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ABSTRACT	
  
	
  
Transmyocardial revascularization (TMR) has emerged as an additional therapeutic
option for patients suffering from diffuse coronary artery disease (CAD), providing immediate
angina relief. The current potential of this therapy focuses on the injection of stem cells, in order
to create a synergistic angiogenic effect while increasing myocardial repair and regeneration.
Although TMR procedures provide increased vascularization within the myocardium, patients
suffering from ischemic cardiomyopathy may not benefit from angiogenesis alone. Therefore, the
goal of introducing stem cells is to restore the functional state of a failing heart by providing stem
cells with a favorable microenvironment that will enhance their engraftment. Since the therapeutic
effect of stem cells is dependent on their capacity to survive and retain in the myocardium, laser
therapy may provide a strategy for increasing stem cell engraftment. If so, these cells may have
the potential to act as mitochondrial donors or as sources of paracrine factors, aiding in the
recovery from oxidative stress and providing antioxidant reserves. Furthermore, laser therapy
may also play an influential role in regulating cardiac repair and regeneration via epithelialmesenchymal transition (EMT). By interacting with specific transcription factors TMR may provide
another pathway by which it can offer reparative effects. Cumulatively, paracrine release,
denervation, and angiogenesis contribute to the therapeutic benefits experienced by TMR
patients, including a significant reduction in angina, with increases in myocardial perfusion and
survival rates. With the addition of stem cells, these effects may be further augmented, thus
providing increased symptomatic relief in patients.
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INTRODUCTION	
  
A significant number of patients currently suffering from coronary artery disease (CAD)
experience severe ischemia due to multi-vessel atherosclerotic obstruction, leading to heart
1

failure and impaired myocardial function . Prophylaxis and treatment for this patient population
involves drug therapy, percutaneous coronary interventions (PCI) and coronary artery bypass
1,2

grafting (CABG) . A large portion of these patients suffer from refractory CAD not amenable to
percutaneous or conventional surgical interventions

1–3

. For this patient population the extent of

CAD is widespread and traditional revascularization alone is not sufficient to reinstate adequate
flow through the coronary vessels. Transmyocardial revascularization (TMR) has emerged as an
additional therapeutic option. It has been reported to provide symptomatic angina relief with
improved quality of life, decreased cardiac events and decreased cardiac re-hospitalizations

4–7

.

Within the past decade, research has used stem cells in conjunction with TMR as a novel
dual therapeutic option (Dallan et al. 2008; Patel et al. 2007; Spiegelstein et al. 2007; Shahzad et
al. 2012). Even though TMR procedures may provide increased vascularization within the
myocardium, patients suffering from ischemic cardiomyopathy with depressed ventricular function
may not benefit from angiogenesis alone. Therefore, with the introduction of stem cells, the goal
is to restore the functional status of a failing heart by increasing stem cell homing and
engraftment. Due to the regenerative capabilities of stem cells, (Tavris et al. 2012; Samuels et al.
2004; Horvath 2008; Lindsay 2003) it is predicted that concomitant injection with TMR may
produce a synergistic effect that will improve cardiac function by decreasing patient angina and
aiding in myocardial recovery, repair and regeneration.

Operative Technique

For stand-alone laser therapy, a left anterior thoracotomy is performed in the fifth
intercostal space, allowing exposure of the pericardium and left ventricular epicardial surface.
Typically 20-40 channels are generated within the left ventricle, depending on the ischemic region
and size of the patient heart. Channels are first employed on the inferior surface, moving towards
the apex of the heart and subsequently on the lateral and anterior aspects of the epicardial
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surface

12,16

(Figure 1). The carbon dioxide laser power source is only used on a beating heart

with ECG synchronization while the holmium:yttrium-aluminum-garnet (Ho:YAG) TMR laser can
be operated on a beating or arrested heart during cardiopulmonary bypass (Samuels et al. 2004;
Horvath 2008).

Figure 1. Transmyocardial Revascularization (TMR). TMR is performed on the heart by lasing
channels in the myocardium, with an energy output of 7 Watts per laser pulse using the Ho:YAG
fiber optic hand tool. The grey region seen on the heart represents an infarcted zone following
ischemic damage. Depending on the ischemic region and size of the patient heart, a total of 2040 channels are created using the TMR laser hand piece. Typically, channels are placed on the
antero-lateral, apical, and infero-apical regions of the heart.
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Types of Laser Devices

There are two main types of TMR lasers that are currently approved for surgical use, the
carbon dioxide (CO2) and the holmium:yttrium-aluminum-garnet (Ho:YAG) laser system.
create 1mm wide channels within the myocardium that traverse the ventricular wall

17

1,14

Both

. The CO2

laser system uses carbon dioxide gas excitation to generate infrared light and ablate surrounding
tissue. Since the CO2 laser can only be delivered to a beating heart, the laser should be pulsed
when the heart is quiescent or when it is electrically minimally active, to reduce the risk of
,13

arrhythmias . This state corresponds to the time lapse between the R and T wave of an ECG
rhythm. By avoiding laser pulsation during myocardial contraction, the CO2 laser prevents
interruption of electrical signaling within the heart, increases laser accuracy and prevents laser
firing to non-targeted areas of the myocardium, ultimately reducing the risk of fibrillation

18

. Once

the laser is deployed in a single pulse, the lased energy is transmitted through the myocardial
tissue and dissipated within the ventricular blood, preventing excessive thermal injury to
surrounding tissue. The CO2 laser can deliver 800W in one pulse lasting from 1 to 99 milliseconds
1

at energies of 8 to 80J .
In contrast, the Ho:YAG laser system can deliver 7Ws per pulse with five pulses being
delivered per second to a beating or non-beating heart. Unlike the CO2 laser, the Ho:YAG laser
delivers solid-state holmium:YAG through a fiber optic bundle with pulsation.

1,14

Channels are

placed one centimeter apart and are pulsed on the anterior, lateral, and inferior walls of the left
5

ventricle . Typically 10-20 pulses are necessary to achieve successful penetration via tactile and
auditory feedback.

13,14

TMR Mechanisms of Action and Kinetics
There are 3 competing mechanisms considered to be the source of improved myocardial
oxygenation, angina relief and cardiovascular function. The first mechanism focuses on the
mechanical perturbations or channels that are created within the myocardium. Termed the patent
channel theory, historically this model postulates that TMR creates open conduits that provide the
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surrounding ischemic myocardium with nutrients and oxygen, acting as sinuses that have the
potential to communicate with neighboring cardiac capillary beds. However, this theory has been
received with much controversy, as studies show variable channel patency at various time
intervals. Hardy et al. (1987) reported channel patency in female puppies for two weeks using the
CO2 laser as compared to a 48 hour patency time using a simple needle puncture as a control.
Alternatively channel patency has been observed in humans for at least 3 months post mortem
via histological measures

19

. Although this theory received support early on in TMR development,

it has currently been rejected. Acutely, blood flow through lased channels stops momentarily and
histology stains display early postoperative clot formation

20

.

A model focusing on the denervation of the myocardium has attained increased
acceptance as a probable explanation for the short term effects noted after TMR therapy and for
the decline in angina score following laser intervention. TMR is thought to disrupt the sympathetic
1

afferent nerve fibers within the myocardium, therefore interrupting pain signaling . Sympathetic
denervation was observed in 6 out of 8 TMR patients with an average increase in sympathetic
denervation of 27.5% ± 15.9% (p= 0.03) within two months of treatment

21

.The denervation

hypothesis appears to be responsible for the acute effects of TMR, resulting in pain cessation and
angina relief almost immediately following surgery. Cardiac nociceptors and afferent fibers are
located on the superficial layer of the myocardium, allowing for communication with the brain.
Since these receptors are located topically they are easily accessible by the TMR laser. Further
examination of the denervation theory suggests that efferent fibers may be denervated following
laser therapy. As active sites of norepinephrine production, denervating these areas would
provide β-blockade and thus reduced inotropic support, leading to decreased oxygen
consumption and angina relief

22

.

Since denervation provides a plausible explanation for short-term angina relief, a
secondary mechanism must be accountable for the long-term effects associated with TMR. Many
studies have reported increased vascular density post-TMR treatment suggesting that this laser
therapy can induce angiogenesis (Figure 2). If so, such a theory could explain the increase in
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myocardial perfusion that is observed following laser therapy, especially since the patent channel
theory is currently being debated. Histological samples taken from deceased patients indicated
the presence of necrotic tissue and inflammation at days 3 and 16. However, at day 150 fibrous
scarring and increased capillary networks were seen

23

. Interestingly, this data demonstrated that

injury within the myocardium can increase blood flow and that a certain degree of thermal injury is
required to induce this flow. This implies that vascular growth is mediated by an inflammatory
response in lased regions of the myocardium. Furthermore, the response is specific to thermalinduced laser energy and/or wavelengths, as increased myocardial flow and neovascularization
has consistently been observed in laser systems that employ tissue injury as compared to those
that do not, such as sham or excimer lasers

24

. Therefore, it is the inflammatory-vasculogenic

mechanisms that are responsible for the increased vascular network that accompanies TMR
therapy.
Stem Cell Treatment with TMR Therapy in an infarcted myocardium
The use of stem cells to treat damaged, ischemic zones within an infarcted myocardium
has been explored extensively. Nascent cardiac stem cells residing in the myocardium are in
limited supply, short lived and rely on immunosuppression—therefore, they can only offer minimal
intrinsic regenerative capabilities for patients

25

. Even though TMR is thought to induce signaling

via myocardial injury and inflammation, the quantity and duration of native stem cell homing has
been heavily debated. The use of injected stem cells is thought to overcome this hurdle and aid in
cardiac repair post-myocardial infarction. Mesenchymal stem cell therapy as a treatment for
myocardial pathology is of particular interest due to its regenerative properties aiding in heart
failure treatment. The idea that stem cells or partially differentiated stem cells can be delivered
into hearts to restore function is an appealing notion since these cells possess high yields, are
multipotent and play a critical role in myocardial repair

25–28

. They have displayed significant

contributions in myocardial recovery through mechanisms such as transdifferentiation, paracrine
25

secretion, stimulation of native cardiac stem cells, and control of inflammation . Although the
current paradigm for stem cell therapy focuses on their potential to differentiate into
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cardiomyocytes and promote cardiac repair and regeneration
demonstrate persistence and biodistribution of stem cells

10

29,30

, it has been difficult to

. Injection of stem cells into the

myocardium has exhibited suboptimal retention rates, reportedly ranging from 2.6-11.3%

31,32

. The

quick clearance of injected stem cells has been deemed a consequence of myocardial
contraction, lymphatic and venous drainage
33–36

33

and the hostile nature of an ischemic myocardium

. This limiting factor in myocardial repair is of significance since successful cell therapy is

dependent upon cell homing, engraftment, and survival within the scarred myocardial tissue

33,37

.

The use of TMR with stem cell therapy could provide a promising solution to this problem and aid
in stem cell homing to injured sites.

Figure 2. Promotion of angiogenesis. A cross section of myocardium during channel creation
with a TMR laser is shown and the interface between the inner (A) and outer (B) surface of the
heart is depicted. The path of channel formation with the laser is depicted in (C), with steam
bubbles arising on the blood side due to heat generation during lasing. Clot formation and
angiogenesis are shown at the site of the channel (D) and (E) as angiogenesis continues to be
stimulated over time.
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It is proposed that the inflammatory response imposed by lased thermal injury may be
responsible for increased exogenous stem cell homing and engraftment
angiogenesis

24

9,11

as well as

. Preliminary porcine and murine research has indicated that pretreatment of an

infarcted myocardium with TMR therapy significantly enhances mesenchymal stem cell (MSC)
engraftment

9,10

. This engraftment can further be heightened by MSC transfection with vascular

endothelial growth factor (VEGF), fibroblastic growth factor (FGF2), and insulin-like growth factor
(70% ± 26% survival of transfected cells with TMR compared to 47% ±18% survival of nontransfected BMSC with TMR, p<0.05). Transfected cells with laser therapy also experience an
increase in vascular density as compared to TMR alone as early as three days following
injections

10

. The success of growth factor mediated repair was further explored by the use of

recombinant human basic fibroblastic growth factor (rhFGF-2) and adenoviral fibroblast growth
factor-2 (AdFGF-2) with remarkable results in an infarcted porcine model

37,38

. Both demonstrated

increased contractility and angiogenesis, with an 89% contractility improvement in the AdFGF2+TMR group compared to either AdFGF-2 or TMR alone,

p= 0.001 via cine MRI

37

. Thus, dual

growth factor and laser therapy may prove to be effective in candidates with ischemic
myocardium undergoing CABG or TMR therapy.

The mechanism(s) underlying the reparative effects of TMR and cell therapy are still
heavily debated. It could be that increased perfusion via channel conduits increases cell
implantation, prior to eventual channel closure, thus allowing for improved engraftment and
angiogenesis. Furthermore the release of pro-survival cytokines

10

or pro-angiogenic growth

9

factors such as FGF-2 , from inflamed zones may warrant enhanced cell transplantation survival.
Current findings also suggest that injection of MSC may mobilize endothelial progenitor cells
(EPC) to infarcted zones, aiding in the induction of angiogenesis and the reparative effect noted
with TMR

11

. Atluri et al. (2008) demonstrated that sole TMR therapy in a porcine model was able

to increase the amount of circulating EPCs post treatment due to the upregulation of NFkB (42.6
±27 intensity units versus 591.6± 383 intensity units, p=0.03). NFkB is a rapid acting primary
transcription factor that responds to a variety of signals and stresses. It is a potent mediator of
vasculogenesis, via induction of various vasculogenic agents (VEGF and bFGF). It is thought that
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it may be responsible for the increase in EPCs within the infarcted myocardium, aiding in
vasculogenesis and myocardial perfusion. Moreover, TMR therapy has been shown to upregulate
angiopoitein-1 expression (0 ±0 intensity units vs. 241± 87 intensity units, p=0.003), which has
been strongly associated with vasculogenesis and the maturation of vessels

39

. Therefore,

together with stem cell injection, it is evident that both laser and cell therapies can offer
synergistic angiogenic effects within scarred, infarcted myocardium.

Therefore, the purpose of this thesis was to (1) investigate the effect of laser therapy on
stem cell retention and migration (2) determine whether these cells have the potential to act as
mitochondrial donors in an infarcted porcine heart model, aiding in repair of ischemic tissue (3)
examine whether EMT transcription factors are up-regulated post laser treatment and stem cell
injection (4) discuss the clinical implications of TMR therapy on myocardial perfusion at short term
and long term follow up via nuclear imaging.
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PART I: EFFECT OF LASER THERAPY ON STEM CELL RETENTION IN A STATIC PORCINE
HEART MODEL
Stem cell therapy has been used to treat ischemic heart tissue within many murine and
porcine models, however the harsh environment of scar tissue produced by fibrosis or infarct, has
made it difficult for these cells to retain and survive long enough to exert a significant
9

physiological effect. Currently there are four main delivery routes which stem cells can be
injected into an infarcted heart; intramyocardial (epicardial and endomyocardial), intracoronary,
intravenous and coronary sinus.

32

From these four methods, epicardial injections have been

reported with the highest rate of stem cell retention and engraftment. Due to the direct injection of
stem cells, fewer cells are lost systemically to the lungs, kidneys and spleen, and stem cells do
not require homing over long distances, as they would with coronary sinus and intracoronary
injections.

32

The use of TMR as a pretreatment to stem cell therapy is thought to provide a

favorable microvascular environment for stem cell retention due to its thermal insult leading to an
increase in growth factor release and angiogenesis as well as its mechanical perturbation leading
to increased perfusion in the surrounding tissue. Therefore I hypothesize that TMR therapy will
increase stem cell retention following epicardial injections in the myocardium.
MATERIALS AND METHODS
Angiogram of Delivery Routes. Porcine hearts were imaged using a Toshiba mobile C-arm
(Surginix SXT-2000A®) system. Images were obtained in the cranial, caudal, RAO and LAO
planes. Perfusion of the coronary sinus was imaged using a 14Fr Edwards Lifesciences

TM

Retrograde Cardioplegia Catheter (Edward Lifesciences Services GmbH, Germany) with
ISOVUE-300 Iopamidol Injection 61% for contrast media (Bracco Diagnostics Inc®, BIPSO
GmbH, Germany). Subsequent fluoroscopy images were taken of the left and right main
coronaries using a 2.1mm right angle Coronary Artery Perfusion Cannula with a self-inflating
5.0mm balloon (Vitalcor®, Westmont Illinois). A 25G PrecisionGlide® Needle (Becton Dickinson
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& CO, Franklin Lakes NJ) was used for epicardial injections into the apex of the left ventricle.
Digital angiography videos were obtained for each injection route.

Thermographic Imaging of Surgical Adult Patient. Using a thermographic imaging camera
(Fluke Corporation, Everett, WA 98203), pictures were captured from an adult patient, during
cardiothoracic surgery on cardiopulmonary bypass, undergoing TMR therapy. Thermographic
images were obtained during laser deployment as well as 1 and 3 minutes post treatment.

Epicardial Injections. Yorkshire and Hampshire porcine hearts were obtained from the Food
Product and Safety Laboratory at the University of Arizona. Immediately following heart explants,
the aorta was cross-clamped and the coronary arteries were flushed with heparinized saline at
300mmHG. Hearts were placed in SOMAH solution during transport and held at normothermic
temperatures. Numerous studies have reported optimal heart function following in vitro storage of
porcine hearts at subnormothermic temperatures.

40,41

By targeting the synthesis of high energy

phosphates (HEP) and maintaining cellular homeostasis, SOMAH has shown to prevent edema,
reactive oxygen species injury, and enhance HEP production. At higher storage temperatures,
this solution facilitates a balance between anaerobic and aerobic metabolism thus allowing the
build up of HEPs, which can be used by the heart during reanimation. In order to circumvent slow
+

contractile motions during normothermic storage, SOMAH contains both K and Mg
concentrations at moderate levels, preventing exhaustion of HEPs.

41

2+

Once in the lab, porcine

hearts were separated into three groups: (1) hAMSC alone- two million human amniotic stem
cells (Amnio Technology, LLC) were injected into the epicardial layer of the LV apex, (2) hAMSC
TMRi - two million human amniotic stem cells were injected adjacent to 10 laser channels created
in the LV apex and (3) hAMSC TMRo- two million human amniotic stem cells were injected 1-2
cm around the periphery of 10 channels created in the LV apex. The Solargen (2100s,
Cardiogenesis, Cryolife®) console was used to create channels in the lased tissue using pulsed,
solid state Holmium:YAG. A total of 14 pulses were fired with the creation of each channel at 5Hz
and 7W of energy. After injections were complete, hearts were placed back into SOMAH solution.
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Four hours post preservation, 3 channels were chosen at random, placed into formalin solution
overnight and then into 70% ethanol. Tissue samples were subsequently submitted to the
Cellular Imaging Facility Core at the University of Arizona (TACMASR) for paraffin embedding
and sectioning. Slides were stained with HE for cardiomyocytes and nuclei. The same procedure
was repeated for control cells, HPAEC (human pulmonary artery endothelial cells) (Lonza, CC2530) which were also separated into the same three groups under similar conditions: (1) HPAEC
(2) HPAEC TMRi and (3) HPAEC TMRo. Following HE staining, slides were imaged using an
inverted fluorescent microscope (Leica Microsystems, DMI6000B, LAS-AF 3.x software, Buffalo
Grove, IL, United States) and cell counts were performed using Image J64 software (National
Institute of Mental Health, 2010).

Statistical Analysis. A student’s t-test was used to compare two means. Statistical significance
was determined using the Holm-Sidak method, with alpha= 5.00%, without assuming a consistent
SD. A p≤0.05 indicated significance. Graphs show mean ± SEM.

RESULTS
Images obtained from angiograms depicting distribution of perfusate via four different
injection routes, showed a larger volume is distributed via the LCA, RCA and coronary sinus
(Figure 3A-C). However recent studies have shown that these cells are often lost in the
vasculature and do not reach the intended area of treatment. In the human system, most of these
stem cells are carried to remote organs, thus reducing retention rates. In addition the latter three
methods rely on stem cell homing, in which stem cell retention is dependent on adhesion to the
endothelial layer of the vasculature. However injections via the epicardial route, circumvents
these issues and delivers stem cells directly into the myocardium (Figure 3d). In addition
epicardial injections are more reliable, as they avoid the often, unpredictable anatomy of the
coronary sinus, do not require balloon inflation for coronary flow occlusion, and therefore cause
less acute ischemia and arrhythmias.
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A.

B.

C.

D.

Figure 3. Angiogram of delivery methods A) Left coronary artery (LCA) B) Right coronary
artery (RCA) C) Coronary sinus D) Epicardial
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A.

B.

C.

Figure 4. Thermographic images of TMR laser. A) At the moment of laser deployment lased
myocardium was 101.4F B) One minute following treatment the lased area was 86.6F and C)
Three minutes following laser deployment the temperature of the surrounding myocardium was
81.2F.
In order to determine the degree of insult from the laser therapy, thermographic images
displayed an initial temperature of 101.4F at the tip of the fiber optic bundle during laser
deployment in the LV apex of a patient during cardiothoracic surgery (Figure 4A-C). The mean
temperature in the surrounding myocardium was 86.7F with a min of 76.5F. One minute later the
mean temperature decreased to 85.1F with a range from 77.2-88.8F. In the following two minutes
the surrounding myocardium decreased to 81.4F (range 78.4-83.3F). Thus, these images show
the degree of thermal energy that is dissipated to the surrounding tissue and is responsible for
the denervation, angiogenesis and paracrine release effects observed post TMR therapy.
After injection of stem cells (hAMSCs) and control endothelial cells (HPAECs) hearts
were incubated for 4 hours and then fixed and sectioned for histological examination. HE stains
were used to obtain images of TMR channels as well as to identify the presence of hAMSCs and
HPAECs around the lased tissue. Figure 5 shows the appearance of a TMR channel in two
specific angles- one in cross-section and the other in transverse. Both cell types were counted
using ImageJ software (Figure 6) as a percentage of the total number of cardiomyocytes present
in the given field of view at 20x. Stem cell retention was significantly greater for hAMSCs as
compared to HPAECs (p=0.04) and for all hAMSC groups combined as compared to HPAEC
groups combined (p< 0.01) (Figure 7). Furthermore, both hAMSC and HPAEC groups showed
increased retention in the presence of laser therapy. Examining the three HPAEC groups alone,
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statistical significance was seen between the HPAEC and HPAEC TMRi group (p=0.04). Overall
this data demonstrates that hAMSC’s were retained at significantly higher rates than HPAEC and
that this retention was further increased in the presence of TMR therapy.

A.

B.

C.

Figure 5. HE images of TMR channels. A) TMR channel in transverse at 5x B) TMR channel in
transverse at 10x C) TMR channel in cross-section at 10x.
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C.

Figure 6. Image J64 cell count analysis. A) Image of stem cells at 20x B) Mask imagesurrounding myocardium is removed and only nuclei remain C) Analyzed particles- specific size
(pixel ^2) and circularity removes all cardiomyocyte nuclei except for stem cell nuclei.

Moreover, since stem cells were found in the field of view around laser channels in the
TMRo groups, this may suggest that stem cells are migrating towards the area of insult from the
laser therapy (Figure 8). Of the nine channels analyzed from 3 porcine hearts, stem cells were
seen around three laser channels with an average distance of 595.1± 163.59um from the lased
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tissue. The majority of remaining stem cells were found in the periphery of the tissue sections and
were difficult to assess since they were out of view from the channel location under larger
magnifications.
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Figure 7. Static epicardial injection retention rates. Statistical significance was noted between
all HPAEC groups and hAMSC groups (p= 0.0015), between hAMSC and HPAEC (p=0.05) and
between HPAEC and HPAEC TMRi (p=0.04).
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A.

B.

C.
D.
Figure 8. Stem cell migration towards laser channels. A) Stem cells located 624um away
from the laser channel at 10x B) close-up of stem cells from part A at 40x C) Stem cells located
742.27um from the laser channel at 10x D) Close of up stem cells from part C at 20x (Bottom of
arrow is pointing to laser channel and arrow head is pointing to stem cells).
DISCUSSION
The retention of stem cells has been difficult to maintain due to the harsh
microenvironment of ischemic tissue. Various delivery methods have been utilized to distribute
stem cells, however many of these have proven to be ineffective. Of the four currently used
routes, epicardial injections have shown the most promise of stem cell retention. This was
observed in our angiogram images, whereby direct injection in the heart muscle prevents stem
cell loss due to uptake in remote organs. Therefore all subsequent experiments were performed
using epicardial injections of stem cells. Furthermore, thermographic images displayed the
degree of insult that laser therapy imposes on myocardial tissue. With an initial temperature of
101.4F, laser therapy is thought to induce an inflammatory response as well as up-regulation of
cytokines, growth factors and angiogenesis. It is these factors that are thought to promote stem
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cell retention and migration. Since TMR therapy displayed a significant increase in human
amniotic stem cell retention, subsequent experiments will focus on identifying the amount of stem
cell retention and the possibility of mitochondrial transfer in an infarcted porcine heart model,
under more physiological conditions.
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PART II: RETENTION OF STEM CELLS IN AN INFARCTED PORCINE HEART MODEL AND
THEIR POTENTIAL ROLE AS MITOCHONDRIAL DONORS
The hostile environment of an infarcted myocardium prevents proper engraftment of
stem cells due to wash-out from the injection area as well as cell death from ischemia, scarring
and inflammation in the nascent tissue.

42

Various cell lines and therapies have been implored in

order to overcome this issue. Cell types including embryonic stem cells, bone marrow stem cells,
skeletal myoblasts, and cardiomyocytes derived from induced pluripotent stem cells, have
demonstrated modest results in retention due to cell loss from hypoxic conditions, low
differentiation rates and failure to provide electrical and mechanical coupling with the
myocardium.

43

In addition, the use of synthetic and natural bioscaffolds has been used to mimic

the native Extracellular Matrix (ECM), recreating the myocardial environment, organization and
potential for vascular growth.

43

It has been demonstrated that progenitor stem cells can repair

cardiomyocytes via mitochondrial transfer from other cell lines.

44

This theory has also been

proven between mesenchymal stem cells and cardiomyocytes in co-culture, whereby discrete
cytoplasmic extensions or tunneling nanotubes have been observed to form.

44

These have been

seen as early as 4 hours post co-cultivation, with cytoplasmic transfer occurring after 24 hours
between cell lines.

44,45

Furthermore after 24 hours, mitochondrial transfer was noted, strictly

moving from hMSC to cardiomyocytes. The transfer of mitochondria is thought to restore the
bioenergetics of injured myocardial tissue by increasing ATP production due to increased aerobic
respiration, decreasing lactate production from anaerobic glycolysis in nonfunctional
mitochondria, decreasing reactive oxygen species from increases in antioxidants such as
glutathione, and increasing oxygen consumption due to a functioning electron transport chain.

46

The movement of mitochondria is thought to rescue damaged cardiomyocytes, with time lapse
microscopy showing transfer at 20um/min.

46

The following experiments were designed to determine whether (1) TMR therapy can
increase stem cell retention after a myocardial infarction in porcine tissue under static and
mechanical conditions (2) examine whether stem cells can become cytotoxic to nascent

	
  

27	
  

cardiomyocytes in the presence of laser therapy (3) determine whether injected stem cells have
the potential to transfer their mitochondria to nascent cardiomyocytes and if so, evaluate the
amount of mitochondrial increase that occurs and (4) examine the effect of stem cells and laser
therapy on the antioxidant reserve and redox capacity of infarcted tissue. We hypothesize that
from our results in section one, TMR therapy will increase stem cell retention in an infarcted heart
model, allowing for the possibility of mitochondrial transfer and repair of cell bioenergetics
following epicardial injections.
METHODS
Surgical Procedure of Infarcted Porcine Hearts. Approval from the Institutional Animal Care &
Use Committee was granted for the use of swine, weighing 55-65kg, at the University of Arizona
Animal Care (UAC) Facilities. In collaboration with the Department of Cardiology research group,
swine were administered ketamine/diazepam IM in the animal cage and transported to the prep
room. 5% Isoflurane was inhaled and 4L oxygen was given via nose cone. Baseline vitals were
measured (weight, temperature, pulse, and respiration). After Ketoprogen or Rimadyl
administration, the pig was intubated with an endotracheal tube and transported to the surgical
unit. A surgical cut-down procedure was performed for placement of introducer sheaths in the
carotid arteries, internal and external jugular veins and femoral arteries. Catheters were placed in
the LV, RA and descending aorta with a Swan Ganz in the pulmonary artery. Heparin was
administered to prevent clot formation. Using fluoroscopy, a guide catheter was advanced to the
left anterior descending coronary artery (LAD) and then a standard angioplasty balloon was
advanced over the catheter to the proximal portion of the left coronary artery. The balloon was
inflated for 8 minutes and occlusion of the vessel was verified using coronary angiography as well
as ischemic injury seen on the ECG. Ventricular fibrillation was then induced for 2 minutes via
pacing wires in the right ventricle. Then swine were randomly assigned to three groups:
mechanical chest compressions (LUCAS), manual chest compressions, or use of the Impella 2.5.
Following epinephrine administration balloon was deflated, hemodynamic stability was assessed
and a single shock with an external defibrillator was delivered until a normal sinus rhythm was
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achieved. Following surgical closure, swine were monitored post-operatively for distress and
hemodynamic stability. At 24 hours post occlusion a neurological exam was performed and then
the animal was subsequently euthanized using Fatal Plus, 390mg/ml at 1ml/10lb body weight,
intravenously.
Following the confirmation of death, our laboratory was contacted and the animal was
moved to the necropsy room, where a median sternotomy was performed. After placement of the
crossclamp the swine heart was excised via ligation of the pulmonary veins, pulmonary artery and
aorta. Once removed, the porcine heart was administered a heparinized (10 000U) saline solution
(Sagent™ Pharmaceutical, Inc.) via antegrade coronary artery perfusion at a pressure of
300mmHg using a Cardiovascular Procedure Kit (Terumo Cardiovascular Systems Corporation,
Ashland, MA) with a 7Fr aortic root cannula (DLP®, Medtronic). Removal of the perfusate through
the PA was confirmed and denoted hypocoagulation of the vasculature. Porcine hearts were
placed into a turkey bag with saline solution on ice, and transported back to the laboratory.
Human amniotic stem cells (hAMSC) were subsequently trypsinized and prepared for injection at
1 000 000 stem cells/0.4mL. Sections of the swine heart, weighing 1± 0.4g, were divided into 2
separate groups: static or bioreactor (BIO). For all tissue samples in the static group, portions of
the LV were simply placed in a tissue culture dish containing Celprogen media (Celprogen Inc,
Torrance CA) solution. For tissue samples placed in the bioreactor, LV sections were put into a
slow turning later vessel (STLV), filled with 55cc of Celprogren media and held at 10 000rpm.
Both groups were placed into an incubator held at 5% CO2 for 4 hours. Furthermore within each
group (static or bioreactor), 3 additional subgroups were examined: NO hAMSC, hAMSC, and
TMR hAMSC. In the “NO hAMSC” group a piece of LV apex was placed under static conditions or
into the bioreactor without stem cell injections. In the “hAMSC” group, LV apex was injected with
one million stem cells alone and lastly for the group labeled “TMR hAMSC”, one million stem cells
were injected adjacent to TMR laser channels as described previously. For each of the six
groups, PCR samples were taken at time 0 (placement of tissue into petri dish or bioreactor) and
time 4 (4 hours post incubation under static conditions or bioreactor). In addition at time 0,1,2,3
and 4 supernatant was removed for LDH assays and Redox assays. Finally at time 4 tissues
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were removed from the incubator and placed into formalin followed by 70% ethanol for histology
as described above.
LDH Cytotoxicity Assay. Following the protocol provided by the manufacturer (Pierce LDH
Cytotoxicity Assay Kit, 88954, Pierce Biotechnology, Thermo Scientific), 50uL of experimental
supernatant was added to a 96 well plate in triplicate with the addition of 50uL of reaction mixture.
Following a 30 minute incubation at room temperature, a stop solution was added and
absorbance was measured at 490nm and 680nm using a plate-reading spectrophotometer. To
determine LDH activity the 680nm absorbance reading was subtracted from the 480nm value to
negate background signal from the instrument.
Histology. Same procedure as previously described above.
Redox Assay. Using the RedoxSYS® System (Aytu BioScience, Inc. USA) 30uL of supernatant
was applied to a redoxSYS Sensor and inserted into a glavanostat-based reader. The sample
began to fill the reference electrode and thus completed the electrical circuit. This determined the
static oxidation-reduction potential (sORP), which measured the amount of oxidative stress
present in the sample. A small current was then applied to the sample, causing the existing
antioxidant species to de depleted. This resulted in the measurement of the capacity ORP
(cORP), and calculated the number of electrons that were required in order to exhaust the
antioxidant capacity of the sample. This value reflected the ability of the sample to respond to
illness or injury.
RT-PCR (Real Time-Polymerase Chain Reaction). Tissue samples were taken from both static
and bioreactor groups at time 0 (placement of tissue into petri dish or bioreactor) and time 4 (4
hours post treatment) and placed into 70% ethanol and then into an -80C freezer. The next day
samples were moved into liquid nitrogen. In order to perform DNA isolations from each of the six
groups, the QIAamp DNA Mini Kit (Qiagen) was used. Samples weighing 0.04± 0.01g were taken
from each group and manufacture protocols were followed for DNA purification from tissues. The
amount of DNA from the extraction process was quantified and the FastStart Universal SYBR
Green Master (ROX) mix was used for RT-PCR using the SYBR Green I detection format (Roche
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Diagnostics). The Bio-Rad CFX96 Manager Software provided by the manufacture was used for
analysis. Primer sequences are displayed in Table 1. Two primers were used- the HsVN1R4
primer is a nuclear marker for the human stem cell amniotics and the COX1 primer is a marker for
human mitochondria. Due to the variability in porcine tissue, RT-PCR analysis was normalized to
a single group (STATIC hAMSC). Data from the BIO NO hAMSC and STATIC NO hAMSC is
displayed as zero. Amplification was seen on the RT-PCR however this exceeded 40 cycles on
the machine and due to inaccurate melt curves, was regarded as background amplification signal
from the porcine tissue. Graphs are displayed as semi-log plots or as relative amplification (fold
change).
Statistical Analysis. A student’s t-test was used to compare two means. Statistical significance
was determined using the Holm-Sidak method, with alpha= 5.00%, without assuming a consistent
SD. A p≤0.05 indicated significance. Graphs show mean ± SEM.

Table1. Real Time PCR Primers.
Primer Name

Primer Sequence (5’-3’)

HsVN1R4 FW
HsVN1R4 RV

TCGCACAGACACTGCGTGCA
ACACTGGGGTCACAGCTCATGAGA

Hu COX1 FW
CTTTTCACCGTAGGTGGCCT
Hu COX1 RV
AGTGGAAGTGGGCTACAACG
_____________________________________________________________________________
RESULTS
In order to carry out these experiments a rotating wall vessel (RWV) bioreactor
(Synthecon, STLVS, 55mL, RCCS: 3D Cell Culture Systems, Houston, Texas) was utilized to
mimic a 3D microenvironment.

47

The bioreactor has been predominantly used to grow cells in

three dimensions, allow aggregation to occur and finally differentiation of various cell lines into 3D
tissue-like structures. Therefore this system allows for more in-vivo like tissue growth and
provides a low-fluid shear environment.

47

It has been used to create 3D models of human small

intestine, liver, placenta, and neuronal tissue as well as to study differentiation in host-pathogen
interactions. The bioreactor contains a central silicone membrane, allowing for gas transfer to

	
  

31	
  

occur, while the cylinder rotates along the horizontal axis. This design prevents sedimentation of
cells and allows them to fall gently as the fluid is rotated, creating physiologic shear stress.

47

The

bioreactor has become ideal for microcarrier beads, scaffolds as well as explanted tissue. For the
purposes of our experiments, the bioreactor was used to maintain appropriate physiological
conditions for infarcted porcine tissue, while subjecting the tissue to mechanical stress.
HE stains were used to quantify the amount of stem cells retained per area of
cardiomyocytes using Image J Software. Histology results indicated that in both static and
bioreactor groups, stem cells co-injected with TMR laser therapy had higher retention rates than
infarcted tissue, which did no utilize TMR therapy (Figure 9). To determine whether stem cells
became cytotoxic to the infarcted tissue after 4 hours of incubation, specifically in the presence of
laser therapy, LDH assays were performed. Since
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Figure 9. Retention of stem cells in an infarcted heart. Co-injection of stem cells with TMR
laser therapy yielded higher retention rates than stem cells injected alone.
plasma membrane damage causes the release of LDH into the cell culture media, by using an
enzymatic reaction in which LDH catalyzes the conversion of lactate to pyruvate, the amount of
LDH can be quantified. Figure 10 shows the overall amount of LDH present in each of the six
groups at time 0 (5 minutes after treatment) and time 4 (4 hours post treatment). Although the
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overall amount of LDH is higher in the static group as compared to the bioreactor group, there
was a statistically significant increase in LDH within the BIO hAMSC (p=0.001), BIO TMR hAMSC
(p=0.0007), and BIO no hMASC (p=0.0004) groups between time 0 and time 4. Since all three
bioreactor groups showed increases in LDH activity, it may be that the mechanical stress in the
bioreactor is causing increased destruction of cells in the tissue samples. The high amount of
LDH at time 0 in both static and bioreactor groups could be due to LDH release from nascent
cells in the cardiac tissue following myocardial infarction, ischemia, or trauma to the dissected
tissue. Since there was no statistical significance noted between the groups with hAMSC as
compared to those with no hAMSC at time 4, this suggests that stem cells were not cytotoxic to
the tissue. In addition there was no statistically significant increase in LDH levels in the presence
of TMR therapy in any of the groups at time 4, confirming that the insult from laser treatment does
not increase cell damage, either to nascent cardiomyocytes or stem cells. Statistical significance
was noted between time 0 and time 4 for the STATIC NO hMASC group, suggesting increased
cell damage to nascent cardiomyocytes due to ischemia and confirming that the presence of stem
cells and laser therapy does not increase LDH cytotoxicity but may in fact suppress it.
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Figure 10. LDH Cytotoxicity at time 0 and time 4 post treatment. Statistical significance was
noted in BIO NO hAMSC, BIO hAMSC, BIO TMR hAMSC, groups between time 0 and time 4.
PBS was used as a negative control and cell culture media measured baseline LDH. Positive
control values were obtained using the standard control provided by the kit manufacturer.
Asterisks denote significance p ≤0.05.

To further examine the amount of stem cell retention with laser therapy, RT-PCR analysis
was performed on all six groups. Using the HsVN1R4 primer as a nuclear marker for human stem
cells (hAMSC) and COX1 as a human mitochondrial marker, samples were analyzed for the
amount of nuclear content and mitochondria retained in the tissue. Tissue samples were taken at
the point of stem cell injection (time 0) and 4 hours after treatment (time 4) in order to determine
the amount of stem cells present at each time point. Figure 11 shows the amount of human
amniotic stem cells and human mitochondria present in the infarcted tissue at time 0. As can be
noted from the graph there is an average two-fold increase in the amount of mitochondria as
compared to the nuclear content found in the infarcted
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Figure 11. Relative amount of human amniotic stem cells and mitochondria in infarcted
tissue. At time 0 there was an average of two times more mitochondria present than nuclear
content. Graph displayed is a semi-log plot.

tissue. Since cells contain a higher density of mitochondria and are single-nucleated, it would
follow that there would be a higher amount of mitochondria present at baseline than nuclear
content. At time 4, examining the hAMSC marker alone there was statistical significance noted
between the STATIC hAMSC and STATIC TMR hAMSC groups (p= 0.02), indicating that more
stem cells were retained in the STATIC TMR hAMSC group (Figure 12). However no statistical
significance was seen between the BIO hAMSC group and BIO TMR hAMSC. When examining
the amount of mitochondria present there was also statistical significance between the STATIC
hAMSC and STATIC TMR hAMSC groups (p= 0.02), however this was not the case for the
bioreactor groups. Interestingly, there was a shift in the ratio of COX1 to hAMSC. Statistically
significant differences were noted in both TMR groups suggesting a large increase in the amount
of COX1 4 hours post treatment (p= 0.0009 for STATIC TMR hAMSC and p= 0.002 for BIO TMR
hAMSC). When the ratios of COX1:hAMSC are compared at time 0 and time 4 (Figure 13) the
value increases significantly in two groups: STATIC TMR hAMSC (p= 0.05) and

	
  

35	
  

*
hAMSC
COX1

*
100

*

*

Relative Amplification

10

1

STATIC
NO
hAMSC

STATIC
hAMSC

STATIC
TMR
hAMSC

BIO
NO
hAMSC

BIO
hAMSC

BIO
TMR
hAMSC

GROUP

Figure 12. Relative amount of hAMSC and COX1 4 hours post treatment in infarcted tissue.
Statistical significance was observed between hAMSC and COX1 with STATIC TMR hAMSC (p=
0.02) and BIO TMR hAMSC (p=0.02) groups. In addition significance was noted between COX1
and hAMSC for both STATIC hAMSC and STATIC TMR hAMSC groups (p= 0.0009 and p= .002,
respectively).
BIO TMR hAMSC (p= 0.05). This significant increase is suggesting that over time there may be
an increase in mitochondrial retention or even mitochondrial proliferation. In addition the amount
of nuclear content in stem cells could be decreasing as they are donating their mitochondria to
nascent cardiomyocytes and eventually dying off. Furthermore when the percentage of
mitochondrial increase is analyzed, both TMR groups had higher rates than their counterparts
without laser therapy (Figure 14). The BIO TMR hAMSC group showed the highest percentage of
mitochondrial increase, with a mean of 34.6%, which may explain why there was less stem cell
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Figure 13. Ratio of COX1:hAMSC expression in infarcted porcine tissue. All TMR groups
displayed a statistically significant increase in the amount of COX1 expression, except for the
non-lased groups.
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Figure 14. Mitochondrial Increase in infarcted porcine tissue. All groups showed an increase
in mitochondria after 4 hours of treatment except for the STATIC hAMSC group. Mean increase
was 21.0%, 25.4%, and 34.6% for STATIC TMR hAMSC, BIO hAMSC, and BIO TMR hAMSC
groups respectively.

retention (hAMSC) seen in Figure 11 four hours post treatment, as compared to the BIO hAMSC
group. This result may also be explained by the fact that there were less hAMSC at time 0 in the
BIO TMR hAMSC group as compared to BIO hAMSC group. For the STATIC hAMSC tissue
samples there was a decline in the amount of mitochondrial transfer, as the expression of COX1
did not increase after 4 hours. This may suggest, that TMR plays a role in enhancing
mitochondrial transfer or retention, as do the conditions maintained in the bioreactor. The BIO
hAMSC group had a mean transfer of 25.4% and the STATIC TMR hAMSC group had a mean
transfer rate of 21.0%.
To determine if stem cells and TMR had an effect on the redox potential of porcine
tissue, REDOX assays were performed. Static oxidation- reduction potential (sORP), which
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Figure 15. Static oxidation-reduction potential in infarcted tissue. Statistically significant
results were seen in the STATIC hAMSC (p=0.04) and the BIO TMR hAMSC (p=0.01) groups.

measures oxidative stress, was calculated for all six groups at time 0 and time 4 (Figure 15). The
mean sORP decreased after four hours for all groups. More importantly, the hAMSC groups had
a lower sORP than the none hAMSC groups and the TMR hAMSC groups had an even lower
sORP than the hAMSC groups. Statistical significance was seen in the STATIC hAMSC (p= 0.04)
and the BIO TMR hAMSC (p= 0.01) groups. This indicates that stem cell and TMR therapy may
play a role in reducing the oxidative stress in infarcted tissue. To gauge the amount of antioxidant
reserve or the ability of the tissue to respond to injury, the capacity oxidation-reduction potential
(cORP) was measured (Figure 16). Although all the groups experienced an increase in cORP
there was no statistical significance between time 0 and time 4. This indicated that stem cells
and/or laser therapy may not have a significant effect on antioxidant reserve, at least not at the
four hour time point.
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Figure 16. Capacity oxidation-reduction potential of infarcted tissue. No statistical
significance was noted between time 0 and time 4 for any of the six groups.

DISCUSSION
Histology results showed that in the presence of laser therapy, more stem cells
were retained in the porcine tissue. The BIO TMR hAMSC group displayed increased retention
rates as compared to the STATIC TMR hAMSC group. This result was most likely the cause of
the favourable 3D microenvironment and oxygenation present in the bioreactor vessel. In addition
it is encouraging to note that despite increased mechanical stress in the bioreactor, stem cell
retention still remained the highest in this group. Overall the amount of cytotoxicity from cells was
the highest in the static groups as compared to the bioreactor groups. The cause of this
increased LDH release may be due to the fact that under static conditions, the tissue cells and
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stem cells are not held under ideal environments, which would promote cell survival. The high
amount of LDH noted at time 0 is most likely the result of infarction, ischemia, or trauma to the
heart muscle. Since all three bioreactor groups had statistically significant increases in LDH
release, it may be that the increased mechanical stress placed on cells in the bioreactor is
causing cell damage. The fact that the BIO TMR hAMSC group or the BIO hAMSC group did not
have higher cytotoxicity levels, indicates that laser therapy and/or stem cell treatment alone does
not cause increased cell damage. Furthermore there was no statistical significance between the
bioreactor groups or between the static groups at time 4 alone, indicating that laser insult and
stem cell therapy do not increase LDH release. This is confirmed when simply looking at the
STATIC NO hAMSC group, which yielded significant increases in cytotoxicity, without the
presence of TMR therapy or stem cells. Therefore, it appears that the initial infarction and
ischemic time can cause a large degree of cellular damage, however stem cell and laser therapy
may be acting to repair or at least prevent increasing cytotoxicity.
PCR analysis indicated that at time 0, tissue samples contained a two-fold ratio in the
amount of mitochondria present, as compared to nuclei. Since animal cells can contain up to
1000 or 2000 mitochondria per cell

47

, it follows that the initial amount of human mitochondria

would be greater than the nuclear content in the porcine tissue. Four hours post-treatment, PCR
data demonstrated that there was a statistically significant increase in stem cells (hAMSC)
between the STATIC hAMSC and STATIC TMR hAMSC groups, suggesting that TMR therapy
can increase stem cell retention. This same result was not seen in the bioreactor group and may
be due to two factors: LDH cytotoxicity was higher in the bioreactor group resulting in increased
cellular damage and more importantly the relative amount of mitochondrial transfer, retention or
proliferation noted was much higher in these groups as compared to the static groups. All of
these factors could explain the decrease in nuclear content noted at time 4. Interestingly,
statistical significance was seen between the expression of nuclei and mitochondria in both
STATIC TMR hAMSC and BIO TMR hASMC groups. This significant difference could be
indicative of mitochondrial transfer, retention or proliferation as both TMR groups showed
increased amounts of mitochondria, as compared to their counterparts without laser therapy. To
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examine this more closely, the ratios of COX1:hAMSC at time 0 and time 4 were compared. If
mitochondrial transfer is to occur, the expectation is that there will be a smaller ratio at time 4.
This was seen in the STATIC TMR hAMSC and BIO TMR hAMSC, groups, whereby statistically
significant increases were noted in each. Clearly, TMR therapy seems to play a contributing
factor in this as both TMR groups showed increased mitochondrial transfer. In addition, both
bioreactor groups displayed higher amounts of mitochondrial expression as compared to the
static group, indicating that the in-vivo like circumstances of the bioreactor may be facilitating or
augmenting the amount of mitochondria, despite the increased amount of mechanical stress
placed on the porcine tissue. The BIO TMR hAMSC group showed an average 34.6% increase in
mitochondria whereas the BIO hAMSC and STATIC TMR hAMSC displayed 25.4% and 21%,
respectively. The possibility of mitochondrial transfer coincides with the fact that nanotube
formation has been reported around 4 hours, indicating the initiation of mitochondrial
transfer.

4445,44

By examining the amount of sORP in each group, there appeared to be a decline

moving from no hAMSC, hAMSC and TMR hAMSC in both bioreactor and static groups. This
decline in sORP is reflective of the similar increase in mitochondria noted with the PCR analysis,
whereby more mitochondria was seen in TMR hAMSC groups as compared to hAMSC groups
alone. The amount of mitochondria appeared to have an affect on the oxidative stress present in
porcine tissues. Since mitochondria are known to be important in modulating redox signaling,
dysfunction of mitochondria can lead to increasing oxidative stress.

48

By augmenting the number

of functioning mitochondrial in porcine tissue, stem cells can reduce the insult of infarction and
ischemia on nascent tissue. The metabolism of oxygen itself causes release of reactive oxygen
species from complex I, under physiological conditions and complex III under ischemic and
- 48

apoptotic conditions, releasing O2 .

Therefore, through the donation of human stem cells

functional mitochondria can be restored and prevent further oxidative stress in porcine tissue, as
COX is known to act as redox regulator. Interestingly, the sORP declined at time 4, with larger
decreases occurring in the hAMSC and TMR hAMSC groups. Statistically significant results were
noticed in the STATIC hAMSC and BIO TMR hAMSC groups, indicating that stem cells, as
mitochondrial donors, can augment the increase in oxidative stress following infarction and
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ischemia. The decrease in sORP noticed in the groups without stem cells or TMR therapy, could
be a result of placing the porcine tissue under more physiological conditions in the incubator or in
the bioreactor, producing less stress on the tissue. When the capacity oxidation-reduction
potential was measured, there were no significant differences noted between any of the groups at
time 0 and time 4. Although all the groups experienced an increase in cORP, indicating a higher
antioxidant reserve, there were no statistically significant increases seen. This may indicate that
stem cells and laser therapy do not play a significant role in augmenting the antioxidant reserve,
at least not at the four-hour time point.
CONCLUSION
The presence of TMR therapy increased the number of stem cells retained in an
infarcted porcine tissue. Furthermore this increase in retention was noted even in the presence of
mechanical stress within the bioreactor vessel. Although the vessel itself appears to impose a
certain level of cellular damage to either the stem cells and/or nascent tissue, adjunctive
treatment of tissue with laser or stem cells did not show a significant increase in LDH levels. Four
hours post treatment significantly increased stem cell retention was seen between the STATIC
hAMSC and STATIC TMR hAMSC groups. In addition significant differences were observed in
static and bioreactor TMR groups, between nuclear and mitochondrial expression. This degree of
separation is suggestive of mitochondrial transfer, proliferation or retention. The degree of
oxidative stress or sORP appeared to be correlated with the amount of mitochondria present in
each group, with the BIO TMR hAMSC tissues showing increased mitochondrial expression with
the lowest sORP levels. However this did not appear to have a direct correlation with the cORP or
antioxidant reserve in the tissue.
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Part III: EPITHELIAL MESENCHYMAL TRANSITION EXPRESSION IN INFARCTED PORCINE
TISSUE WITH DUAL LASER AND STEM CELL THERAPY
Epithelial-mesenchymal transition (EMT) is a biological process, in which epithelial cells
lose their cell polarity, reorganize their cytoskeleton and gain characteristics specific to
mesenchymal cells.

49

This includes enhanced migratory capacity, resistance to apoptosis,

increased ECM production, and invasiveness.

50

The reverse process can also occur, where

mesenchymal cells are transformed into epithelial cells (MET), however less is known about this,
and it has mostly been associated with kidney formation.

50

Currently, there has been a division of

EMT into three types of processes, although there is little evidence that these divisions offer
insight into mechanistic details. Type I EMT is associated with embryo formation and
development. The primitive epithelium (epiblast) can give rise to primary mesenchyme via EMT,
which can in turn be induced to form secondary epithelia by MET. These secondary epithelial can
then undergo further EMT processes to produce more connective tissue, such as adipocytes,
chondrocytes, and muscle cells.

50

During heart morphogenesis EMT generates cardiovascular

progenitor cells that can differentiate into smooth muscle cells, endothelial cells and
cardiomyocytes. In adult organisms, type II EMT is associated with tissue regeneration and organ
fibrosis in the presence of an inflammatory response. This repair system generates fibroblasts
and other structural proteins, which act to reconstruct the injured tissue. It will only persist under
the influence of inflammation and eventually can lead to organ destruction.

50

Type III EMT is

attributed to cancer progression and metastasis. It occurs in cells that have undergone epigenetic
or genetic changes to form tumors, such as oncogenes or tumour suppressor genes. These cells
undergo EMT to become metastatic and gain invasive properties characteristic of tumour
progression.

50

Since the heart possess limited capabilities of regeneration following a
myocardial infarction, many cardiomyocytes are replaced by fibroblasts. Although the heart
contains resident cardiac stem cells (CSC), these cells can only offer about 7.7% of
cardiomyocyte renewal following tissue injury.
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Currently, there has been evidence supporting
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the notion that EMT may be involved in generating fibroblasts and cardiac progenitor cells (CPCs)
that have the potential to differentiate into various cell types.

49

Up to 40% of fibroblasts in post-

infarct or fibrotic hearts appear to be derived from cardiac endothelia by EMT.

52

TGF-β is a potent

stimulator of the EMT process as are growth factors such as FGF, IGF, and PDGF, Notch
ligands, and hypoxia. Once E-cadherin is degraded and cleaved, there is a destabilization of tight
junctions and a down-regulation of gap junctions due to decreased connexin regulation. The upregulation of genes coding for fibronectin, N-cadherin and matrix metalloproteases (MMPs) allows
for increased motility and invasion. Thus epithelial cell markers are lost and mesenchymal
markers are gained. These changes occur due to the presence of specific transcription factors,
several of which interact with the E-box element within the E-cadherin promotor, suppressing its
activity. Since EMT and WT1 expression are required for embryological heart development, and
these appear to be re-expressed following ischemic injury, it follows that the adult heart may also
experience CPC formation and fibrotic expansion.

49

This phenomenon has been observed in

zebrafish, whereby inactivation of EMT prevented neovascularization and regeneration, in
response to epicardial injury.

53

Recent studies are showing that following infarction, epicardial

cells undergo EMT, expressing c-kit+ cells (CPCs), which are subsequently differentiated into
various cardiac cell lineages.

54

Furthermore hypoxia can activate transcription factors, SNAIL and

TWIST, which can in turn induce EMT, causing CPC formation as well as paracrine/autocrine
release of VEGF, TGF- β and PDGF.

55

The following experiments were designed to (1) determine whether infarcted porcine
tissue, in the presence of laser and/or stem cell therapy, showed expression of EMT transcription
factors and (2) to establish whether stem cells or laser therapy contribute to the up-regulation of
these factors.
METHODS
Surgical Procedure. Tissue samples for EMT analysis were taken from infarcted porcine hearts
as described above. Four hours post treatment (static or bioreactor) samples were placed into
RNA later and snap frozen with liquid nitrogen.
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RNA Isolation. Porcine tissue samples from each of the six groups were thawed. Using the
E.Z.N.A Total RNA Kit I (OMEGA bio-tech, R6834-00) and RNase-Free DNase I Set (OMEGA
bio-tech, E1091-02) RNA was extracted from each tissue sample. Following extraction, a
qScript™ cDNA Synthesis Kit (Quanta BioSciences, Inc, 95047-100) was used to make cDNA
using reverse transcriptase PCR. To quantify the amount of cDNA present, a Quanti-iT™
OliGreen® ssDNA Assay Kit (Invitrogen, Molecular Probes™, 011492) was used. A serial dilution
was performed with a standard solution and subsequent tissue samples were incubated with Oligreen reagent to calculate the final concentration of cDNA present on a standard curve.
RT-PCR. The FastStart Universal SYBR Green Master (ROX) mix was used for RT-PCR using
the SYBR Green I detection format (Roche Diagnostics). The Bio-Rad CFX96 Manager Software
provided by the manufacture was used for analysis. Primer sequences are displayed in Table 2
and Table 3. Three primer sequences were used to determine EMT expression- SNAIL1, ZEB1
and ZEB2 (Table 5). Two other primers were designed to test whether EMT expression was
species specific to human (huZEB2) or porcine (susZEB2) (Table 3). Due to the variability in
porcine tissue, RT-PCR analysis was normalized to a single group (STATIC hAMSC from heart
11). Data from the BIO NO hAMSC and STATIC NO hAMSC is displayed as zero. Minimal
amplification was seen on the RT-PCR however this exceeded 40 cycles on the machine and due
to inaccurate melt curves below baseline noise, was regarded as background amplification signal
from the porcine tissue. Graphs are displayed as relative amplification (fold change).
Positive control EMT expression in amniotic stem cells. In order to test our primers for EMT
expression, human amniotic stem cells (Amnio Technologies, LLC) were grown in regular
Celprogen media (Celprogen Inc, Torrance CA). On day 1, 250 000 amniotic stem cells were
separated and allowed to re-adhere to a cell culture dish. On day 2, media was changed to OPTIMEM® I reduced serum media (GIBCO, 31985) with HEPES, sodium bicarbonate, and Lglutamine. On day 3, 2ng/mL of TGF-β1 was added to serum-starved cells for 24 hours. On day
4, RNA was isolated from cells following the above procedure. RT-PCR confirmed EMT
expression of SNAIL1, ZEB1 and ZEB2 in all human amniotic cells as compared to control
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amniotic stem cells, which were not treated with TGF-β1.
Statistical Analysis. A student’s t-test was used to compare two means. Statistical significance
was determined using the Holm-Sidak method, with alpha= 5.00%, without assuming a consistent
SD. A p≤0.05 indicated significance. Graphs show mean ± SEM.

Table 2. Real Time PCR EMT Primers.
Primer Name

Primer Sequence (5’-3’)

SNAIL1 FW
SNAIL1 RV

GCCCAGCTCTCTGAGGCCAAG
TTCTCGCCAGTGTGGGTCCGG

ZEB1 FW
ZEB1 RV

GTGAGGGAGACGCCCTGGCA
AGCGGAAGAACGTGACAGCAC

ZEB2 FW
TGGAACCCACCGAGCTGCTG
ZEB2 RV
CGTCGCCATCCTGTCTGCCC
_____________________________________________________________________________
Table 3. Real Time PCR Species Specific Primers.
Primer Name
Primer Sequence (5’-3’)
huZEB2 FW
huZEB2 RV

AGCTAGTAGCATCAGTTTAGATCA
TTGAGGTGGAAGAGCTGTGT

susZEB2 FW
AACAAAACAAAAGTTGGCAGCA
susZEB2 RV
AAATGCGCTTTGTGGAGGGA
_____________________________________________________________________________

RESULTS
Potential responses to TMR and stem cell injections might include an expansion of
fibroblasts, potential angiogenesis or formation of new myocytes. To explore the incidence of
EMT in hearts after TMR or stem cell injection PCR was employed to identify whether the denovo
expression of characteristic EMT transcription factors could be identified. When RT-PCR was
performed on porcine hearts for SNAIL1, ZEB1 and ZEB2, only ZEB2 was expressed in porcine
tissue samples at (Figure 17) four hours post treatment. Although the levels of expression varied
throughout the groups, both STATIC TMR hAMSC and BIO TMR hAMSC groups displayed the
highest amount of amplification. Statistical significance was noted between the BIO hAMSC and
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BIO TMR hAMSC groups (p= 0.0002). This may indicate that laser therapy can somehow
augment or increase the expression of ZEB2 during an infarction or hypoxia. It may be that the
degree of insult or inflammation that occurs with TMR therapy could contribute to the EMT
process. Such EMT might involve expansion of endogenous stem cells, EMT of vascular
endothelia or the expansion of the injected stem cell population. In order to further investigate
whether the source of this expression was specific to porcine tissue or is being expressed by
human amniotic stem cells, species-specific primers were created to distinguish between pig
(genus sus) and human sources of ZEB2. Figure 18 displays that overall ZEB2 expression was
much higher in porcine tissue (sus) as compared to human stem cells. This indicates that ZEB2
expression was coming from the porcine tissue and was most likely not being produced by
donated human amniotic stem cells. When comparing the overall expression of susZEB2 versus
huZEB2 across all groups there was a statistical significant increase in ZEB2 expression within
porcine tissue as compared to human cells (p=0.02), as all six groups expressed higher levels of
susZEB2 expression than huZEB2 expression. In addition statistical significance was noted
between susZEB2 and huZEB2 expression from the bioreactor groups alone (p=0.02).
Unfortunately no significance was seen between groups containing laser therapy and/or human
stem cells.
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Figure 17. Relative expression of ZEB2 4 hours post treatment. Infarcted porcine tissue
showed statistical significance in ZEB2 expression between BIO hAMSC and BIO TMR hAMSC
(p=0.0002). Graph is a semi-log plot with statistical significance ≤0.05.
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Figure 18. susZEB2 and huZEB2 expression 4 hour post treatment. Statistical significance
was seen between sus and huZEB2 in the bioreactor groups (p=0.02) and the overall amount of
susZEB2 expression was statistically higher than huZEB2 in all six groups collectively (p=0.02).

DISCUSSION
Currently, in the ischemic heart, epicardial cells can undergo EMT and give rise to cells
with stem cell characteristics such as cardiospheres, epicardial derived progenitor cells (EPDCs)
and c-kit+ cells or CPCs. These cells can then migrate to the injured myocardium where they can
differentiate into coronary vessel cells, fibroblasts and potentially cardiomyocytes.
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Even

biopsies taken from human hearts with ischemic cardiomyopathy show the presence of cardiac ckit+ stem cells.

56

Alternatively, it has been shown that vascular endothelia in the heart can

undergo EMT in response to infarct or cardiomyopathy (Zeisberg et al., 2007). Our data
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demonstrate that in the presence of infarction and laser therapy, there is increased ZEB2
expression, without SNAIL1 or ZEB1 amplification in porcine tissue. Statistically significant results
were seen between the BIO hAMSC and the BIO TMR hAMSC groups, suggesting that laser
therapy may induce or up-regulate the expression of ZEB2. Since laser therapy is known to
cause inflammation to the nascent tissue, it may be that EMT is being activated by this factor. In
the adult heart, constant inflammation can result in cardiac fibrosis via endocardium
mesenchymal transition (EndMT).
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TGF-β1 is known to induce EndMT, causing capillary

endothelial cells, for example, to lose markers such as CD31 and integrin αVβ3, and gain
fibroblast characteristics. Tissue that was not injected with stem cells and did not receive laser
therapy, still displayed adequate levels of ZEB2 expression. Since EMT has been reported in
many cases to be up regulated in the presence of infarction, ischemia and/or hypoxia, it is not
surprising to find increased levels of ZEB2 without the presence of stem cell or laser therapy.
TGF-β is a potent regulator of EMT and has been reported to play a key role after myocardial
infarction and scar formation. Following an MI, c-kit+ cells can interact with human stem cell
factor (hSCF) located in the cardiomyocyte membrane. Activation of SCF signaling causes EMT
57

activation via TGF-β and formation of EPDC and CPCs in the infarcted myocardium.

Wnt/b-

catenin signaling pathway is another contributor to tissue regeneration and repair following
cardiac injury. Wnt1 is expressed in epicardial cells and in cardiac fibroblasts within the site of
injury. These cells undergo EMT forming subepicardial fibroblasts. Without these fibroblasts
ventricular dilation can occur, with reduced collagen deposition.

49

Lastly EMT can be regulated by

hypoxia through the HIF-1 signaling cascade through the activation of SNAIL and TWIST. The
epicardium and the subepicardium are at most risk of hypoxia as they have been characterized
as having the lowest capillary density. Hypoxic conditions can activate EMT and produce CPCs,
which express HIF-1α and WT1. These cells, along with EPDCs, are responsible for the secretion
of growth factors as well as angiogenesis.

49

Interestingly, a recent report using female rats with LAD ligation and subsequent TMR
and mesenchymal stem cell injections, tried to determine which signaling factors were expressed
following treatment. Shahzad et al.
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wanted to elucidate whether the increased stem cell
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retention and migration seen post intravenous injection, was due to the SCF-c-kit signaling
pathway or the stromal-derived factor-1 (SDF-1)-chemokine receptor type 4(CXCR4) pathway. In
the c-kit signaling pathway, c-kit is expressed on stem cells and can bind to stromal SCF, which is
a chemotactic factor for stem cells. Binding of SCF to stem cells results in initiation of PI3-kinaseAKt pathway as well as the renin-angiotensin system-mitogen activated protein kinase signaling
pathway. This results in increased progenitor cell adhesion. In the SDF-1 and CXCR4 pathway,
induction of MMP-9, release of SCF, and stimulation of nitric oxide leads to CXCR4+ cell
migration to the site of injury. Therefore the belief is that TMR may be signaling to injected and
nascent progenitor cells through either of these pathways. Results indicated that both SCF and ckit were up regulated by TMR at 3 days however SDF-1 expression was seen up to a week post
treatment. Therefore it could be a temporal interplay between these two pathways that is causing
increased stem cell engraftment. Since activation of SCF also causes EMT, this may be why
there where increased levels of ZEB2 expression in both static and bioreactor TMR groups.
When species-specific primers were created and measured via RT-PCR, it was clear
that most of the ZEB2 expression seen previously, was due to up-regulation of this transcription
factor in porcine tissue. Statistically significant results were found in ZEB2 expression within all
the bioreactor groups as well as overall expression in both static and bioreactor groups. This is
interesting since ZEB expression occurs downstream in the EMT signaling pathway. Typically
SNAIL transcription factors are activated first and bind to E-boxes, functioning as repressors and
activators. Since SNAIL directly targets the ZEB gene and TWIST works with SNAIL1 to induce
ZEB expression, this transcription factor is up-regulated later in EMT. However ZEB expression
can also be induced by TGF-β and Wnt proteins, which are known to react to tissue injury and
infarction. Thus ZEB factors can cause the repression of E-cadherin and cause activation of Ncadherin as well as MMPs.

58

The presence of laser therapy and not specifically stem cells,

seemed to cause increased expression of ZEB2. Since this expression was specific to porcine
tissue, it is clear that stem cells are not donating or specifically contributing to the expression of
ZEB2. The trauma or insult that laser therapy causes in the porcine tissue most likely is causing
the increase in ZEB2. Since TMR is known to cause a degree of inflammation and fibrosis in
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ischemic tissue it could be that both of these factors are acting as stimuli for EMT activation. They
may be acting to mobilize nascent progenitor cells through the SCF-c-kit pathway or the SDFCXCR4 pathway, as well as recruit injected stem cells. More importantly the presence of TMR
may be inducing EMT, resulting in the production of CPCs leading to the development of cardiac
lineages required to repair infarcted and ischemic tissue.
CONCLUSION
EMT plays a critical role in development, metastasis and fibrosis. It has been shown to
be a key player in the development of the heart and currently, there is consensus that it may be a
contributor to cardiac repair and regeneration. Through the generation of CPCs, EDPCs and
cardiospheres, EMT can ultimately produce smooth muscle cells, endothelial cells and possibly
cardiomyocytes. The fact that laser therapy causes increased expression of one of the main
transcription factors in this process, ZEB2, is very exciting. It may be that in addition to
angiogenesis, denervation, and increased perfusion, laser therapy can also cause up-regulation
of EMT.
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PART IV: CLINICAL OUTCOMES META-ANALYSIS SUPPORTS THE USE OF PET SCANS
TO HIGHIGHT THE EFFECT OF TRANSMYOCARDIAL LASER THERAPY ON MYOCARDIAL
PERFUSION
Numerous mechanisms have been proposed as the source of angina relief and improved
cardiac function in patients receiving TMR therapy. Denervation
redistribution of wall stress

22

1,59

, angiogenesis

60,23,39,61

, and

have been attributed to the postoperative improvements noted in

62

severe angina patients . Despite the positive reverberations of laser therapy in these individuals,
it still remains unclear whether TMR increases myocardial perfusion within an infarcted
myocardium. Different imaging modalities have been employed to monitor patients
postoperatively and to detect changes in the functional status of the heart. Reversible ischemia
and regional myocardial wall motion have been assessed using stress testing with various
contrast mediums via echocardiography (ECHO)

63,64

. In addition magnetic resonance imaging

(MRI) and computed tomography (CT) have been utilized to determine changes in cardiac
pathology and define the adequacy of perfusion established in ischemic or infarcted myocardial
tissue

65

. Nuclear medicine has emerged as a minimally invasive method of objectively

quantifying myocardial perfusion and viability post TMR treatment and revascularization. Nuclear
stress tests such as myocardial perfusion scintigraphy (thallium 201 and technetium-99m
sestamibi (99m-Tc)), single photon emission computed tomography (SPECT), multigated
acquisition scan (MUGA), and positron emission tomography (PET) have been more commonly
employed to measure the extent of ischemic burden and recovery in patients with ischemic
cardiomyopathy.

66

Nuclear imaging has a reported higher sensitivity for measuring myocardial

viability and for evaluating the clinical outcomes of revascularization in contrast to
echocardiography which has a greater specificity for assessing contractility.

67

The intent of this

meta- analysis was to evaluate the effect of transmyocardial laser revascularization on
myocardial perfusion by analyzing results following nuclear imaging tests. Different modalities of
nuclear imaging will be assessed and compared to determine if laser therapy can provide proper
revascularization and adequate perfusion in patients with depressed ventricular function suffering
from ischemic heart disease.
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Purpose
This meta-analysis examined the literature on sole and adjunctive TMR/CABG therapy in
order to determine the effects of laser treatment on patients with ischemic cardiomyopathy.
Specifically, this paper had two endpoints:
(1) (a) Investigate the effect of laser treatment on myocardial perfusion using different nuclear
imaging modalities under rest and stress conditions at short-term and long-term follow-up.
(b) Compare the overall effects of CO2 and Ho:YAG laser systems on myocardial perfusion
and ischemia and determine whether there is a significant difference in these outcomes
between laser types.
(2) Establish the effects of CO2 and Ho:YAG laser therapy on patient clinical outcomes including
angina reduction, survival, and hospital re-admission.

METHODS
Literature Search: A comprehensive search was performed using the research engines
PUBMED, ScienceDirect, and MEDLINE (via EBSCOHost and OvidSP). Keywords used to
identify relevant studies were: “transmyocardial revascularization imaging, TMR and TMLR
perfusion, TMLR imaging, TMR, TMR and TMLR angina, TMR and TMLR refractory angina,
TMLR and TMR PET scans, nuclear imaging and TMR, TMR versus medical management,
nuclear imaging TMR and CABG, myocardial perfusion, and TMR versus control”. Published
articles were examined from the earliest date possible to the current date, January 2016. All
numerical data was extracted directly from the study text and/or tables. If percentage values were
given, only then, were calculations made in order to determine the exact number of patients in an
outcome group. No assumptions were made from pictorials or graphs unless a precise p-value,
mean± SD or SEM was provided.

Inclusion/Exclusion Criteria
For this meta-analysis, eligible studies had to be randomized or non-randomized trials that
compared TMR treatment groups with control participants (TMR versus medical management,
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TMR versus sham, TMR/CABG versus CABG, or TMR/CABG versus TMR). Trials that examined
pre versus post treatment data were excluded from the statistical analysis. Three papers (Hughes
1999, Hughes 2000, and Hughes 2002) used porcine subjects randomized to either TMR
treatment or sham thoracotomy. These were included in the meta-analysis in order to provide
additional data regarding PET nuclear imaging.
Studies examining the effects of CO2 and/or Ho:YAG laser systems were included and
papers using excimer laser treatments were excluded. All procedures were performed via a left
thoracotomy or median sternotomy and none were executed via percutaneous methods.
Myocardial perfusion and ischemia was measured in subjects who had undergone
nuclear rest and stress testing. For this analysis only PET, MUGA and SPECT scans were used
to measure these parameters. MRI and ECHO imaging was excluded and may be considered in
future analyses.

Definition of Endpoints: The primary endpoint of this meta-analysis was the effect of
lasers on myocardial perfusion using different imaging modalities. Since various studies utilized
different terms to describe perfusion effects in subjects with ischemic cardiomyopathy, myocardial
perfusion was defined as the rate of blood flow or perfusate through the heart muscle. Under this
condition, terms such as “peak filling rate, peak ejection rate, myocardial perfusion and perfusion
defect” were included to denote perfusion through the heart. Likewise various studies used
different terminology to describe ischemic areas or zones within the heart. In this meta-analysis
studies using the terms hibernating, fibrotic, or reversible ischemia were classified together as
reversible ischemia. Studies that did not specify whether a defect was reversible or irreversible
were simply categorized as ischemic. All other continuous outcomes reported by imaging studies
were recorded and analyzed. After assimilating terms there was a final list of five outcome
measures included in this meta-analysis: LVEF, LVEDV, ischemia, reversible ischemia, and
myocardial perfusion.
Nuclear imaging techniques were narrowed down to the three major types currently used
for perfusion diagnostics: SPECT, MUGA and PET scans. Studies which quoted the use of MIBI,
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sestamibi, QGSPECT, or thallium 201 stress testing, were all categorized as SPECT imaging. In
addition all types of intravenous contrast mediums and stressing agents were included in each
imaging type.
The second purpose of this meta-analysis was to examine the clinical outcomes of laser
therapy at short and long-term follow up. Survival, hospital re-admission and angina reduction
were chosen as important clinical effects of laser treatment. In these studies hospital readmissions were due to unstable angina and acute MI’s.

Data Extraction
Numerical data was extracted directly from eligible papers and recorded into a master file that
was analyzed by a statistician. For quantitative outcomes, values collected included means,
sample sizes, standard deviations, SEMs, and/or p-values for both treatment and control groups.
For categorical outcomes, values extracted were total participants present at baseline and total
participants present in a category at a given time point, for both treatment and control groups.
Continuous and binary outcomes were independently recorded by two individuals and cross
checked, to ensure no discrepancies arose between collected data.

Data Analysis:
All analyses were conducted in Program R version 3.2.2.

55

68

Standardized mean difference was

used as the effect size for all quantitative outcomes and log odds ratio was used as the effect size
for all binary/categorical outcomes; in each case the escalc() function in the R package ‘metafor’
56

version 1.9.8 was used except in cases where only the p-value was available, in which case the
p_to_d2() function in the R package ‘MAd’ version 0.8.2 was used.

57

In order for results to have

consistent interpretation, values were transformed so that a positive difference in means
(quantitative outcomes) or log-odds ratios (binary/categorical outcomes) between TMR treatment
and control would always indicate that TMR performed better than the control and a negative
difference would always indicate TMR performed worse than the control. For analyses that
included multiple outcomes or time points within a study, a correlation of 0.5 was assumed

	
  

57	
  

among outcomes within a study and the combined effect across outcomes or time points was
computed using the agg() function in the R package ‘MAd’. To evaluate the sensitivity of this
assumption, analyses were run with correlations of 0, 0.5 and 0.99 among outcomes within a
study. Each correlation was checked to determine whether there were differences between
different correlation conclusions. Since no differences were noticed, results shown are for
analyses using a correlation of 0.5. Random effects models with the Knapp and Hartung (2003)

69
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adjustment were fit using the rma() function in the R package ‘metafor’ version 1.9.8 .

RESULTS
Search Results
Electronic databases yielded 570 TMLR citations, which were screened specifically for
nuclear imaging studies, resulting in a total of 62 citations (Figure 19). From these papers, 25
studies using ECHO and MRI imaging were removed. Papers that included more than one
imaging modality (ie. ECHO and SPECT) remained in the selection pool, however values related
only to the appropriate imaging type were recorded. The remaining 37 citations were further
screened, and studies containing pre versus post treatment data, subjective data or nonnumerical data, in which no true values were presented in the paper (ie. graphical data), were
excluded. This resulted in a final group of 16 papers used in the primary endpoint analysis.

Tables 1 and 2 display the characteristics of studies used in the analysis for primary and
secondary endpoints, respectively. A total of 1753 subjects were recorded at baseline (Table 4),
880 of which were designated into the control arm and 867 designated into the treatment group.
Patients who began in the control group and later crossed over to the treatment group due to
severe angina were included in the treatment analysis

70

and patients who received alternative

treatments (ie. VEGF therapy) were excluded from the treatment arm.

71

Of the 16 papers

discussed in the primary endpoints, 7 used CO2 lasers and 9 used Ho:YAG laser systems.
Table 3 demonstrates the baseline characteristics of participants included in control (MM
and CABG) and treatment (TMR and CABG/TMR) groups in this meta-analysis. Not all studies
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Figure 19. Criteria for eligible nuclear imaging studies. The selection process consisted of 62
citations selected from a total 570 TMLR published papers. From these imaging studies, ECHO
and MRI trials were removed. Lastly the final 16 studies were screened for trials, which included
objective data, represented by numerical values in graphs, tables or within the published text.
provided similar baseline information therefore a direct comparison of both groups from all papers
was not possible. Of note, the Hughes papers (1999, 2000 and 2002) were excluded from this
table since they utilized porcine models. From the remaining data, it was determined that there
was no statistical significance between control and treatment arms in patient demographics and
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medical history. However statistically significant differences were noticed in patients’ cardiac
status and risk factors (unstable angina and hypercholesterolemia/HLD levels (p<0.01 and
p=0.01, respectively)). It is expected that study groups would differ in unstable angina as patients
with severe angina are typically placed into TMR or CABG/TMR treatment arms. Participants with
a worse prognostic outcome are preferentially placed into these therapeutic groups, as they are
viewed to be more beneficial to this population. This becomes apparent when the proportions of
unstable angina patients are further broken down between MM, TMR, CABG and TMR/CABG
groups (6.66%, 21.6%, 52.4% and 65.2%, respectively). This is evidence of selection bias, which
is present in non-randomized clinical trials. From the 16 papers included in the primary endpoints,
3 were excluded from this analysis as they used porcine subjects.
studies only two were non-randomized clinical trials.

74,75

24,72,73

Of the remaining 13

Therefore, the majority of eligible papers

consisted of randomized clinical trials (RCT). In general, the baseline characteristics appeared to
favour the control group as they had a significantly lower rate of unstable angina (15.2%
decrease), despite higher rates of hypercholesterolemia/HLD (7.4% increase). Consequently the
outcomes of this meta-analysis most likely yielded conservative results regarding the effect of
adjunctive TMR therapy. Study selection criteria were similar in all eligible studies. Many trials
excluded patients who were > 75 years, had an LVEF <30%, advanced heart failure and inability
to undergo study tests. Eligible patients had to have a history of coronary artery disease with
refractory angina, classified as either CCS class III or CCS class IV, despite receiving optimal
medical management on a maximal tolerable dose. For patients receiving sole TMR therapy,
they had to present with areas of reversible ischemia, which were considered ineligible for
percutaneous coronary interventions or surgical revascularization procedures. For patients
undergoing CABG and/or CABG/TMR, they were required to have suitable vessels for grafting as
well as demonstrable ischemic areas not amenable to direct revascularization by vein grafts.
Patients who had a recent MI (within the last 6 months), chronic atrial fibrillation, myocardial wall
thickness <9mm (assessed by TTE) or major life-threatening comorbidities where excluded from
study populations.
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TABLE 4. Characteristics of Studies used for Primary Endpoints
Groups

Sample
Size (n)

Laser
Type

Imaging

Duration
(months)

TMR vs MM

100

CO2

SPECT/MUGA

12

TMR vs MM

188

CO2

SPECT

12

TMR vs MM

192

CO2

SPECT

12

TMR vs MM

100

CO2

MUGA

12

TMR vs MM

275

Ho:YAG

SPECT

12

TMR vs MM

182

Ho:YAG

SPECT

12

Hughes 1999 *

TMR vs SHAM

10

Ho:YAG

PET

6

24

TMR vs SHAM

10

CO2

PET

6

24

TMR vs SHAM

10

Ho:YAG

PET

6

TMR vs MM

25

Ho:YAG

PET

3

TMR vs SHAM

200

Ho:YAG

SPECT

6

TMR vs CABG/TMR

28

Ho:YAG

SPECT

3

TMR vs CABG/TMR

43

Ho:YAG

SPECT

12

TMR vs MM

188

CO2

SPECT

12

TMR vs SHAM

10

Ho:YAG

PET

6

TMR vs MM

192

CO2

SPECT

12

Study Name

Aaberge 2001
Burns 2001

77

Frazier 1999

78

Aaberge 2000
Allen 1999

76

62

4

Burkhoff 1999

79

72

Hughes 2000a *
Hughes 2000b *
Tio 2004

80

Leon 2005

71

Diegeler 1998

74

Schneider 2001
Schofield 1999

75

81

73

Hughes 2002 *
March 1999

70

Sample sizes represented are at baseline
*Hughes papers (1999, 2000 and 2002) used a porcine model
TMR- transmyocardial revascularization; MM-medical management; CABG- coronary artery
bypass graft
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Table 5. Characteristics of Studies used for Secondary Endpoints
Laser
Study Name

Groups

Sample
Size (n)

Type

Outcome Measure

Frazier 1999

78

TMR vs MM

19

CO2

Frazier 2004

16

CABG vs TMR/CABG

44

CO2

survival, angina reduction,
re-admission
survival, angina reduction

Allen 2000

82

CABG vs TMR/CABG

263

Ho:YAG

survival

Allen 2004

83

CABG vs TMR/CABG

218

Ho:YAG

survival

TMR vs MM

100

CO2

TMR vs MM

275

Ho:YAG

TMR vs MM

182

Ho:YAG

TMR vs SHAM

200

Ho:YAG

TMR vs TMR/CABG

40

Ho:YAG

survival

TMR vs TMR/CABG

68

Ho:YAG

angina reduction

TMR vs MM

188

CO2

Aaberge 2000
Allen 1999

4

Burkhoff 1999
Leon 2005

62

79

71

Diegeler 1998

74

Schneider 2001
Schofield 1999

75

81

survival, angina reduction,
re-admission
survival, angina reduction
survival, angina reduction,
re-admission
survival, angina reduction

survival, angina reduction

N numbers represented are at baseline of study
Angina reduction is a reduction of at least two or more CCS classes
TMR- transmyocardial revascularization; MM- medical management; CABG- coronary artery bypass
graft
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TABLE 6. Baseline Characteristics of Clinical Trials in Primary and Secondary Endpoints
Control
(%)

Treatment
(%)

p value

no. studies

29.5

29.6

0.92

14

62.1

61.8

0.32

13

CABG

66.7

66.9

0.37

14

PTCA

31.5

29.4

0.49

12

Acute MI

62.7

62.8

0.95

15

CHF

21.6

20.5

0.74

7

Mean LVEF

49.4

49.5

0.95

11

NYHA Class III

55.6

52.6

0.19

8

NYHA Class IV

44.4

47.4

0.19

8

Unstable angina

9.0

24.2

<0.01

5

64.5

62.9

0.55

9

80.6

73.2

0.01

5

DM

36.8

35.7

0.65

13

Tobacco use

31.4

30.6

0.56

11

Demographics
Female
Mean age
Medical History

Cardiac Status

Risk Factors
HTN
Hypercholesterolemia/HLD

control= MM and CABG treatment= TMR and CABG/TMR

PART I:
Imaging Analyses
All imaging analyses included both CO2 and Ho:YAG laser systems as well as all
continuous outcomes (LVEDV, LVEF, ischemia, reversible ischemia and myocardial perfusion)
reported in studies using imaging techniques. For patients receiving TMR therapy there was no
statistically significant difference in perfusion outcomes at rest measured via SPECT both at 3
and 12-month follow-ups (EE -2.68, 95%CI -14.05 to 8.67, p=0.42, EE -0.18, 95%CI -0.74 to
0.37, p=0.41, respectively). Even though the overall estimated effect (EE) favoured TMR at 3
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months via SPECT imaging under stress, this was not considered statistically significant (EE
0.06, 95%CI -0.93 to 1.06, p= 0.87, Figure 20). Likewise non-significant results were also
measured at 12 months under stress conditions (EE -0.72, 95%CI -5.02 to 3.58, p=0.63). This
was most likely influenced by the results of Burns et al. 2001, as they reported 188 patients in
their study with no overall increase in myocardial perfusion in lased regions.

77

Figure 20. CO2 and Ho:YAG: stress SPECT at 3 months. Laser therapy showed an increase in
myocardial perfusion however this effect was not statistically significant as compared to control
groups (p=0.87).

MUGA scans were predominantly used to determine the LVEF of patients post treatment
and were usually reported in addition to another imaging modality.
included only two papers (Aaberge 2000

62

76

Results in this section

76

and Aaberge 2001 ) comparing TMR with medical

management, however both studies examined 180 participants collectively with MUGA scans. At
rest there was no statistically significant difference between control and treatment groups at 3
months (EE -0.28, 95%CI -1.78 to 1.21, p= 0.25) and 12 months (EE -0.17, 95%CI -1.25 to 0.90,
p=0.29, Figure 21). Only one paper displayed results for patients under stress conditions,
Aaberge 2001.

76

Again no significant difference was found between groups at 3 months (EE -

0.21, 95%CI -0.58 to 0.16, p=0.27) and 12 months (EE -0.03, 95%CI -0.40 to 0.34, p=0.88).
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Considering the novelty and cost of utilizing PET scans for patient follow-up, only one
RCT was found to report the effects of TMR via this imaging technique.

80

This study included 25

patients

Figure 21. CO2 and Ho:YAG: rest MUGA at 12 months. No statistical significance was
observed in myocardial perfusion between laser therapy and control participants via MUGA scans
(p=0.29).
randomized to MM or TMR therapy. The three additional papers incorporated in this subsection
used porcine subjects randomized to TMR therapy or sham thoracotomy.

24,72,73

Under resting

conditions, PET scans showed increases in perfusion outcomes with TMR therapy versus control
at 3 months (EE 0.25, 95%CI -0.53 to 1.04, p= 0.53) and 6 months (EE 1.00, 95%CI 0.26 to 1.75,
p= 0.02, Figure 22). Results were statistically significant at 6-month follow-up, however only
included studies performed on porcine models. During stress conditions there was a nonsignificant difference between control and treatment groups at 3 months (EF -0.08, 95%CI -0.76
to 0.60, p= 0.81). There was insufficient data to complete analysis at 6 or 12 months post
treatment during stress conditions.

Comparison of Laser Types
CO2 and Ho:YAG lasers were analyzed individually for their effect on LVEF, myocardial
perfusion, and ischemia for up to 12 months of follow up. Studies that reported these outcome
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measures with SPECT, MUGA and/or PET under rest or stress conditions were included in the
analysis. To determine if CO2 lasers have an effect on LVEF, studies using SPECT or MUGA
were analyzed collectively under stress and rest conditions. At 12 months of follow-up, medical
management groups showed a statistically significant improvement in LVEF compared to
treatment groups (EE -0.26, 95%CI –

Figure 22. CO2 and Ho:YAG: rest PET at 6 months. Statistical significance was determined in
myocardial perfusion between laser therapy and control groups (p=0.02) using porcine subjects
via PET scans.
0.38 to -0.13, p=0.01, Figure 23a). However CO2 lasers did not have a statistically significant
effect on reversible ischemia under rest or stress SPECT scans compared to medical
management groups (EE -0.50, 95%CI -2.76 to 1.75, p=0.22). Although CO2 lasers showed an
improvement in myocardial perfusion in the treatment group, this effect was not considered
significant (EE 0.59, 95%CI -0.22 to 1.39, p=0.10, Figure 23b) up to and including 12 months of
follow-up, as reported by MUGA, SPECT and PET scans collectively. Studies in this analysis
included TMR versus MM groups, one of which was from a porcine model comparing TMR versus
sham thoracotomy.

24

Ho:YAG lasers yielded similar results. When SPECT and PET scans were analyzed for
the outcome measure ischemia at rest and stress, there was no statistically significant difference
between TMR and MM or sham procedures (EE -0.12, 95%CI -0.48 to 0.23, p= 0.27, Figure 24a)
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noted up to and including 12 months of follow up. Changes in myocardial perfusion at rest and
stress, measured by SPECT and PET, showed improvements in the TMR and TMR/CABG
groups as compared to MM, Sham or sole TMR therapy (EE 0.36, 95%CI -0.02 to 0.74, p= 0.06,
Figure 24b). However this effect was not statistically significant up to and including 12 months of

Figure 23. (A) CO2: LVEF at 12 months. A statistically significant decrease in LVEF was
determined in laser therapy patients as compared to control patients (p=0.01). (B)
CO2: myocardial perfusion at 6 and 12 months. The CO2 laser showed an increase in
myocardial perfusion compared to control groups, however this effect was not statistically
significant (p=0.10).
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patient follow-up. Of note this analysis included 30 porcine subjects receiving TMR therapy, which
were reported to have statistically significant increases in myocardial perfusion following a 6month trial using PET scanning.
Both lasers were subsequently compared to see if there was a statistical significant
difference between their effect on ischemia and myocardial perfusion. For this analysis time
points that were available for each measured outcome in both laser groups were compared. This
included up to 12 months of patient follow-up. For the comparison of CO2 versus Ho:YaG lasers
and their effect on ischemia, 2 studies with a total 288 patients were compared with 3 studies of
347 participants for CO2 and Ho:YAG lasers, respectively. After including time points up to 12
months of patient follow-up there
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Figure 24. (A) Ho:YAG: ischemia up to 12 months. There was no statistical significance noted
in ischemia between laser and control patients using the holmium laser (p= 0.27). (B) Ho:YAG:
myocardial perfusion up to 12 months. An increase in myocardial perfusion was determined
between laser treatment and control groups, however this effect was not statistically significant
using the holmium laser system (p=0.06).
was no statistical significant difference noted between laser types on ischemia (p=0.10). In
comparing the effect of laser type on myocardial perfusion, 4 studies with 272 participants and 7
studies with 374 subjects using CO2 and Ho:YAG laser systems, respectively were compared. All
time points available for both laser types for this outcome were included, up to 12 months of
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follow-up. Results showed that there is no statistical significance on the effect of myocardial
perfusion between the two laser types (p=0.58).
PART II:
Clinical Outcomes
Secondary endpoints for this meta-analysis determined the effect of laser therapy on
three major clinical outcomes: survival, hospital re-admission and angina reduction. All
subsequent analyses include results from both CO2 and Ho:YAG lasers combined at varying time
points defined by eligible studies. Seven studies were used to determine the effect of TMR versus
MM, sham or CABG patients on 30-day survival. Although results favoured laser therapy, the
effect was not statistically significant (EE 0.69, 95%CI -0.34 to 1.71, p= 0.15, Figure 25a).
Similarly, nine studies were used to determine the effect of laser therapy on long-term survival
rates, up to 12 months post treatment. A total of 1501 patients were considered in this analysis.
Results indicate that although the treatment groups have higher survival rates there is no
statistical significance difference between TMR or TMR/CABG and controls (EE 0.11, 95%CI 0.42 to 0.64, p=0.65, Figure 25b).
Further analysis examined hospital re-admission rates for patients undergoing laser
therapy compared to MM. Three studies provided data for re-admissions at 12 months of followup. Again laser therapy was favoured, however this result was not considered significant (EE
2.71, 95%CI -1.89 to 7.31, p= 0.13). Seven studies reported data on angina class reduction of
two or more classes. Three different time points were analyzed: 3 months, 6 months and 12
months post treatment. All three time frames showed statistically significant improvements in
angina for the laser therapy group compared to control patients (EE 2.84, 95%CI 1.57 to 4.11, p=
0.006; EE 1.63, 95%CI 0.23 to 3.03, p= 0.03; EE 1.81, 95%CI 0.98 to 2.63, p= 0.002, Figure 25c,
respectively).
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Figure 25. (A) Ho:YAG and CO2: 30 day survival. There was an increase in 30 day survival in
patients receiving laser therapy, however this was not statistically significant as compared to
control patients (p=0.15). (B) Ho:YAG and CO2: 12 month survival. Patients receiving TMR
therapy had an increased survival rate at 12 months compared to control patients (p= 0.65). (C)
Ho:YAG and CO2: angina reduction at 12 months. TMR patients had a statistically significant
reduction in two or more angina classes as compared to control patients (p=0.002).
DISCUSSION
Multiple clinical trials have reported the benefits of laser therapy on patients with severe
and diffuse coronary artery disease. Significant improvements in clinical symptoms have been
demonstrated by many randomized clinical trials and evidence supporting reduced angina,
inotropic support, ICU admissions, hospital LOS, and arrhythmias, as well, increased QOL and
exercise tolerance have been demonstrated.

71,74,78,79,82

However many studies have argued that

there is a lack of evidence supporting more objective measures of cardiac function such as
myocardial perfusion, ischemia and LVEF.

7,66,76

Therefore this meta-analysis aimed to examine

current literature to determine the effect of laser therapy on these outcomes. Almeda et al. (2003)
and Tasse et al. (2007) both reviewed four multicentre clinical trials
myocardial perfusion and LVEF.

7,66

4,78,79,81

and their findings on

They reported that although Frazier et al. (1999)

demonstrated a 20% increase in myocardial perfusion, Allen et al. (1999) showed no significant
change when compared to medical management. Furthermore two other papers showed
increases in perfusion with thallium scans

84,85

while three others reported no change

78,86,87

.

Together, these findings contribute conflicting evidence and inconsistency towards efforts to
determine whether or not TMR promotes angiogenesis and/or increased myocardial perfusion.
Early results from Frazier et al. showed interesting findings from 31 patients receiving laser
therapy.

88

All patients were subject to PET, dobutamine echocardiography,

201

TI- SPECT and

MUGA scans at 3 and 6 months post treatment. Three-month follow via SPECT displayed no
change in perfusion in lased and non-lased segments, however on PET scans the ratio of
subendocardial to subepicardial (SEn/SEp) perfusion increased by 14% (p< 0.001). Furthermore,
at 6 months SPECT scans showed no change in perfusion while PET scans demonstrated
improvements in 36% of lased segments. Similar results were reported by Cooley et al. whereby
PET results indicated significant SEn/SEp perfusion changes in lased patients (p< 0.0001) but
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SPECT scans did not (p > 0.05).

89

Furthermore they reported an accuracy of 82% and sensitivity

of 89% with PET imaging analysis.
Measuring subendocardial and subepicardial perfusion is considerably important in
evaluating laser effects on perfusion. Since it has been understood that TMR channels occlude
via thrombosis, it is the initial blood flow from the left ventricle to the myocardial vascular plexus
that alleviates ischemia in a viable area of myocardium.

19

In the past it has been hypothesized

that camerosinuisoidal connections formed with the ventricle can develop into arteriolar channels
or vessels, supporting the theory of increased subendocardial perfusion.

88

In addition it has been

thought that blood flow can redistribute from areas of adequate perfusion (epicardium) to areas of
inadequate perfusion (endocardium).

79

The current consensus is that mechanical, thermal and

oxidative stress in the surrounding myocardial tissue can elicit responses such as VEGF
upregulation

90

and angiogenesis.

89

In either case, it may be that PET scans have the sensitivity

necessary to detect these changes in perfusion while SPECT and MUGA scans do not. Results
from this meta-analysis determined that there were no significant differences in myocardial
perfusion between control and treatment groups at 3 or 12 months using SPECT, PET or MUGA
scans. However 6-month follow up did show a significant improvement in myocardial perfusion
using PET imaging. This result highlights a number of important points. (1) Imaging modalities
need to have the capability of measuring subendocardial perfusion in TMR patients in order to
detect increased collateral blood flow in the radial direction as opposed to the transmural (2) due
to the cost of PET scans there are limited clinical trials performed on lased patients (3) the 6
month PET results from this analysis were based on three porcine models and therefore must be
taken with light consideration. Despite this fact, they do coincide with other reports in human
trials

88

and other porcine models

89

(4) in order to validate PET as a standard for follow up in TMR

patients, there needs to be more data published on its efficacy in order to warrant the cost-benefit
of using this imaging modality and lastly (5) more clinical trials are necessary to prove whether
the increase in subendocardial perfusion is temporary or has a lasting effect in patients.
When CO2 and Ho:YAG lasers were analyzed individually, no statistically significant
differences were found between CO2 and Ho:YAG lasers in any of the analyzed metrics (ischemia
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and myocardial perfusion) except for LVEF. The CO2 laser system did not demonstrate an
improvement in the LVEF of lased patients as compared to the MM group. This may be due to
conflicting reports on the contractility and wall motion noticed in TMR patients via MRI and
echocardiography.

62,91–93

More importantly, both CO2 and Ho:YAG lasers demonstrated an

improvement in myocardial perfusion, however this increase was not considered significant. This
could be the result of the fact that many studies in this category included SPECT and MUGA
imaging as opposed to the more sensitive PET scan, which has demonstrated superiority in
measuring subendocardial perfusion. When both lasers were compared against each other to
determine whether the type of laser had an effect on myocardial perfusion and ischemia, up to a
12 month follow up, no statistically significant difference was noted. Despite the difference in
94

95

96

thermal damage , thermoacoustics , thermal dispersion , and fibrosis

91

described between CO2

and Ho:YAG lasers, it has been difficult to prove superiority of one laser type over the other.
Studies which report increased vascular density
fibrosis

91

24

with the Ho:YAG laser also report increased

which may conflict with myocardial contractility. Therefore it is the balance of fibrosis

and angiogenesis that is important in determining perfusion measures in lased hearts.
In an effort to answer whether TMR therapy has an effect on objective cardiac measures
this meta-analysis examined short and long term survival rates and hospital re-admissions. There
were no statistically significant differences between control and treatment groups in either 30-day
or 12 month survival rates. However the estimated survival was higher for those receiving laser
therapy as compared to control patients at both 30-days and 12 months. From the studies
78

included in these subsections, 30 day mortality was attributed to unstable angina , sole CABG
82

81

therapy , acute MI , LV dysfunction, ventricular fibrillation, respiratory insufficiency, multisystem
4

organ failure as well as higher preoperative patient risk scores from renal disease, IABP support,
16

previous CABG, PTCA, HF, angina class and previous MI . Long term mortality was associated
78

75

with low LVEF, acute MI , sudden cardiac death of unknown etiology , cancer, intracerebral
hemorrhage

62

97

as well as preoperative risk factors of age, EF, DM and dialysis . It is possible that

the statistically non-significant differences in survival rates associated with laser therapy could be
a result of the significantly higher proportion of individuals with unstable angina reported at
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baseline in our analysis. In addition, many authors also argue that patients with severe symptoms
are categorized into the treatment group in nonrandomized clinical trials. Studies that report
higher than average survival rates claim that it is due to their stringent study selection criteria.
Survival and hospital re-admission rates were reportedly better for TMR patients than
control, however this result was not significant. This is encouraging since many patients are readmitted due to unstable angina and our preliminary baseline characteristics demonstrated a
higher proportion of unstable angina in treatment patients. Angina reduction was also analyzed at
3, 6 and12 months for both laser types collectively. All reported data included a reduction of at
least two or more angina classifications. Patients in the treatment group experienced a
statistically significant reduction in angina compared to control patients at all three time points.
This is consistent with published literature demonstrating the known effect of TMR on angina
relief, which can persist 5 years following laser therapy.

83

LIMITATIONS
There were many challenges in putting together a comprehensive analysis on myocardial
perfusion and imaging techniques. The primary difficulty arose in being able to standardize
outcome measures from all studies. Due to the variability in endpoints and terminology used by
each imaging modality, certain outcomes were combined in order to create categories for
analysis. This paper only included 16 studies, which specifically looked at cardiac function via 3
imaging modalities, therefore the effect of MRI and ECHO was not taken into consideration.
Furthermore, only data from control versus treatment groups was included and 3 out of 16 studies
used a porcine model, due to low search results from PET imaging. Some analyses were
confounded by time and laser type as multiple time points or laser types were included. All of
these factors could have an influence on the results in this paper. In the future, pre versus post
treatment imaging data, would need to be analyzed and combined with the current data to
determine the overall effect of TMR. In addition MRI and ECHO studies could be included to
provide further insight as MRI has been reported to show regional myocardial function with
98

advanced spatial resolution .

	
  

75	
  

CONCLUSION
Currently, angiogenesis has been proposed as the leading theory behind TMR laser
therapy, with reports of increased vascular density and neovascularization in lased myocardium.
Despite the growing consensus for this theory it has been difficult to detect and monitor changes
in perfusion. Nuclear imaging has emerged as a diagnostic tool used to identify perfusion defects,
ischemic zones and blood flow in lased segments. Therefore it has become valuable in detecting
perfusion changes. This meta-analysis has highlighted the importance of monitoring
subendocardial perfusion in TMR patients as opposed to transmural or epicardial. This level of
sensitivity can be achieved via nuclear PET imaging. Therefore the current debate regarding
increased and/or decreased myocardial perfusion in TMR patients, may be a result of
inconsistencies in the type of nuclear imaging modality being used. Future studies, which aim to
analyze myocardial perfusion, should include PET scans within their study scope in order to
provide sensitive and accurate measures of endocardial perfusion. These results may then
explain the significant decrease in angina relief noted at long-term follow-up as well as the
increases in myocardial perfusion, survival rates and hospital re-admissions. Since patients
referred to TMR therapy have severe, diffuse coronary artery disease, are on maximal medical
99

management, and are at an increased risk of re-stenosis of stents or bypass grafts , it is already
difficult to assume consistent improvements in myocardial perfusion. This heightens the need for
sensitive nuclear imaging techniques even more. Further analysis is required to confirm the
advantages of PET and its cost-benefit reward for CAD patients.
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FUTURE DIRECTIONS
Using a similar infarcted porcine model, it would be beneficial to demonstrate the
retention of stem cells in the presence of laser therapy at a longer time point such as 12, 24 or 48
hours. Although we observed increased retention, stem cell homing, mitochondria increase and
reduction in oxidative stress, we did not note significant changes in antioxidant reserve. This
effect may be heightened at a longer time point and may require increased time within the
infarcted myocardium in order to exert an effect. Ideally, in order to truly determine whether stem
cells can aid in the recovery and repair of an infarcted myocardium with hybrid laser therapy, it
would be helpful to evaluate these results in a perfused model of the beating heart. Under such
conditions, we can not only determine the retention of stem cells under more physiological
conditions, but we can also determine the effect of both treatments on infarct size, fibrosis,
contractility, wall motion, end-diastolic volume and ejection fraction. This would allow a better
understanding of the synergistic effects that TMR and stem cell therapy could offer infarcted
patients. Furthermore, by examining longer time points with a perfused model, we can also
examine EMT markers more closely to determine if there is up-regulation of other transcription
factors at longer time frames and examine the role of microRNA in EMT. MicroRNAs (miRNAs)
are small highly conserved non-coding RNAs that provide expressional control via translational
repression of mRNA.	
  They have been known to be key downstream regulators in EMT pathways,
and may provide more insight into the relationship between TMR and ZEB2.
Ultimately, the goal of this dual therapy is to introduce it to patients through clinical trials.
Based on our preliminary results, this may be a viable therapeutic option for patients who suffer
from diffuse coronary artery disease and may not be completely revascularized following
percutaneous coronary interventions or traditional surgical revascularization. Therefore, this
patient population may benefit from the addition of laser therapy during a CABG procedure, when
exposure to the myocardium is easily gained and can allow for intramyocardial stem cell
injections. Clinical outcomes such as angina, LVEF, LVEDV, wall motion and contractility can
then be measured, to determine reparative effects of laser and stem cell therapy.
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CONCLUSION
The retention of stem cells has been difficult to maintain due to the harsh
microenvironment of ischemic tissue. By creating a favourable microenvironment for stem cell
engraftment, the effect of these cells can heighten the repair of infarcted tissue. Since laser
therapy is thought to induce an inflammatory response as well as up-regulation of cytokines,
growth factors and angiogenesis, it is these factors that are thought to promote stem cell retention
and migration.
In the presence of TMR therapy, the number of stem cells retained in porcine tissue was
increased, even with the addition of mechanical stress within the rotating bioreactor vessel.
Although the vessel itself appeared to impose a certain level of cellular damage to either the stem
cells and/or nascent tissue, adjunctive treatment of tissue with laser or stem cells did not show a
significant increase in LDH levels. Furthermore significant differences were observed between
nuclear and mitochondrial expression. This degree of separation was suggestive of mitochondrial
transfer, equating to 34.6% transfer in the BIO TMR hAMSC group. The amount of transfer also
appeared to have an effect on the oxidative stress level of porcine tissue, causing a decrease in
stress over time.
Furthermore, not only did TMR exert an effect on stem cells but it also led to an upregulation of ZEB2. This suggests that TMR therapy may be involved in another cellular
mechanism, in addition to its previously described role in denervation, myocardial perfusion and
angiogenesis. Since this expression was specific to porcine tissue and not stem cells, this
discovery could provide an additional avenue by which laser therapy can offer further repair and
regeneration of infarcted tissue.
The effect that TMR and stem cell therapy may have on patient clinical outcomes is very
promising. In order to properly assess changes within the myocardium, specifically
subendocardial perfusion, PET scanning should be considered as an imaging tool. Since it has
the level of sensitivity required to measure myocardial perfusion, it can provide detailed
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information regarding changes in blood flow. This may then explain the significant decrease in
angina relief noted at long-term follow-up as well as the increases in myocardial perfusion,
survival rates and decreases in hospital re-admissions. Patients suffering from refractory
coronary artery disease are already on maximal medical management and may not be completely
revascularized using traditional surgical interventions. Therefore the combination of TMR and
stem cell therapy is a promising treatment option that can offer repair of the myocardium.
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