of cell-
based therapy, optimal cell dosing and delivery approaches have not been identi-
fied. A clinical study of patients with acute myocardial infarction (AMI), in which 
BMMNCs were delivered via intracoronary infusion, suggested a dose-dependent ef-
fect in regional myocardial improvement.14 An experimental study in a chronic heart 
failure model in rats, however, raised the concern that intramyocardial injections of 
bone marrow cells could induce ventricular arrhythmias during the first 2 weeks after 
cell delivery.15

	 The present study was designed to examine the effect of the transendocardial in-
jection of 3 different doses of BMMNCs in a pig model of chronic myocardial isch-
emia. The occurrence of arrhythmias was monitored in all groups by implantable loop 
recorders. In addition, we sought to determine, on the basis of histopathologic analy-
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ses, the optimal approach to transendocardial injections 
and the establishment of a dosing threshold.

Materials and Methods

This study was reviewed and approved by the Texas 
Heart Institute Institutional Animal Care & Use Com-
mittee and met the criteria of the National Institutes 
of Health and the American Heart Association (AHA) 
guidelines for animal research. The study was conduct-
ed in our cardiovascular research laboratory.

Study Design
For this study, 16 male and female pigs, weighing be-
tween 40 and 60 kg, underwent coronary angiography, 
followed by placement of an ameroid constrictor to in-
duce ischemia during open-chest surgery (day 0). At 30 
days after surgery, all pigs again underwent coronary an-
giography, followed by the harvesting of bone marrow, 
from which BMMNCs were isolated. The pigs were 
randomly assigned into 4 groups: a control group and  
3 different dose groups. The BMMNCs were delivered 
via EMM-guided transendocardial injections into the 
hearts of the 3 dose groups: 50 × 106 BMMNCs (n=4), 
100 × 106 BMMNCs (n=4), or 200 × 106 BMMNCs 
(n=4). The control group (n=4) received transendocar-
dial injections of saline solution. At 60 days after sur-
gery, all pigs were humanely killed, and histopathologic 
analyses of the hearts were performed.

Arrhythmia Surveillance
Serial electrocardiograms were recorded at baseline, dur-
ing the injection procedure, and at follow-up (day 60). 
An implantable loop recorder was inserted subcutane-
ously under the left scapula immediately after ameroid 
placement to check for malignant ventricular cardiac ar-
rhythmias. Heart rhythm was noninvasively monitored 
via the recorder weekly, every 4 to 7 days, until the pigs 
were killed at day 60.

Chronic Ischemia Model
A left thoracotomy was performed after inducing anes-
thesia with the use of tiletamine/zolazepam (4 mg/kg, 
intramuscularly) and atropine sulfate (0.04 mg/kg, intra-
muscularly) and was maintained with isoflurane (0.5%–
3%) or isoflurane and GKX (guaifenesin 50 mg/mL, 
ketamine 1 mg/mL, and xylazine 0.01 mg/mL), and 
oxygen (40%–100%). Chronic myocardial ischemia 
was produced by placing an ameroid constrictor (Re-
search Instruments SW; Escondido, Calif ) around the 
proximal left circumflex coronary artery (LCx).

Coronary Angiography
At days 0 and 30, left selective coronary angiography 
was performed by using a 5F Amplatz 1 catheter under 
f luoroscopic guidance to document baseline patency, 

adequate ameroid placement, and impaired coronary 
f low to the LCx. The pigs underwent the BMMNC 
injection procedure only if impaired coronary f low to 
the LCx was documented. All 16 pigs received injec-
tions.

Cell Harvesting and Isolation Procedures
At 30 days after ameroid placement, the pigs were anes-
thetized as previously described and placed in ventral 
recumbence. From the iliac crest, 100 mL of bone mar-
row was harvested. The BMMNC fraction was isolated 
by using Ficoll density gradient centrifugation with Fi-
coll-Paque™ PLUS media (GE Healthcare; Piscataway, 
NJ) as previously described.3 A solution of saline with 
heparin and 5% albumin was used to wash and remove 
the cell aggregates. The cells were resuspended in 5% 
albumin-saline solution, counted, and tested for viabil-
ity. The final samples were stored in 10-cc syringes and 
transferred to 1-cc syringes at the time of injection. The 
pigs were treated only with viable cell products (>95% 
viability).

Electromechanical Mapping Procedure
After BMMNC harvesting on day 30, EMM was per-
formed using the NOGA® 4.0 system (Biologics Deliv-
ery Systems Group of Cordis Corporation, a Johnson 
& Johnson company; Irwindale, Calif ), as previously 
described.16,17 In brief, the pigs were administered hep-
arin (70 U/kg) and underwent biplane left ventricular 
(LV) angiography to exclude the presence of LV throm-
bus. Under f luoroscopic guidance, an 8F Nogastar® 
mapping catheter (Cordis) was advanced to the ascend-
ing aorta, where the tip was fully deflected, and then 
advanced through the aortic valve into the LV. Elec-
tromechanical maps were constructed from samples 
of uniformly selected endocardial segments (ideally, 3 
points in each of 17 segments). Results from linear local 
shortening and unipolar voltage were used to identify 
the viable ischemic myocardium and to target the injec-
tions. Each EMM was displayed in a 17-segment AHA 
bull’s eye.18

Transendocardial Delivery of Cells or Saline
Each pig received a total of 13 injections. Each 0.2-
mL injection of BMMNCs was performed by using 
the MyoStar® injection catheter (Cordis), according to 
the following criteria: 1) perpendicular position of the 
catheter to the LV wall; 2) excellent loop stability (<4 
mm); 3) underlying voltage >5 mV; and 4) presence 
of a premature ventricular contraction on extension of 
the needle into the myocardium. The injection catheter 
comprises a 27G needle housed in an 8F catheter that 
is able to evaluate endocardial voltage and catheter en-
docardial contact. The use of EMM-guided injections 
enables the targeting of viable ischemic myocardium in 
the LCx distribution.
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Tissue Preparation and Histopathology
At day 60, the pigs were humanely killed, and their 
hearts were rapidly excised and weighed. The pericardial 
sacs were examined for signs of effusion and inflamma-
tion. The hearts were sliced into 1-cm sections (bread-
loaf technique), photographed on each side, and then 
either frozen and stored at –80 °C or fixed in formalin. 
Each slice was subsequently divided into 4 to 6 smaller 
segments for correlation with the EMM segments.
	 Formalin-fixed/paraffin-embedded samples (average 
of 16 samples per heart) were stained with hematox
ylin and eosin (H&E) and Masson trichrome stains 
for histologic examination under light microscopy. In 
H&E sections, the magnitude of inf lammation and 
scarring and the presence of foreign tissue and abnor-
mal growth were evaluated, and the entire thickness of 
the ventricular wall was noted. Fibrosis was quantified 
on trichrome-stained slides. Capillary density was eval-
uated by immunohistochemical staining against von 
Willebrand factor (Dako; Carpinteria, Calif ) and was 
quantified with the use of Olympus Microsuite FIVE 
Imaging Software (Olympus America Inc.; Center Val-
ley, Pa) mounted on an Olympus BX61® microscope.
	 Histopathologic analysis of the hearts included 1) 
an overall comparison of fibrosis and capillary density 
within groups and 2) a description of a segmental dos-
ing threshold that was based on the mean cell concen-
tration per segment (see Segmental Dosing Threshold).

Statistical Analysis
We used the NCSS statistical software package (Kays
ville, Utah) for data analyses. Continuous variables 
were described as average ± SD. Comparisons between 
groups were performed by use of the Student t test for 
parametric data and the Wilcoxon rank sum test for non- 

parametric data. P <0.05 was considered statistically sig-
nificant.

Results

No major sequelae (cardiac perforation, cardiac tam-
ponade, or malignant arrhythmia) were seen in any pig 
during either EMM or transendocardial injection.

Electrocardiography and  
Implantable Loop Recorder
No signif icant changes were noted in the PR, QRS, 
or QTc intervals throughout the study (Table I). No 
arrhythmia or conduction block occurred during the 
mapping or injection procedures.
	 Implantable loop recorders were interrogated period-
ically (every 4–7 days) for possible cell-therapy–related 
cardiac arrhythmia. During the first 30 days after am-
eroid placement, 2 episodes of nonsustained ventricular 
tachycardia occurred in 2 pigs (1 each in the control and 
the 50 × 106 million BMMNC groups). No increase in 
the frequency of arrhythmias was noted after injections. 
An isolated episode of nonsustained ventricular tachy-
cardia was observed in a control animal 21 days after 
injection, and 2 episodes were seen in pigs in the 200 × 
106 BMMNC group. Importantly, no malignant ven-
tricular arrhythmia was recorded during the study.

Histopathologic Analyses
There was no evidence of pericardial effusion, myocar-
dial inflammation, foreign tissue, or abnormal growth.

Fibrosis and Capillary Density within Groups
Figure 1A shows the comparison of fibrosis among the 
4 groups. The absolute amount of f ibrosis was higher 

TABLE I. Electrocardiographic Analysis at 3 Time Points

	 Group and		  30-Day	 60-Day 
	 Variable	 Baseline	 (Injection)	 (Euthanasia)	 P Value

Control 
PR interval, ms	 114 ± 8.33	 138 ± 30.9	 120 ± 3.27	 0.146 
QRS interval, ms	 62 ± 6.93	 64 ± 9.8	 68 ± 8.64	 0.616 
QTc interval, ms	 467.5 ± 21.4	 450 ± 9.6	 468.81 ± 23.2	 0.358

50 × 106 cells 
PR interval, ms	 110 ± 15.14	 115 ± 7.57	 130 ± 22.7	 0.256 
QRS interval, ms	 67 ± 8.87	 69 ± 6	 80 ± 4	 0.084 
QTc interval, ms	 450.2 ± 9.5	 468.25 ± 16.6	 493.75 ± 88.7	 0.155

100 × 106 cells 
PR interval, ms	 104 ± 5.66	 121 ± 12.81	 127 ± 16.12	 0.062 
QRS interval, ms	 63 ± 5.03	 67 ± 8.87	 65 ± 2	 0.655 
QTc interval, ms	 449 ± 59.9	 473.25 ± 24.9	 493.25 ± 36.3	 0.389

200 × 106 cells 
PR interval, ms	 108 ± 5.66	 122 ± 10.58	 126 ± 12.44	 0.225 
QRS interval, ms	 60 ± 0	 62 ± 2.31	 66 ± 4	 0.11 
QTc interval, ms	 476 ± 16.9	 517.5 ± 81.5	 452.25 ± 74.1	 0.425
 
Results are presented as the average ± SD. P <0.05 was considered statistically significant.
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in the control group than in any treatment group, but 
the difference was statistically signif icant only in the 
comparison between control pigs and those in the 100 
× 106 BMMNC group. Capillary density was similar 
in the control and the 50 × 106 BMMNC groups and 
increased progressively with cell dose (Fig. 1B), to the 
point where we found a statistically signif icant dif-
ference between the 200 × 106 BMMNC group and 
the control group (Fig. 1B). Improved healing after 
BMMNC injection is shown in Figures 1C and 1D.

Segmental Dosing Threshold
The mean cell concentration per segment, consider-
ing all 3 cell-treated groups, was 22.8 ± 17.1 million 
BMMNCs. On the basis of the mean cell concentra-
tion per segment, we evaluated the local effects of cell 
concentration on fibrosis and capillary density by di-
viding the treated segments into high-dose (>20 million 
cells) and low-dose (<20 million) groups. Significantly 
less fibrosis was seen in all cell-treated segments (both 
high- and low-dose groups) when compared with con-
trol segments (Fig. 2A). In evaluating capillary densi-
ty, this difference was more evident in the comparison 
of control and high-dose cell-treated concentration seg-
ments (Fig. 2B). Consequently, the segments that re-

ceived the highest cell concentration had the highest 
capillary density and the least amount of fibrosis.

Discussion

This study provides evidence that higher doses of 
BMMNCs administered via transendocardial injection 
are safe and feasible in the setting of chronic myocardi-
al ischemia. Higher cell doses were not associated with 
electrical instability or ventricular arrhythmias, and his-
topathologic study showed no inflammation at 30-day 
follow-up examination. Furthermore, our results sug-
gest the presence of a segmental dosing threshold.
	 Previous studies have not reported an increased in-
cidence of myocardial arrhythmias after BMMNC in-
jections in the setting of chronic myocardial ischemia. 
However, Fukushima and colleagues15 have challenged 
this belief; in their postmyocardial infarction model of 
heart failure in rats, they ligated the left coronary artery 
and, 21 days later, administered 10 × 106 BMMNCs via 
direct intramyocardial injection or through a retrograde 
intracoronary route. Rats that received cells via intra-
myocardial delivery had a higher incidence of electrical 
instability (ventricular arrhythmias) in the first 7 to 14 
days after cell delivery than did rats that underwent in-

Fig.  1 A) Volume of fibrosis in the control group and in the 3 groups that received cell doses. B) Adjusted capillary density in the injured 
segment (adjusted to the volume of fibrosis by using the ratio between the absolute capillary density divided by the volume of scar tis-
sue). Injected areas of C) a control pig (Masson trichrome stain, orig. ×1.25) and D) a pig treated with 100 × 106 BMMNC (Masson tri-
chrome stain, orig. ×4) show reduced fibrosis after BMMNC injection. 
 

BMMNC = bone marrow mononuclear cell

A

D
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tracoronary delivery. Findings from the present study do 
not support the hypothesis that intramyocardial injec-
tion of BMMNCs induces arrhythmias. One possible 
explanation for the arrhythmogenicity seen in the study 
by Fukushima and colleagues is their use of only 2 non-
targeted cell injections, which requires a high volume 
for each injection. In contrast, the delivery approach in 
the present study is different and involves targeting vi-
able myocardium with the use of smaller volumes per 
injection (0.2 mL) and multiple injection sites. All clin-
ical trials to date in which multiple, small-volume in-
jections of BMMNCs have been used to treat ischemic 
heart disease have led to findings similar to those shown 
in the present study.
	 Important clinical studies within the context of 
AMI have provided insight into the dosing aspect of 
BMMNCs delivered through the intracoronary route. 
Clinical studies18,19 have shown that the number of 
cells delivered via the intracoronary route after AMI 
did not correlate with functional improvement in per-
fusion or contractile end points. In contrast, Meluzin 
and colleagues14 showed that intracoronary-delivered 
BMMNCs improved regional myocardial function in 
a dose-dependent manner.
	 Catheter-based injections of bone marrow stem cells 
have been shown to improve capillary density and re-
duce the amount of fibrosis in large-animal models of 
myocardial ischemia.20,21 Protocols for cell injections 
have used doses ranging from 1 × 105 up to 1 × 108 
bone-marrow–derived stem cells. The ideal dose of 
BMMNCs for transendocardial delivery in the set-
ting of chronic myocardial ischemia has not been es-
tablished. Our findings suggest the importance of cell 
dosing in the treatment of chronic myocardial ischemia. 

In our study, the amount of f ibrosis was signif icant-
ly lower than control levels only in the medium-dose 
group (100 × 106 BMMNCs); the high-dose group 
(200 × 106) had an intermediate amount of f ibrosis, 
falling between the low-dose (50 × 106) and medium-
dose (100 × 106) groups. The magnitude of reduction 
of f ibrosis in the 3 groups, when compared with the 
control group, was relatively uniform, suggesting that 
higher doses of cells have little value in reducing fibro-
sis. This point was confirmed by the segmental analy-
sis. Both high- and low-dose segments had statistically 
significant reductions in the amount of fibrosis.
	 Capillary density progressively increased with cell dose 
in our study, but the small number of animals might 
have prevented the higher absolute capillary density 
from reaching statistical significance. The absolute cap-
illary density was the same for the low-dose cell group 
and the control group; the higher absolute capillary den-
sity was reached with the medium dose of 100 × 106 
cells, which suggested that a “dosing threshold” might 
exist. A dose-dependent effect was suggested in glob-
al capillary density, because the 200 × 106 cell group 
had higher capillary-density numbers than did the 100 
× 106 cell group, which had higher numbers than did 
the 50 × 106 cell group. The dose-threshold effect is 
further suggested by higher segmental capillary density 
only in the high-dose segments (greater than 20 × 106 
BMMNCs). In a recent preclinical study, Dixon and 
colleagues22 examined the effects of 4 different concen-
trations of mesenchymal precursor cells delivered after 
myocardial infarction in sheep. They found a threshold 
of efficacy when transplanted cells were injected in the 
border zone of the infarct; sheep treated with the low-
est dose appeared to have a more advantageous healing 
environment. Our findings also suggest a threshold ef-
fect with the use of a different cell type (BMMNC) in 
a model of chronic ischemia.
	 The f inding of a possible segmental dosing thresh-
old might indicate that a different approach to cell dos-
ing should be considered: dosing in proportion to the 
area at risk. In fact, this approach parallels our current 
understanding of pharmacology, in which drug dosag-
es are derived on the basis of the total volume of dis-
tribution. Similarly, the optimal cell doses might be 
based on the number of ischemic segments. This ap-
proach could influence future studies of cell injections 
in chronic ischemia by changing the delivery approach 
to one in which injections sites are carefully chosen 
and occasionally clustered, targeting the viable isch-
emic myocardium, to optimize the segmental benefit 
of cell therapy.
	 Limitations. The major limitation of the present study 
is the small number of animals, which prevents the use 
of rigorous statistical tests of comparisons, such as an 
analysis of variance, and therefore limits conclusions 
about eff icacy. The differences between the groups 

Fig. 2  Segmental analyses compare A) fibrosis and B) capillary 
density with cell concentration.
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might have occurred by chance. In addition, there are 
inherent limitations in the ameroid constrictor model in 
that the size of the constricted artery affects the area of 
ischemia, so some animals received more cell injections. 
However, this is one of the first large-animal, preclini-
cal studies of the important issue of cell dosing in this 
nascent field. Moreover, the segmental analysis provides 
new insight into cell dosing.
	 Summary. The results of this preclinical study sup-
port the idea of clustering the injection sites to areas 
of viable ischemic myocardium, which provides higher 
local concentrations of cells in the segments exposed to 
more intense injury. The best results were seen in seg-
ments that received more than 20 × 106 BMMNCs. A 
segmental dosing approach with a dose that is propor-
tional to the area at risk is suggested. These f indings 
influence future protocols for transendocardial injec-
tions of cells and require further evaluation in preclin-
ical and clinical studies.
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