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Abstract
The goals of the thesis were to, in pig models, (1) assess manganese-enhanced magnetic
resonance imaging (MEMRI) in the characterization of acute and chronic ischemiainduced myocardial infarction (MI), (2) characterize cryoinjury-induced MI with
contrast-enhanced MRI and optical methods, and (3) observe the effects of locally
released angiogenic factors on the repair of cryoinjury-induced MI.
Firstly, after acute MI was established by occlusion of the coronary artery branches,
the pig hearts were isolated and mounted onto an ex vivo perfusion system inside a 7T
magnet. After administration of MnCl2, T1-weighted MR images showed gradual
enhancement of signal intensity within the normal myocardium, whereas the ischemic
counterpart remained hypointense. During chronic MI progression, the intensity increased
slowly after exposure to MnCl2 within the infarcted myocardium.
Secondly, a new MI model was tested via direct 2-min contact of left ventricular
epicardium with a liquid nitrogen-cooled aluminum bar. Subsequent in vivo Gd-enhanced
MRI showed a uniform hypointense area (~10 mm in depth) surrounded by a
hyperintense rim. Histology showed erythrocytes embolism within the cryolesion with a
thin necrotic rim neighboring the normal myocardium. Four weeks later, the cryoinjured
myocardium was replaced by scar tissue.
Thirdly, in vivo MEMRI was tested on this cryoinjury model. After intravenous
administration of MnCl2 via intermittent bolus or continuous infusion, normal
myocardium showed prolonged hyperintense, which led to significant signal contrast
between it and cryoinjured myocardium. Continuous infusion scheme minimized
hemodynamic fluctuation.
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Finally, angiogenic therapy was assessed by anchoring of vascular growth factorsloaded alginate beads or adipose-derived stem cells (ADSCs)-loaded agarose patch on top
of the cryoinjured myocardium. Gd-enhanced MRI revealed (1) growth of new tissue
wrapping the growth factors-loaded alginate beads and (2) higher perfusion within the
ADSCs-treated cryoinjured myocardium as compared with the growth factors-treated
counterpart. Histological and fluorescent microsphere examination revealed that ADSCs
induced more significant growth of mature microvasculature within the cryoinjured
myocardium.
These results indicate that MnCl2 could characterize MI ex vivo and in vivo.
Epicardial implantation of ADSCs-loaded agarose hydrogel can induce angiogenesis
within the cryoinjured myocardium, a form of MI with similar progression features as
that induced by ischemia.
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1. INTRODUCTION
The central role of the heart in keeping the body alive and healthy has been well
recognized. However, to maintain a good performance, its own function must be in a well
controlled state, which relies mainly on incessant provision of oxygen (O2), glucose and
other nutrients as well as uninterrupted clearance of metabolic side products such as
carbon dioxide (CO2). To meet these requirements, continuous myocardial perfusion in
the form of oxygenated blood through the coronary vascular network is required. A
severe limitation of blood perfusion at various levels of the coronary artery system would
lead to immediate loss of such homeostasis and resultant dysfunction of downstream
cardiomyocytes. If such situation cannot be resolved quickly (4 ~ 6 hours), these
endangered cardiomyocytes will die, a condition defined as acute myocardial infarction
(MI). Subsequently, the host will start its healing process, i.e., chronic MI, which is
characterized by gradual replacement of injured myocardium with scar tissue. During this
process, contrast-enhanced magnetic resonance imaging (MRI) is often employed to
assess the progression status of injured myocardium. In this study, we planned to evaluate
its progression with an intracellular contrast agent, i.e., manganese chloride (MnCl2), to
characterize the signal features of acute and chronic ischemia-induced MI. Using
contrast-enhanced MRI as well as optical spectroscopy and imaging, we would then
characterize cryoinjury-induced MI in pig hearts, a model with similar progression
feature as ischemia-induced MI, reduced occurrence of life-threatening arrhythmia, as
well as such uniform pathological features as the size, location and transmural extent.
Finally, we proposed a promising treatment that involved angiogenic approach with local
delivery of either vascular growth factors (basic fibroblast growth factor, bFGF and
1

vascular endothelial growth factor, VEGF) entrapped in the alginate hydrogel beads) or
adipose-derived stem cells (ADSCs) entrapped in an agarose hydrogel patch onto the
cryoinjured epicardium.
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2. REVIEW OF LITERATURE
2.1. Myocardial Infarction
The term MI mirrors cardiomyocytes death due mostly to ischemia, which results from
the absence of oxygen-containing blood perfusion for myocardial tissue 1. It is a major
cause of death and disability in the developed world. Gradual atherosclerosis of coronary
artery is the chief reason for the development of impaired myocardial perfusion. It has
been indicated that the onset of MI often occurs during its progression from stable
towards unstable stages 2-4, which usually involves simultaneous activation of
inflammation within the atherosclerotic vessel wall 5.
2.1.1. Pathophysiology of MI progression
During normal myocardial perfusion, adenosine triphosphate (ATP) and phosphocreatine
(PCr) are the two main energy intermediates in cardiomyocytes. Their production is
coupled to the demand of the cells. Normally, their turnover rate is 20 – 50 mmol·kg wet
wt-1·min-1. As the storage is only ~ 15 mmol·kg wet wt-1, their exhaustion can occur
within 30 s if production is shut off during certain serious situation such as ischemia 6.
Most of their energy (85-90%) is used for the maintenance of periodic myocardial
contraction , while the remaining portion is used to maintain other physiological activities
such as ATP-dependent sarcolemmal and sarcoplasmic reticulum (SR) ion transport and
protein synthesis 7, 8.
Immediately after total regional myocardial ischemia, the electrons produced by the
mitochondrial electron transfer chain fail to be delivered to O2, the result of which is
interruption of oxidative phosphorylation and ATP synthesis. Meanwhile, the inhibition
of electron transfer inhibits the pumping of protons across the inner membrane, which is
3

required to generate the electrochemical gradient across it. To maintain the gradient, the
mitochondrion has to run the ATP synthase in reverse mode (i.e., acting as an ATP
hydrolase), contributing to the fast exhaustion of the intracellular ATP, which is
hydrolyzed to adenosine diphosphate (ADP) and then adenosine monophosphate (AMP);
it is broken down to adenosine. Consequently, concentration of ATP and PCr (via
creatine kinase reaction) in the cardiomyocytes suffering ischemia drops quickly.
1) ATP ---→ ADP + Pi; ATPase reaction
2) 2ADP ---→ ATP + AMP; adenylate kinase reaction
3) AMP ---→ Adenosine + Pi; 5‟-nucleotidase reaction
Net: ATP ---→ Adenosine + 3Pi
During struggling for survival, the jeopardized cardiomyocytes make some
important adjustments. Firstly, they immediately shut off their periodic contraction to
maximally save energy expenditure 9. Secondly, they quickly shift to the alternate
energy-producing route, i.e., anaerobic glycolysis, which relies mainly on intracellular
conversion of glycogen. Unfortunately, this pathway is very inefficient in terms of energy
production. Glycogenolysis produces only 3 ATP molecules per glycosyl unit, which is in
contrast to ~ 36 ATP molecules produced by phosphorylation of ADP coupled to
oxidation of the 10 nicotinamide adenine dinucleotide (NADH) and 2 succinate
molecules made by converting one molecule of glucose to CO2 and water (H2O) 10.
Anaerobic glycolysis will produce excessive amounts of intermediate metabolites such as
lactate and protons 11, which cannot be washed away and are all self-inhibiting substances
limiting further glycolysis. Soon, intracellular stores of glycogen and ATP are depleted.
For example, it was observed in isolated Langendorff-perfused rat hearts that 30-min total
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normothermic ischemia led to significant loss of ATP (67% of normal control) and ADP
(23.6% of normal control) with concomitant rise of AMP (278% of normal control).
Meanwhile, total intracellular content of high energy phosphates (PCr + ATP) was
reduced by 2/3 as compared with normal control, associated with further catabolism of
AMP to adenosine, inosine, hypoxanthine or xanthine 12. Several subsequent changes
push these cardiomyocytes from a reversible stage of ischemic injury towards irreversible
death. They include: (1) dysfunction of ion pumps on the sarcolemmal membrane leading
to intracellular loss of ion homeostasis with vicious consequence, (2) loss of sarcolemmal
integrity leading to gradual leakage of intracellular components, (3) massive formation of
free radicals attacking various subcellular organelles, and (4) dysfunction of mitochondria
leading to failure of cellular respiration.
As ATP is gradually depleted, several important sarcolemmal ATP-dependent ion
pumps fail to pump such crucial ions as sodium (Na+) and calcium (Ca2+) out of the cells,
leading to the loss of their homeostasis across the sarcolemmal membrane. Normally,
intracellular [Na+] ([Na+]i) is between 5 and 10 mM, depending on the measuring
techniques, the animal species and the site of cardiomyocytes across the ventricular wall
13, 14

. During decrement of ATP, there occurs a quick several-fold increase in [Na+]i

within 30 min due mainly to failed Na+-K+ ATPase and, to a lesser extent, to increased
inward leak via Na+- H+ (hydrogen ion) exchanger resulting from anaerobic glycolysisinduced intracellular acidosis and impaired inactivation of other sarcolemmal channels 1518

. Subsequently, swelling of the cardiomyocytes is destined to occur due to elevated

osmotic pressure 19. Increment of intracellular lactate and phosphate also leads to shift of
H2O from the extracellular to the intracellular space, the result of which is approximately
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15% reduction of extracellular space after 10-min ischemia. Meanwhile, significant
increase in [Na]i incurs secondary increment of [Ca2+]i due to increased reverse
transportation across the membrane by the sarcolemmal Na+-Ca2+ exchanger.
For cardiomyocytes with normal perfusion, [Ca2+]i differs among the cytoplasm,
the SR and the mitochondria. Normally, cytoplasmic free [Ca2+] is ~ 0.1 µM during the
diastolic phase, whereas it is close to 700 µM inside the SR. Thus, a huge gradient does
exist between the two spaces. During systole, the majority of increased cytoplasmic Ca2+
is provided by SR. Normally, [Ca2+] inside the mitochondria is less than or close to it in
the cytoplasm. Considering the fact that mitochondrial matrix is much more
electronegative than the cytoplasm (∆Ψm ~ -150 mV), inner mitochondrial membrane
plays an active role in shielding its inward leak. During ischemia, [Ca2+] in the cytoplasm
and mitochondria will gradually increase with concomitant decrease in the SR. Such
increase is attributed to a reduced removal from the cell via the Na+-Ca+ exchanger, a less
active uptake into the SR, an enhanced sarcolemmal inward leak, and massive
displacement from its binding sites in the cytoplasm and in mitochondria by H+ 20-22.
Reperfusion after a prolonged period of ischemia may even worsen the situation. In
such cases, elevation of [Ca2+]i continues due to retarded recovery of Na+-pump activity.
The catastrophic effects of Ca2+ overload include (1) impaired myocardial contraction
and relaxation 23 and (2) loss of electrical stability such as early after-depolarization and
resulting ventricular arrhythmia 24. In mitochondria, when O2 supply is restored, an
electrical gradient is reestablished during flow of the electrons through the respiratory
chain, the result of which is a significant translocation of Ca2+ from the cytoplasm into
the mitochondrion. Such a high [Ca2+] together with a low [ATP] will further cause the
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opening of mitochondrial permeability transition pore. To generate a proton gradient and
limit the absorption of Ca2+, the ATP, rather than being exported to the cytoplasm, may
be in situ hydrolyzed. Ultimately, all mitochondrial gradients disappear with concomitant
loss of cell viability 25. In general, cytoplasmic [Ca2+] higher than 1 µM often indicates
irreversible cardiomyocytes injury, which can occur as early as 20 min of ischemia.
The sarcolemma is composed of lipids, in which various proteins are embedded.
The lipid consists mainly of phospholipids and cholesterol. The phospholipids are
organized in a bilayer structure, in which the phosphate groups are extended outward and
the hydrophobic fatty acid (FA) tails are directed to the interior side. Among
phospholipids, phosphatidylcholine (~ 40%) and phosphatidylethanolamine (~ 30%) are
the two major components, whereas phosphatidylserine, phosphatidylinositol and
sphingomyelin are the minor components. It has been proved that distribution of these
phospholipids across the bilayer membrane is not symmetric with most anionic
phospholipids (i.e., phosphatidylserine and phosphatidylinositol) present in the inner
layer. In addition, the preferred location of phosphatidylethanolamine is also the inner
leaflet. To maintain such an asymmetric distribution of the various sarcolemmal
phospholipids across the bilayer membrane, sufficient ATP which can drive the
aminophospholipid translocase within the scarcolemma to facilitate subsequent
interaction of the aminophospholipid headgroups with the membrane skeleton is a
precondition 26.
Upon the presence of ischemia, such sarcolemmal topology is gradually
endangered. For example, 60-min ischemia leads to the shifted transbilayer distribution of
phosphatidylethanolamine (~ 40% within the outer leaflet) 27. This change becomes a
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potential cause of improper functioning of sarcolemmal proteins (e.g., ion channels), as
their activity is related to their immediate neighboring phospholipid components.
However, such change is still reversible if reperfusion can be achieved soon 26. If,
however, no reperfusion is available or reperfusion is simply too late (depending on
species), massively accumulated Ca2+ within the cytoplasm 20-22 will lead to solidification
of the negatively charged phosphatidylserine and phosphatidylinositol, a reason causing
aggregation of intramembranous particles and lateral phase separation 28. Quickly,
solidified phospholipid patches are formed. As phosphatidylethanolamine itself “prefers”
a non-bilayer topology 27, the loss of stabilizing agent, i.e., phosphatidylserine, will
facilitate its fusion 28, a result of which is ultimate sarcolemmal destruction and releasing
of intracellular components 29. As the phospholipids are in fluid semi-crystalline state,
lateral diffusion of the phospholipids within the same monolayer can be very fast,
whereas „flip-flop‟ diffusion is very difficult. Meanwhile, other mechanisms also play an
active role in the disruption of the sarcolemma. For example, during ischemia, the
intracellular content of fatty acids and lysophospholipids rises significantly due to
breakdown of the sarcolemmal phospholipids by phospholipase A2 30, 31.
Oxidative stress during cardiac ischemia is due to (1) excessive generation of
reactive oxygen species (ROS) such as radicals, peroxides, and singlet oxygen and (2)
reduced ability of protection via enzymes, antioxidants and/or scavengers whose role is
elimination of excessive amount of these molecules. Reactive oxygen species are
characterized by high reactivity due to the presence of unpaired valence shell electrons.
They are normal byproducts of the metabolic chains and some of them play a pivotal role
in cell signaling (e.g., nitric oxide). It has been indicated that, during aerobic metabolism,
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~ 5% of the total O2 is reduced to superoxide anion-radical during oxidation of NADPH
to NADP+ 32. When intracellular metabolism becomes anomalous due to either ischemia
or reperfusion, increased formation of ROS is a result of “leakage” of high-energy
electrons out of the mitochondrial electron transport chain 33-35.
On the other hand, inadequate protection is the other key factor leading to the onset
of oxidative stress. Among the enzymes capable of clearing ROS, superoxide dismutase
(SOD), catalase and glutathione oxidase are the mostly studied representatives. For
example, after SOD transforms the superoxide anion with protons to hydrogen peroxide
(H2O2), catalase further catalyzes its transformation to H2O and O2. It has been proved
that the catalytic potency of catalase is one of the highest among the enzymes as one
molecule of catalase can convert millions of H2O2 molecules to H2O molecules per
second. As for lipid peroxidation, glutathione oxidase is responsible for converting them
back to normal structure via oxidation of two molecules of glutathione to glutathione
disulfide. In addition, deficiency of scavengers such as vitamin E, vitamin C, vitamin A,
histidine and flavonoids during ischemia all contribute to the inadequate defense against
oxidative stress. Excessive amount of the ROS will damage all components of the cell,
including proteins, nuclear acids, and lipids via direct oxidation reactions. The peroxides
of lipids, esp., containing polyunsaturated FA, will further oxidize other FA, proteins and
cholesterol, thus propagating the malicious reaction 36. As such, intracellular homeostasis
becomes completely disturbed. Electrophysiologically, upstroke and conduction velocity
of the action potential are gradually reduced, and, eventually, the cardiomyocytes become
inexcitable and develop contracture.
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As mentioned above, a mitochondrion is an intracellular organelle responsible for
ATP production from different substrates via oxidative phosphorylation. It contains outer
and inner membranes which are composed of phospholipid bilayers and proteins. The
integral proteins in the outer mitochondrial membrane are mainly porins, which form
channels permeable to most molecules less than 5 kDa 37. As a result, this layer acts as a
sieve allowing fast exchange of ATP, ADP, acetyl CoA, and other metabolites. Under
normal physiological state, the permeability of the inner membrane is very low. In
ischemic conditions, this membrane begins to leak abnormally due mainly to opening of
the mitochondrial permeability transition pore (permeable to solutes < 1.5 kDa), the
activation of which is triggered by low intramitochondrial [ATP] / [ADP] and high
[Ca2+], [ROS] or [Pi] 38. The increment in permeability of the inner membrane is a big
challenge for cell survival. It will dissipate ∆Ψm across the membrane due to massive
entry of H+ and other cations; thus failed coupling between oxidation and
phosphorylation will result. Meanwhile, accumulation of ions will further incur
mitochondrial swelling, the result of which includes subsequent disorganization of the
cristae and quick disruption of the outer membrane.
2.1.2. Morphological features of MI
After the onset of cardiac ischemia, cardiomyocytes at risk struggle for survival for
several hours (up to ~ 6 h). As has been mentioned in the previous section, MI is indeed
defined by its pathological feature which is characterized by coagulation necrosis and
contraction band necrosis 39. Coagulation necrosis refers to pathological changes
including: (1) formation of amorphous dense bodies inside the mitochondria so that
production of energy is interrupted; (2) broken sarcolemmal membrane leading to leakage
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of intracellular proteins; and (3) nuclear clumping leading to arrest of protein synthesis.
Coagulation necrosis occurs mostly within the center of MI where provision of oxygencontaining blood stops completely 40. The other pathological feature of MI is contraction
band necrosis, which is characterized by hypercontraction of the contractile elements. As
this pathology is more often found at the border zone of MI, it is proposed that cells in
jeopardy take up excessive amounts of Ca2+ due mainly to sparse reperfusion from
neighboring collateral vessels. For a prolonged acute MI, even if complete reperfusion of
the infarcted myocardium is achieved via medical intervention, all the tissue may still be
mainly composed of contraction bands necrosis and, additionally, extravasated
erythrocytes 40, 41. Later on, it is also found that apoptosis, a mode of cell death
characterized by cytosolic proteolysis and enzyme-mediated DNA fragmentation without
concomitant loss of sarcolemmal integrity 42, also plays a role in cell death in reperfused
or non-reperfused MI 43-45, which occurs preferentially at the border zone 46, 47.
Table 2.1. Severity of myocardial infarction
Severity

Size (percentage of LV wall)

Microscopic

Focal necrosis

Small

< 10%

Moderate

10 – 30%

Large

> 30 %

LV = left ventricle
Classification regarding severity of MI is mainly based on the volume of the left
ventricle (LV) wall involved (Table 2.1), as LV is the chief pump maintaining systemic
circulation.
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Myocardial infarction can also be further distinguished according to its progression
stage as acute, healing, or healed MI. Presence of neutrophils is the key feature of acute
MI, though it is difficult to find their massive accumulation during the initial several
hours after MI due to lack of a direct transporting route after blockage of upstream
coronary artery. Subsequently, the healing process, characterized by accumulation of
mononuclear cells and fibroblasts, takes place for several weeks. Eventually, a scar tissue
is formed which is termed as healed MI and contains only very limited amount of cells.
The temporal profile constituting each stage is described in Table 2.2.
Table 2.2. Temporal classification of myocardial infarction
Stage

Time after onset of MI

Evolving

< 6 hours

Acute

6 hours ~ 7 days

Healing

1 ~ 3 weeks

Healed

> 3 weeks

MI = Myocardial Infarction
2.1.3 Choice of diagnostic tools for detection of MI
(1) Fast diagnosis for patient
In the emergency room, any methodologies that can provide simple and fast diagnosis of
MI are always the most favorite choice. Recordings of electrocardiogram (ECG) and
measurement of cardiac biomarkers‟ content in the serum are two most widely selected
methods.

12

Electrocardiography has been deemed as an integral first-line option for diagnosing
suspected patients since changes in the ST-T waveforms and the presence of Q-waves
potentially enable the clinicians to know the approximate stage of MI, figure out the

Table 2.3. Diagnosis of acute cardiac ischemia and prior myocardial infarction with ECG
Stage

Representative ECG change

Acute cardiac ischemia

ST elevation: new ST ↑ ≥ 0.1 mV (0.2 mV for men & 0.15
mV for women in leads V2 & V3) at the J-point in
any 2 contiguous leads out of respective lead groups.
ST depression: new ST ↓ ≥ 0.05 mV in 2 contiguous leads
out of respective lead groups.
T change: inverted T ≥ 0.1 mV in 2 contiguous leads out
of respective lead groups with prominent R wave or
R/S > 1.

Prior MI

QS or Q wave > 20 ms in V2, V3.
QS or Q wave > 30 ms in any 2 contiguous leads out of
respective lead groups (I/aVL/V6, II/III/aVF, V4-V6)
R/S > 1 + positive T wave or R > 40 ms without RBBB

MI = myocardial infarction; ECG = electrocardiography; R/S=ratio of R wave amplitude
to S wave amplitude; RBBB = right bundle branch block; ST = ST segment; T = T wave;
QS = exclusive downward wave representing ventricular depolarization.

possibly involved coronary artery, and estimate the volume of endangered myocardium
39, 48

. The diagnostic criteria for acute cardiac ischemia that may cause MI and prior MI

(chronic) are detailed in table 2.3.
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Briefly, the diagnosis of acute ischemia/infarction is based on the presence of
elevation of ST segment in two or more contiguous leads, which is usually followed by a
deeply inverted T wave for several days 49. However, ECG alone is often inconclusive for
several reasons. Firstly, elevation of ST segment may be a result of acute pericarditis,
LV hypertrophy, and early repolarization 50. It is also difficult to assess acute
ischemia/infarction based on ST-T change alone when left bundle branch block is present
and no previous ECG can be compared 51. Secondly, it is not possible to determine
whether the right or the left circumflex coronary artery is occluded when changes of
inferior wall ischemia/infarction are accompanied by depression of the ST segment in
leads V1, V2, and V3. On the other hand, echocardiography or MRI often reveal lateral,
rather than posterior (as indicated by ST depression in V1, V2 and V3), wall experiencing
acute ischemia/infarction. Thirdly, the inversion of T wave in leads V2-V4 can also be a
result of recent intracranial hemorrhage, though there may exist some minor difference in
the characteristics of inverted T and QT interval 52. Additionally, quantification
algorithms of infarction size based on altered ECG pattern alone are complicated and
inaccurate 53.
As ST-T findings from ECG are sometimes not definitive, evaluation based on
cardiac biomarkers is the other required fast approach for the diagnosis of suspected
patients. This approach centers around the fact that necrosis in cardiomyocytes is
accompanied by loss of sarcolemmal integrity, the result of which is the release of
myocardium-specific proteins such as cardiac troponin T and I, myoglobin (Mb), creatine
kinase isoenzymes and lactate dehydrogenase into the circulation 54. Among them, the
preferred choice is troponin proteins as they have the feature of both high tissue
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specificity and high clinical sensitivity 55. A rise above the 99th percentile of upper
reference limit is currently the exclusive standard for the diagnosis of acute MI requiring
immediate intervention or further investigation 56. However, current practical guide also
recommends a repeat measurement 6 to 9 hours after the first one to exclude other
diseases capable of increasing the baseline level of these biomarkers 57, which is
especially important for patients with non-ST elevation acute MI.
Based on an abnormal rise of troponins combined with either clinical presentation
and/or representative ECG change, acute MI can be diagnosed in the emergency room
and therapy can be started 1. However, it should be further pointed out that the timing of
an acute MI onset judged by these findings may not correspond exactly with the
pathological counterpart. For example, ECG may still demonstrate evolving ST-T
changes and cardiac troponin values may remain elevated for 7–14 days following the
commencement of MI, when pathologically MI has progressed into the healing stage 39,
58

.

(2) Accurate diagnostic imaging tools
Although ECG and cardiac biomarkers in the serum can provide results very quickly,
they usually cannot provide more detailed information such as location, size, and function
of the infarcted myocardium. To further improve the diagnostic accuracy of MI, it is
highly desirable to apply new diagnostic tools which can reveal not only its pathological
features such as size and the progression stage, but also other key characteristics such as
(1) global function of the involved ventricle, (2) viability and regional function (if viable)
of endangered cardiomyocytes, and (3) perfusion status of the myocardium at risk.
Obviously, to satisfy all these requirements, careful selection from various imaging tools
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currently used in clinic is the best way to achieve it. Unfortunately, it is difficult to find
such an imaging modality that can provide all the desired information after one-stop
examination, though considerable overlap does exist in the capabilities of such methods
as echocardiography, radionuclide ventriculography, myocardial perfusion scintigraphy,
and MRI.
Echocardiography is a very good real-time imaging tool with high temporal and
moderate spatial resolution. Its robustness lies in the assessment of myocardial thickness,
thickening, and motion at rest with the adjunct of Doppler ultrasonography. It can also
detect severe complications including (1) infarcted tissue rupture leading to ventricular
septal defect, pericardial temponade, or mitral regurgitation as well as (2) acute heart
failure. However, previous data indicated that it often underestimated the volumetric and
functional status 59. It also can hardly assess tissue viability due to limited innate
ultrasonic contrast between various tissues and lack of good contrast agents 60. Of
course, it can exclude many non-ischemic causes of acute chest pain such as pericarditis,
aortic dissection/aneurysm, valve problem, pulmonary embolism, or cardiomyopathy.
More recently, myocardial contrast echocardiography was also introduced for
noninvasive evaluation of myocardial perfusion due to development of new contrast
agents and introduction of innovative ultrasound technologies 61, 62. However, its
specificity and over-all accuracy turned out to be relatively lower than that by contrastenhanced MRI (detailed later), though high sensitivity could be achieved. Moreover, a
main limitation of this method is a very limited amount of acquired segments suitable for
analysis due to the short duration of contrast administration during gated image
acquisition, often precluding the possibility to obtain more than a single view 63.
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Consequently, imaging techniques based on the use of radionuclide tracers such as
thallium-201 (201Tl), technetium-99m methoxyisobutylisonitrile and tetrofosmin, as well
as [18F]2-fluorodeoxyglucose become important new options because these substances
can be specifically taken up by viable cardiomyocytes if it can be delivered there with the
blood. As a result, they can be used to detect perfusion deficit and infarcted myocardium.
With the aid of ECG-gating, it can also provide general information regarding myocardial
global and regional function 64. However, concern on radiation exposure and relatively
low spatial resolution limit their further wider use.
In case of inconclusive diagnosis based on results of ECG and cardiac biomarker in
patients with acute chest pain, echocardiography or radionuclide examination may be an
important alternative option as both have high negative-predictive value to exclude the
occurrence of acute MI 65, 66, which is important in the triage of suspected patients in
emergency room. However, their positive-predictive value is still limited as they cannot
exclude other conditions capable of inducing regional wall motion abnormality. As for
the follow-up of chronic MI progression (healing or healed MI), their high cost
effectiveness makes them remain in the first-line choice. They can provide information
such as global shape and function of the involved ventricle as well as regional thickness
and thickening of infarcted myocardium. However, it is still impossible to specifically
present the healing/healed MI conforming to the pathological change.
Magnetic resonance imaging is a relatively new discipline in the realm of
diagnostic sciences. Conventional MRI utilizes signals of H2O protons, the intensity of
which depends on their concentration and relaxation properties. With continuous
improvement in hardware design and pulse sequence development, it can now readily
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provide such important information as cardiac anatomy, ventricular function and other
important physiological parameters relating to circulation. In addition, as the relaxivity of
H2O protons can be increased in the presence of paramagnetic contrast agents, it further
opens a door towards non-invasive assessment of MI conforming to its pathophysiology
and pathology status. Clinical studies have proved that combination of cine and contrastenhanced MRI is the strongest predictor of acute cardiac ischemia or MI as either can be
detected when patients lacking positive findings of either ECG or serum biomarkers are
still in the triage.

2.2. Evaluation of myocardial infarction with contrast-enhanced MRI
2.2.1. Overview of MRI basic principles
(1). Nuclear spin, magnetic moment and macroscopic magnetization
It has been known for more than 50 years that atomic nuclei, which possess a spin
angular momentum, will interact with magnetic fields. The discovery of this interaction
has led to the development of MRI. Many atomic nuclei have a spin angular momentum.
The most commonly studied nuclei in NMR experiments are those nuclei with a spin
quantum number I = ½, e.g., 1H, 19F, 13C and 31P. The positively charged proton with spin
angular momentum constitutes a ring current, which in turn gives rise to a dipolar
magnetic moment µ.
When being placed in an external magnetic field, nuclei with a dipolar magnetic
moment µ will thus try to align themselves along the external magnetic field. However,
instead of “falling” exactly along the field direction, these spins tend to precess around
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the direction of the external magnetic field. The angular frequency of such precession can
be described by the following formula:
ω = γB0

(2.1)

where γ is a constant and called the „gyromagnetic ratio‟, B0 stands for the strength of
external magnetic field, and ω is the angular frequency of spin precession, which is also
termed as „Larmor frequency‟. Each atom has its unique gyromagnetic ratio. Table 2.4
enlists several important atoms in human bodies. As hydrogen is naturally the most
abundant nuclear spin within the body, it forms the basis of MRI. When a sample is put

Table 2.4. List of physiologically important nuclear species with their gyromagnetic ratio
Nuclears
1

H

γ (MHz/T)

Abundance in brain

42.58

88 M

23

Na

11.27

80 mM

31

P

17.25

75 mM

17

O

-5.77

16 mM

Certain important elements such as 12C and 16O are omitted due to their zero nuclear spin.
The quoted abundances of respective nuclear in human body vary in different tissues.

inside a static magnetic field, precession of individual magnetic moments around the B0field is not coherent. As a result, at any moment, their components within the transverse
plane are distributed randomly (i.e., lack of phase coherence) and, thus, will not produce
any measureable net transverse magnetization. In contrast, their component in the
longitudinal direction will not be zero as it equals the sum of the z-components of each
individual spin, µz.
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(2) Radio frequency excitation, signal generation and relaxation of excited spins
As macroscopic magnetization of the spins aligned with the main magnetic field B0 (i.e.,
longitudinal magnetization) is static, it cannot be directly detected. As mentioned before,
provision of external energy in the form of radio frequency (RF) radiation with a specific
frequency can flip the longitudinal magnetization into the transverse plane, which makes
magnetization detectable. To achieve this goal, a coil capable of releasing an excitation
radiofrequency field has to be placed close to the sample.
After the RF field is turned off, all the excited spins will have their transversal
component rotating coherently. If a coil (usually the same coil for excitation) is placed
nearby, this component will induce a current in the coil, the initial intensity of which is
mainly determined by the percentage of excited protons (i.e., “proton density”) and the
flip angle of the pulse.
After the RF pulse is turned off, the spins still rotate around B0 at the Larmor
frequency, but the angle between the net magnetization vector and longitudinal axis (i.e.,
flip angle) gradually reduces due to the process called „spin-lattice relaxation‟ and the
coherence of various excited protons also gradually disappears due to the process called
„spin-spin relaxation‟.
Spin-lattice relaxation is also called T1-relaxation because a time constant T1 can be
used to characterize it. The mechanism involves modulation of the local magnetic field
by the random motions of the molecules in the surrounding medium. As a result, a
gradual regrowth of longitudinal magnetization with time constant T1 for a specific tissue
can be achieved.
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In the meantime, the magnetization present in the transverse plane will also
undergo decay due to a process known as spin-spin relaxation characterized by a time
constant of T2. Similar to the longitudinal relaxation, transverse relaxation is also
catalyzed by fluctuating local magnetic fields due to random motion of the molecules.
However, the actual decay rate of transverse magnetization is not only governed by the
spin-spin interaction, but is also influenced by other factors such as a bulk inhomogenity
of the B0 field by an amount of ΔB0. Under such circumstances, the spins within the same
voxel will precess at different Larmor frequencies, as ΔB is position dependent. As a
result, T2* reflects the actual transverse measured decay rate and its relationship with T2
is as follows:
1
1
2
=
+  0t  pos
pos1 B( pos)  d ( pos)  dt
*
T2
T2

(2.2)

Where ‘pos’ stands for x,y,z coordinates.
(3) Manipulation of the Larmor frequency and its translational application towards
imaging
So far, all the discussion regarding the feature of proton spins within an external
magnetic field is based on a presumption that all the hydrogens within an external
magnetic field will experience the same field strength and, thus, will precess with the
same Larmor frequency. In fact, there do exist minor differences in field strength
experienced by different hydrogens in different molecules. Such difference mainly results
from different extent of magnetic field shielding by electron clouds in different
molecules. For example, the electron cloud of hydrogen deviates more towards oxygen in
a water molecule than it does towards carbon in a fat molecule. Thus, protons in H2O will
precess faster than those in fat due to difference in local magnetic field they experience.
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Such precessional difference provides a basis for chemical shift imaging for detection of
fat tissue within a specific organ.
Differences in magnetic field can also be purposefully made for protons along any
direction via superimposition of a magnetic field gradient on the main magnetic field (B0)
along that direction by gradient coils. As such, protons along that linear gradient will
precess with predictable difference, which still follows the principle of Larmor
precession, i.e., Δf = γΔB. The coil will thus receive a time-varying signal. With the help
of Fourier transformation, the received integrated signals can thus be deciphered into a
group of precessional frequencies corresponding to respective spatial locations. Signal
intensity in respective locations, as reflected by respective pixel intensity in acquired
images, is a function of proton density and their relaxation features in both the
longitudinal (T1) and transverse (T2) directions within that corresponding voxel of tissue.
The effect of both T1 and T2 can be purposefully manipulated by MR sequences to
improve the contrast between different tissues.
(4) Choice of proper MRI sequences for specific imaging tasks
Currently, most MR images are acquired based on either „Spin Echo‟ or „Gradient
Recalled Echo‟ sequences, which will be discussed in this section. Usually, following a
90o radio frequency (RF) excitation pulse, the transverse magnetization quickly decays
due to T2* relaxation resulting from both intrinsic tissue-specific T2 relaxation and, more
importantly, external B0 inhomogeneity. To remove influence from B0 inhomogeneity, a
second 180o pulse, named a refocusing pulse, is applied to flip the spins. Thus, the
precessing rank of respective spins due to B0 heterogeneity is reversed. However, due to
continuance of local B0 inhomogeneity, the originally faster precessing spins eventually
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catch up with their slower counterparts, i.e., become in phase again, and form an echo. Of
course, original T2 relaxation will still develop after the first 90o pulse. As a result, this
sequence can eliminate the influence of B0 inhomogeneity. With careful choice of
different repetition times (TR) and echo times (TE), tissue contrast weighting either by
proton density, T1 or T2 can be achieved.
In contrast, a gradient recalled echo sequence is characterized by application of
controlled dephasing and subsequent rephrasing gradients along the x direction (by
convention) within the transverse plane immediately after the excitation pulse. The
rephrasing gradient can reverse the initial dephasing gradient and, thus, lead to maximum
phase coherence to form an echo. As it doesn‟t eliminate B0 inhomogeneity, tissue
contrast will be T2*-weighted if TR is sufficiently long. Whereas, T1-weighting can be
achieved via reduction of TR. To further manipulate tissue contrast and speed up
acquisition time, flip angle can also be made smaller than 90o.
2.2.2 Contrast-enhanced MRI
As mentioned above, tissue contrast can be manipulated via choice of different imaging
sequences. For example, T2-weighted imaging is capable of detecting area at risk based
on extent of edema within the acutely injured myocardium 67. However, it only plays an
additive role in the differentiation of acute or chronic MI as its exclusive presence within
the myocardium is not a unique marker for acute MI 68, 69. As a result, other practical
methods have to be pursued. Myocardial injury following a heart attack can be either
reversible or irreversible, which is mainly a function of ischemic duration and extent.
Loss of membrane integrity is a key event reflecting the irreversible fate of jeopardized
cardiomyocytes, the mechanism of which has been detailed previously. Similar to the
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mechanism whereby intracellular components are detectable in the serum, extraneous
chemicals in the blood can therefore also enter the irreversibly damaged cardiomyocytes
via the broken sarcolemma, which serves as the basis for contrast agent-aided MRI in the
assessment of the cardiomyocytes viability after ischemia. If the introduced extraneous
chemicals can change the relaxation properties of H2O protons (i.e., either T1 and/or T2),
the irreversibly injured myocardium can be detected with MRI. Such chemicals are called
MR contrast agents. The use of contrast-enhancing agents has become an integral part of
MRI for many applications.
(1) Categories of MR contrast agents
Currently, available MR contrast agents can be categorized according to their magnetic
behavior or biodistribution (Table 2.5). All MR contrast agents work by reducing the T1
and/or T2 relaxation times, so they are commonly referred to as „T1-agents‟ or „T2agents‟.

Table 2.5. Classification of MR contrast agents
Category
Magnetic properties

Type 1
Paramagnetic
(predominant T1shortening)

Type 2
Superparamagnetic
(predominant T2shortening)

Type 3

Biodistribution

Extracellular

Intravascular
(blood pool)

Tissue-specific
(intracellular)

In fact, any contrast agent capable of reducing T1 also reduces T2. For example,
metal ions (such as lanthanides) with one or more unpaired electrons are paramagnetic,
and therefore have a permanent magnetic moment. In solution, there is a dipolar magnetic
interaction between the electronic magnetic moments of the paramagnetic atom and the
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much smaller magnetic moments of the nearby H2O protons. Random fluctuations in this
interaction, mainly a result of molecular motions, reduce both the longitudinal and
transverse relaxation times of the protons. In contrast, some particulate agents that
predominantly reduce T2 may also exert influence on T1 if their size can be made smaller.
For example, iron oxide particles are made up of several thousand magnetic ions and are
said to have superparamagnetic properties if the magnetic ions are mutually aligned.
Their diameter is usually > 50 nm. As their magnetic moments do not cancel out, the
particles have a permanent magnetic moment which is very large when exposed to a
magnetic field, causing predominant changes in transverse relaxation of nearby H2O
protons. In contrast, when the size is modified to be < 50 nm, they are called ultra-small
super paramagnetic particles with accompanied enhancement in T1 shortening 70.
On the other hand, contrast agents also can be categorized based on their
distribution in the biological tissue (Table 2.5). For example, contrast agents whose
distribution is within the extracellular fluid (ECF) are referred to as ECF agents. Such
agents, with various gadolinium(Gd)-based chelate complexes as representative agents,
usually can quickly achieve uniform distribution within the ECF 71, 72. Blood-pool agents,
belonging to a new class of contrast media, are usually characterized by significantly
larger size than ECF agents for the purpose of reduced leakage into the interstitial space.
These agents have been primarily developed for use in MR angiography due to a longer
imaging acquisition window, the result of which translates into improved image quality
with corresponding higher image resolution and signal-to-noise ratio (SNR).
A tissue-specific agent can be defined as a contrast agent which is selectively taken
up by a particular type of cells and thereby only enhances organs where these cells are
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present. For example, the superparamagnetic iron oxides are mostly taken up by the
reticuloendothelial system, so they can specifically enhance liver and spleen 70. For study
in the cardiovascular field, it is extremely desirable to look for contrast agents capable of
entering cardiomyocytes, the result of which serves as an important differential criterion
in the evaluation of viability and status regarding diseased myocardium. Fortunately,
manganese ion (Mn2+) can be used for such purpose. Its detailed physicochemical and
biochemical information will be described later. In addition, all contrast agents can be
viewed as kidney and/or liver-specific agents as either organ is the main route for their
excretion.
(2) Efficiency of MR contrast agents
The efficiency of a given contrast agent in stimulating either tissue H2O hydrogens
longitudinal or transverse relaxation can be defined in terms of relaxivity of the agent, r1
and r1 (in mM-1·s-1), as follows:
R1 = r1[CA] + R1_tissue;
R2 = r2[CA] + R2_tissue;

(2.3)

Where [CA] is the concentration of the contrast agents in mM and R is the relaxation rate
(1/T) of tissue H2O protons. For many T1-shortening agents, their influence on
longitudinal and transverse relaxation rate is comparable in magnitude (i.e., r1 ≈ r2). As
the intrinsic T1 (on the scale of seconds) is much longer than T2 (on the scale of
milliseconds) in most tissues including heart, a limited increase in the concentration will
lead to a much more significant change initially in R1 and, thence, in the signal intensity.
However, due to increased influence on T2 shortening with continuously increasing
concentration, the extent of transverse dephasing will eventually overwhelm the effect of
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enhanced longitudinal relaxation, the crossover point of which helps determine the
optimal dosage range of different T1-contrast agents in various tissues. Of course,
intensity enhancement is a linear function of [CA] at low concentrations only.
(3) MR contrast agents for the diagnosis of ischemic cardiac disease
To depict cardiac anatomy including complex congenital malformations, MRI alone is
already an excellent approach for this task. As a result, a contrast agent is not required for
the purpose of general morphological evaluation. On the contrary, they even tend to
worsen the image quality of dark blood images (a spin echo sequence making flowing
blood appear dark or black in the image) by shortening the T1 relaxation time of blood.
Similarly, in an attempt to assess ventricular global function, current sequences available
for clinical MRI such as balanced steady-state free precession sequences (SSFP) can also
meet the requirement of cine imaging (i.e., continuous recording of respective cardiac
phases within one cardiac cycle) requisition. As for the evaluation of ischemic cardiac
disease, MRI pulse sequences alone cannot meet this requirement, though T2-weighted
imaging allows detection of the area at risk size (edema) in the absence of contrast agents.
It is contrast media that are undergoing continuous development aimed at providing more
valuable information regarding (1) myocardium with perfusion deficit (ischemia); (2)
myocardium with complete perfusion interruption (acute MI); (3) perfusion status and
viability of the jeopardized myocardium after intervention (reperfusion) and (4)
progression status of necrotic myocardium (chronic MI), all of which serve as the basis to
anticipate a patient‟s prognoses.
Of course, there exist numerous technical challenges in the pursuit of suitable MR
contrast agents which can provide good enhancement of targeted normal or diseased
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myocardium, without concomitant degradation of image quality due to both respiratory
and cardiac motion artifacts. To reduce breathing-induced artifact, breath hold is usually
requested for patients during the process of MRI. In case the patients cannot hold their
breath, non–breathhold navigator-imaging methods or an increment of acquisition
numbers have to be applied. In animal studies breathhold is done by stopping the
ventilator for 10-20 s. As for the heart, synchronizing acquisition with heart rhythm is
usually the only choice for reducing the cardiac motion artifact. ECG signal is used to
trigger image acquisition. Consequently, R-R interval-determined TR may be difficult to
use to provide optimal T1-weighted cardiac image.
The status of myocardial perfusion is one of the key determinants for the fate of
ischemic myocardium and prognosis of the subjects. All the measuring modalities
currently used in clinic are based on the estimation of effects of contrast agents present
within the myocardium during their first pass across the myocardial microvascular beds
after bolus injection. Although computed tomography and/or percutaneous interventional
angiography can depict the stenotic coronary arteries with high sensitivity and specificity
73

, status of tissue perfusion within the downstream microvascular level remains a

challenge for both X-ray-based imaging modalities. On the other hand, assessment of
tissue perfusion with single photon emission computed tomography (SPECT), which
involves the use of 201TI or 99mTc-labeled contrast agents, usually cannot provide images
with high spatial resolution. Although positron emission tomography (PET) can provide
images with a better spatial resolution 74, 75, the limiting factor for its broad use in the
current stage is the requirement of short half-life radioactive tracers. As what was
mentioned in the previous sections, the major technical obstacles for contrast-enhanced
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echocardiography include limited amount of acquired segments suitable for analysis and
relatively lower specificity.
With the improvement in temporal resolution without concomitant significant
compromise in spatial resolution due to development in pulse sequences and hardware
such as coils and gradient systems, contrast-enhanced MRI can assess myocardial
perfusion with better diagnostic accuracy 76. The choice of proper pulse sequence, which
can provide a strong T1 weighting, plays a central role in determining temporal and
spatial resolution as well as final image contrast after administration of contrast agents.
Sequences such as fast low angle shot (FLASH), echo-planar imaging, or balanced SSFP
serve as a basis for variable ultra-fast imaging protocols. To achieve a good T1 contrast
between normal and injured myocardium, a preparation pulse such as saturation recovery
or inversion recovery is delivered in advance to suppress tissue signal containing a
significantly lower level of contrast agent. In the inversion recovery preparation sequence,
a 180o pulse is delivered before the subsequent regular sampling RF pulse. Then,
longitudinal relaxation will gradually recover. If we administer Gddiethylenetriaminepentaacetate (Gd-DTPA) via intravenous routes, in those acute MI
(broken sarcolemma) with reperfusion or chronic MI (inflammation and scar tissue
formation), tissue will retain significantly higher amounts of Gd-DTPA. Thus, its signal
recovery will be significantly faster (Fig. 2.1). However, the next preparation pulse
cannot be applied until all the longitudinal magnetization has returned to its initial level.
As a result, higher temporal resolution during a first-pass perfusion study is difficult to be
achieved. In contrast, a saturation recovery preparation pulse can be applied independent
of the myocardial magnetization history resulting from variable heart rate and acquisition
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approaches. This preparation sequence is based on application of a 90o pulse, followed by
a gradient (dephasing or crushing gradient) aimed at dephasing the spins to prevent their
signal contribution during subsequent sampling pulse 77, 78.
Usually, after a bolus injection of MRI contrast agents with Gd-DTPA as a
representative, myocardial tissue with normal perfusion will appear hyperintense during
its first pass across the myocardium. On the contrary, areas with reduced regional
perfusion will appear hypointense. Quantification of relative perfusion deficit can thus be
made using first-pass kinetics in both areas. As the downstream arterioles have already
dilated during ischemia due to accumulation of metabolic products locally and, thus,
cannot respond further to vasodilators, myocardial perfusion reserve can be further
estimated when stress-inducing agents such as coronary vasodilators, adenosine or
dipyridamole, are used with concomitant repeat acquisition of first-pass Gd-DTPAenhanced MRI (Gd-MRI) 79, 80. Adenosine can directly stimulate the A2A receptor on the
smooth muscle layer within the coronary microvasculature. Whereas, dipyridamole acts
through inhibition of endothelial reuptake of interstitial adenosine, thus indirectly
stimulating vessel dilation 81. To improve diagnostic accuracy and reduce influence from
various artifacts with dark subendocardial rim artifacts as a representative, a protocol
combining both delayed enhancement (detailed in next section) and first-pass perfusion
Gd-MRI was proposed lately 82, which successfully diagnosed patients suffering cardiac
ischemia only. However, due to limitation in spatial resolution associated with first-pass
Gd-MRI, small ischemic lesions may not be easily detectable.
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Figure 2.1. The inversion recovery sequence used to suppress signal from the normal
myocardium

Acquisition was set around the null point of signal intensity. In contrast, longitudinal
magnetization has recovered most in infarcted myocardium due to accumulation of
contrast agents. Thus, T1-weighted image revealing myocardial infarction can be
achieved. TI, time after inversion = „inversion time‟.
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Viability of myocardium after ischemic injury is the other major factor influencing
the prognosis of cardiac function. In some settings, congestive heart failure is not only a
result of nonviable myocardium, which is gradually replaced by scar tissue, but also is
related to the extent of functional depression of the remaining injured, yet still viable,
myocardium. This viable cardiac tissue is referred to as either stunned (i.e., prolonged
functional depression after reperfusion) or hibernating (a more persistent functional
depression combined with reduced perfusion) myocardium 83. It is critical to differentiate
viable from nonviable myocardium shortly after ischemic insult as the heart progresses
rapidly towards congestive heart failure characterized by irreversible morphological
change. Several non-invasive imaging approaches capable of indicating cellular viability
and status have been proposed for its assessment. For example, SPECT with 201TI as a
radioactive tracer can reflect the retaining ability of injured myocardium after it enters the
cells. However, low spatial resolution often makes it a last choice. Metabolic activity of
the viable cardiomyocytes can be assessed by PET scan with fluorodeoxyglucose, a
glucose analogue, as a positron-emitting radiotracer. This method is deemed as the most
reliable approach to validating myocardial viability 74. To further judge the functional
status of viable myocardium suffering a period of ischemia, measurement of regional
myocardial function with echocardiography or cine MRI under both rest and stress
condition has become one routine examination in many medical centers. The stress
condition can be induced by intravenous administration of dobutamine, a
sympathomimetic agent capable of stimulating myocardial contraction via direct
stimulation of β1 receptors on cardiomyocytes. As for distinctive assessment matching
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histological findings, delayed enhancement Gd-MRI is probably a universally accepted
method.
Typically, after Gd-DTPA (0.1– 0.2 mmol·kg-1) is injected into the vein, images are
acquired 10 to 20 min later with the use of inversion recovery gradient recalled echo
sequences 84, 85. Delayed enhancement after administration of Gd-DTPA is due to a
significantly increased distribution volume and its delayed washout resulting from the
loss of membrane integrity in the early stage and gradual replacement of nonviable
myocardium by scar tissue in the late stage after MI. Consequently, T1-weighted MRI
sequences can show set of cardiac 2D images with delayed hyperintense regions. Usually,
the size and location of the hyperintense area analyzed with either manual contouring or
computer-adjuncted estimation corresponds well with the histological results in animal
models 86, 87. In patient studies, it was also found that the percentage of myocardium that
was both dysfunctional and not hyperenhanced before surgery was strongly related to
global wall motion improvement after revascularization 88. In comparison with the other
imaging modalities mentioned previously, it is slightly more sensitive with similar
specificity 89, 90. These results correlated closely with patients‟ prognosis as the extent of
transmural involvement of injured myocardium predicts the likelihood of functional
recovery after acute MI 91. The unique advantage of MRI lies in its high spatial resolution
capable of visualizing the transmural distribution of viable and infarcted myocardium and
a “one-stop shop” capable of incorporating several imaging sequences for acquisition of
anatomy, function, perfusion and viability within one imaging session. The high spatial
resolution also translated to the ability to analyze more parameters such as diastolic wall
thickness and contractile reserve in response to inotropic agents such as dobutamine.
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These additional parameters play an additive role in predicting the potential of functional
recovery after revascularization when the extent of transmural involvement of delayed
enhancement is moderate (50 - 75%) 92.
Although gadolinium chelates (e.g., Gd-DTPA) are the most widely used contrast
agents for diagnosing ischemic cardiac disease and other cardiovascular diseases, they
usually cannot provide other useful information such as normal myocardial status due to
exclusive nonspecific extracellular distribution. As a result, pursuit of new MR contrast
agents capable of delineating the status of viable cardiomyocytes, which can enrich the
menu of the “one-stop-shop” service with MRI, has been put on the agenda. Potential
candidates are manganese-based contrast agents.
2.2.3. Manganese-enhanced cardiac MRI
Manganese (Mn) ion have been employed to monitor Ca2+ influx into excitable cells such
as cardiomyocytes or neurons because its ionic radius is close to that of Ca2+ and thus can
enter cells via plasmalemmal voltage-gated Ca2+ channels 93-96. The other important
feature of its ionic form is its paramagnetic property resulting in shortening of T1 in water
protons. Consequently, the ability of Mn to enter cells via the Ca2+ channels in
conjunction with the T1-shortening property make it an attractive candidate as an MRI
detectable in vivo contrast agent.
(1) Physicochemical properties and physiological role of manganese
Manganese has an atomic number of 25 and can exist in various oxidation states such as
+2, +3, +4, +6, and +7 with +2 as the most stable state. Also, in life science, Mn2+ is the
most important ionic form to execute its physiological function. The element Mn is also
an essential trace element for our daily life with relatively high content in such foods as
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nuts, cereals, fruits, vegetables, and grains. Our daily consumption is ~ 5 mg with an
absorption rate < 5%. However, < 3% of the absorbed Mn2+ can enter the systemic
circulation due to immediate clearance by the liver, which is followed by excretion into
bile. In humans, the total amount of Mn is around 10 mg with liver and kidney as the
main storing organs while normal serum level is very low (~ 0.10 µg·dl-1). The amount in
the human heart has not been reported (to the best of our knowledge), but the normal
amount in rat and guinea pig hearts is 0.04 - 0.07 µmol·g-1 dry wt 97-99 indicating that it is
probably also a trace element in human heart. Within cells, Mn2+ plays an important
cofactor role to facilitate the performance of many enzymes such as gluconeogenic
enzymes, oxidoreductases, hydrolases, lyases, isomerases, and Mn-SOD, etc. Among
them, Mn-SOD is probably the most widely known Mn-containing enzyme in life
science. As it was mentioned in section 2.1., SOD plays a key role in clearing newly
formed superoxide radicals during the process of mitochondrial respiration 100.
Animal studies indicated that lack of nutritional Mn is linked to (1) the deficiency
of glycosaminoglycans (e.g., heparin, hyaluronan and chondroitin) synthesis, which may
result in a retarded growth and development 100, and (2) disturbed metabolism of lipids
characterized by significant reduction of high density lipoproteins, cholesterols and
apoprotein E 101. In human beings, occurrence of Mn deficiency is rare and short-term
depletion is related to fleeting dermatitis and Miliaria crystalline 102, whereas, long-term
deficiency has been found to cause Perthes' disease in children 103. Recent studies even
indicated that lack of Mn during pregnancy would endanger the fetus to develop
intrauterine growth retardation 104. On the contrary, long-term excessive exposure will
lead to Mn poisoning, though short-term excessive exposure can be safely tolerated 105.
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Usually, chronic overexposure to Mn is related to such occupations as Mn mining and
smelting as well as dry-cell battery production, the environment of which is usually
enriched by air-borne Mn 105. As the brain is especially sensitive to high Mn 106, longterm overexposure will lead to neurological disturbances characterized by weak muscle
strength, limb tremor, difficulty in speaking and swallowing, and other psychiatric
disturbance. This disease is specifically termed as Manganism 107, 108. Of course, other
organ systems may also suffer loss of functional homeostasis due to chronic Mn exposure
109, 110

. For example, it has been indicated that workers with long-term exposure to Mn

generally had lower fertility 111. In rats, it was observed that long-term dietary Mn
overexposure could result in anemia 112, which was not observed in pigs. As a result,
response to long-term Mn overexposure may also depend on animal species. One study in
dogs found that intravenous continuous infusion of minimal amounts of MnCl2 once a
day could lead to severe liver injury 113.
As for influence of chronic Mn exposure on the heart, the only available data are
from animal studies. Theoretically, we could anticipate that long-term overexposure to
Mn would impair cardiac function due to uptake by cardiomyocytes via the calcium
channel, subsequent relocation into mitochondria and competitive binding to intracellular
Ca2+ or magnesium ion (Mg2+)-sensing proteins. However, the results indicated that the
effects of Mn on heart are related to the amount that animals were exposed. For example,
in a middle-term study, the rats were exposed to Mn-containing food at low daily amount,
i.e., 0.25 mmol·kg-1, for 2 weeks. It was observed on isolated Langendorff-perfused rat
hearts that 2-wk exposure to low level of Mn led to positive inotropic effects as
evidenced by > 30% increment in peak LV developed pressure (LVDP) and maximal

36

pressure development rate, the mechanism of which may be related to increased [Ca2+]i
within the cytoplasm leading to improved accessibility by contractile proteins 114.
Prolonged exposure for even 2 months at this level still had no significant influence on
the myocardial respiratory activity. However, overexposure to a significantly higher
amount (5 mmol·kg-1) for more than 2 months in rats lead to depression of intracellular
O2 consumption, which can be partially reversed by addition of extra Mg in the diet 112.
Similar result was also observed in pigs with 2-month overexposure to dietary high
content of Mn. Conversely, Mg-deficient diets would enhance Mn absorption and tissue
deposition 115. Moreover, these pigs easily developed life-threatening convulsions 116. The
myocardial mitochondria showed more swelling than normal when provision of dietary
Mg was also lower than normal. However, no obvious change in other subcellular
structures was observed in these studies.
(2) Influence of temporary overexposure to manganese on cardiac function
As the risk of temporary overexposure to Mn is relatively low, researchers began to apply
Mn in neurological and cardiac studies due to (1) its strong paramagnetic property
comparable with Gd-based contrast agents and (2) specific uptake by excitable cells via
the plasmalemmal Ca2+ channels. Initially, it was observed that Mn entered the
cardiomyocytes via the mechanism involving slow inward currents 117, 118. Later on, in
vitro study proved that this current is mediated by the L-type voltage-dependent slow
Ca2+ channels 103, as its uptake could be blocked by verapamil or stimulated by reduction
of [Ca2+] in the perfusate 93, 119. The total amount entering cardiomyocytes appears to be
linearly dependent on extracellular [Mn2+] when it is lower than 0.3 mM 120. In reality,
the initial entry via this route is a relatively fast process as it is followed by a much
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slower influx phase around 30 min later 121. The total amount of Mn2+ entering
cardiomyocytes is significantly higher during the 2nd stage 122, though the mechanism
remains indefinite. As a further proof of intracellular distribution of Mn2+ as opposed to
Gd-based chelators which stay mainly in the extracellular space, it was observed that
MnCl2 administered intravenously also led to significant T1 shortening of phosphorus
resonances (ATP and PCr) in 31P-NMR spectra of Langendorff-perfused rat hearts 121.
After entering the myocardium, Mn2+ can be retained by normal cardiomyocytes for
hours, which is significantly longer than Gd retention during cardiac Gd-MRI. For
example, with rat as an in vivo animal model and 54Mn as an intravenous radioactive
tracer, it was found that the myocardium-to-blood ratio of Mn could rise above 40 within
30 min, which was well above the other conventional tracer 201Tl. Thereafter, its content
inside the myocardium remained stable for at least 2 hours, though its blood level had
already became almost undetectable 122, 123. Inside the cardiomyocytes, a significant
portion of Mn2+ further relocates into the mitochondria via their membranous Ca2+
uniporter 124, and efflux from mitochondria seems to be very slow. However, it appears
that it doesn‟t exert significant influence on high energy phosphate metabolism 98, 125. For
example, it was observed in isolated Langendorff-perfused rat heart that the relocated Mn,
even after 20-25 fold overload inside the cardiomyocytes, had no immediate influence on
oxidative phosphorylation as evidenced by negligible change in the production of ATP 126.
As mitochondria are also a main source of superoxide formation, a concern of in situ
oxidization of Mn2+ to Mn 3+ in them may be raised. However, available data suggest that
there exists no such oxidization, which eliminates any further concern related to strong
oxidant properties of Mn3+

127

. Meanwhile, the remaining Mn2+ within the cytoplasm may
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bind specific proteins and, consequently, influence some specific cellular physiology. For
example, a small dose of Mn2+ could stimulate SR Ca2+-ATPase with similar efficiency
as intracellular Mg2+ 126. Other Mn2+ within the cytosol may bind phosphate containing
molecules such as ATP and PCr 128.
If the level of extracellular Mn2+ begins to decrease, the intracellular Mn2+ will
gradually leave the cardiomyocytes. Indeed, the measured efflux kinetics showed that it is
a two-phase process with an initial faster exponential efflux (time constant = 2 min) of
small Mn2+ pool, followed by a slower washout phase (time constant = 97 min) of larger
pool. It is indicated that the initial faster washout component results mainly from Mn2+
located within the interstitial space 93.
(3) Features of manganese as a MR contrast agent
Research on Mn2+ as a potential MR contrast agent can be traced back to as early as 1973,
when the late Nobel Prize winner Paul Lauterbur published his seminal paper paving the
way towards the establishment of modern MRI. In that study, he also proved that the T1
of H2O protons could be altered with a paramagnetic ions like Mn2+

129

. Due to concern

on its acute influence on hemodynamics and possible chronic influence on various organ
functions, its subsequent translational studies in human beings were not performed. More
attention was shifted to Gd-based chelators due to their presence in the market. In recent
years, there has seen a renewed interest in the application of Mn-enhanced MRI (MEMRI)
for studies related to brain and heart diseases. Such interest is initially stimulated by a
strong desire of in vivo monitoring of various biological processes noninvasively in
animals. For example, MEMRI has been successfully employed to sensitize brain activity
in rats under different depth of anesthesia as entry of Ca2+ into neurons is a precondition
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for the release of various neurotransmitters 130. In that study, mannitol was
simultaneously used to facilitate the entry of intravenously injected MnCl2 into the brain
parenchyma as mannitol could temporarily break the blood-brain barrier 131. Without
induced disruption of this barrier, Mn2+ would firstly be present in those intracranial areas
lacking this barrier such as the choroid plexus, pituitary gland, and pineal gland 132. As a
result, direct focal injection of Mn2+ into the area of interest within the central nervous
system is an alternative option if the neural pathway originating from it is desired to be
quickly pursued with MRI 133, 134.
In the heart, Mn2+ study as an MR contrast agent also could be traced back more
than 20 years ago, which was followed by a period of scientific “silence” due to the
presence of Gd-DTPA. For example, it had been proven in the early 1980s that MnCl2
(50 µmol·kg-1) could delineate the area of risk in isolated canine hearts after 90-min 135 or
24-hour 136 occlusion of left circumflex coronary artery, the result of which correlated
well with 201Tl-based 135 or pathological 135, 136 findings. To reduce its influence on
hemodynamics (detailed in next section), its chelator forms were developed later.
Manganese ethylenediaminetetraphosphonate (Mn-TP), a kind of phosphonate capable of
tightly binding di- or tri-valent ions, was among the first tested chelators. It was found
that intravenous use of Mn-TP in rats led to significant hyperenhancement of liver and
heart shortly after its injection. The enhancement in both organs could last for at least 60
min, which was in contrast to much quicker clearance of it within the blood. Myocardial
T1 could remain significantly shortened by 50% even after 80-min exposure to Mn-TP 137.
Due to difficulty in fine control of the stability of the chelator complex, its regular use as
a contrast media for enhancing excitable cells such as neurons and cardiomyocytes needs
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to be further studied. Another frequently tested Mn-based chelator is manganese
dipyridoxyldiphosphate (MnDPDP) with prolonged plasma t½ in the circulation 138-140. Its
T1 and T2 relaxivity in aqueous solution at 10 MHz and 37 oC is 2.4 mM-1·s-1 and 3.7
mM-1·s-1, respectively. However, biodistribution studies indicate that the contrast agent
mostly enters liver, pancreas and kidney with much less distribution inside the
cardiomyocytes after intravenous administration 140, though its plasma half life is around
15 min, which is longer than that of MnCl2. As a result, this chelator is now mainly used
for imaging diseases within these organs 141-144. It is indicated from rat and guinea pig
studies that the safe dosage of MnDPDP, in terms of acute inhibition of cardiac function,
appears to be 10 times higher than MnCl2 97. The Mn content inside the cardiomyocytes
was related to the amount delivered, which further translated to a content-dependent
change of myocardial proton relaxivity 99. Meanwhile, its influence on HR and
intracellular energy metabolism is negligible 99. As a result, its bolus injection (5 – 40
µmol·kg-1) was tested in vivo to delineate the ischemic area in rat heart with a first-pass
MR sequence. In comparison with Gd-based first-pass MRI, it could provide prolonged
signal enhancement in the normally perfused area due to competitive uptake of Mn2+ by
the cardiomyocytes from the chelating agent, DPDP 145. However, the rate of Mn2+ entry
in the chelated form is very slow, though such formulation is designed to minimize
hemodynamic fluctuations 146-148. The reason for this is that only free Mn2+ dissociated
from the chelate can be absorbed by cardiomyocytes. The ligand, DPDP, is metabolized
by hydrolysis, which results in Mn2+ release.
(4) Some practical considerations on Mn-enhanced cardiac MRI
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Electrophysiologically, it had been observed on isolated frog‟s atrial and ventricular
fibers that the use of Mn2+ could lead to hyperpolarization of the membrane potential 149.
This effect is not linear as a steep rise occurred at a certain level of [Mn2+]o. In the frog‟s
heart, this concentration is around 2 mM, which was much higher than that required for
reduction of T1 in tissue. High [Mn2+]o was also observed to reduce the excitability of
frog‟s myocardial fiber as the strength and duration of the applied electrical stimuli had to
be increased significantly 149. It was also observed that high [Mn2+]o could lead to
significant prolongation of action potential, though only persisted for several minutes 150.
Such prolongation could lead to a prolonged Q-T interval in ECG 151, which may induce
life-threatening ventricular arrhythmia 152. Based on the published data on ex vivo
perfused heart, it seems that the half maximal inhibitory concentration (IC50) of Mn2+
effect on HR is much higher than that on cardiac systolic function 98, 146, 147.
Theoretically, application of Mn2+ may also inhibit muscle contraction as (1) it
enters the cardiomyocytes via the sarcolemmal L-type Ca2+ channels, which could inhibit
the transmembrane conductivity of Ca2+, (2) it consequently reduces the rate of Ca2+dependent Ca2+ release from the SR and (3) it, after entering cardiomyocytes, may
competitively bind various intracellular Ca2+- or other divalent ion-binding proteins
including troponin C. The net result is, therefore, inhibition of contractile function. It has
been proven that the contractile strength of either isolated myocardial fiber or isolated
whole heart, stimulated by external electrodes, reduced significantly when a high
concentration of Mn2+ was present in the perfusion medium 98. Further studies in isolated
Langendorff rat heart indicated that the IC50 for inhibition of cardiac function including
LVDP and maximal pressure development rate is around 0.25 mM 98, 147. However, in
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some species, it was observed that such inhibition is temporary as spontaneous recovery
occurred several minutes later 153. As a result, some researchers even proposed that Mn is
also a positive inotropic agent. As the IC50 effect of Mn2+ on cardiac function was derived
from isolated rat heart perfused with protein-free Krebs-Henseleit buffer (KHB), this
concentration may not be readily translatable to in vivo human study due to several
reasons including (1) Mn-binding property of proteins within the plasma and (2) different
response to the same amount of Mn2+ in various species. As a result, to facilitate
successful bench-to-bedside translation, selection of a large animal model such as pig
might be a better approach to observe the cardiac effects of MnCl2 in blood-containing
perfusate or in vivo.
In addition, due to significant absorption by the liver, oral administration of Mnbased contrast agents is mainly used for the detection of hepatobiliary diseases as the
presence of Mn2+ in the systemic circulation is very limited 154, 155. When Mn2+ was
administered into the circulation via direct intravenous infusion, its distribution was
observed not only in the heart as liver and kidney also quickly uptake it 156, 157. As a result,
its plasma clearance is very fast. In reality, 30 – 50% of totally applied Mn2+ was taken
up by the liver in rats. The myocardium-to-liver ratio was ~ 0.5 at half an hour after
intravenous administration with gradual reduction thereafter 122. If applied orally, most of
Mn2+ was absorbed by the liver before its arrival into the systemic circulation 158. As a
result, the estimated dose-effects based only on studies from isolated heart may not be
directly extrapolated to the in vivo situation. For successful ex vivo-to-in vivo translation,
more comprehensive consideration should be practiced.
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Clinical studies regarding the enhancing efficiency of Mn2+ for detection of cardiac
disease by MRI remained sporadic. Due to concern on potential toxicity with the use of
MnCl2, MnDPDP was the only reported agent under investigation in clinic. In a study
with healthy human volunteers, it was found that T1 of LV myocardium increased ~ 37%
one hour after its infusion at normal dose for liver enhancement (5 µmol·kg-1) 159. Double
or triple doses failed to cause further enhancement. Another volunteer study from the
same research group also indicated that either 5- or 30-min slow infusion of MnDPDP at
this dose yielded the same effects on R1 160. They further found, in patients with MI, that,
after 60-min MnDPDP infusion, visually discernible infarcts were only observed in 4 out
of 10 patients, though increment in R1 began to be statistically significant in all the
patients 161. It seems that MnDPDP, at the dose recommended for liver enhancement,
cannot provide satisfactory contrast between the normal and infarcted myocardium.
As a result, the exact role of Mn2+ for delineating the infarcted myocardium
remains uncertain. It is necessary to carry out a comprehensive study which can answer
such important questions: (1) what is the enhancment kinetics of Mn2+ within the normal
myocardium, (2) which factors will influence it, and (3) what will be the kinetic change
within the acutely and chronically infarcted myocardium?

2.3. Evaluation of myocardial ischemia and infarction using optical techniques
Considerable progress has been made towards a novel biomedical measuring modality
using near infrared (NIR, 650-1200 nm) light to probe tissue 162-165. It can detect
concentration changes of various substances of interest in living tissue. This technology is
based on delivering low-energy photons to the surface of the body/organ under
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investigation and measuring the fraction of reflected photons. When photons impinge on
tissue, their propagation depends on a combination of reflectance, scattering, and
absorption effects. Reflectance is mainly related to the angle of the light beam impinging
on the tissue surface, whereas scattering and absorption are wavelength-dependent
properties. Scattering decreases with increasing wavelengths, thereby favoring the
transmission of infrared light. Absorption occurs at specific wavelengths, determined by
specific “chromophore” molecules. Variations occur in the effectiveness of transmission
through animal tissues within the ultraviolet through the infrared ranges. Above 1300 nm,
water absorbs most photons over a pathlength of a few millimeters in hydrated tissues. In
the visible part of the spectrum (< 650 nm), by contrast, the intense absorption bands of
hemoglobin (Hb), Mb and cytochromes as well as increasing light scattering again
prevent transmission over longer pathlengths. Fortunately, in the NIR range a significant
number of photons can effectively pass longer distances (~10 mm) in mammalian tissue.
It has been long well known that the visible absorption peaks for oxygenated
hemoglobin (oxy-Hb) and myoglobin (oxy-Mb) are at 547 and 584 nm, whereas peak for
their deoxygenated (deoxy-) counterparts are at 560 nm. However, it may not be well
known that there also exist two much weaker transitional absorption peaks in the NIR
range at 760 nm for the deoxygenated forms and at 920 nm for the oxygenated forms.
These two absorption peaks are important as other molecules within a tissue have no
significant absorption for the impinging photons within this wavelength window. As such,
it paves a way for the measurement of oxygenation status in deep tissue.
Obviously, to measure tissue oxygenation in vivo during some specific
physiological or pathophysiological process, the conventional instrumentation for
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measuring absorption spectra of chemicals in the cuvette needs to be modified. As a
result, new instrumentation suitable for this purpose was developed later, which allowed
the following advances: (1) modification of brain protective strategies during
cardiovascular surgery requiring temporary interruption of whole-body circulation 166-168,
(2) detection of myocardial metabolic changes during ischemia 169, 170, and (3) detection
of cardiomyocytes damage with the aid of exogenous NIR chromophore 162. Usually, the
light was transferred to the tissue of interest via a fiberoptic guide. The most significant
difference of the new in vivo instrumentation from the conventional in vitro
instrumentation is measurement of photons scattering back to the tissue surface, which is
collected by the optode of the other fiberoptic guide transferring the light back to the
measuring instrument. In classical Lambert-Beer law, i.e., log I0/I = εCL, where I0,
intensity of incident light; I, intensity of passed light; ε, molar absorptivity, M-1 cm-1; C,
concentration (M) and L, pathlength (cm). In the reflectance spectroscopy, I is backscattered light and L is unknown, therefore the measured value is the product of C and L.
However ratiometric parameters such as oxygen saturation parameter (OSP) are
independent of L assuming that L is wavelength independent in a narrow spectrum range
(i.e., Coxy(Hb+Mb)·L/(Coxy(Hb+Mb) + Cdeoxy(Hb+Mb))·L). The commercialized in vivo monitoring
systems have been used to measure percutaneous blood oxygenation and has been
extended to monitoring muscular and cerebral oxygenation. One disadvantage of
commercialized systems used in clinic is that they usually have limited number of
wavelengths, which are set in advance for monitoring tissue oxygenation (e.g., Hb and
cytochrome aa3) 171, 172. Such limitation is usually inconvenient for experimental purposes.
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As a result, continuous wavelength measurement within the NIR spectra window is
preferred for laboratory research.
In addition, Institute for Biodiagnostics recently designed an NIR-based imaging
system capable of mapping myocardial oxygenation 165. This modality combined the
chemical sensitivity of spectroscopy (~10 nm spectral resolution) with the spatial
sensitivity of imaging (< 1 mm2 in one pixel area) to generate tissue oxygenation maps.
An NIR-sensitive back-illuminated charge coupled device and an analog to digital
converter are used in combination with a lens to create a 2D NIR camera. To sample
different spectral bands in a row, a liquid crystal tunable filter is mounted onto the
camera lens, providing an adjustable pass band between 650 and 1050 nm. By scanning
different wavelengths of interest, a set of 2D images can be reconstructed providing both
spatial and spectral information. Using the spectral data, images can decipher the relative
concentrations of deoxy-, oxy- and total-(Hb+Mb) as well as the oxygen saturation
parameter (OSP=oxy-(Hb+Mb)/total-(Hb+Mb)) at each pixel across the entire heart
surface exposed to the camera. Previous studies from this group suggested that regional
variations in cardiac oxygenation can readily be detected by the new imaging system 164,
173

. For example, NIR images clearly show decreased OSP and total-(Hb+Mb) levels in

the ischemic regions of both ex vivo perfused and in vivo open-chest beating pig hearts.
Moreover, this system could also provide tissue perfusion information using indocyanine
green (ICG) as an intravascular tracer with strong absorption peak at 805 nm 174.
As newly developed NIR imaging system has such a unique advantage, it would be
worthwhile to employ this method to (1) track myocardial oxygenation and flow change
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induced by either ischemia or cryoinjury (detailed later) and (2) assess the efficiency of
angiogenic approach on injured myocardial tissue.

2.4. Cryoinjury for establishment of experimental myocardial infarction in pig heart
2.4.1. Large animal model of cardiac disease: a critical step in bench-to-bedside
translation
Determining the experimental model of a human condition requires a number of
decisions and compromises to reach an optimal balance, which is particularly true in
studies of cardiac disease. In creating such a model, large animals (e.g., pigs and dogs)
offer unique advantages over small animal counterparts (e.g. rats and mice). Rat heart
disease models, for instance, are relatively cheap and, due to short gestation periods, a
large sample size can be produced in a short period. Therefore, it has been extensively
used to study relatively “long-term” cardiac outcomes with various interventional
strategies 173, 174. However, there remain several limitations related to its use, especially,
in comparison with human heart, due to (1) much shorter action potential without a
plateau phase 175, 176; (2) calcium removal out of the cytosol being mainly via the SR
calcium pump with reduced relevance to Na+/Ca2+-exchanger activity 177, 178 and (3)
different intracellular myosin isoform dominance under normal status 179. As such, the
results derived from small animal models may not be necessarily translatable to large
animals and, ultimately, human beings. In addition, rats have much higher heart rate (300
bpm vs. 100 bpm in pigs and 75 bpm in humans) associated with proportionally higher
rates of energy turnover and coronary flow per gram of cardiac tissue.

48

Obviously, use of large animal models such as dogs and pigs could reduce this
innate difference across species. An added advantage is that large animals usually allow
more accurate tracking of ventricular function/volume due to technical and practical
limitations of currently available instrumentation. Despite cost and burden on housing
and care, pigs remain a better option versus dogs due to (1) almost the same innate
anatomical and physiological features of coronary circulation as human beings and (2)
similar pathological and pathophysiological changes as human beings upon onset of
ischemia and later infarction progression 180.
2.4.2. Advantages of cryoinjury-induced experimental myocardial infarction
Currently, most reported studies on pig MI are based on occlusion of the left anterior
descending coronary artery (LAD) or left circumflex coronary artery. However, occlusion
of either artery also has its innate defects potentially influencing the correct interpretation
of findings. For example, occlusion of LAD frequently led to ventricular fibrillation in as
many as 50% pigs and mortality was > 20% 181. Therefore, any conclusions derived from
it require intense prudence due to high missing data volume. An alternative option is
occlusion of their diagonal branches, which could reduce the experimental morbidity and
mortality 182. On the other hand, proposed methods for regenerating function in the
damaged heart have included cell- and/or molecule-based approaches 183. Validation of
their efficacy, however, requires tissue injury with, ideally, uniform key features such as
size, depth, and location of the lesion. Because of innate biological variability in coronary
artery vasculature, these features in ischemia-induced lesions are difficult to control. For
example, despite the presence of an area of risk occupying up to 41% of the LV, infarct
size comprises only ~ 2/3 of the area of risk. Such diversity makes accurate assessment of
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the damaged region, precise delivery of agents to the damaged area, and critical
comparison of respective therapeutic strategies difficult.
Freezing kills cells, a response that has long been evident in frostbite injury. In the
last 50 years the therapeutic uses of freezing, whether for preserving or destroying cells
and tissues, have increased interest in cold injury. In these years substantial progress has
been made in preserving cells and tissues by freezing, but organ preservation by
cryogenic techniques remains a challenge. This progress has been paralleled by the
development of techniques for cell destruction, commonly termed cryoinjury or
cryotherapy. Cryoinjury techniques have developed over the years as technological
advances were made 184.
Because of the utility of cryosurgery, both in the cardiovascular realm and others,
the mechanisms of cellular death associated with tissue freezing are well studied 185. The
characteristics of tissue injury from freezing have been known for many years. When
tissue temperature is decreased below −40 °C, especially if cooled rapidly, intracellular
H2O freezes and forms intracellular ice. This is considered lethal to cells, as it causes
major and irreversible disruption of intracellular organelles and cellular membranes. In
addition, as the minute ice crystals form, solutes are concentrated in the surrounding
intracellular fluid, the result of which is formation of relative hyperosmolarity causing an
osmotic shift between intracellular and interstitial H2O. In the early rewarming phase,
coalescence of ice crystals into larger ice crystals causes further disruption of intracellular
organelles and cellular membranes. These are the direct injury to cells caused by ice
crystal formation and microcirculatory failure which occurs in the thawing period 186.
Osmotic change leads to shifts in intracellular and extracellular H2O. Besides, from the
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molecular perspective, it has been indicated that apoptosis also plays a role in the
development of cell death after cryoinjury 187. Apoptotic cells after freezing are found
primarily in the peripheral zone of the cryogenic lesion, where the temperature was not
sufficiently low to kill all the cells. In addition, freezing is known to have profound
effects on the microvasculature. As tissue is cooled, vasoconstriction occurs and as the
tissue freezes, circulation ceases altogether within the frozen tissue. Upon rewarming,
there is a hyperemic vasodilation with increased vascular permeability and localized
edema. Endothelial injury within the frozen tissue also easily incurs formation of
microthrombi and, therefore, microcirculatory arrest within the lesion.
Available clinical findings of final pathological change have revealed that
cryoinjured heart also progressed towards formation of scar tissue, a similar outcome as
ischemia-induced injury. However, the scar tissue was much more uniform without
mixture of normal myocardium, which is often seen in ischemia-induced MI. Watanabe
et al., 188 reported that, in a patient postmortem examination at 14 months after
cryosurgery, histological examination revealed a homogeneous fibrous scar with
surrounding sinusoid capillary proliferation. The border between the fibrosis and the
normal myocardium was clear. In addition, cryoinjury (cryoablation) has been adopted
for treating arrhythmias refractory to routine pharmacological medication in humans 189,
190

. An added advantage is involvement of subepicardial layers, which is specifically

suitable for assessing regenerative potential of intrapericardial therapy with optics-based
methodologies. As mentioned above, the final size of chronic MI, even if established via
complete coronary occlusion in pigs, often “shrinks” as compared with the initial area of
risk. It usually does not involve a thin layer of subepicardium. Therefore in this case,
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optical approaches (detailed before) cannot provide accurate information regarding the
efficacy of tested agents. By contrast, cryoinjury will ensure involvement of
subepicardium and make in vivo optical assessment of cardiac regeneration feasible.
Although this model has been successfully established in rodents and dogs 191, 192,
there have been no reports on cryoinjury-induced infarctions in pigs. As a result, one
major aim of this project is to determine whether cryoinjured pig LV myocardium can
provide (1) pathological changes comparable with postischemic lesions but with more
consistent sizes; and (2) a model in which infarction progression can be characterized in
vivo in real time.

2.5. Infarction repair by intrapericardial delivery of vascular growth factors and
adipose-derived stem cells
Both experimental and clinical studies have established that the best way to limit infarct
size after ischemia is early reperfusion as the fate of cardiomyocytes is stringently
dependent on the duration of coronary occlusion 193, 194. As such, drug-, catheter- or
surgery-based 195-197 reperfusion are the primary option for such patients. Due to practical
(e.g. transfer delay) and/or technical (e.g., diffuse blockages involving small coronary
arterial branches) limitations, some patients may still develop MI because the adult heart
lacks the ability to regenerate itself after acute massive loss of cardiomyocytes. Therefore
approaches, aimed at restoration of cardiomyocytes population and/or vasculature within
the infarcted myocardium, are pursued aggressively during the past 10 years.
As for therapeutic angiogenesis, it theoretically can be achieved by employing
either growth factor proteins or by introducing genes encoding these proteins 198.
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Although gene therapy may provide sustained local production and release of growth
factors, this strategy also probably incur angio-proliferative lesions 199 or even leads to
angioma formation 200. The other drawback of gene therapy lies in the difficulty to
accurately control the level of growth factors expressed within the delivered sites. In
contrast, major advantages of protein-based therapy include (1) precise knowledge of the
dose delivered, (2) the ability to combine several proteins into a single therapeutic
formulation, and (3) a relatively well understood safety profile. Use of proteins, however,
also has its innate limitations with short tissue half-life being a major concern. Several
approaches have been tested to overcome this limitation. For example, heparin has been
proved to be able to increase serum half-life of bFGF from hours to days. Moreover, slow
release formulations, e.g., alginate matrix hydrogel, can further prolong the exposure time
of injured tissue to these angiogenic agents 201.
2.5.1. Choice of angiogenic factors
The fact that improvement in tissue perfusion and regional myocardial function was only
observed in some reports after protein delivery pleads for more thorough investigations.
Proper selection of angiogenic factors is one of the most important issues to be addressed.
A variety of angiogenic factors have been tested, but VEGF and bFGF are the two most
widely studied factors with high potential for bench-to-bedside translation.
(1) VEGF. Vascular endothelium growth factors are important signaling proteins
involved in both vasculogenesis (the de novo formation of the embryonic circulatory
system) and angiogenesis (the growth of blood vessels from pre-existing vasculature) 202.
The broad term 'VEGF' covers a number of proteins from two families that result from
alternate splicing of mRNA from a single, 8 exons of the VEGF gene. The two different
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families are named based on their terminal exon (exon 8) splicing site, i.e., the proximal
site (denoted VEGFxxx) or distal site (VEGFxxxb). It has been determined that proteins
spliced at the proximal site of exon 8 have pro-angiogenic effects. In addition, alternate
splicing of exon 6 and 7 can change their amino acid number (in humans from 121 to 206)
and binding affinity to heparin sulfate proteoglycans. VEGF activity has been widely
studied in endothelial lineage cells，although it does have effects on a number of other
cell types (e.g., stimulation of monocyte/macrophage migration, neurons, cancer cells,
and kidney epithelial cells).
The effect of VEGF on ischemic myocardium has been examined in many studies.
For example, Hariawala et al. 202 treated ischemic pigs with an intracoronary bolus
injection of VEGF. They found that high VEGF dosage (2 mg per pig) led to high
mortality as compared with saline control due to severe hypotension and/or shock while
lower dosage (0.5 mg per pig) could effectively promote the growth of collateral
vasculature relative to the untreated control pigs. However, when being translated to
clinic, this approach appeared unsuccessful 203. In a phase 2 study, patients were
randomly assigned to 1 of 3 treatment groups and received a 10-min intracoronary
infusion of placebo or 17 or 50 ng·kg-1·min-1 VEGF. This was followed by 3 sessions of
4 hours of intravenous infusions on days 3, 6, and 9. On day 60, the treated patients failed
to meet the primary end point, i.e., improved exercise tolerance. Such a failure might
have been anticipated given the conflicting animal data relating to the brief intracoronary
administration of VEGF.
(2) bFGF. Basic FGF belongs to the fibroblast growth factors family that is involved in
wound healing and embryonic development. The fibroblast growth factors are a group of
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heparin-binding proteins capable of interacting with cell-surface associated heparan
sulfate proteoglycans, which are essential for its signal transduction. This family
currently has 23 members. These proteins are distinguished by their pattern of expression
and preference of different subclasses of FGF receptor (FGF-R) isoforms. As one of the
most important functions of bFGF is the promotion of endothelial cell proliferation and
the physical organization of endothelial cells into tube-like structures, it also becomes one
of the most widely studied angiogenic factors. The ability of bFGF to induce
angiogenesis in cardiac tissues was suggested by studies which found significantly higher
vessel counts following intracoronary injections of bFGF in the setting of heart attack in
animals 204, 205. These studies were followed by a more detailed functional assessment of
therapeutic efficiency of bFGF in chronic myocardial ischemia animal models. For
example, continuous administration of bFGF in a dog model can lead to augmentation of
coronary flow 206. Application of bFGF has also been indicated to be helpful in the repair
of MI. For instance, in a pig model of coronary occlusion, direct intramyocardial bFGF
administration can reduce scar size, preserve myocardial function, and increase the
number of blood vessels 207. When it comes to clinical applications, the fate of bFGF is
similar to that of VEGF, which requires more detailed studies.
(3) Multifactor versus single factor administration. The molecular mechanisms
responsible for angiogenesis are extremely complex: multiple genes must coordinately
express their products in appropriate amounts and in appropriate time domains. For
example, VEGF and angiopoietin (Ang)-1 have unique and specific interactions in the
induction and maintenance of new blood vessel formation during embryogenesis. Studies
indicated that VEGF is responsible for formation of early immature vasculature tube,
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followed by Ang-1-mediated maturation step involving induction of vessel budding and
branching, and recruitment of periendothelial support cells, including smooth muscle
cells. This action helps maintain the integrity and stabilization of the newly formed blood
vessels. It has been shown that pericardial fluid from patients suffering from severe
ischemic heart disease contained more than two angiogenic factors, a process believed to
be an intrinsic angiogenic attempt in response to hypoxia.
These observations raise an important issue: is it sufficient to administer only one
angiogenic factor to induce angiogenesis? The answer to this question is not entirely clear
and known factors may play a synergistic or complementary role (e.g., VEGF + Ang-1)
in the induction and/or maturation of blood vessels. An in vitro study using bFGF and
VEGF has indicated that they could produce synergistic effects 208.
2.5.2. Pericardial compartment: a new route for cardiac angiogenic therapy
The conflicting data observed when either angiogenic factor was used in animal or
clinical studies demands more thorough research. One important issue in angiogenic
therapy is the optimal route for administration of angiogenic factors. The management of
most cardiac diseases involves enteral or parenteral administration of therapeutic and
diagnostic agents that reach specific tissues and organs through the bloodstream. These
agents nearly always have widespread systemic effects, including toxicities and undergo
dilution and dispersion before reaching the target tissue. Only 0.5% of bFGF delivered by
intravenous or Swan Ganz catheter (a catheter placed in pulmonary artery) was recovered
from cardiac tissue due to “first-pass” uptake by low affinity receptors in the lungs
(consisting mainly of heparin sulfates, to which bFGF binds avidly) 207. Routes that are
able to minimize shortcomings related to the systemic use and allow the agents to remain
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near the targeting sites are urgently needed. The pericardial compartment is a site that
potentially meets most, if not all, these requirements.
Cardiac tissue produces many physiologically active substances such as cytokines,
growth factors and cardiac hormones, though the precise mechanisms of their synthesis,
secretion, and metabolism are not fully understood. Most substances function locally in
either an autocrine or paracrine manner in the heart and are difficult to be detected in the
systemic circulation 209. Although the major pathways of the substances released from the
heart are not known, these substances, after their release into the extracellular space, may
pass into the pericardial cavity via lymphatic channels. Fujita et al. 210 provided the first
clinical evidence that cardiac tissue, during ischemia, could produce significant amounts
of angiogenic growth factors such as bFGF, VEGF and acidic FGF, as they accumulated
within the pericardial fluid. Thus, an attempt to stimulate angiogenesis by intrapericardial
delivery of angiogenic factors was later carried out. Firstly, using 125I-labeld FGF,
Lazarous et al. demonstrated that intrapericardially delivered bFGF had a much longer
half life than that delivered directly into coronary artery or systemic circulation via the
left atrium 207. Then, in vivo studies in pig cardiac ischemia model confirmed that
intrapericardial delivery of bFGF not only improved myocardial blood flow in the
ischemic myocardium, but also improved regional LV function 211. To our knowledge,
similar data are lacking for VEGF. However, like the FGF family of peptides, VEGF also
binds heparin. The pilot observations regarding its functional role were first obtained
from an in vitro study. In that research, the influence of pericardial fluids, collected from
patients either with angina or with non-ischemic heart disease, on the growth of cultured
human aortic vascular smooth muscle cells were studied. The results indicated that
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angina-derived pericardial fluid could promote cell proliferation 212. This again suggests
that pericardial fluid has an angiogenic potential. As a result, it seems that inducing
angiogenesis by intrapericardial delivery of angiogenic factors appears to be a promising
therapeutic strategy.
2.5.3. Sustained delivery: alternative modes of administration
The duration of angiogenic factors delivery is an important issue. How long should
exposure to angiogenic factors last? As most angiogenic factors also act as survival
factors for endothelial cells, exposure to a single growth factor probably needs to be
sustained to prevent early apoptosis of target cells 213. Several strategies have been
proposed to prolong tissue exposure to these factors. Gene-based strategies are not so
opportune at present. An alternative is sustained protein delivery via a matrix-based
strategy. Using sepharose heparin beads for delivery of platelet derived growth factor,
Post et al. 214 achieved excellent first-order release kinetics over 10 days, resulting in
improvement of flow and function in ischemic myocardium. The design of more
sophisticated carrier polymers has already evolved into effective dual release
characteristics for two simultaneously delivered growth factors 215. Alginate has been
used as a polymer carrier for slow drug release and has shown no toxicity and low
immune response in humans 216.
Alginate is a natural polymeric polysaccharide and quite abundant as it is a
structural component in marine brown algae. It gives algae both mechanical strength and
flexibility, the effect of which is close to cellulose in terrestrial plant. Belonging to a
family of linear binary block copolymer, alginate is composed of (1→4) linked β-Dmannuronic acid (M) and α-L-guluronic acid (G) residues. The composition and sequence
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varies significantly in different algae. One of its most important properties is quick
formation of hydrogel in the presence of certain ions. Further studies found that such a
gelling process relies on two linked G building blocks, as they together form a diamondlike hole suitable for chemical binding with certain divalent ions such as Ca2+, strontium,
or barium 217. In addition, every alginate chain in H2O solution can also form junctions
with other chains in the presence of „suitable‟ ions and, quickly, hydrogel is formed.
However, monovalent ions and Mg2+ cannot quickly form gel with alginate solution 218. It
has also been found that various proteins or peptides can be entrapped in alginate
hydrogel cross-linked with Ca2+ 219. Later on, the entrapped proteins/peptides can be
gradually released out of the alginate hydrogel through diffusion. Such strategy was also
successfully applied in entrapment of VEGF and bFGF, respectively 201, 220-222. However,
its efficacy for MI remains unclear. As a result, in this project, we also plan to apply
bFGF and VEGF immobilized in alginate gel as a therapeutic trial after MI.
2.5.4. Induction of angiogenesis by stem cells
One alternative to slow delivery of growth factors is their in situ generation by
appropriate cells (e.g., stem cells). Experimental studies aimed at evaluation of the role of
various cells in therapeutic angiogenesis after MI have been carried out for approximately
10 years. Among them, stem cells from various organ sources are the most widely studied
cell types for their angiogenic potential via paracrine function and in situ
transdifferentiating potential into cardiomyogenic lines. For example, in 2001, Orlic et al.
reported that direct intramyocardial injection of bone marrow-derived mononuclear cells
containing endothelial progenitor cells, hematopoietic progenitor cells and mesenchymal
stem cells into the infarcted myocardium can partially regenerate the injured tissue
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including restoration of microvascular network 221. Unfortunately, their claim that the
newly formed vasculature was a result of local transdifferentiation of implanted
mononuclear cells failed to be reproduced by many other groups. As a result, a paracrine
effect, instead of transdifferentiation, in that study was proposed recently. In other words,
the transplanted cells propagated host-mediated angiogenesis via secretion of synthesized
angiogenic factors. However, it is difficult to exclusively attribute the observed
angiogenesis to the secreted growth factors as the vasculature may contain
transdifferentiated progenitor/stem cells. As a result, it is desirable to design an
experiment capable of distinguishing such effect. However, an efficient and unlimited
source of autologous cells is not easy to acquire. Adipose-derived stem cell is a good
candidate for this purpose as (1) the fat tissue is abundant and easy to sample without
much ethical concern and (2) a variety of angiogenic growth factors such as VEGF, bFGF
and hepatocyte growth factors secreted by them have been identified 223-225.
The selected ADSCs can be placed within pericardial fluid in the form of
suspension or “matrix-based” formulation. Pericardial fluid can support viability of the
cells as it is well oxygenated and contains blood plasma levels of glucose and ions. Cells
embedded into the matrix (e.g., gel) are also partially protected from attack by the host
immune system.

2.6. Research goals of this project
The general aim of this project was to characterize infarction progression and evaluate
angiogenic effects in pig hearts with contrast-enhanced magnetic resonance imaging
(MRI) as well as optical spectroscopy and imaging. More specific aims included (1)
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characterization of properties of Mn2+ as an MRI contrast agent in the evaluation of
infarction progression in pig heart induced by ischemia, a conventional method for
establishing experimental myocardial infarction (MI); (2) characterization of pig
myocardial cryoinjury, a new experimental MI model, with contrast-enhanced MRI as
well as optical spectroscopy and imaging; and (3) assessment of angiogenic potential on
cryoinjury-induced MI with either angiogenic factors entrapped in alginate hydrogel
beads or ADSCs entrapped in agarose hydrogel patches.
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3. MATERIAL AND METHODS
3.1. Animal experiments and protocols
All domestic pigs used in this series of studies received humane care in compliance with
the guidelines of the Canadian Council on Animal Care (2nd edn., Ottawa, ON, 1993).
Following 12-hour fasting pigs were pre-medicated with ketamine (22 mg·kg-1, I.M.),
midazolam (0.33 mg·kg-1, I.M.) and atropine (0.05 mg·kg-1, I.M.), Anesthesia was
achieved with mask inhalation of isofluorane (4%), after which mechanical ventilation
containing 40% oxygen and ~2% isoflurane was established via tracheal intubation.
3.1.1. Acute and chronic myocardial infarction established by coronary artery occlusion
(1) Acute cardiac ischemia with or without reperfusion. Pigs with body weight (BW)
between 25 and 35 kg were used for the acute study. They were randomly divided into
acute ischemia group (group 1, n = 5) and acute ischemia with reperfusion group (group 2,
n = 6). Median sternotomy was performed to expose the hearts. After the pericardium
was incised longitudinally, the 1st and 2nd diagonal branches originating from LAD were
isolated and ligated. Typically lidocaine, an antiarrhythmic drug, was injected prior to the
occlusion of LAD branches at 1 mg·kg-1 to minimize the occurrence of life-threatening
arrhythmias. For pigs in group 1, heart was isolated 30 min later for subsequent ex vivo
study. Whereas, for pigs in group 2, occlusion was released 75 min later and 45-min in
vivo reperfusion of the jeopardized myocardium was allowed before isolation of the heart.
(2) Chronic myocardial infarction without reperfusion. Pigs weighing 18-28 kg were
randomly assigned into 5 chronic MI groups:, 3-day (group 3, n = 5, BW = 26-28 kg), 7day (group 4, n = 6, BW = 24-27 kg), 14-day (group 5, n = 6, BW = 22-25 kg), 21-day
(group 6, n = 5, BW = 20-23 kg) and 28-day (group 7, n = 5, BW = 18-20 kg) infarction.
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In addition, 3 pigs (group 8, n = 3, BW = 18-20 kg) subjected to the same procedure as
pigs in group 7 underwent repeated Gd-MRI (i.e., 0-, 7-, 14- and 28-day MI) during the
progression of chronic MI. Pigs selected with respective initial BW could gain BW at an
averaged rate of ~ 3 kg per week. Therefore, upon the day of final surgery for study using
isolated heart, their BW could be around 30 kg and their hearts (~ 200 g) would be within
the optimal size for ex vivo MEMRI study in a 7T magnet (vide infra).
After stable anesthesia was established, a butterfly needle was inserted into the ear
vein and connected to a saline infusion bag to allow delivery of medication whenever
necessary. A three-lead ECG attached to the pig‟s chest and a pulse oximeter probe
attached to the tail were used to monitor ECG signal and blood oxygenation. Sterile left
thoracotomy through the left 4th and 5th intercostal space was chosen to expose the heart
to minimize wound size. Lidocaine (1 mg·kg-1) was injected prior to the occlusion of
LAD. Afterwards the same branches from the LAD as those for the establishment of
acute ischemia were ligated. Prior to the closure of pericardium and chest, 4 mL of Nahyaluronate (30 mg·mL-1, Lifecore Biomedical Inc., Chaska, MN) was applied into the
pericardial cavity to reduce adhesion between the pericardium and epicardium. Then, the
pigs were returned to the animal facility for recovery. Pain killer patches (buprenorphine
released at 10 µg·h-1) and antibiotic (enrofloxicin, 5 mg·kg-1) injections were provided
for 3-5 recovery days.
Following recovery for respective predetermined duration, pigs underwent repeat
open chest surgery to remove the hearts for subsequent study. Similar to the previous
procedure for pigs in the acute groups, median sternotomy and subsequent
pericardiotomy was performed to expose the heart for in vivo measurement of NIR-
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derived tissue parameters after a catheter was inserted into the right carotid artery for
real-time measurement of aortic blood pressure (BP) and periodic check of blood oxygen,
electrolytes, acid/base and glucose homeostasis.
3.1.2. Acute and chronic myocardial infarction produced by cryoinjury
Pigs weighing 18-30 kg were randomly assigned into 3 cryoinjury groups, i.e., acute
(group 9, n = 6, BW = 28 - 30kg), 7-day (group 10, n = 4, BW = 24-27 kg), and 28-day
(group 11, n = 6, BW = 18-20 kg). To expose the LV, median sternotomy was performed
for pigs in the acute group, whereas, sterile thoracotomy between the left 4th and 5th
intercostal space was chosen for those in the chronic groups. After the pericardium was
incised longitudinally, an LV epicardial area (anterior + lateral wall), free from large
coronary vessels, was selected to undergo freezing. The tip of an aluminum rod (Φ = 2.5
cm), which had been cooled with liquid nitrogen, was pressed firmly by the weight of the
freezing device on the selected epicardial area for 2 min to produce cryoinjury. In chronic
experiments, perioperative protocol was kept the same as for the other chronic MI study.
In addition, evaluation of angiogenic effects with growth factors or stem cells was also
based on this model (vide infra).
3.1.3. Angiogenic therapy after cryoinjury-induced MI with VEGF and bFGF entrapped
in alginate beads hydrogel or adipose-derived stem cells entrapped in agarose patch gel
After establishment of myocardial cryoinjury, 24 pigs were further used to test
therapeutic efficiency of epicardial cardiomyoplasty with either angiogenic factors
(VEGF + bFGF) or ADSCs (vide infra). These pigs were divided into 6 groups: (i)
cryoinjury, empty beads (n = 5); (ii & iii) cryoinjury, beads loaded with FGF and VEGF
implanted to the pericardium (ii, n = 3) or epicardium (iii, n = 5); (iv & v) cryoinjury,
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agarose gel patch with (iv, n = 4) or without (v, n=2) ADSCs; (vi) sham-operated heart
with/without control beads or patch (n=5). For pigs receiving epicardial implantation of
agents after cryoinjury, alginate beads without (group i) or with (group iii) growth factors
or agarose patch wrapped into 2 × 2 cm2-nylon patch with (group iv) or without (group v)
ADSCs was anchored on top of the cryoinjured epicardium with 6-0 propylene suture
(Johnson & Johnson, Somerville, NJ) (Fig. 3.1). For pigs in group ii, the beads were
sutured onto the pericardium facing the cryoinjured myocardium. For pigs in group vi,
empty alginate beads (n=2) or agarose patch (n=1) were sutured on top of the pseudocryoinjured myocardium. Then, the pericardium and chest wall was sequentially closed.
Thereafter, these pigs were followed up with MRI once a week for 4 weeks.

3.2. Ex vivo Mn-enhanced MRI on isolated hearts
After establishment of occlusion- and cryoinjury-induced acute and chronic MI in pigs,
their hearts were subsequently isolated to undergo ex vivo MEMRI in a 7T magnet.
3.2.1. Heart isolation and ex vivo perfusion
The pig hearts were arrested with ice-cold KHB cardioplegia ([K+] ~ 20mM) and excised.
A cannula for directing perfusate to the heart was secured into the ascending aorta via the
right brachiocephalic artery. Then, the hearts were perfused with a 1:1 mixture of low
potassium KHB containing (in mM) NaHCO3 (25), NaCl (118), KH2PO4 (1.2), CaCl2
(1.75), MgSO4 (1.2), glucose (11) and bovine serum albumin (6 g/L), and autologous
blood containing cardioplegic solution administered to arrest the heart. The mixture
contained 2.6 ±0.4 mM Hb (12-15% hematocrit), 8.7 ±0.8 mM glucose, 1.6 ±0.3 mM
lactate. Antiarrythmic drugs (S-propranolol at 0.5 µM and lidocaine at 15 µM) and
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antibiotic (Penicillin G, 100,000 U/L) were also added to the perfusate to maintain stable
function. The perfusate was aerated in a membrane oxygenator (Cobe, Japan) with 95%
O2/5% CO2 and the flow rate was adjusted to ~1.5 mL·kg-1·min-1 with a roller pump
(Sarns, Ann Arbor, MI). Typical baseline functional parameters of isolated pig heart
were: left ventricular end-systolic pressure = 70-90 mmHg, left ventricular end-diastolic
pressure = 0-5 mmHg, perfusion pressure (PP) = 55-65 mmHg and heart rate (HR) = 90120 bpm. Homeostasis of gas, pH, electrolytes, Hb saturation in the perfusate and heart
metabolic status was monitored by comparing arterial and venous samples of perfusate
using an analyzer (Critical Care Xpress, Nova Biomedical Inc., Walham, MA).
3.2.2. Ex vivo Mn-enhanced MRI
The isolated heart and two fixed reference tubes containing H2O (long T1) and
H2O+10mM CuSO4 (short T1) were placed in the perfusion chamber within the
Helmholtz coil. The chamber was moved to the center of a horizontal 7 T magnet
(Magnex, Oxford Industrial Park, Yarnton, UK), interfaced to a Bruker Biospec console.
Cardiac images were obtained using a conventional spin-echo sequence (FOV = 16x16
cm2, TE = 8 ms, matrix size 128 × 128). Signal acquisition was gated by the first
derivative of LV pressure which provided acquisition during every other heartbeat for T1
weighting (TR of ~ 800 ms). The ratio of the intensities in the reference tubes (CuSO4 to
H2O) served as an index of the degree of T1 weighting and was about 5. Six 8 mm-thick
slices separated by 2 mm gaps were obtained. After acquisition of the baseline image,
200 µM MnCl2 was added to the perfusion reservoir, and serial images were taken every
5 min over a 30-45 min period. Signal intensities for each slice were normalized to those
of the H2O reference.
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Figure 3.1. Anchor of control and therapeutic agents on top of the cryoinjured left
ventricular epicardium.

A: alginate hydrogel beads with or without growth factors; B: epicardial fixation of the
beads with suture; C: agarose hydrogel patch with or without adipose-derived stem cells;
D: epicardial fixation of the patch with suture. LV = left ventricle.
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3.3. In vivo Gd- and Mn-enhanced MRI
3.3.1. In vivo Gd-enhanced MRI
Among aforementioned groups, pigs subject to 4-week ischemia-induced MI (group 8)
and 4-week cryoinjury-induced MI (group 11) underwent in vivo assessment of infarction
progression via Gd-MRI immediately, 1 week, 2 weeks and 3 or 4 weeks after infarction
initiation in a clinical 3T scanner (Trio, Siemens, Erlangen, Germany). Scout images in
two- and four-chamber views were acquired to determine the LV short axis, based on
which Gd-MRI was then carried out to assess infarction progression. After bolus injection
of Gd-DTPA (0.2 mmol·kg-1, i.v.), we acquired cardiac images every 2 min over a 30min period. The T1-weighted FLASH short-axis images (12 – 13 slices, 5 – 6 mm thick)
were acquired using ECG gated to the diastolic phase before (baseline image) and after
injection of the contrast agent. Respiratory hold during acquisition was not applied due to
concern on life-threatening complications such as ventricular fibrillation when the time
was longer than 18 - 20 sec. Typical acquisition parameters include: TR = 2 RR intervals,
TE/flip angle = 1.7 ms/20º, pixel size = 1.2 × 1.7 mm, matrix size = 256 × 256.
In addition, pigs subjected to in vivo MEMRI (detailed in next section) and
angiogenic therapy with either a growth factor-based or stem cell-based strategy were
also arranged for serial follow-up with Gd-MRI.
3.3.2. In vivo Mn-enhanced MRI
In vivo MEMRI was carried out at the 4th week after cryoinjury or sham operation in pig
hearts. Blood pressure was continuously monitored with the same setting as for in vivo
studies before heart isolation (detailed in section 3.6). After acquisition of baseline T1weigted short-axis images with the same sequence as Gd-MRI, MnCl2 (0.1M) was
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administered either as slow intermittent bolus IV injection (intermittent group, n = 4, ~10
umol·kg-1 every 2 min × 7 times, 14 min in total) or as continuous intravenous infusion
with a syringe pump (continuous group, n = 5, 5 umol·kg-1·min-1 × 14 min). Over the
whole process of MnCl2 infusion and subsequent 16 min clearance (i.e., 30 min in total),
we acquired cardiac images gated to diastolic phase by ECG signal every 2 min. Typical
acquisition parameters remained unchanged, i.e., TR = 2 RR intervals, TE/flip angle =
1.7 ms/20º, pixel size = 1.2 × 1.7 mm, matrix size = 256 × 256.

3.4. Visible/NIR point spectroscopy
Diffuse reflectance spectra of pig hearts in the range of 400-1100 nm with a 1 nm
resolution were acquired using an integration time of 0.1 s, averaging 120 acquisitions.
Broadband visible/NIR light from a fiber optic illuminator Oriel (model 77501, Stratford,
CT) was transmitted to the epicardium of an open heart or a short-axis heart slice through
one arm of a bifurcated fiber optic bundle. The common illumination/collection probe tip
was placed in contact with the epicardium, or a slice, perpendicular to its surface, which
allowed collection of diffusely reflected light through the other arm of the fiber bundle to
the spectrometer (model PDA-512, Control Developments Inc., South Bend, IN). The
light from the light source was delivered by a single fiber optic filament of 650-µm
diameter. Collection of the reflected light was achieved by 36 fiber optic filaments of 15µm diameter randomly surrounding the illuminating filament. The mean optode distance
between the collecting and emission filaments was 850 µm.
After acquisition of the spectrum, some mathematical calculations were applied to
figure out the concentration change of the substance of interest from the absorption
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change at a particular wavelength. An absorption value (Aλ), analogous to that in
conventional transmission spectroscopy, for any visible/NIR wavelength (λ) was
calculated according to the formula:
Aλ = -log10(Is/Ir)

(1)

where Is is the intensity of the light diffusely reflected back by the sample and Ir is the
intensity of the light reflected back by a reference standard (Spectralon®). A subsequent
process aimed at the derivation of respective concentrations reflecting tissue oxygenation
had been detailed in the previous studies from the same group 164, 226. Briefly, as (1) it is
difficult to differentiate oxy- or deoxy-Hb (4 heme groups in each tetrameric molecule)
from oxy- or deoxy-Mb (one heme group in each molecule) spectra due to nearly
identical absorption features, (2) light can penetrate much deeper into the tissue within
the NIR range, and (3) there lacks other intrinsic chromophores within the NIR range 227,
228

, we applied the acquired data within the NIR range (650 – 1100 nm) into the final

calculation formula to extract their relative tissue concentrations, i.e., [deoxy-(Hb+Mb)]
and [oxy-(Hb+Mb)], before and after occlusion of the LAD branches . Within this
wavelength range, the highest extinction coefficient is at 760 nm for deoxy-(Hb+Mb) and
at 920 nm for their oxygenated counterparts. Based on the Beer‟s Law, each absorbance
value at each NIR wavelength can be deemed as a weighted (product of chromophore
concentration and photon pathlength) sum of the extinction coefficient of oxy-(Hb+Mb)
and deoxy-(Hb+Mb), respectively. Thereafter, we fitted the acquired spectra exclusively
with the heme-protein extinction coefficient spectra (Fig. 3.2) with an assumption of
invariant pathlength across the wavelength range of interest (650 – 890 nm). Due to
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fluctuation of baseline spectra resulting from varied extent of tissue scattering, one more
spectrum with “absorptivity” set at 1 was included in the final fitting algorithm:
A = (Cdeoxy-(Hb+Mb)L x εdeoxy-(Hb+Mb)) + (Coxy-(Hb+Mb)L x εoxy-(Hb+Mb)) + Bbaseline x [1]

(2)

Where C stands for tissue concentration of the chromophores of interest, L stands for
pathlength of incident light within the tissue, and ε stands for extinction coefficient of the
chromophores of interest. Thus, the relative concentration of deoxy- and oxy-(Hb+Mb)
within the tissue can be derived. In addition, the acquired spectrum also included the
visible portion (400 – 650 nm), which could be used for qualitative/semiquantitative
evaluation of subepicardial tissue oxygenation due to much higher absorption coefficients
for oxy-(Hb+Mb) at 560 & 580 nm and deoxy-(Hb+Mb) at ~570 nm (Fig. 3.2C).

3.5. NIR spectroscopic imaging of tissue perfusion after myocardial ischemia and
infarction
The NIR imaging system was custom built at the Institute for Biodiagnostics, NRC,
Winnipeg, Canada 165, 226. Following a bolus injection of 3-mL ICG solution (5 mg·mL-1),
image acquisition (gated by the first derivative of the BP to diastole) of diffusely
reflected light at 800 nm were performed with a charge-coupled device-array camera
equipped with a liquid crystal tuneable filter (Cambridge Research and Instrumentation,
Woburn, MA, USA). At the end of the experiments, a reflectance standard (Kodak Gray
Card, Eastman Kodak, Rochester, NY) was placed in front of the heart to estimate Ir for
each pixel of the 256 × 256 pixels. As a result, an absorption value at 800 nm (A800) was
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Figure 3.2. Optical spectra of the myocardial tissue.

A: Representative spectra acquired from ischemic (lower dashed line) and normal (upper
straight line) LV epicardium. The two spectra were offset for illustrative purpose. B:
Absorptivity spectra of deoxygenated and oxygenated hemoglobin/myoglobin as well as
water 229, 230. C: visible spectra acquired from ischemic (lower dashed line) and normal
(upper straight line) LV epicardium. The two spectra were offset for illustrative purpose.
Deoxy- = deoxygenated, Hb = hemoglobin, LV = left ventricle, Mb = myoglobin.
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calculated according to the equation (1). The wavelength of 800 nm corresponded to the
maximal light absorption of ICG. The images for each time point represent
“instantaneous” ICG distribution across the heart surface. Thus, a cine map reflecting
coronary flow distribution over the subepicardium could be figured out.
The gating of image acquisition allowed us to capture each image at a diastolic
phase, which prevented moving artefacts of the beating heart, and collect images with
pre-determined time increment, which facilitated determination of the ICG first-pass
kinetics within the subepicardium. After image collection in each kinetic experiment,
normal and cryoinjured areas on the heart surface were visually determined and defined
as two regions of interest using a Matlab program. The A800 values of all pixels inside
each region were averaged and plotted versus time resulting in the ICG first-pass kinetics
in normal and cryoinjured hearts.

3.6. Hemodynamic and metabolic measurements
During all the in vivo studies except Gd-MRI, BP was continuously monitored via a
catheter placed inside the right carotid artery and connected to a pressure transducer
(Cobe Labs, Lakewood, CO) interfaced with a recorder (Grass Polygraph, Grass
Instrument, Quincy, MA). Its first derivative was used as a signal triggering the NIR
camera acquisitions. The same catheter was also used for withdrawal of arterial blood
samples, which were analyzed for PaO2, Hb, PaCO2, pH, glucose, lactate and ions using a
blood-gas analyzer (Critical Care Xpress, Nova Biomedical Inc., Walham, MA). Level
of PaO2, pH and glucose values were maintained within the normal range (i.e., pH: ~ 7.4,
PaO2: ~ 130 mm Hg, glucose: ~ 5.8 mM).
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During ex vivo MEMRI, a latex balloon was placed and secured in the LV cavity
and then filled with H2O containing 1 mM MnCl2. Continuous tracing of LV end-systolic
pressure, LV end-diastolic pressure and HR was achieved via H2O-filled tubing
connecting LV balloon to the pressure transducer interfaced with the physiological
recorder. To monitor perfusion pressure and sample perfusate during ex vivo perfusion, a
catheter was placed into the left brachiocephalic artery. An additional catheter was placed
into the coronary sinus to sample venous effluent during perfusion.

3.7. Postmortem analyses
3.7.1. Evaluation of transmural flow of jeopardized myocardium
At the end of experiment, perfusion was switched to blood-free KHB. For pigs in the
acute ischemic group (group 1), the heart was stopped by a cold cardioplegic KHB ([K+]
= 20 mM) containing 0.25% isotonic Evans blue to demarcate the area at risk. Then, the
heart was sliced along the short axis and photographed. For pigs in the other groups, an
intracellular NIR dye, IR-676 iodode (IR676, Aldrich-Sigma, St Louis, MO, USA), was
infused over a 30-s period at 2 mL·s-1 to maintain its concentration in the range 7–9 uM,
which was followed by a 30-s washout of the extracellular dye, termination of perfusion
and subsequent slicing along the short axis of each heart. The relative deposition of the
dye among the normal and injured area on respective short-axis slices was estimated from
the first derivative of its spectrum (680 nm), which could eliminate baseline fluctuation.
To evaluate myocardial blood flow ex vivo after angiogenic therapy with either
alginate-entrapped VEGF and bFGF or agarose-entrapped ADSCs on cryoinjured pig
hearts (vide infra), 15-µm fluorescent microspheres (Molecular Probes, Eugene, Ore)
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with excitation and emission wavelengths at 645/680 nm, respectively, were used. Before
isolation of the heart for post-mortem examination, 5-ml microsphere solution (1x106·ml1

) was injected into the LV cavity through apex immediately after the solution was

agitated with an ultrasonic spray nozzle for ~ 30 sec to disperse well the sedimented
microspheres. During manual injection, the aortic root was temporarily occluded to
ensure maximal distribution of administered microspheres within the coronary
circulation. Thereafter, the heart was arrested with the cold cardioplegic solution and
sliced along the short axis. The respective slices were imaged with the same NIR
spectroscopic imaging system as for in vivo evaluation of tissue perfusion with an
exception of light source used. In this ex vivo study, each heart slice was sequentially
illuminated with an NIR light at a wavelength of 635 nm provided by infrared laser
diodes within a home-made black box. The fluorescence emission of the excited
microspheres (680 nm) was detected using long-pass filter cutting excitation light off.
Matlab was used for image processing using an algorithm specifically developed for
current task.
3.7.2. Evaluation of tissue viability with triphenyltetrazolium chloride staining
At the end of each experiment, the heart slices except those in group 1 were immersed in
phosphate buffered saline (pH=7.4) containing 2% 2,3,5-triphenyltetrazolium choloride
(TTC) for 15 min at room temperature. This chemical is a redox indicator capable of
differentiating metabolically active from inactive myocardium. Various dehydrogenases
within the viable myocardium, in the presence of electron donor such as NADH, can
reduce it to red 1,3,5 –triphenylformazan, which is insoluble and will deposit in situ on
the surface of viable myocardium. Thus, infarcted myocardium can be visually
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distinguished based on significant difference in color on the transmural surface of each
slice. Such unique appearance has been employed as a golden standard in the assessment
of various imaging modalities and protective strategies after myocardial injury 230, 231.
3.7.3. Microscopic evaluation of MI progression
After macroscopic examination on respective heart slices, they were immersed in 10%
phosphate-buffered formalin solution (40% formaldehyde), a standard fixative for
biological tissues 232. Remote and injured tissue samples (~ 0.5 cm3) were further
embedded in paraffin for subsequent slicing towards 5-µm thick sections with a
microtome. The sections were then mounted onto slides for subsequent staining with
hematoxylin & eosin (H&E), which is the most widely used staining combination for
histopathological diagnosis 233, 234. The staining method involves sequential use of the
basic dye hematoxylin and acidic counterpart eosin. Hematoxylin tinges intracellular
basophilic structures into blue-purple hue, which usually involves structures containing
nucleic acids such as the ribosomes, the nucleus and the cytoplasmatic regions rich in
RNA. In contrast, eosin stains acidic structures bright pink, which generally consists of
intracellular or extracellular proteins. As a result, most of the cytoplasm is pink. In
addition, to validate the nature of the pink amorphous tissue after H&E staining, some
chronically infarcted tissues were stained with the trichrome Masson‟s method 233.

3.8. Preparation of MRI-trackable alginate beads containing proteins
3.8.1. Preparation of alginate beads labeled with gadolinium(III) chloride and
methemoglobin
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Sodium alginate (from brown algae, medium viscosity), porcine Hb (mainly
methemoglobin, Met-Hb) and gadolinium(III) chloride hexahydrate (GdCl3·6H2O) were
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Calcium chloride dihydrate
(CaCl2·2H2O) was purchased from BDH Inc. (Toronto, ON, Canada). Syringes and
needles for the extrusion of viscous alginate solution into the hardening solution (distilled
water containing Ca2+±Gd3+) as well as centrifuge tubes (50 ml) used as containers for ex
vivo MRI experiments were purchased from Becton, Dickinson and Company (Franklin
Lakes, NJ, USA).
The alginate beads, labeled with Gd3+ or Met-Hb, were prepared using a needle
extrusion/external gelation method. Briefly, sodium alginate was dissolved in deionized
distilled water at a concentration of 2% (w/v) for 6 h at room temperature. For
preparation of Gd3+-labeled beads, the alginate solution (10 ml) was manually extruded
dropwise through a syringe into a solution (100 ml) containing 30 mM CaCl2 and 1 mM
GdCl3, using an 18-G needle. This solution was left for 12 h to stabilize the alginate gel.
The average bead diameter was ~ 3 mm. After washing (× 3 times) with water to remove
free ions, the gelled alginate beads were transferred to a 50-ml conical centrifugal tube
containing 30 ml neutral KHB solution due to its close similarity to human extracellular
fluid. A 1-ml syringe containing GdCl3 (1 mM) as a reference fluid for the MRI
experiments was placed at the center of the tube.
Preparation of Met-Hb-labeled beads followed a similar procedure. Briefly, sodium
alginate was dissolved in distilled water at a concentration of 4% (w/v) for 24 h at room
temperature. The alginate solution was then mixed with a Met-Hb (10%) solution in a 1:1
ratio, thus providing 5%, ~ 0.8 mM Met-Hb (tetramer). The alginate-Met-Hb solution (10
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ml) was then extruded into a solution (100 ml) containing 30 mM CaCl2. To reduce MetHb release during the subsequent stabilization period (12 h), the formed beads were
immediately wrapped with a layer of cellulose dialysis membrane (molecular weight cutoff = 12,000–14,000 g/mol, VWR Inc., West Chester, PA, USA). After being washed (×
3) with water, the Met-Hb loaded alginate beads were transferred into a centrifugal tube
with the same amount of KHB solution. A 1-ml syringe containing Met-Hb (1%) as a
reference for the MRI experiments was placed at the center of the tube.
The average bead size was measured directly using strings of beads and a ruler. The
average diameter of the beads was 3.2 ±0.1 mm. These measurements were confirmed by
random checks using MR images obtained on the 11.7T scanner.
3.8.2. In vitro and in vivo detection of alginate beads labeled with either Gd3+ or Met-Hb
In vitro MRI experiments were performed on an 11.7T (500 MHz) Magnex (Magnex
Scientific Ltd. Yarnton, UK) vertical bore magnet equipped with a Magnex SGRAD
123/72/S 72-mm self-shielded, water-cooled, gradient set producing a maximum gradient
strength of 600 mT/m. A Bruker (Milton, ON, Canada) Avance DRX console with a
ParaVision 3.0.2 operating system was interfaced to the magnet. The probe and coil
(Quadrature Birdcage configuration; 25 mm i.d.) were home built. All experiments were
performed at room temperature (25.0 ±0.5 °C). The effects of T1 and T2 weighting were
measured with a standard spin-echo sequence, FOV = 3×3 cm2, data matrix of 256×256
and six 1-mm-thick slices with a 6-mm interslice distance, changing TR (500–1500 ms
range) or by measurement of the TE (12–48 ms range, fixed TR at 1500 ms) dependence,
respectively.
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An in vivo test of their MR trackability within the pericardial cavity was then
carried out in pigs. After myocardial cryoinjury was established on pig hearts (detailed in
section 3.1.), 10 alginate beads exclusively containing GdCl3 (3 pigs) or Met-Hb (2 pigs)
were anchored onto the pericardium facing the cryoinjury with sutures. After chest
closing, each pig was followed up once a week within the 3T MRI system for 4 weeks.
Again, T1-weighted FLASH short-axis images were acquired using ECG gating to the
diastolic phase before (baseline image) and after injection of Gd-DTPA (same dosage as
before). Typical acquisition parameters were kept unchanged.
3.8.3. In vitro estimation of protein release kinetics from the alginate beads
As VEGF and bFGF are very expensive, their release profiles from alginate beads were
simulated using other cheaper colored proteins with paramount chemical features
including molecular weight (Mw) and isoelectric point (pI). To achieve this goal, 3
different proteins, i.e., Met-Hb, Mb, and cytochome C were selected for modeling
purpose. One common feature is that they all contain heme group(s), which could
simplify measurements with spectroscopic methods. Their chemical features are detailed
in table 3.1.
3.8.4. Preparation of Gd-labeled alginate beads containing VEGF and bFGF
Preparation of alginate beads loaded with two growth factors, i.e., VEGF and bFGF,
followed a sterile procedure. Briefly, sodium alginate was dissolved in distilled water at a
concentration of 4% (w/v) for 24 h at room temperature. After sterile filtration, the
alginate solution containing 1% heparin (100 ul) was then mixed with 0.1 mg (100 ul)
human recombinant VEGF (HumanZyme Inc., Chicago, IL) or 0.1 mg (100 ul) human
recombinant bFGF (HumanZyme Inc., Chicago, IL), respectively. These 2 solutions (200

79

Table 3.1. Biochemical features of heme-proteins and growth factors
Chemical properties
Molecular weight (kDa)

Met-Hb

Myoglobin

Cytochrome C

VEGF

bFGF

64.5

16.0

12.4

45

17

Isoelectric point
6.9
7.2
10.6
8.5
9.6
Met-Hb = Methemoglobin, VEGF = Vascular endothelial growth factor, bFGF = basic
fibroblast growth factor.

ul per solution) were then extruded into a sterile solution (20 ml) containing 30 mM
CaCl2 and 1 mM GdCl3 to form bead-like hydrogel. After being wrapped with the
cellulose dialysis membrane, these beads were further immerged within the hardening
solution for 12 hours.

3.9. Preparation of agarose gel patch entrapping ADSCs
StemPro® Human ADSCs were purchased from Invitrogen Inc. (Carlsbad, CA) and
grown according to the instructions. They were seeded at 4 × 104 cells·ml-1 for culture at
37 °C, 5% CO2 and 90% humidity. The culture medium was provided by the same
company. Medium was changed after cells had attached to the growth surface. After
reaching confluence (about 1 week), cells were detached using trypsin-EDTA, and
washed with PBS. After centrifugation, the pellet was re-suspended in the complete
medium with additional 10% serum (to compensate for the media without serum used to
dissolve the agarose) to get a final concentration of 2 × 106 cells·ml-1.
Though alginate solution can readily form gel in the presence of Ca2+, the
requirement of a much higher Ca2+ concentration concerned us with respect to the fate of
cells entrapped in it. As a result, we decided to use agarose solution, which can also form
gel when the temperature is below a certain point. In this study, agarose type VII-A
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(Sigma-Aldrich, St Louis, MO), which is characterized by the relatively low gelling
temperature (26 ±2.0 °C at 1.5%) to facilitate its mixing with the ADSCs, was used.
After it was mixed with MesenPRO RS™ Medium (2% final concentration), the mixture
was autoclaved for 15 min at 121°C for sterilization and dissolution. Then, the solution
was kept warm in a 40 °C water bath. A home-made circular molding device was used
for establishment of the agarose gel-ADSCs patch. After equal volumes of 2 × 106
cells·ml-1 and 2% agarose were mixed, 650 µl solution with 6.5 × 105 ADSCs and 1% of
agarose was pipetted onto the molding device with a sheet of nylon on the bottom.
Fifteen min later, the formed gel patch (~ 10 mm in diameter and ~ 2 mm in thickness)
and nylon was transferred into a sterile Petri dish containing the ADSCs-specific
culturing media. Thereafter, they were left within the incubator till the day (1-2 days
later) scheduled for the in vivo study.
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4. RESULTS
4.1. Ex vivo evaluation of MnCl2 as a MR contrast agent for acute cardiac ischemia
The aim of the experiments was to observe whether administration of MnCl2 (0.2 mM)
into the perfusate could differentially enhance the MR signal intensity in a Langendorffperfused pig heart subjected to 30-min ischemia induced in vivo. Our hypothesis was that
(1) Mn2+ could significantly increase the signal intensity (SI) within the normal
myocardium on T1-weighted MRI, (2) it could not increase SI within the acutely ischemic
myocardium induced by ligation of upstream coronary artery, and (3) it might not be able
to enhance SI within the reperfused myocardium subjected to 75-min ischemia at the
same rate and extent as that in the normal myocardium.
4.1.1. Acute cardiac ischemia without reperfusion
Permanent occlusion of the 1st and 2nd LAD branches for 30 min almost completely
blocked flow as evidenced by immediate cyanotic epicardial appearance, specific optical
spectra changes (Fig. 3.2) and lack of Evans blue staining below the occlusion site (Fig.
4.1A, B). During the whole period of study, one pig died of congestive heart failure 3
days after establishment of cardiac ischemia and 2 pigs died of ventricular fibrillation
refractory to defibrillation therapy.
Ex vivo MEMRI. In ex vivo perfused pig hearts, addition of MnCl2 (0.2 mM) into the
perfusate led to gradual enhancement of SI within the normal myocardium. Whereas, the
myocardium supplied by the ligated LAD branches remained hypointense till the end of
ex vivo perfusion, the area of which corresponded well to the macroscopic findings (Fig.
4.1C,D). The process of SI enhancement as a function of time was then fitted by a
monoexponential function:
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Figure 4.1. Ischemic myocardium detected by perfusion staining with Evans blue and ex
vivo Mn-enhanced MRI.

A: Representative picture of perfusion staining using Evans Blue on isolated pig heart
subjected to ligation of the 1st (dashed arrow) and 2nd (solid arrow) diagonal branches of
the left anterior descending coronary artery. The picture showed absence of the dye on
their downstream epicardium. B: Short-axis view of the same heart revealed transmural
perfusion deficit (solid arrow). C & D: Corresponding ex vivo T1-weighted MR images of
the same short-axis slice before (C) and after (D) the addition of the MnCl2 into the
perfusate. The upper round hypointense filled circle is the water reference, whereas, the
lower hyperintense circle is the reference composed of water+CuSO4 (10 mM). It showed
that signal intensity within the normal myocardium became much brighter after exposure
to MnCl2 than within the ischemic myocardium (white solid arrow). (Published in NMR
Biomed. 2009; 22: 165–173, reprinted with permission on Jun. 10th, 2010 by WileyBlackwell Inc.)
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SI = SI0 + ΔSImax ·[1 - exp (-t/t1)]

(3)

where SI0 was a baseline SI, ΔSImax stood for maximal SI enhancement (at t) and t1
was a time constant of SI change (Fig. 4.2). The change of SI within the ischemic
myocardium was almost negligible over the observation period, which resulted in a much
lower (~ 15%) rate of SI enhancement (ΔSImax/t1) as compared with the normal area
(Table 4.1).

Table 4.1. Kinetics of signal enhancement by MnCl2 after cardiac ischemia with or
without reperfusion
SI0 (%)

ΔSImax (%)

t1 (min)

ΔSI/t1 (%/min)

Ischemia (30 min) Normal

106 ±12

144 ±51

7.9±2.8

19.0±5.0

(n = 5)

73 ±15

32±12

14.4±4.6

2.5±1.2

0.005

0.01

0.04

0.002

Ischemia (75 min) Normal

108 ±38

99 ±46

8.9 ±4.4

10.4 ±4.1

with reperfusion

83 ±23

32 ±23

21.4 ±13.1

1.8 ±1.6

0.02

0.01

0.06

0.02

Model

Myocardium

Ischemia
P vs. Normal

(n = 4)

Ischemia
P vs. Normal

Means ±SD are shown. SI0 = baseline signal intensity, ΔSImax = maximal enhancement in
signal intensity (at t), t1 = the time constant of signal change, ΔSI/t1 = maximal rate of
signal change.

In vivo Gd-MRI. Acute Gd-MRI data were obtained from chronic pig experiments. For
technical reasons such as closure of chest wall, setup of MRI systems and acquisition of
cine images, there existed a prolonged period of ischemia (ca. 2 h) before the beginning
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Figure 4.2. Enhancement kinetics of the MR signal intensity as a function of time after
exposure to MnCl2 in an isolated ischemic pig heart.

Intensity change in the normal myocardium was fitted by a monoexponential function. In
contrast, enhancement in the ischemic area was very limited and almost linear. ΔSImax =
maximal enhancement in signal intensity (at t). t1 = the time constant of signal
change. (Published in NMR Biomed. 2009; 22: 165–173, reprinted with permission on
Jun. 10th, 2010 by Wiley-Blackwell Inc.)
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of T1-weighted MRI. In in vivo Gd-MRI, myocardium suffering 2-h ischemia appeared as
a hypointense transmural area, as compared with the surrounding normal myocardium
(mildly hyperintense) and the LV blood cavity (heavily hyperintense), in the early (< 6~8
min) acquired images after infusion of the contrast agent (Gd-DTPA, 0.2 mmol·kg-1).
Thereafter, the contrast between them quickly became indistinguishable with concomitant
reduction of SI within the LV cavity (Fig 4.3A-D). Similarly, the process of SI reduction
as a function of time was fitted by another monoexponential decay function (Fig. 4.3E):
SI = SImin + ΔSImax ·exp (-t/t1)

(4)

where SImin is the lowest SI, ΔSImax is maximal SI decrement (t→∞), and t1 is a time
constant.
Visible/NIR point spectroscopy Complete occlusion of the LAD branches led to severely
reduced OSP within the areas at risk (OSP = 0.30 ±0.06 vs. 0.84 ±0.07 for normal
myocardium, p < 0.01).
4.1.2. Acute cardiac ischemia with reperfusion
Pigs in group 2 underwent initial in vivo 75-min ischemia followed by reperfusion before
isolation for ex vivo MEMRI. Perfusion staining with IR676 suggested that 4 out of 6
hearts lacked its presence within the jeopardized myocardium, as evidenced by direct
visual inspection. Subsequent quantitative measurement with point NIR reflectance
spectroscopy (Fig. 4.4.) revealed that only 17 ±8 % of the dye deposited in the
ischemic/reperfusion area as compared with it in the remote normal counterpart (p =
0.009). Further staining with TTC indicated that the various extent of myocardial necrosis
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Figure 4.3. Change of the MR signal intensity after intravenous injection of Gd-DTPA in
a pig heart subjected to acute ischemia.

A-D: Representative serial MR images of the same short-axis slice acquired from an
acutely ischemic pig heart before and after intravenous injection of Gd-DTPA. A:
baseline hypointense image which didn‟t show significant difference between the
ischemic and normal myocardium; B: 2-min Gd-exposure image, which showed strong
hyperintensity of the LV blood pool, medium hyperintensity of the LV normal
myocardium and hypointensity of the LV ischemic myocardium; C: 10-min Gd-exposure
image, which showed significant reduction of signal intensity in both LV blood pool and
normal myocardium as well as remaining hypointense ischemic myocardium; D: 30-min
Gd-exposure image, which showed further significant reduction of signal intensity in LV
blood pool, almost complete loss of enhanced signal intensity within the normal
myocardium and persistently hypointense ischemic myocardium. The solid arrow was
pointed at the ischemic myocardium and the dashed arrow was pointed at the normal
myocardium. E: Respective kinetics of signal intensity decay in LV cavity, normal and
ischemic myocardium after intravenous injection of Gd-DTPA over a duration of 30 min.
LV=Left ventricle, Gd=Gadolinium, Gd-DTPA= Gd-diethylenetriaminepentaacetate.
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had occurred within this area (Fig 4.4A & B). A further proof of nonviable myocardium
was the presence of oxy-Mb spectra within the jeopardized area (Fig. 4.4C). Complete
deoxygenation of the surface Mb within the normal myocardial tissue indicated that
cardiomyocytes were still metabolically active and capable of consuming all O2 that
diffused across the slice surface. In contrast, the area suffering 75-min ischemia followed
by reperfusion contained significant amount of oxy-Mb, which implied failure of
metabolic activity within this area. In the remaining 2 hearts, no significant infarctions
were observed. Again, we fitted the time courses for those 4 infarcted hearts with the
monoexponential function, the result of which indicated similar trend as in group 1
(Table 4.1.).
Hemodynamic changes The changes of major cardiac physiological parameters, after
addition of MnCl2 into the perfusate in either group, are detailed in Table 3.2. These
parameters, including HR, LVDP and PP, provided a general measure of MnCl2-induced
influence on automaticity of sinoatrial pacemaker, contractility of LV myocardium and
tonicity of coronary arterial vasculature, respectively. For example, change of perfusion
pressure could serve as an index reflecting vascular conductance under constant flow
perfusion. As there existed some baseline variations of these parameters across individual
pig hearts, data acquired after the use of MnCl2 were subsequently normalized to their
respective baseline levels. From these two groups, it could be derived that MnCl2 had no
significant influence on HR. However, it did have negative influence on LV contractility
as evidenced by 15 - 20% maximum reduction of LVDP, which appeared approximately
after 20-min exposure to MnCl2. Similarly, it also led to relaxation of coronary arterial
smooth muscles as evidenced by ~ 25% maximal reduction of PP.
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Table 4.2. Effects of MnCl2 on hemodynamic parameters of isolated pig hearts after
acute ischemia with or without reperfusion
MnCl2
Baseline
3min
HR
(bpm)

Ischemia

100%

99.6 ±2.8%

P vs. baseline

NS

Ischemia with reperfusion 100%

(mmHg)

Ischemia

NS
100%

91.0 ±2.8%

P vs. baseline

0.04

Ischemia with reperfusion 100%

81.1 ±4.4%

P vs. baseline
PP
(mmHg)

Ischemia

20 min

101.7 ±6.8% 101.6 ±8.7%
NS

NS

101.3 ±2.2% 104.3 ±5.1% 104.6 ±4.2%

P vs. baseline
LVDP

10 min

<0.01
100%

90.5 ±4.6%

P vs. baseline

<0.01

Ischemia with reperfusion 100%

84.8 ±3.0%

P vs. baseline

<0.01

NS

NS

83.3 ±6.2% 80.0 ±10.2%
<0.01
81.7 ±3.4%

<0.01
83.9 ±3.9%

<0.01
81.3 ±3.3%

<0.01
78.4 ±3.0 %

<0.01
76.2 ±1.9%

<0.01
72.8 ±3.0 %

<0.01

<0.01

Means ±SD are shown; HR = heart rate, LVDP = left ventricular developed pressure, PP
= perfusion pressure.

Summary of major findings: Addition of MnCl2 (0.2 mM) into the perfusate enhanced SI
under T1-weighted MRI within the normal myocardium in an ex vivo-perfused pig heart
subjected to in vivo 30-min permanent ischemia or 75-min ischemia followed by
reperfusion. However it did not increase SI within the permanently ischemic
myocardium. Myocardium suffering in vivo 75-min ischemia had impaired tissue
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Figure 4.4. A representative short-axis slice of a pig heart stained by IR676 and TTC
after 75-min ischemia followed by reperfusion.

A: Perfusion staining with IR676 on an isolated heart. The dashed arrow pointed at the
area of risk, indicating poor perfusion even after re-establishment of coronary perfusion.
The solid arrow pointed at the remote myocardium with normal perfusion. B: Subsequent
staining of the same slice with TTC, indicating necrosis of jeopardized myocardium
(dashed arrow), as compared with remote normal myocardium (solid arrow). C:
Representative optical spectra acquired from both jeopardized (lower solid line) and
normal (upper dashed line) myocardium, the two spectra were offset for illustrative
purpose.
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perfusion and viability to various extents. As a result, increment of SI within the
jeopardized myocardium was limited in some pig hearts. Exposure of myocardium to
Mn2+ led to reduced contractility and coronary resistance, but the extent was relatively
limited. It had no negative influence on sino-atrial automaticity and myocardial
metabolism. The results within this section has been published 235.

4.2. Ex vivo evaluation of MnCl2 as a MR contrast agent for chronic myocardial
infarction
The aim of the experiments was to observe whether MnCl2 (0.2 mM) could differentially
enhance SI using T1-weighted MRI in an ex vivo-perfused pig heart with various periods
of chronic MI. The hypothesis was (1) Mn2+ could significantly increase SI within the
normal myocardium on T1-weighted MRI; and (2) it also could enhance somewhat SI
within the chronically infarcted myocardium under different healing stages.
Macroscopic and microscopic histology revealed that the necrotic myocardium
after permanent occlusion of the corresponding artery underwent a classical healing
process characterized by inflammatory degradation of injured myocardium and
deposition of newly synthesized collagen tissue (Fig. 4.5).
Ex vivo MEMRI. In the normal myocardium, addition of MnCl2 gradually enhanced SI
in serial T1-weighted MR images with similar enhancement kinetics as it in the acute
groups. In contrast, chronically infarcted myocardium of various durations, i.e., 3 - 28
days, revealed itself as a relatively hypointense area after administration of Mn2+ into the
perfusate in respective short-axis MR images. The location of the hypointense area
corresponded well to the TTC-negative tissue (Fig. 4.6). The kinetics of SI enhancement
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Figure 4.5. Histological features of a chronically infarcted pig heart.

The first column included short-axis heart slices stained with TTC. The second column
was infarcted tissues stained with hematoxylin & eosin. The third column was the
infarcted tissue stained with Masson‟s Trichrome. (Published in NMR Biomed. 2009; 22:
165–173, reprinted with permission on Jun. 10th, 2010 by Wiley-Blackwell Inc.)
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in respective groups could be fitted well with the monoexponential function (detailed
parameters in Table 4.3). The maximal enhancements (ΔSImax) and their rates (ΔSImax/t1)
were higher in all chronic MI groups than those in the acute group. There existed a
common pattern of SI change in the infarct areas, viz., (1) lower baseline intensities; (2)
significantly lower maximal contrast enhancements (ΔSImax) and (3) similar time
constants (t1) of SI enhancement in comparison to the normal myocardium. The second
and third common features of SI enhancement within the healing myocardium translated
to a slower rate of contrast development. However, this rate did show trends of gradual
increment, though insignificant, during the evolving process from the subacute to the
chronic healing stage.
To evaluate contribution of the extracellular Mn2+ in cardiac signal enhancement,
two approaches were used. First, small molar excess (0.2 ~ 0.5 mM) of low Mw Mn2+
chelators such as nitrilo-triacetate, ethylenediaminetetraacetic acid and cyclohexyl-1,4diamine tetraacetate were added 20 min after MnCl2 addition. It was expected that the
chelators would reduce the relaxivity of extracellular Mn2+, disrupting its interactions
with macromolecules in the interstitium. Addition of various chelators in some
experiments didn‟t change relaxivity in either normal or infarcted myocardium, which
had been exposed to Mn2+ for 20 min, as no significant changes were observed in SI in
infarcted or normal areas. On the other hand, after switching from Mn2+-containing
blood/KHB perfusate to Mn2+-free KHB perfusate, SI in both areas decreased
significantly. However, decrement of SI was much more obvious within the infarcted
myocardium than in the normal myocardium (85% ±14% decrement within the infarcted
myocardium vs. 26% ±15% decrement within the normal myocardium, p < 0.01).
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Figure 4.6. Manganese-enhanced MR images of an isolated pig heart after 7-day
infarction.

T1-weighted short-axis images gated to diastole were acquired before (row 1) and after
(row 2) the addition of 0.2 mM MnCl2 (20-min image is shown). Row 3 is the heart slices
(~ 1 cm thick) stained with TTC to check the appearance of TTC-negative necrotic tissue
(black arrow), which corresponded to hypointense area (white arrow) on row 2. The time
courses of intensity enhancement in both normal and infarcted area were fitted with a
monoexponential function. (Published in NMR Biomed. 2009; 22: 165–173, reprinted
with permission on Jun. 10th, 2010 by Wiley-Blackwell Inc.)
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Table 4.3. Kinetics of signal enhancement by MnCl2 in the normal and infarcted
myocardium
Group

Normal
3-day

ΔSImax (%)

SI0 (%)
MI

Normal

107±37 68±18 110±30

p vs. MI
7-day

0.04

14-day
p vs. MI
21-day
p vs. MI
28-day
p vs. MI

< .01
108±11 67 ±9

Normal

48±28

54±28
0.01

107±41

0.05
108±21 78±15 130±43
0.056
88±37 64±21 127±35
NS

MI

<0 .01

91±12 62±12 107±24

p vs. MI

t1, min
MI

ΔSI/t1 , %/min
Normal

6.8±4.1 10.7±11.0 23.0±15.9 8.2±6.3
NS

<0.01

7.3±3.5 13.3±12.0 18.5±11.9 8.8±8.4
NS

38±20
0.04

9.4±0.7 22±16

<0.01
11.7±11.4 3.3±4.4

NS

57±6.3
< 0.01
59±14
0.04

MI

5.7±2.7 4.7±1.4

0.01
26.0±12.6 13±4.4

NS
8.0±2.8 8.1±3.2
NS

0.04
17.7±9.4

8.5±5.0
0.025

Means ±SD are shown; the following monoexponential function was used to fit the
experimental time courses: SI = SI0 + ΔSImax ·[1 - exp(-t/t1)] as table 4.1. MI = infarcted
myocardium. N = 5 in the 3-day group, n = 6 in the 7-day group, n = 6 in the 14-day
group, n = 5 in the 21-day group, n = 5 in the 28-day group.

To test the effect of sarcolemmal membrane potential, which is a driving force for
Ca2+ and Mn2+ entry, we added more KCl into the perfusate. Sarcolemmal depolarization
induced by increasing [K+] from 4.7 mM to 16 mM (i.e., ~ 30 mV depolarization) in the
perfusate led to arrest of cardiac periodical contractions. Compared with the beating
hearts, this level of [K+] reduced SI increments within the normal myocardium after 1520 min Mn2+ loading. The rate of ΔSI rise (ΔSImax/t1) and maximal increment (ΔSImax)
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were significantly lower whereas t1 values did not differ (Table 4.4). In ischemic/infarct
areas intensity increases were much smaller and not significantly affected by KCl arrest.

Table 4.4. Kinetic parameters of signal enhancement by MnCl2 with or without
sarcolemmal depolarization
∆SImax ( %)

t1(min)

∆SI/t1, %/min

Beating heart (17)

111 ±2.2

6.6 ±0.4

16.8 ±0.9

KCl-arrested heart (5)

67 ±6.9

5.2 ±1.4

12.5 ±3.5

< 0.01

NS

< 0.05

Normal Myocardium (n)

p

Means ±SD are shown; the following monoexponential function was used to fit the
experimental time courses: SI = SI0 + ΔSImax ·[1 – exp(-t/t1)] as in table 4.1.
In vivo Gd-enhanced MRI. Figure 4.7 shows that, in in vivo Gd-MRI from hearts after 7to 28-day MI, the highest SI within the normal myocardium always appeared at the 1st set
of MR images which were acquired 2 min after Gd-DTPA injection. This highest SI was
still lower than that within the neighboring infarcted myocardium and decreased over
50% within 8-10 min, as reflected by representative SI kinetics curves of blood, normal
and infarcted myocardium in 28-day MI (Fig. 4.7M). In contrast, SI change within the
infarcted myocardium conformed to the classical pattern of delayed enhancement 236,
which was characterized by significantly enhanced SI within the infarcted myocardium at
the earliest acquired image, i.e., 2 min after intravenous Gd-DTPA injection. In addition,
during the early stage of post-MI progression (usually < 14 days), there might still exist a
hypointense subendocardial region within MI due to gradual invasion of inflammatory
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Figure 4.7. Representative Gd-enhanced MR short-axis images of a pig heart after
myocardial infarction.

Columns 1 to 4 represent images of acute, 7-day, 14-day and 28-day myocardial
infarction. Rows 1 to 3 correspond to images acquired at 2, 10 and 30 min after
intravenous injection of Gd-DTPA (0.2 mmol·kg-1). The white arrows indicate
myocardial infarction areas induced by ischemia. LV = left ventricle. M: representative
kinetics of SI decrease and its parameter of MRI signal intensity in LV blood, normal
myocardium and infarcted myocardium after bolus intravenous injection of Gd-DTPA.
The dotted box indicates the time window optimal for distinguishing these three areas.
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machinery from the border zone towards the core (Fig 4.7B&F). Reduction of SI in MI
zone was much slower than it in the normal myocardium. As such, the maximal contrast
between the two areas appeared at ~ 10 min after its administration.
Visible/NIR point spectroscopy Short perfusion (30 s) with the NIR deposit tracer IR676
followed by 30-s washout of the tracer revealed its reduced deposition within the
infarcted zones under various healing stages (Fig. 4.8). With the infarction progression,
signal from heme-containing proteins (mainly, Mb) reduced significantly within the
infarction area, which corresponded to TTC-negative and Masson‟s trichrome-positive
areas in histology study.
Hemodynamic parameters Table 4.5 summarized the effects of 0.2 mM MnCl2 on HR,
LVDP, and PP. Baseline parameters were similar in all groups. Administration of MnCl2
did not affect HR, but it showed trend towards decrement of LVDP and PP. The
differences became significant when all groups were combined such that, on average,
LVDP decreased by 16% and PP by 20%, which conformed to our previous study for
acute MI.
Summary of major findings: Addition of MnCl2 (0.2 mM) into the perfusate enhanced SI
within the normal myocardium in T1-weighted MR images of an ex vivo-perfused pig
heart experiencing various length (from 3 days to 28 days) of ischemia-induced MI.
Signal intensity also increased gradually within the infarcted myocardium, the rate and
extent of which was significantly reduced as compared with that in the normal
counterpart. Reduction of transmembrane potential via addition of extra K+ into the
perfusate led to decreased rate of SI enhancement within the normal area, whereas it had
no obvious influence within the infarcted myocardium. Switching from Mn-containing
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Figure 4.8. Representative staining results with IR676 and TTC in a pig heart subjected
to chronic myocardial infarction.

Upper row: staining results with IR676 via perfusion. Lower row: staining results with
TTC via surface reaction. Left column: 14-day MI; middle column: 21-day MI; right
column: 28-day MI. The arrow pointed to the infarcted tissue. MI = myocardial
infarction.

99

Table 4.5. Effects of MnCl2 on hemodynamic parameters of isolated pig hearts after
chronic MI
Infarction
group

3-day

Heart rate

LV developed pressure

Perfusion pressure

(bpm)

(mmHg)

(mmHg)

Baseline

MnCl2

Baseline

MnCl2

Baseline

MnCl2

124 ±14

117 ±13

72 ±10

56 ±8

47 ±14

42 ±14

p vs. bsln
7-day

NS
133 ±9

p vs. bsln
14-day

135 ±15

120 ±16

72 ±11

116 ±17

131 ±9

130 ±6

81 ±8

123±14

37 ±4

62 ±9

NS
48 ±20

40 ±15

71 ±12

NS
56 ±12

NS
68 ±4

NS
125±15

44 ±8

NS

NS

p vs. bsln
Total (% of

131 ±15

72 ±7

NS

NS

NS

p vs. bsln
28-day

81 ±9

NS

p vs. bsln
21-day

126 ±10

0.05

55 ±5

<0.01
62 ±13

0.03
75±12

63±12

42 ±8

41 ±3
<0.01

55±17

42±12

baseline)

(98 ±6)

(84 ±8)

(80 ±14)

p vs. bsln

NS

<0.01

<0.01

Means ±SD are shown; LV = left ventricle; Baseline parameters were measured prior to
MnCl2 addition, while MnCl2 effect was measured 20 min thereafter.
perfusate composed of blood/KHB mixture to Mn-free KHB perfusate enhanced the
signal contrast between the normal and infarcted myocardium, the location and and size
of which corresponded well to those revealed by Gd-MRI and final post-mortem
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examination. Similar to the findings from the previous study, exposure of myocardium to
Mn2+ led to reduction in LVDP and PP. It had no negative influence on sino-atrial
automaticity and myocardial metabolism. The results within this section has been
published 235.

4.3. Characterization of myocardial cryoinjury with contrast-enhanced MRI and
optical spectroscopy
The aim of the experiment was to test whether cryothermia in pig hearts could (1) induce
sub-epicardial MI with similar healing features as in ischemia-induced MI, and (2), if so,
be characterized by contrast-enhanced MRI and optical methods. Our hypothesis was that
cryothermia could induce acute myocardial necrosis with similar progression features as
in ischemia-induced MI but with more uniform pathological features.
Post-mortem results revealed that reaction of the myocardium to cryothermal injury
followed a standard pattern of host-mediated repair of necrotic tissue through the stages
of healing with collagen deposition and scar formation, which conformed the reported
studies from other groups 188, 191, 237, 238. No pigs developed acute congestive heart failure
and/or life-threatening arrhythmia after cryoinjury.
4.3.1. Acute myocardial cryoinjury
The LV myocardium subjected to 2-min cryoinjury and thawed over a period of ~ 5 min,
assumed a cyanotic epicardial appearance (Fig. 4.9A) with an accompanying visually
discernible absence of contraction. The shape of the cryolesion was semicircular in the
short-axis slice with an averaged diameter of 29.7 ±1.3 mm and an averaged depth of 9.2
±0.9 mm. In all groups, optical point spectroscopy showed a significant increase in

101

absorption peaks at 550 and 580 nm corresponding to oxy-(Hb+Mb) and a change in their
relative intensities characteristic of deoxy-(Hb+Mb) (Fig. 4.9B). The latter was also
confirmed by the appearance of a deoxy-(Hb+Mb) peak in the NIR range at 760 nm.
Interestingly, there emerged a met-Hb peak at 660 nm, characteristic of blood coagulation
and formation of thrombi. Near infrared imaging of first-pass kinetics of ICG revealed a
circular sub-epicardial area of reduced absorbance at 800 nm (Fig. 4.9C). Normally, its
peak appeared 5-6 s after dye appearance in the LV wall blood (15 s post-injection, Fig.
4.9D).
In the acute cryoinjury phase (~ 2.5 h, group 9) serial acquisitions of short-axis MR
images after injection of Gd-DTPA revealed a thin hyperintense rim surrounding the
hypointense core. The highest SI appeared in the first set of acquired images, i.e., 2 min
after administration of the contrast agent (Fig. 4.10A). Meanwhile, SI of the remote
myocardium was also higher than that in the hypointense area, but such a difference was
much less than that between the hyperintense rim and the hypointense core. Thereafter, SI
in both remote and hyperintense myocardium began to decrease. As the rate of SI
decrement was much faster within the remote area, the difference in SI between it and the
cryoinjured core gradually disappeared in the later images (~ 10 min post-Gd, Fig.
4.10B). The respective time courses of SI decrement within both the normal myocardium
and the hyperintense rim were then approximated by the monoexponential decay function
(Eq. 4, Fig. 4.10D). As the kinetics of SI decrement was much faster in the remote
myocardium (t1 = 5 min vs. 14 min in the hyperintense rim), the optimal time window
capable of distinguishing the remote myocardium, hyperintense rim and hypointense core
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Figure 4.9. Epicardial appearance of an acutely cryoinjured pig heart and its image
corresponding to in vivo perfusion map acquired by an NIR imaging system with
indocyanine green as the intravascular flow tracer.

A: Photograph of anterior-lateral epicardium of acutely cryoinjured pig heart in vivo (10
min after cryoinjury); B: Optical reflectance spectra of cryoinjured and normal
myocardium; C: A near infrared image showing subepicardial indocyanine green (ICG)
distribution in cryoinjured heart. Red and dark-blue pseudo-colors correspond to the
highest and lowest ICG absorption, respectively; D: Corresponding first-pass kinetics of
ICG passage through normal and cryoinjured sub-epicardium. LV = Left ventricle.
(Published in Magn Reson Imaging. 2010;28:753-66, reprinted with permission on May
10th, 2010 by Elsevier Inc.)
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Figure 4.10. Kinetics of in vivo MR signal development in a short-axis pig heart slice
following acute cryoinjury after intravenous infusion of Gd-DTPA.

A: Early (2-min) MR image after Gd-DTPA administration, B: late (10-min) MR image
after Gd-DTPA administration, and C: Final (30-min) MR image after Gd-DTPA
administration. D: Time courses of SI in normal, hyperintense and hypointense
cryoinjured areas. The lines are the least square mono-exponential fits of SI decay
according to Eq. (2). The optimal time window to distinguish normal, hyperintense and
hypointense myocardium is between 4 and 8 min after Gd-DTPA administration
(indicated by dotted rectangle). E. First-pass Gd-enhancement kinetics. In this case low
dose of Gd-DTPA (0.05 mmol·kg-1) was injected followed one min thereafter by high
dose (0.15 mmol·kg-1) injection to assess late Gd-enhancement kinetics. In this case fast
T1-weighted images were acquired from 2 slices that contained cryoinjured areas. Gd =
gadolinium, LV=left ventricle, MR = magnetic resonance. SI = signal intensity.
(Published in Magn Reson Imaging. 2010;28:753-66, reprinted with permission on May
10th, 2010 by Elsevier Inc.)
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was therefore very short and was best observed between 4 and 6 min after injection of
Gd-DTPA (the dotted rectangle in Fig 4.10D). In addition, during 30-min Gd-MRI, the
hyperintense rim expanded gradually towards the hypointense core (Fig. 4.10A-C), which
indicated slow diffusion of contrast agent into the cryolesion. In some experiments firstpass Gd-enhancement kinetics was investigated (Fig. 4.10E) using low dose Gd-DTPA
(0.05 mmol ·kg-1) injection. Intensity of LV blood and normal LV tissue reached
maximum approx. 5 s after the contrast agent entered the LV ventricle. Cryoinjured tissue
(black spot in Fig. 4.10A) did not show any significant intensity increase. This pattern
resembles first-pass kinetics of optical contrast agent passage in the sub-epicardium (Fig.
4.9D).
Following optical measurements in vivo, pigs in the acute group underwent heart
isolation and an ex vivo MEMRI study ~ 1.5 h after cryoinjury. Serial images acquired
every 5 min after MnCl2 administration revealed gradual increase in SI in the remote
myocardium and much slower increase in SI within the cryoinjured myocardium (Figs.
4.11A & B). The time courses of SI enhancement in both areas were fitted by the
monoexponential function (Eq. 3). Maximal enhancement (ΔSImax) and rates of intensity
enhancement (ΔSImax/t1) in the cryoinjured myocardium were significantly lower (p <
0.001) than that in the remote myocardium (Fig. 4.11C and Table 4.6).
Finally, the isolated heart perfused with blood-free KHB underwent an ex vivo
perfusion study to determine perfusion deficit, if any, with IR676. The short-axis slice
across the acute cryolesion revealed cyanotic contusion-like cryoinjured submyocardium,
which contained increased amounts of oxy/deoxy-(Hb+Mb) and very little IR676 (spectra
in Fig. 4.12C), in contrast to the normal myocardium containing deoxy-Mb and a
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Figure 4.11. Short-axis Mn-enhanced MR images on an ex vivo perfused pig heart
following acute cryoinjury.

A: Baseline, B: 20-min exposure to MnCl2 (0.2 mM). A solid arrow pointed to the normal
myocardium and a dashed arrow pointed to the cryoinjured myocardium. C: Kinetics of
SI enhancement following MnCl2 addition. The lines represented best monoexponential
fit by using Eq. (3). LV = left ventricle, SI = signal intensity. (Published in Magn Reson
Imaging. 2010;28:753-66, reprinted with permission on May 10th, 2010 by Elsevier Inc.)
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Table 4.6. Kinetic parameters of manganese-induced signal enhancement within the
normal and cryoinjured myocardium after acute cryoinjury
ΔSImax, %

t1, min

Control area

102 ±5.2

4.4 ±0.57

23.2

0.98

Cryoinjured

27 ±2.5

12.3 ±3.1

2.2

0.96

p vs.control

<0.01

<0.01

ΔSImax/t1, %/min

R2

Group/area

<0.01

Mean±SD values were shown for ΔSImax and t1. The parameters were derived from the
monoexponential fit using Eq. (3). ΔSImax = maximal amplitude of signal increase
normalized to the reference water signal amplitude; t1 = time constant; ΔSImax /t1 = the
initial (maximal) rate of intensity increase.

significant amount of IR676. Presence of Hb and absence of IR676 in the cryoinjured
area reflected inability of blood-free perfusate to reach this area and remove RBC. This
observation corroborated our in vivo data (Figs. 4.9 & 4.10) showing greatly reduced
perfusion of the cryoinjured area due to microvascular embolization by the erythrocytes.
A rim of optically lighter myocardium without contusion-like appearance (Fig. 4.12A)
closely correlated with the hyperintense rim seen on early Gd-enhanced MR images (Fig.
4.10). Subsequent viability staining with TTC further proved that the myocardium in the
rim was necrotic (Fig. 4.12B). However, results of TTC staining of the contusion-like
cryoinjured portion were not conclusive as this area was already intensely red thereby
masking any possible red TTC staining. Optical point spectra of the slices shown in Fig.
4.12C helped to solve this problem. Complete deoxygenation of the surface Mb in normal
areas indicated that cardiomyocytes were still metabolically active and capable of
consuming all O2 that diffused across the slice surface. In contrast, the area of embolized
cryoinjury contained significant amount of oxy-(Hb+Mb), presence of which implied the
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Figure 4.12. Macroscopic and microscopic staining pictures of a pig heart subjected to
acute cryoinjury.

A & B: The short-axis slice of a cryoinjured heart prior to (A) and after TTC staining (B).
Prior to slicing, the heart was perfused with blood-free KHB buffer containing 7-9 uM
deposit flow tracer, IR676, which was taken up by cardiomyocytes in perfused areas. The
red septal region was possibly due to perfusion deficit during ex vivo IR676 perfusion. C:
The optical spectra of the cryoinjured and normal myocardium. It shows very limited
content of the dye within the cryoinjured core (dotted arrow) and higher than normal
content of hemoglobin. D: H&E staining revealed massive microvascular entrapment of
erythrocytes within the cryolesion and coagulative cardiomyocytes necrosis.
Magnification = 40x. (Published in Magn Reson Imaging. 2010;28:753-66, reprinted with
permission on May 10th, 2010 by Elsevier Inc.)
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inability of this tissue to metabolize O2 diffusing across the slice surface. Indeed, a
microscopy study revealed coagulating cardiomyocytes necrosis and massive entrapment
of erythrocytes within this cardiac tissue (red staining in Fig. 4.12D).
4.3.2. Chronic myocardial cryoinjury
The cryoinjured myocardium subsequently experienced the same host-mediated healing
process as ischemia–induced MI. Upon one week, the edge of the lesion began to be
sharply demarcated by a rim of granulation tissue containing inflammatory cells
(macrophages, lymphocytes, fibroblasts), deposited collagen and newly formed
capillaries, whereas the lesion close to the epicardium remained „intact‟, as evidenced by
remaining necrotic myocardium and entrapped erythrocytes (Fig. 4.13 A-D). Four weeks
later, the lesion was completely replaced by scar tissue (Fig 4.13E-G). As a result, GdMRI carried out at week 1, 2 and 4 revealed gradual vanishing of the hypointense core
(Fig 4.14A-C). Kinetic analysis of SI change within the remote and the scar tissue in
images acquired 4 weeks after cryoinjury showed that (1) SI maximized in both areas
after 2-min exposure to Gd-DTPA, (2) SI in the cryolesion doubled relative to that in the
remote myocardium, (3) the decay time constant (t1) was much shorter for the remote
myocardium than that for the scar tissue (t1 ~ 5 min vs. ~27 min, respectively), which
translated to a maximized contrast enhancement in a time frame ranging from 4 to 14 min
(Fig. 4.14D). In addition, the cryolesion size measured from late enhancement MR
images decreased significantly to 41% ±4.5% of the initial size during 4-week chronic
infarction progression (Fig. 4.14E).
After isolation of the hearts following 4-week cryoinjury, MEMRI showed a
relatively reduced intensity of scar tissue perhaps due to the absence of viable
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Figure 4.13. Macroscopic and microscopic staining pictures of pig hearts subjected to
chronic cryoinjury.

A-D: macroscopic & microscopic features of 1-week cryolesion in a pig heart. The
central bright red spot seen in both epicardium (A) and subepicardium of short-axis slice
(B) contained embolic erythrocytes (C). The white border zone was newly formed
collagen tissue from host-mediated inflammatory repair (D). E-G: macroscopic &
microscopic features of 4-week cryolesion in a pig heart. The cryolesion was almost
completely replaced by scar tissue. The microscopic picture (G) shows both normal
myocardium (upper left) and neighboring scar (lower right). Magnification is 40x.
(Published in Magn Reson Imaging. 2010;28:753-66, reprinted with permission on May
10th, 2010 by Elsevier Inc.)
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Figure 4.14. Change of the MR signal intensity in a cryoinjured pig hearts after
intravenous injection of Gd-DTPA.

A-C: Late enhancement short-axis MR images of a chronically cryoinjured pig heart after
10-min exposure to Gd-DTPA. The images correspond to week 1 (A), 2 (B) and 4 (C)
post-injury; the solid arrow indicates the cryolesion. D: Kinetics of signal intensity decay
in normal and scar tissue after exposure to Gd-DTPA (0.2 mmol·kg-1) 4 weeks post
cryoinjury. The lines represent least-square monoexponential fit. The optimal time
window for the largest difference in the SI (contrast) occurred between 4 and 14 min. E:
Gradual decrease in the relative cryolesion volume measured from Gd -enhanced MR
images. Gd=gadolinium, LV=left ventricle, SI=signal intensity; **indicates p < 0.01.
(Published in Magn Reson Imaging. 2010;28:753-66, reprinted with permission on May
10th, 2010 by Elsevier, Inc.)
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cardiomyocytes, which actively accumulated and retained Mn2+ in normal areas (Fig.
4.15A, B). Kinetic analysis showed considerable decrease in the maximal enhancement
(ΔSImax) and the rates of intensity enhancement (ΔSImax/t1) in the cryoinjured myocardium
relative to the remote myocardium (Fig. 4.15C and Table 4.7). The changes in ΔSImax
were similar to those observed in the acute cryoinjury. However the time constant was
shorter and, thus, the rate of enhancement was faster due to better perfusion of the scar
tissue as compared with acutely embolized tissue. Chronic 1-week cryoinjury showed
similar pattern of Mn distribution kinetics (not shown).
Summary of major findings: 1) Acute cryoinjury (10-150 min): Freezing LV cardiac
tissue for 2 min and subsequent thawing (5-10 min) resulted in formation of red-brown
round-shaped spot on the epicardium, which appeared as a semicircular zone surrounded
by a thin rim of whitish tissue on the short-axis slices. The area showed signs of vascular
embolization with erythrocytes resulting in formation of a no/low-reflow region.
Indicators included: (i) an increased Hb content detected by optical point spectroscopy
both in vivo and post-mortem; (ii) a slow first-pass in vivo kinetics of the optical and MR
flow tracers (ICG and Gd-DTPA) and a reduced content of optical deposit flow tracer,
IR676 in ex vivo experiments; (iii) a considerable hypointense core zone on Gd-enhanced
MR images surrounded by a thin hyperintense rim; (iv) a hypointense area on Mnenhanced ex vivo MR images; (v) a high content of erythrocytes in H&E-stained samples
of injured tissue. 2) Chronic cryoinjury (1 – 4 weeks): Gd-MRI revealed that the noreflow core zone gradually reduced whereas the hyperintense zone increased upon injury
progression over 1 and 2 weeks. After 4 weeks, the hypointense area was completely
replaced by a hyperintense one, which was characterized by slower intensity decay upon
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Figure 4.15. Changes of the MR signal intensity in a 4-week cryoinjured pig heart after
addition of MnCl2 into the perfusate.

A-C: Ex vivo Mn-enhanced MR images and SI kinetics in pig hearts 4 weeks post
cryoinjury. A: The baseline short-axis image; B: The image acquired after 20-min
exposure to MnCl2 (0.2mM); solid arrow indicated normal myocardium, dotted arrow
indicated chronic cryolesion; C: Time courses of signal intensity enhancement in both
normal and injured areas after exposure to MnCl2. The lines represent mono-exponential
least-square fits (Eq. (2), see text for detail). LV = left ventricle. (Published in Magn
Reson Imaging. 2010;28:753-66, reprinted with permission on May 10th, 2010 by
Elsevier Inc.)
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Table 4.7. Kinetic parameters of signal enhancement with ex vivo manganese-enhanced
MRI whithin the normal and the cryoinjured myocardium.
Group/area

ΔSImax, %

t1, min

ΔSImax/t1, %/min

R2

114.0 ±2.5

7.1 ±0.4

16.1

0.99

50*

22.6 ±4.7

2.19

0.95

<.01

<.01

1-week (n = 4)
Control area
Cryoinjured area
p vs. control area
4-week (n = 5)
Control area

89.0 ±2.7

5.3 ±0.4

16.8

0.99

Cryoinjured

17.0 ±4.5

4.2 ±2.9

4.1

0.78

<.001

NS

<.05

p vs. control area

Mean±SD values are shown for ΔSImax and t1. The parameters were derived from the
monoexponential fit mentioned before. ΔSImax, maximal amplitude of signal increase
normalized to the reference water signal amplitude; t1, time constant; ΔSImax /t1, the
initial (maximal) rate of intensity increase. * ΔSImax value was set at 50 during fitting
procedure to minimize 2 value.

Gd-DTPA washout relative to the normal myocardium. Total size of the cryoinjured area
(hypointense + hyperintense) gradually decreased to approximately 40% of initial level
over a 4-week period. Manganese-enhanced MRI showed a hypointense area 1 and 4
weeks post cryoinjury; the latter corresponded to the necrotic region revealed by TTC
staining. H&E staining revealed gradual deposition of collagen by the end of the 4-week
period. The results within this section has been published 239.

114

4.4. In vivo evaluation of MnCl2 as a MR contrast agent to characterize myocardial
cryoinjury
The aim of the experiments was to test whether MnCl2 could differentially enhance SI
measured by T1-weighted MRI in in vivo chronically cryoinjured pig heart and, if so,
what kind of administration was optimal for this purpose. Our hypothesis was that (1)
administration of MnCl2 could provide greater enhancement within the normal
myocardium relative to the cryoinjured tissue on T1-weighted MR images, and (2), in
comparison with intermittent bolus injection, continuous slow infusion could minimize
the influence on hemodynamics while maintain good contrast between the normal and
cryoinjured myocardium on T1-weighted MR images.
All the pigs survived this study during or after the contrast infusion, though more
significant hemodynamic variations were observed in the intermittent group. All pigs
with or without cryoinjury had a definite diagnosis based on the final image results.
In vivo MEMRI. In in vivo pig heart, intravenous use of MnCl2 as intermittent slow
bolus injection (i.e., 10 umol·kg-1 within 10 sec per 2 min × 7 times) or continuous pump
infusion (5 umol·kg-1·min-1 × 14 min) into the ear vein all led to gradual SI enhancement
within the normal myocardium (Fig. 4.16A1-3 and B1-3). Such enhancement in SI can be
maintained for a prolonged period, which only reduced by ~ 15% 15 min after infusion
cessation (Fig. 4.16A4-6 and B4-6). In comparison, both infusion schemes also led to
significant SI enhancement within the chronically cryoinjured myocardium (Fig. 4.16C13 and D1-3). The peak of SI enhancement had no visually discernible difference as
compared with neighboring normal myocardium, but its duration was very short as it
stringently followed SI change within the LV blood pool, which decreased to
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Figure 4.16. Representative MR images of short-axis pig heart slices after in vivo
exposure to intravenously infused MnCl2.

Column 1: baseline image, Column 2: 6 min after the beginning of contrast infusion;
Column 3: 10 min after the beginning of contrast infusion; Column 4: 4 min after the
completion of contrast infusion (14-min infusion); Column 5: 8 min after infusion
completion; Column 6: 16 min after its completion. Row 1(A1-A6): continuous infusion
on sham-operated heart; Row 2(B1-B6): intermittent bolus infusion on sham-operated
heart; Row 3(C1-C6): continuous infusion on cryoinjured heart; Row 4 (D1-D6):
intermittent bolus infusion on cryoinjured heart. Solid arrow is pointed at myocardial
cryoinjury. LV = left ventricle.
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baseline level within 15 min following infusion termination (Fig. 4.16 C4-6 and D4-6).
As a result, beginning from ~ 8 min after completion of contrast infusion, there appeared
a significant SI difference between the normal myocardium and the chronically
cryoinjured myocardium. The time window for acquisition of such a unique SI difference
lasted at least 8 – 10 min, as we finished acquisition 16 – 18 min after completion of the
MnCl2 infusion. The detected MI conformed to the results revealed by both Gd-MRI,
which was performed at the 3rd week after cryoinjury, and final TTC-staining findings
(Fig. 4.17).
Compared with continuous pump infusion, intermittent bolus infusion resulted in a
more significant SI fluctuations during the course of SI enhancement within the LV blood
pool, normal myocardium and cryoinjured myocardium (Fig. 4.18). The kinetics of SI
decrement after completion of the contrast infusion as a function of time in both LV
myocardium and blood was then fitted by the same monoexponential function as for
estimation of SI decrement in these anatomic areas of interest after Gd-DTPA infusion
(see detail in the previous related sections). The SI decrease within the normal
myocardium was very small over the observation period, which resulted in a much lower
(~ 15%) rate of SI decrement (ΔSImax/t1) as compared with it in both the LV blood pool
and the cryoinjured myocardium (Fig. 4.18 and Table 4.8).
Hemodynamic changes Infusion of MnCl2 led to fluctuation of HR (Fig. 4.19), systolic
arterial BP (Fig. 4.20) and diastolic arterial BP (Fig. 4.21) in both groups, but the extent
was much more substantial in pigs receiving intermittent bolus injection. For pigs in the
continuous infusion group, administration of MnCl2 led to a short duration (~ 2 min) of
respective BP decrements, the lowest levels of which were > 90% of their respective
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Figure 4.17. Representative Mn- and Gd-enhanced MR images as well as the postmortem staining pictures of short-axis pig heart slices.

Representative 4-week myocardial cryoinjury revealed by manganese-enhanced MRI
(left column). The corresponding post-mortem histology revealed by TTC staining is in
the middle column. Its corresponding images revealed by Gd-enhanced MRI acquired at
the 3rd week after cryoinjury is on the right column. The arrow heads indicate the
cryoinjury in respective short-axis slices from the base (upper) to the apex (lower).
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Table 4.8. Kinetic parameters of signal decay with in vivo Mn-enhanced MRI in blood,
normal and damaged areas of hearts after cryoinjury
ΔSImax, %

t1, min

ΔSImax/t1, %/min

LV blood

86.6 ±5.6

5.2 ±0.9

16.5

Cryoinjured myocardium

42.0 ±4.8

5.7 ±1.9

7.4

15.6 ±3.2**##

7.2 ±1.6**##

2.2

LV blood

90.6 ±7.8

4.9 ±1.2

18.5

Cryoinjured myocardium

37.8 ±6.2

5.4 ±1.2

6.9

17.2 ±2.4**##

8.4 ±1.8**##

2.0

Group/area
Intermittent infusion (n = 4)

Normal myocardium
Continuous infusion (n = 5)

Normal myocardium

Mean±SD values are shown for ΔSImax and t1. The parameters were derived from the
monoexponential fitting mentioned before. ΔSImax = maximal amplitude of signal
decrement normalized to the highest SI in the LV blood; t1 = time constant; ΔSImax/t1, the
initial (maximal) rate of intensity decrease. **, p < .01 vs. LV blood; ##, p <.01 vs.
cryoinjured myocardium.

baseline levels. Thereafter, both parameters began to increase gradually with peak <
115% of respective baseline levels. A second decrement followed thereafter, which
usually began from 6 – 8 min during infusion. Its rate and extent were much less
considerable as compared with them of the first one. After completion of the contrast
infusion, systolic and diastolic arterial BP continued to decrease slowly, the lowest level
of which remained > 95% of baseline level at the end of experiment (i.e., ~ 16 min after
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Figure 4.18. In vivo kinetics of MR signal change in the normal and cryoinjured
myocardium and left ventricular blood pool after intravenous infusion of MnCl2.

The data include intensity changes during and after continuous (A) or intermittent bolus
(B) infusion. Acquired data were normalized to the intensity of the LV blood at the end of
MnCl2 infusion. The ascending time courses of signal intensity during infusion of the
contrast agent varied more significantly with intermittent bolus protocol. After
completion of MnCl2 infusion, decreasing time courses of signal intensity in LV blood,
normal and cryoinjured myocardium weres similar in either protocol.
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Figure 4.19. Changes of the heart rate during and after continuous or intermittent bolus
intravenous infusion of MnCl2.

# indicates significant change as compared with baseline level in each group; * indicates
significant difference as compared with the other group.
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Figure 4.20. Changes of the systolic blood pressure during and after continuous or
intermittent bolus intravenous infusion of MnCl2.

# indicates significant change as compared with baseline level in each group; * indicates
significant difference as compared with the other group.
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Figure 4.21. Changes of the diastolic blood pressure during and after continuous or
intermittent bolus intravenous infusion of MnCl2.

# indicates significant change as compared with baseline level in each group; * indicates
significant difference as compared with the other group.
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completion of infusion). During and shortly after continuous infusion, HR increased
slightly as reflected by < 10% increment as compared with baseline level. In comparison,
intermittent bolus injection led to more significant fluctuations immediately after each
bolus in both BP and HR. The maximal extent was higher than 40% in BP and 30% in
HR.
Summary of major findings: In vivo intravenous administration of MnCl2 via either
intermittent bolus infusion (10 umol·kg-1 within 10 seconds per 2 min × 7 times) or
continuous pump infusion (5 umol·kg-1·min-1 × 14 min) provided prolonged SI
enhancement within the normal myocardium on T1-weighted MR images after
termination of its infusion. However, it decreased very quickly after termination of its
infusion within the chronically cryoinjured myocardium, which followed stringently the
SI decrement within the LV blood pool. Thus, a significant contrast between the two
areas began to appear ~ 8 min after infusion termination. Compared with intermittent
bolus infusion, continuous slow infusion minimized fluctuation in HR and BP. This
advantage translated to a more stable process for subject care and image acquisition
during MRI.

4.5. Design of MR trackable alginate hydrogel
The aim of the experiments was to test whether GdCl3 and Met-Hb could be used to label
alginate hydrogel for MR detection and, if so, how long it could maintain its visually
discernible SI on T1-weighted MR images in the pig pericardial cavity. Our hypothesis
was that labeling of alginate hydrogel beads with either GdCl3 or Met-Hb could enhance
its SI on T1-/T2-weighted MR images.
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In vivo experiments at 3T with alginate beads without any contrast agents did not
allow the beads to be distinguishable from the background due to lack of contrast. As a
result, alginate formulations containing contrast agent were tested. Figure 4.21 showed
the results of the in vitro tests at a 11.7T MRI. At this field strength, the beads containing
GdCl3 clearly showed a T1-weighting effect that remained present over the 14-day
incubation of the beads in buffer (Fig. 4.22 A-D). Similarly, the beads could also be
observed in T2-weighted images (Fig. 4.22 E-H).
For beads containing Met-Hb, lack of T1 effect, in the range of 500≤TR≤1500 ms,
could be observed (Fig. 4.23 A-D). However, Met-Hb-labeled beads could easily be
tracked using a T2-weighted MR sequence as indicated by Fig. 4.23E-H, using an echo
time of 48 ms. This is likely due to a strong susceptibility (T2*-like) effect resulting from
the restricted mobility of Met-Hb inside the beads.
Lower field (3T) in vivo experiments using a pig model confirmed the high-field
(11.7T MRI) in vitro observation regarding MR visibility of the beads loaded with GdCl3.
Figure 4.24 showed that the T1-weighted baseline cardiac images, obtained over a 4-week
period, clearly displayed the location of the GdCl3-labeled alginate beads relative to the
heart, though their SI gradually decreased. Meanwhile, no detectable toxic effects were
observed during this period. On the other hand, alginate beads loaded with Met-Hb could
also be tracked on MR image immediately after surgery. However, its SI decreased very
fast. No distinguishable contrast between the heart and the beads could be observed one
week later.
Summary of major findings: Labeling of alginate hydrogel beads with GdCl3 enhanced
their in vitro SI on T1-/T2-weighted MR images over a period of 2 weeks. Whereas, their
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Figure 4.22. T1- and T2-weighted MR images acquired with a spin-echo sequence for the
GdCl3-labelled alginate hydrogel beads.

Images (A), (B), (E) and (F) were obtained 1 day after the preparation of the beads, while
images (C), (D), (G) and (H) represented images of the beads on Day 14. In T1-weighted
data (A-D), images A & C were acquired with a TR of 1500 ms, while images B & D
were acquired with a TR of 500 ms. The T1-weighting effect was clearly observed for the
GdCl3-labeled beads. In T2-weighted data (E-H), images E & G were acquired with a TE
of 12 ms (TR=1500 ms), while image F & H were acquired with a TE of 48 ms
(TR=1500 ms). The beads-to-buffer ratio in the tube was 1:1. The central black spot in
each image was GdCl3 (1mmol·L-1) solution as a reference. (Published in Magn Reson
Imaging. 2009;27:970-5, reprinted with permission on May 10th, 2010 by Elsevier Inc.)
126

Figure 4.23. T1- and T2-weighted MR images acquired with a spin-echo sequence for the
methemoglobin-labelled alginate beads.

Images (A), (B), (E) and (F) were obtained 1 day after the preparation of the beads, while
images (C), (D), (G) and (H) represented images of the beads on Day 14. In T1-weighted
data (A-D), images A & C were acquired with a TR of 1500 ms, while image B & D were
acquired with a TR of 500 ms. The T1-weighting effect was not obvious for any data set.
In T2-weighted data (E-H), images E & G were acquired with a TE of 12 ms (TR=1500
ms), while images F & H were acquired with a TE of 48 ms (TR=1500 ms). The contrast
was obvious for beads imaged with TE of 48 ms. The beads-to-buffer ratio in the tube
was 1:1. The central black spot in each image was GdCl3 (1mmol·L-1) solution as a
reference. (Published in Magn Reson Imaging. 2009;27:970-5, reprinted with permission
on May 10th, 2010 by Elsevier Inc.)
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Figure 4.24. Anchoring of alginate beads on top of the cryoinjured myocardium and
corresponding short-axis MR images.

A: Surgical anchoring of the alginate beads (black arrow) labeled with GdCl3 onto the pig
epicardium. B-E: baseline T1-weighted MR images (prior to Gd-DTPA injection) of pig
heart (short axis) after epicardial anchoring of these beads from the surgical day to 4
weeks later. The white arrow is pointed at the beads. LV = left ventricle.

128

labeling with Met-Hb could only provide significant in vitro SI enhancement in T2weighted MR image. In comparison with Met-Hb, GdCl3 provided a much stronger and
longer enhancement in in vivo pig pericardial cavity without obvious side effects. The
results within this section has been published 240.

4.6. Repair of the cryoinjured myocardium with intrapericardially delivered
alginate beads containing growth factors or an agarose patch containing ADSCs
The aim of the experiments was to test whether VEGF and bFGF entrapped in alginate
hydrogel beds or ADSCs entrapped in an agarose patch could stimulate angiogenesis in
the cryoinjured myocardium when they are anchored on top of the cryoinjured
myocardium. Our hypothesis was that (1) slow release of proteins could be achieved
when they are entrapped in alginate beads; (2) improvement in perfusion within the
cryoinjured tissue could be achieved with either alginate beads loaded with VEGF and
bFGF or an agarose patch loaded with ADSCs, which served as growth factors
generators, anchored on top of the cryoinjured myocardium.
All the pigs survived during the period of 4-week observation. No pigs developed
significant life-threatening arrhythmia or congestive heart failure. Alginate beads
remained at the original anchoring site inside the pericardial cavity in all the pigs
receiving them. In contrast, the agarose patch combined with its nylon buttress
disappeared after a 4-week epicardial implantation.
Release profile of proteins from the alginate hydrogel beads Release of growth factors
from the alginate beads was simulated using proteins with similar Mw and pI. The release
profile of Met-Hb from Met-Hb-labeled alginate beads was shown in Fig. 4.25. Release
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of Met-Hb was monitored over a period of 30 days. It showed an initial fast releasing
phase of ~ 20% in total in the first 3 days. Subsequently, a slow sustained release pattern
of Met-Hb was observed throughout the study with up to 35% of Met-Hb released over 4
weeks (see Table 4.9). The data could be fitted to a single exponential function with a
release rate of 15 ±2% per day (n=3) (Fig. 4.25). The release rate was defined as the
plateau value divided by the half-time for the release, both parameters obtained from the
fit (Table 4.10).
As for Mb-loaded beads, the release rate was 1456 ±164% per day for beads gelled
by Ca2+ only and 1212 ±119% per day for beads gelled by Ca2+ plus Gd3+, respectively
(n=3). Cytochrome C was released from the beads with rates of 882 ±64% per day and
652 ±60% per day for Ca2+ only and Gd3++Ca2+ gelled beads, respectively (n=3). Results
from all efflux measurements were summarized in Table 4.9.

Table 4.9. Efflux constants of agents embedded in alginate beads
Met-Hb Myoglobin Myoglobin

Cytochrome Cytochrome C

(Ca2+)

(Ca2++Gd3+)

C (Ca2+)

(Ca2++Gd3+)

0.06±0.01

0.08±0.01

0.09±0.01

0.13±0.01

Release rate (%/d) 15±2

1456±164

1212±119

882±64

652±60

Plateau (%)

90±3

92±3

82±2

84±2

Half-life(d)

2.1±0.3

31±1

(Ca) and (Ca+Gd) indicated the ions present during the preparation of the beads (see
text). Efflux (n=3) was fitted to a mono-exponential function: C%(t)=C%∞[1−exp(−k·t)].
C% represents the cumulative percentage, the plateau is given by C%∞, the half-life by
ln2/k and the release rate by C%∞·k/ln2. The medium was not refreshed during these
measurements (see text).
130

Figure 4.25. Release of methemoglobin from the alginate beads measured as a
cumulative percentage.

The ratio of total bead volume to buffer volume was 1:10. The release rate of Met-Hb in
these beads (30 mM CaCl2) was 15±2% per day. (Published in Magn Reson Imaging.
2009;27:970-5, reprinted with permission on May 10th, 2010 by Elsevier Inc.)
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In vivo Gd-MRI. After injection of Gd-DTPA for first-pass and late enhancement
sessions, contrast development features in both normal and cryoinjured myocardium for
pigs receiving either growth factor-loaded alginate beads or ADSCs- loaded agarose
patch followed the same pattern as in the previous cryoinjury studies (detailed in the
previous section). However, compared with control, angiogenic approach achieved
improvement in tissue perfusion as reflected by first-pass kinetics of Gd-DTPA across the
cryoinjured myocardium with more significant effects in pigs receiving ADSCs-loaded
agarose patch (Table 4.10).

Table 4.10. The effects of intrapericardial treatment of cardiac cryoinjury on the first
pass GdDTPA kinetics
Group (n)

LV tissue
Initial rate

LV blood

Tail intensity

(Infarct/Normal, %)

Time-to peak

Peak intensity

(sec)

(a.u.)

Control (5)

54±5.3

77±28

15.3±4.1

211±31

GF-beads (3)

67±4.6

55±39

17.7±5.6

208±59

P vs. control

0.02

NS

NS

NS

ADSC patches (6)

152±89

132±44

12.8±0.42

180±35

P vs. control

0.03

0.04

NS

NS

The initial rates of intensity enhancement were calculated using least-squire fit of liner
part of kinetic curves. Tail intensities were calculated from the last 3 data points of
kinetic curves and normalized to LV blood intensity. This parameter reflects percentage
of LV wall tissue accessible to GdDTPA over 35-60 s period: normal LV, 37±14%;
control infarct, 31±15%; GF-treated infarct, 27±18%. These values are not significantly
different from normal LV. Time-to-peak and peak intensity were obtained form
enhancement course for the LV blood.
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In pigs receiving alginate beads containing VEGF+bFGF, one unique finding was
that there formed a layer of new tissue, with feature of late enhancement as neighboring
healing infarct, encapsulating the implanted alginate beads containing growth factors in 5
out of 6 pigs (Fig. 4.26). Such newly grown tissue was not observed in pigs receiving the
control beads. Specifically, in one pig subjected to 2-week cryoinjury and receiving
growth factor-loaded alginate beads, there appeared an early enhancement (2-min
exposure to Gd-DTPA) within the cryoinjured myocardium, which continued till the end
of 30-min image acquisition. However, this pattern of SI enhancement was not observed
2 weeks later in the same pig. Instead, a hypointense subepicardial area (hypointense
island) appeared at the earliest acquired image, the size of which gradually shrank
thereafter (Fig. 4.27). Such pattern of SI enhancement was not observed for cryoinjured
pig hearts receiving control beads or growth factor-loaded beads attached to the
pericardium. In pigs receiving agarose patch incorporating ADSCs, only 1 out of 4 pigs
had a thin layer of newly grown tissue in place of the implanted patch (Fig. 4.28A)
(p<0.05). There was no detectable new layer of tissue within the cryoinjured myocardium
in pigs receiving alginate or agarose patch without therapeutic agents.
In vivo MEMRI Contrast development pattern within the normal and cryoinjured
myocardium for pigs among these groups was similar to the previous study (detailed in
the previous sections). Within the infarction area, wash-in and wash-out of MnCl2 didn‟t
show prolonged SI enhancement within the cryoinjured myocardium in pigs receiving
either therapeutic agents or within the new tissue in pigs receiving alginate beads
incorporating growth factors (Fig. 4.29). There was no prolonged SI enhancement within

133

Figure 4.26. Serial short-axis MR images of a cryoinjured pig heart receiving growth
factors-loaded alginate beads.

Alginate beads loaded with VEGF and bFGF were anchored onto the top of cryoinjured
epicardium with suture. The solid arrow pointed at the implanted beads, labeled with
GdCl3, on top of the cryoinjury-induced infarct. A new layer of tissue wrapping the
implant beads could be detected 7 days after cryoinjury.
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Figure 4.27. Change of MR signal intensity within the chronically cryoinjured
myocardium receiving growth factors-loaded alginate beads after administration of GdDTPA.

The first row include images acquired after 2-week exposure to the beads, which
indicates early SI enhancement within the subepicardium (solid arrow). The second row
included images acquired after 4-week exposure from the same pig, which indicates loss
of early SI enhancement within the same area. The dashed arrow is pointed towards the
Gd3+-labeled alginate beads, which were anchored on top of the cryoinjured myocardium.
The kinetics of SI enhancement within that hypointense area is shown in the bottom
figure. LV = left ventricle, SI = signal intensity.
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Figure 4.28. Short-axis contrast-enhanced MR images of a chronically cryoinjured pig
heart receiving an agarose patch containing ADSCs.

A layer of new tissue could be observed on top of the infarction as shown by both Gdenhanced (A) and Mn-enhanced (B) MRI. The solid arrow is pointed at the new tissue.
The dashed arrow was pointed at the cryoinjury. LV = left ventricle.
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the cryoinjured myocardium in pigs receiving alginate or agarose patch without
therapeutic agents.
Fluorescence imaging study. Within the cryoinjured scar tissue in pig hearts receiving
growth factor-loaded alginate beads, there appeared some spots with relatively higher
NIR fluorescence than that in the immediate necrotic tissue surrounding beads (Fig.
4.30A), implying better perfusion via a better developed capillary network. This
heterogeneity in fluorescence was not observed in the experiments with control beads, in
which the necrotic area showed little microspheres‟ fluorescence. To take into account
non-uniform distribution of fluorescence in the infarcted area, it was divided into two
sub-regions, i.e., subepicardial and mid-mural, and average intensities were normalized to
that of normal areas. Relative intensities for mid-mural and subepicardial regions of
growth factor-treated hearts were 0.64 ±0.14 and 0.31 ±0.14 (p < 0.0001) and for
controls 0.37 ±0.09 (p < 0.05 vs. mid-mural). However, short-axis slices revealed
significantly increased fluorescence within the cryoinjured myocardium receiving
agarose patches incorporating ADSCs (Fig. 4.31., Table 4.10), though the extent of the
fluorescence increment as compared with neighboring normal myocardium was different
among different pigs and its distribution was not uniform across the cryoinjured area.
There existed limited fluorescence within the cryoinjured myocardium in pigs receiving
alginate or agarose patch without the therapeutic agents.
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Figure 4.29. Short-axis Mn-enhanced MR images of chronically cryoinjured pig hearts
receiving growth factors-loaded alginate beads or an ADSCs-loaded agarose patch.

There was no prolonged enhancement in signal intensity within the cryoinjured area
(dash arrow) in both images. The solid arrow was pointed towards the alginate beads
labeled with GdCl3. LV = left ventricle.
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Figure 4.30. A short-axis fluorescence image of a chronically cryoinjured pig heart
receiving growth factors-loaded alginate beads after administration of fluorescent
microspheres (A) and corresponding post-mortem pictures (B,C).

A: A short-axis fluorescence image of a cryoinjured pig heart receiving growth factorloaded alginate beads. There appeared heterogeneous fluorescent spots within the
cryoinjured myocardium (encircled). B: the original heart slice. There existed Mb+Hb
absorption, detected by point spectroscopy, within the cryoinjured myocardium (solid
arrow). C: the same slice after TTC-staining. There appeared TTC-positive spots within
the cryoinjured myocardium (solid arrow).
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Figure 4.31. Short-axis fluorescence images of a chronically cryoinjured pig heart
receiving an ADSCs-loaded (A-D) or empty (E,F) agarose patch and corresponding postmortem pictures.

The left column is post-mortem short-axis slices stained with TTC. The right column is
their corresponding fluorescence images after in vivo injection of 15-um fluorescent
microspheres into the coronary circulation through the apex. A-D: a pig heart receiving
an ADSCs-loaded agarose patch. E&F: a pig heart receiving an ADSCs-free agarose
patch.
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Table 4.11. Fluorescence within the short-axis cryoinjured myocardium in pigs receiving
agarose patches with or without adipose-derived stem cells

Fluorescence (cryoinjured/Normal

ADSCs

Control group

1.44 ±0.59

0.58 ±0.13

myocardium) (n = 10)
p

0.0002

Mean ±SD values were shown for fluorescence in the cryoinjured myocardium
normalized to the neighboring normal myocardium. ADSCs = adipose-derived stem cells.

Post-mortem analyses
In pigs receiving VEGF/bFGF-loaded beads, the short-axis slices with enhanced
fluorescence also showed heterogeneous injured areas where the white scar tissue
coexisted with a considerable portion of TTC positive material (Fig. 4.30C). Furthermore,
epicardial growth of the connective tissue was clearly visible in all the hearts. Optical
point spectroscopy detected visible and NIR absorption bands (Fig. 4.32) characteristic of
Hb/Mb in the TTC-positive tissue while in the necrotic scar areas these bands were weak.
There lacked significant Hb/Mb absorption detectable with point spectroscopy in the
cryoinjured myocardium for pigs receiving the ADSCs-loaded agarose patches. In
addition, there were no TTC-positive spots within the scar.
H&E staining revealed that the capillary density in the infarct area was highest in
pigs treated with the agarose patches containing ADSCs, followed by the alginate beads
containing VEGF/bFGF and controls (36 ±17.5/mm2 vs. 26 ±11.5/mm2 vs. 10.5 ±7/mm2
in the control pig hearts, p < 0.01). However, satisfactory growth of the mature arterioles
was absent within the cryoinjured myocardium receiving growth factors. Furthermore,
141

erythrocytes retained within the cryoinjured tissue close to the alginate beads were
observed. In addition, there still existed massive invasion of inflammatory cells within
the infarction sites in both therapeutic groups even after 4 weeks of cryoinjury, while
fibroblasts and deposited collagen were the main components in pig hearts receiving the
control alginate beads or agarose patches (Fig. 4.33).
Summary of major findings: Slow release of proteins, as evidenced by the test on hemeproteins simulating VEGF and bFGF release, could possibly be achieved when they were
entrapped in alginate beads. Improvement in tissue perfusion, as evidenced by the
increased fluorescence after in vivo perfusion with the fluorescent microspheres, within
the cryoinjured tissue could be observed in pig hearts receiving either the growth factorsloaded alginate beads or, much more significantly, the ADSCs-loaded agarose patches.
Microscopic studies revealed that angiogenesis occurred in the cryoinjured tissue
receiving either growth factors or ADSCs. However, there lacked formation of mature
arterioles in pigs receiving only growth factors. In addition, there appeared erythrocytes
within its cryoinjured tissue.
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Figure 4.32. Spectroscopic features of A short-axis slice of a chronically cryoinjured pig
heart receiving growth factors-loaded alginate beads (central).

Its respective visible/NIR spectrum in normal tissue (A), TTC-positive cryoinjured
myocardium (B) and TTC-negative cryoinjured myocardium (C) were included. The right
picture was the final TTC staining result.
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Figure 4.33. Hematoxylin & eosin staining of chronically cryoinjured pig hearts
receiving growth factors-loaded alginate beads or an ADSCs-loaded agarose patch.

A: A pig heart receiving alginate beads containing both VEGF and bFGF. The tissue was
still full of inflammatory cells and had high capillary density (solid arrow). Erythrocytes
also appeared within the tissue (bright red) (400x). B: The same slide imaged with lower
amplification (50 x) to indicate that the extent of entrapped erythrocytes was more
significant when the tissue was close to the alginate beads (arrow). C: The cryoinjured
area of a pig heart receiving an agarose patch incorporating ADSCs. There appeared
higher density of capillary vessels and mature arterioles (arrow) (100x). D: The same
slide with higher amplification to indicate the growth of mature arterioles (~ 50 um in
internal diameter) (400x). E: The cryoinjured myocardium receiving alginate beads
without VEGF or bFGF. F: The cryoinjured myocardium receiving a cell-free agarose
patch. Both tissue slides indicated that the tissue had progressed to the stage of scar
formation characterized by fibroblast accumulation and collagen deposition (400x).
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5. DISCUSSION
5.1. Summary of major findings
5.1.1 Ex vivo MEMRI in analysis of acute cardiac ischemia and chronic myocardial
infarction
(1) Acute cardiac ischemia: For pig hearts subjected to in vivo 30-min ischemia, addition
of MnCl2 into the perfusate at 0.2 mM could significantly enhanced the SI within the
normal myocardium in T1-weighted MRI within a 7T magnet. In contrast, it remained
unchanged within the ischemic area. Such a difference led to a visually discernible
contrast between the two areas within 10-min exposure to the contrast agent. The area of
risk revealed by MEMRI correlated to the morphological results revealed by Evans blue
perfusion staining.
(2) Acute cardiac ischemia with reperfusion: the same pattern of SI enhancement was
observed within the normal myocardium for the ex vivo perfused pig hearts after exposure
to MnCl2. However, the SI change within the reperfused myocardium subjected to in vivo
75-min ischemia followed by 45-min reperfusion was very limited in some pigs and,
thus, there appeared an obvious contrast between the two areas within 10-min exposure to
the contrast agent. Post-mortem examination of the short-axis slices ~ 4 hours later
revealed impaired perfusion within the reperfused tissue as evidenced by reduced IR676
deposition and necrosis of the jeopardized myocardium as evidenced by the presence of
the oxy-Mb and the absence of TTC staining within this area.
(3) Chronic MI: in the ex vivo perfused pig hearts subjected 3-, 7-, 14-, 21- or 28-day MI,
addition of MnCl2 (0.2 mM) led to SI enhancement within the normal myocardium, the
kinetics of which was similar to those derived from the other two acute studies. However,
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20-min exposure to MnCl2 also led to significant SI enhancement within the infarcted
myocardium, though its rate was relatively slow and the extent was lower than that within
the neighboring normal area. The difference in SI between the two areas became more
obvious when Mn-free perfusate was later reinstituted to wash out the contrast agent
residing within the interstitial space. The location and size of the infarcted myocardium
were in good accordance with the results revealed by post-mortem TTC staining findings.
Perfusion staining with intracellular type of perfusion tracer, IR676, revealed its reduced
deposition within the infarcted area.
(4) Acute hemodynamic and metabolic changes: it was found in all the ex vivo studies
that 20-min exposure to 0.2-mM MnCl2 led to reduced contractile function and coronary
artery resistance as evidenced by reduced LVDP and PP. However, MnCl2 had no
significant influence on sino-atrial automaticity and didn‟t lead to arrhythmias such as
premature atrial or ventricular contraction. In addition, myocardial short-term exposure to
MnCl2 did not affect gas exchange, electrolytes and acid-base homeostasis, as well as
energy metabolism (O2 consumption).
5.1.2. Myocardial infarction induced by cryoinjury
(1) Acute cryoinjury (10-150 min): Freezing LV cardiac tissue for 2 min and subsequent
thawing (5-10 min) resulted in formation of red-brown round-shaped spot on the
epicardium, which appeared as a semicircular zone surrounded by a thin rim of whitish
tissue on the short-axis slices. The area showed signs of vascular embolization with
entrapped erythrocytes forming a no/low-reflow region. Indicators were: (i) an increased
Hb content detected by optical point spectroscopy both in vivo and post-mortem; (ii) slow
first-pass in vivo kinetics of the optical and MR flow tracers (ICG and Gd-DTPA) and a
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reduced content of optical deposit flow tracer, IR676, in ex vivo experiments; (iii) a
considerable hypointense core zone on Gd-MR images surrounded by a thin hyperintense
rim; (iv) a hypointense area on Mn-enhanced ex vivo images; (v) a high erythrocytes
content in H&E stained samples of injured tissue.
(2) Chronic cryoinjury (1 – 4 weeks): Gd-MRI revealed that the no-reflow core zone
gradually reduced whereas the hyperintense zone increased upon injury progression over
1 and 2 weeks. Four weeks later, the hypointense area was completely replaced by a
hyperintense one, which was characterized by slower intensity decay upon Gd-DTPA
washout relative to the normal myocardium. Total size of the injured area (i.e.,
hypointense + hyperintense zone) gradually decreased to ~ 40% of the initial volume over
a 4-week period. Ex vivo MEMRI showed a hypointense area 1 and 4 weeks post
cryoinjury; the latter corresponded to a necrotic region determined by lack of TTC
staining. Microscopic examination revealed gradual replacement of the cellular material
with collagen by the end of a 4-week observation period.
5.1.3. In vivo MEMRI for characterization of chronic cryoinjury-induced MI
In vivo administration of MnCl2 via either intermittent bolus infusion (10 umol·kg-1
within 8-10 sec per 2 min × 7 times) or continuous pump infusion (5 umol·kg-1·min-1 ×
14 min) enhanced the SI in the LV blood pool, which was followed by gradual
enhancement of the SI within the normal myocardium and the 4-week cryoinjured
myocardium. Enchancement of the SI in both the LV blood pool and the cryoinjured
myocardium oscillated more significantly when intermittent scheme was applied. At the
end of infusion, the SI peaked within the LV blood pool followed by similar change
within both the normal and the cryoinjured myocardium, which was not visually
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discernible. Immediately after termination of contrast agent infusion, the SI began to
quickly decrease within both the LV blood pool and the cryoinjured myocardium,
whereas its reduction was much slower within the normal myocardium. Consequently,
beginning from ~ 8 min after termination of the contrast infusion, there appeared a late
time window when cryoinjured myocardium could be easily distinguished from
neighboring normal myocardium. In addition, compared with intermittent bolus infusion,
continuous pump infusion minimized fluctuation in HR and arterial BP. Consequently, it
provided a more stable course beneficial for image acquisition and subject care.
5.1.4. Design of MR trackable alginate hydrogel beads
It was feasible to label alginate hydrogel beads with both GdCl3 and Met-Hb. Gd-labeled
beads could be detected in vitro over an observation period of 2 weeks with T1- and T2weighted MRI and in vivo over a 4-week observation period with T1-weighted MRI.
Whereas, beads labeled with Met-Hb could only provide significant in vitro SI
enhancement with T2-weighted MRI over a 2-week observation period. Implantation of
alginate beads labeled with either tracer didn‟t incur significant complications.
5.1.5. Repair of the cryoinjured myocardium with intrapericardially delivered alginate
beads containing growth factors or agarose patch containing ADSCs
Alginate beads could incorporate VEGF and bFGF. Simulation study with cheaper hemeproteins, some of which had similar biochemical properties as both factors, indicated that
their controlled release could be achieved with this strategy. The rate of release was
mainly determined by Mw and pI. After VEGF/bFGF-loaded beads were transplanted on
top of the cryoinjured myocardium, a new layer of tissue encapsulating the beads was
observed at the earliest follow-up MR imaging session (i.e., 7-day cryoinjury). This layer
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of tissue had similar MR enhancement as the cryoinjured myocardium after Gd-DTPA
injection. However, within the cryoinjured tissue, tissue blood flow estimated by either in
vivo first-pass Gd-MRI or post-mortem count of the entrapped fluorescent microspheres
on short-axis slices had no significant difference as compared with the control
cryoinjured myocardium receiving alginate beads alone or without any intervention. In
contrast, deeper layers of the cryoinjured tissue had increased fluorescence intensity
reaching 64% ±13% of that within the normal tissue. This correlated with 25% faster
first-pass Gd-DTPA kinetics in the entire area relative to control. Histological study with
TTC staining didn‟t show obvious viable tissue within this area. Microscopic study
revealed that new capillaries formed within the cryoinjured tissue, but arterioles were
seldom observed. Meanwhile, there also appeared many erythrocytes within the
cryoinjured tissue, which was more obvious near the alginate beads. New growth of
cardiomyogenic tissue was absent as MEMRI, TTC staining and H&E staining failed to
provide convincing proof.
In contrast, epicardial transplantation of the agarose hydrogel patch incorporating
ADSCs incurred efficient angiogenesis as evidenced by significantly enhanced
microsphere fluorescence from the cryoinjured myocardium as well as appearance of the
mature arterioles and venules within the cryoinjured myocardium. In most pigs, there
lacked new growth of tissue around the gel patch was not abserved. In addition, there also
lacked new growth of the cardiomyocytes as evidenced by (i) lack of prolonged
enhancement of the SI using MEMRI, (ii) absence of the reddish spots after TTC
staining, and (iii) absence of the cardiomyogenic cells as revealed by H&E staining
within the cryoinjured tissue.
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5.2. Methodology and data interpretation
5.2.1. Ex vivo MEMRI for characterization of acute cardiac ischemia and chronic
myocardial infarction
Detection of cardiac ischemia with the intracellular MR contrast agent, MnCl2, relied
mainly on specific uptake of the contrast agent by normal cardiomyocytes and its reduced
accumulation within the ischemic area , the result of which was a lower SI within this
area as compared with normal myocardium on T1-weighted MR images 241-243.
Meanwhile, it had also been suggested that relaxivity change by anionic biopolymers
(e.g., proteins, polysaccharides and nucleic acids) resulting from interactions with the
accumulated Mn2+ might also play a role in contrast development 244. As such, it could be
anticipated that the rate of SI enhancement within a specific region in the heart was
determined by (i) its delivery rate into the tissue interstitium and (ii) its subsequent
extraction rate by surrounding cells. The first factor depended mainly on tissue blood
perfusion and [Mn2+] in blood plasma. Normally, this process was incessant due to
continuous tissue perfusion. As such, interruption of tissue perfusion could lead to failure
of the contrast delivery. In this study, a baseline perfusion rate of ~ 1.5 mL·min-1·g-1 wet
weight and 0.2 mM MnCl2 in the perfusate could provide Mn2+ supply of ~ 0.3
µmol·min-1·g-1 wet weight. A previous study indicated that the maximal rate of Mn2+
uptake by rat cardiomyocytes was ~ 4 nmol·min-1·g-1 wet weight when 0.1 mM of Mn2+
was in the perfusate 125. If we assumed that cellular uptake of Mn2+ was proportional to
its interstitial concentration and that the plasmalemmal calcium channel activity in pig
cardiomyocytes was similar to that in the rat counterparts, the maximal uptake rate of
Mn2+ was expected to be at ~ 8 nmol·min-1·g-1 wet weight. This rate translated to < 3%
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extraction of the supplied Mn2+, which would not limit Mn2+ uptake due to excessive
provision. In contrast, when a pig coronary artery or its branch was acutely occluded like
it occurred in this study, supply of Mn2+ would become a major rate-limiting factor for its
fast accumulation inside the cardiomyocytes as there possibly existed very limited
collateral flow characteristic of pig heart (< 1%) 245, 246.
The other important factor controlling the rate of Mn2+ accumulation was its
extraction by the myocytes, which were further determined by (i) the amount of the
viable cells taking up Mn2+ via the sarcolemmal Ca2+ channels (i.e., cardiomyocytes
within the myocardial tissue), (ii) the density of these channels per unit of cytoplasmic
volume and (iii) their functional activity. For example, previous study had suggested that
channel activity can be regulated by various factors such as interstitial concentration of
catecholamines 247, intracellular ATP and other nucleotides 248, as well as intracellular
pH 249 through different pathways 250, 251. In addition, the amount of nearby competitive
ions such as Ca2+ and Mg2+ also influenced its extraction rate 252.
Of course, eventual equilibrium distribution of the contrast agent between the
perfusate and the heart was determined by their relative volume ratio (~3,000 ml : 150 200 ml, respectively) and its active retention by cardiac tissue. Such active retention was
prompted by several factors such as (i) the sarcolemmal and mitochondrial membrane
potentials 241, (ii) competitive binding to the intracellular Ca2+ or Mg2+ binding sites on
various proteins 253, as well as (iii) the intracellular (0.5 ml·g-1) and extracellular (0.3
ml·g-1) water volumes 254-256.
Another potential factor which might also influence its equilibrium distribution was
its active retention by blood cells with the erythrocyte as a representative candidate due to
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its natural abundance as compared with the leukocytes and platelets. As the perfusate in
the current study contained 50% pig blood, the volume of erythrocytes would be expected
to be ~ 150 ml per 1000 ml perfusate. Thus, the total volume of erythrocytes in our
perfusion system would be ~ 450 ml, which was 4.5 times of that in cardiomyocytes (~
100 ml = 200 g × 0.5 mL·g-1). However, entry of Mn2+ into the erythrocytes was mainly
via a passive diffusion mechanism characterized by a very low coefficient at ~ 3 × 10-11
m·s-1 257, 258. As a result, short-time exposure (< 30 - 45 min) of the erythrocytes to Mn2+
in this study precluded its significant retention by these cells. On the other hand, the
volume ratio of microvasculature to cardiomyocytes within the myocardium was ~ 1:6
259

, which translated to 1.2% erythrocytes within a unit volume of myocardial tissue as

the hematocrit in this perfusate was 15%. Thus, potential contribution of SI enhancement
from Mn2+-loaded erythrocytes should be negligible.
After ligation of the 1st and 2nd LAD diagonal branches, in vivo Gd-MRI revealed
that the jeopardized myocardium devoided of the contrast agent (Fig. 4.3B), which
corroborates the previous NIR spectroscopic imaging study from the same group with
ICG as an intravascular NIR contrast agent 164. This suggested that almost complete
interruption of blood perfusion occurred within the jeopardized myocardium, which was
consistent with limited collateral coronary vasculature (< 1%) in pig heart 245, 246. A
further suggestion of insufficient perfusion after coronary occlusion was immediate shift
from the oxygenated heme-proteins, i.e., oxy-(Hb+Mb), to the deoxygenated
counterparts, i.e., deoxy-(Hb+Mb) within this area as evidenced by in vivo visible/NIR
point reflectance spectroscopy (Fig. 3.2). Of course, absence of Evans blue within this
area after perfusion staining on the isolated heart (Fig. 4.1A, B) serves as a final proof of
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perfusion deficit after occlusion of the LAD branches. As a result, the observed
hypointense area on Mn-enhanced MR images could be attributed mainly to the reduced
perfusion (Fig. 4.1D).
It had been repeatedly observed that myocardial blood flow remained much lower
than normal even after establishment of reperfusion, which was termed as “no-reflow”
phenomenon 260. It seemed that its occurrence was a time-dependent phenomenon as
early reperfusion (< 30 min in pig hearts) could prevent its development. Upon ischemia
continuing for 60 min or more, it would lead to > 50% reduction of the myocardial blood
flow after tissue reperfusion 261. It seemed that its development was related to the injury
of microvasculature and development of microvascular plugging due to neutrophil
accumulation 262. As such, the hypointense area found in Mn-enhanced MR images and
reduced deposition of IR676 within the jeopardized myocardium resulted from both
reduced perfusion due to “no-reflow” phenomenon and failure of active retention due to
cardiomyocytes necrosis.
Infarction progression was characterized by destruction of the injured
cardiomyocytes and subsequent deposition of the collagen secreted by the invading
myofibroblasts. Inflammatory cells invaded the infarcted tissue and, sometime later,
myofibroblasts appeared in the wound. Degradation of the interstitial proteins can be
significant ~ 48 h after coronary artery occlusion in the rat 263. This process was mediated
by increased activities of the collagenases and other neutral proteinases secreted by the
infiltrating inflammatory cells. Myofibroblasts were responsible for the reconstruction of
a new collagen network and final solid scar tissue formation 4-8 weeks later, when
myofibroblasts themselves became sparse within the tissue. As a result, this host-
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mediated healing process required accurate orchestration of the sequential invasion,
action and apoptosis of various cell types 264.
Our data fitted well to this scenario. Indeed, the rates of contrast enhancement
(ΔSImax/t1) and maximal enhancements (ΔSImax) were significantly higher in all pigs
subjected to various periods of MI than in pigs subjected to acute ischemia. Faster SI
enhancement implied partial restoration of tissue perfusion during inflammation
progression, which was confirmed by delayed enhancement in in vivo Gd- MRI
experiments (Fig. 4.7.). Greater Mn-induced equilibrium enhancement indicated more
significant Mn2+ retention in the infarct areas as compared with the ischemic regions.
Three factors could contribute to this: (i) larger extracellular space, (ii) active binding to
the extracellular structures (e.g., collagen) and (iii) uptake by the cells that populated the
infarcted area. At the early infarct stages it could be inflammatory cells, neutrophils and
macrophages, while at the later stages fibroblasts and vascular cells (smooth muscle and
endothelial) were the most plausible candidates. Mn2+ washout experiments proved that ~
15% of the observed enhancement in the 4-week infarct could be attributed to some “nonwashable” Mn2+ pool, most probably entrapped inside the cells. In contrast, in normal
regions intracellular contributions reached 75%.
The kinetics of the SI enhancement from this ex vivo MEMRI study was not
complicated by the fast clearance provided by the liver and kidney in vivo. As such, in the
closed ex vivo perfusion system, the plasma [Mn2+] becomes gradually constant after
equilibrium distribution between the extracellular and intracellular (mainly a function of
total uptake amount by cardiomyocytes) spaces reached. In addition, kinetic properties of
the infarcted and ischemic tissues, as assessed by the contrast development, became
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available with this closed perfusion system, though possible presence of the extracellular
Mn2+ in the bound form could reduce the contrast between the normal and infarcted areas
due to the significantly larger interstitial volume within the injured tissue.
5.2.2. Myocardial infarction induced by cryoinjury
Although the cryoinjury-induced MI had been previously described in other animals 237,
238

, this was the first report to outline the morphological, optical and contrast-enhanced

MRI features of cryoinjury-induced MI in pigs. Morphological variations of cryolesions
in the present study significantly reduced as this feature depended mainly on exposure
time and the cryoprobe tip-shape. Possible concern with the use of cryoinjury on the
myocardium was its potential negative influence on medium and small coronary vessels
(artery and vein) and the intravascular blood as it was difficult to find a “clean” LV
epicardial area free from their passage. The potential danger was development of
freezing-thawing-induced thrombosis/embolism within such vessels leading to MI of the
downstream myocardium. However, such complications did not develop as Gd-MRI and
NIR imaging didn‟t show perfusion deficits outside the cryolesion, which was in
agreement with previous publications 237. In addition, NIR imaging revealed patent
vessels (both artery and vein) within the cryolesions using ICG as an intravascular flow
tracer.
We used in vivo and post-mortem imaging and spectroscopic methods to
characterize perfusion and viability of the cryoinjured myocardium. Gd-MRI provided
kinetics of contrast development (Figs. 4.10D and 4.14D), from which early and late
enhancement data were extracted. The former revealed no-reflow phenomenon, which
was most obvious in acute cryoinjury (Fig. 4.10), less obvious after 1-2 weeks and was
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not observed following 4-week cryoinjury (Fig. 4.14A-C). Severe flow restrictions were
revealed in both the first-pass kinetics (Fig. 4.10E, <1s time resolution) and slow kinetics
with low time resolution (2 min, Fig. 4.10D). Partial flow limitations in the hyperintense
zone could be inferred from slower washout kinetics (Fig. 4.10D, upper curve). Late
enhancement data showed hyperintense infarction areas, which could also contain
edematous tissue with higher distribution volume for Gd-DTPA during acute cryoinjury
(Fig. 4.10A-C). Mature 4-week infarctions (Fig. 4.14C) were composed of predominantly
scar tissue with high collagen and low cellular contents (Fig. 4.13G). Furthermore,
changes in fast Gd-MRI (<2 min) and slower kinetics of SI decay in the 4-week
infarction area (Fig. 4.14D) implied substantial perfusion of this tissue. Note that the time
courses and derived time constants were only semi-quantitative perfusion measures as
they were not directly related to local Gd contents due to its high initial blood
concentration, which resulted in non-linear relations between concentration, relaxivity
and signal enhancement.
Kinetics of Mn enhancement revealed abnormal areas as hypointense zones in
acutely (Fig. 4.11C) and chronically (Fig. 4.15C) cryoinjured hearts. The nature of
abnormality (hypoperfusion or necrosis) could not be identified without help of Gd-MRI
(see above). However, Gd-MRI might potentially overestimate the necrotic zone due to
the similarity between edema and necrosis in terms of increased extracellular space.
Necrotic regions determined by MEMRI hardly could involve viable edematous tissues.
In mature 4-week cryoinjured myocardium, perfused scar tissue was dominant and should
not significantly differ in size on Gd- and Mn-enhanced MR images.
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It was not easy to compare cryoinjury sizes determined by different contrast
agents because of (i) thicker slice thickness in MEMRI (8 mm vs. 5 mm in Gd-enhanced
MR images) and (ii) the systolic phase of acquired images in MEMRI (vs. the diastolic
phase in Gd-MRI). Theoretically thicker slices increased the error in determination of
infarction size towards overestimation due to the round shape of the injury, which did not
occupy the entire thickness of border slices. On the other hand, the necrotic zone might
somewhat shrink during systole, which was a usual configuration of isovolumic
Langendorff-perfused heart used in the MEMRI study.
Optical spectroscopy provided information on chemical changes related to
cryoinjury in the sub-epicardial layer (~ 5 mm in thickness) in vivo (Fig. 4.9B) and in
cardiac slices post-mortem (Fig. 4.12C). Dramatic increase in 560 and 580 nm
absorbance (Fig. 4.9B) in vivo and ex vivo (Fig. 4.12C) resulted from deposition of the
erythrocytes rich in Hb in the LV capillaries as the content of Mb, an intracellular
hemeprotein with nearly identical optical properties, could not change in a few minutes.
This explained dark-red color of acutely cryoinjured tissue seen in short-axis slices (Fig.
4.12A) and was confirmed by histological H&E analysis showing red staining due to
presence of erythrocytes (Fig. 4.12D). In the short-axis slices, changes in cryoinjured area
coexisted with complete deoxygenation of Hb+Mb in normal areas (Fig. 4.12C). The
latter indicated that normal tissue was still metabolically active 15 - 30 min after cardiac
arrest as cell respiration consumes all O2 that diffused through the tissue-air interface.
Near infrared spectroscopic imaging of first-pass kinetics of ICG, an intravascular
NIR flow tracer, revealed its slower passage through the subepicardium of cryoinjured
region (Fig. 4.9D) confirming substantial flow deficit observed with Gd-MRI. The data
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were semi-quantitative in nature and allowed evaluation of perfusion values relative to he
normal area using, e.g., upslope velocities 164. Furthermore, “equilibrium” levels of ICG
absorbance (30-60 s) permitted estimation of relative circulating blood volume in the LV
wall sub-epicardium. Measurements of “equilibrium” ICG concentration in blood
samples enabled conversion of tissue absorbance in absolute concentration due to its
linear relation to absorbance if the light pathlength was known. A disadvantage of this
method in comparison with MRI was an “interrogation” volume limited to the subepicardium (~ 5 mm sick) of the anterior side of the left and right ventricles.
5.2.3. In vivo MEMRI for chronic myocardial infarction induced by cryoinjury
When Mn2+ was administered into the circulation via direct intravenous infusion, it would
not be only taken up by the cardiomyocytes. Liver and kidney also actively absorbed it
when Mn2+ passed these organs 156. As a result, its clearance within the plasma was very
fast. In reality, after an intravenous bolus injection of MnCl2 in rats (33 umol·kg-1), the
concentration-time profile of Mn2+ in plasma appeared to fit into a two-compartment
model with first-order elimination from the central compartment 265, a hypothetical
volume into which a drug initially distributed upon administration. The estimated volume
(~ 140 ml·kg-1) from that study for initial drug distribution was well above the total blood
volume within the rat body (~ 58 ml·kg-1) due to fast absorption by organs which could
actively uptake it. From that study, the first-order initial t1/2 was estimated to be ~ 12 min.
However, another study also in rats indicated that the first-order initial t1/2 was around ~
4.7 min after completion of 7-min continuous intravenous infusion at ~ 11 umol·kg-1 157.
The difference indicated that repeated intermittent bolus injections might be better than
continuous infusion with the same total dosage as the integrated blood concentration
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every 2 min would be higher with this protocol, which translated to a more significant
entry of Mn2+ into the cardiomyocytes. Our results show that myocardium in the
intermittent injection group had higher peak SI (~ 55% relative to the blood peak SI) than
that in the continuous infusion group (~ 46% relative to the blood peak SI, Fig. 4.18)
might be partially explained by that. Of course, higher amount of catecholamines released
from chromaffin cells within the adrenal medulla in the intermittent group, which could
be deduced from more significant fluctuation in hemodynamics after each bolus injection
(Fig. 4.19-21), could also enhance L-type Ca2+ channel activity 266. As a result, it might
be also related to higher amount of Mn2+ present inside the myocardium. The higher SI
peak within the normal myocardium translated to an earlier presence and a longer
effective acquisition window revealing significant contrast between it, LV blood pool and
infarcted myocardium, assuming similar kinetics within the three spaces between the two
groups (Fig. 4.18).
On the other hand, more significant hemodynamic fluctuation incurred by a bolus
injection of MnCl2 could jeopardize animal/subject safety and image acquisition, though
we separated the dose into 10 umol·kg-1 per injection by 110 s intervals. In clinic, it
might lead to life-threatening complications such as stroke, ventricular fibrillation and
congestive heart failure. Also, it would change TR significantly during T1-weighted MR
image acquisition. As a result, it is highly desirable to apply slow intravenous continuous
infusion as it can minimize hemodynamic fluctuation.
Compared with ex vivo MEMRI, the difference between the cryoinjured and normal
myocardium during their respective peak SI was not obvious for pigs receiving either
continuous infusion or intermittent bolus injection of MnCl2. The reason for this
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discrepancy was related to significantly lower averaged tissue concentration (relative to
blood) achieved by use of either infusion scheme than that during ex vivo infusion.
However, after removal by liver of nearly all Mn2+ from blood over 16-20 min (t½ ~
5min), difference between infarct and normal areas became evident (~ 35% of SI in
normal area, see Figs. 4.17-18 and table 4.8).
5.2.4. Design of MR trackable alginate beads capable of releasing incorporated proteins
Alginates are polysaccharides abundant in brown algae. The building blocks are
copolymers of β-D-mannuronic (M) and α-L-guluronic (G) residues. They have been
widely applied for entrapment of various therapeutic macromolecules aimed at
controlling their release 267-269, as they can form heat-stable hydrogels via cross-linking of
M residues in the presence of divalent cations such as Ca2+. On the other hand, their in
vivo tracking after entering the body remains to be addressed as it can help predict
therapeutic efficiency based on their biodistribution. The fast development of various
imaging techniques, esp., MRI, computed tomography and radioisotope nuclear imaging,
provides new chances for visualizing their biodistribution in vivo. Compared with
computed tomography and nuclear imaging, MRI has no potential biosafety concern
resulting from repeated exposure to X- or γ-rays. To achieve this goal, appropriate
imaging agents have to be incorporated into the alginate matrix.
Gadolinium ion is a trivalent paramagnetic ion and known to shorten both the
longitudinal (T1) and the transverse (T2) relaxation times of water protons 270. As crosslinked alginate could also be formed in the presence of trivalent atoms in addition to
conventional bivalent agents 271, 272, we decided to test whether alginate solution could
form stable hydrogel when GdCl3 was added into the cross-linking solution. Due to
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concern on potential negative influence of high concentration of GdCl3 when the beads
will be implanted into the body 273, 274, lower concentration of GdCl3 within the crosslinking solution with concomitant use of CaCl2 was applied. The present results indicated
that 30 mM CaCl2 solution containing 1mM GdCl3, which is a relatively safe dosage 273,
was sufficient to form MRI-detectable alginate hydrogel using T1-weighted MR
sequence. Binding of Gd3+ within the alginate beads was rather strong as it was still
trackable with the same sequence even after 4-wk in vivo residence within the pericardial
cavity. As a result, we believe that its release from the alginate hydrogel was rather slow,
reducing the potential side effects on organ function.
In contrast, MR trackability of alginate hydrogel loaded with Met-Hb was not
satisfactory. In vivo experiments showed that the beads loaded with Met-Hb could only
be tracked for a limited period (ca. 1 week) using the T1-weighting sequence (FlASH) as
the beads could not be found during the MR session 2 weeks after surgery. Although this
tracer would alleviate problems with possible toxicity of Gd3+ tracer, it would be
insufficient when longer tracking period was desired.
All compounds studied displayed a plateau in their efflux kinetics due to
establishment of equilibrium between intra-bead and buffer concentrations. Myoglobin
displayed the fastest release from the beads, likely due to its low Mw (16.7 kDa) and
near-neutral pI compared with the larger Met-Hb (tetramers, Mw: 64 kDa) and cationic
cytochrome c (Mw: 12.4 kDa). Cytochrome c has a lower Mw than Mb, but has a
significantly higher isoelectric point of 10.6 which facilitates its binding at neutral pH
with carboxylic groups within the alginate beads. As observed for Met-Hb, both
cytochrome c and Mb displayed an initial fast release followed by a much slower release
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from the beads in the second stage. It should be noted that the molecules used in these
studies have Mw's comparable to those of the recombinant human growth factors bFGF
(Mw ~ 16 kDa) and VEGF (Mw ~ 38.2 kDa). It was expected for reasons indicated above
that these growth factors could show release kinetics comparablewith Mb and Met-Hb.
However, due to the more alkaline nature of these proteins (pI = 9.6 and 8.5,
respectively) their release kinetics could be expected to be slower. Indeed, our
experiment using enzyme-linked immunosorbent assay showed that the initial release rate
from the beads was ~ 3.0% and ~ 1.0% per day for VEGF and bFGF, respectively.
Geometric factors might also play a role in the release rate. For instance, VEGF is known
to have a more elongated, cylindrical shape, while cytochrome c and myoglobin are
nearly spherical. These observations were in line with the report of slow and continuous
release of VEGF, measured over 30 days, from an alginate formulation that used a
slightly different, low-molecular-weight alginate, providing a network with a likely
different permeability 200 .

5.3. Mechanism of cryoinjury
Acute cryoinjury was mainly induced by microembolization of the core area with
erythrocytes (Figs 4.9 & 4.12), due most probably to swelling of the vascular endothelial
cells and cardiomyocytes resulting in narrowing of capillary lumen and “plugging” by
erythrocytes. The thin rim of cryoinjured area, which appeared light on photographs of
slices both prior to and after TTC staining and hyperintense on Gd-enhanced MR images,
perhaps corresponded to perfused tissue where the permeability of the cardiomyocytes
membrane was compromised and extracellular (vasogenic) edema occurred. Although the
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mechanism of the rim formation is unknown, possibly it is related to the temperature
gradient between the epicardium and deeper LV layers. For instance, the rim could
correspond to the border layer with a near freezing temperature where ice crystals coexist
with liquid water. Qualitatively, these features resembled the development of ischemiareperfusion damage, with the formation of a core of poorly perfused tissue (“no-reflow”
phenomenon) 275-277. This implied that cell death in the no-reflow core of cryoinjury was
at least partially due to ischemia in addition to possible direct injury induced by ice
crystals and osmotic destruction of cardiomyocytes 259. Upon cryoinjury progression, the
no-reflow zone was gradually replaced by scar tissue (Fig. 4.13), which virtually did not
differ from that formed after occlusion infarction. Interestingly an MRI study of the
progression of injury evoked by radiofrequency ablation 278 showed patterns similar to
that observed for cryoinjury.
Shrinkage of infarction size determined as a sum of hyper- + hypo-intense areas can
be partially explained by reduction of edema at least during the first 2 weeks after
cryoinjury (by ~ 40%, Fig. 4.14E). However we could not exclude recovery of reversibly
damaged tissue in the infarction periphery. Interestingly, the time courses of the reduction
of infarctions induced by the occlusion of the LAD branches and by cryoinjury were
virtually identical, so that after 4 weeks they reached 45% ±5.8% and 41% ±4.5% of the
initial size, respectively. This implied that the mechanisms governing this process were
likely similar.
Of course, some limitations do exist when cryoinjury model was employed for
assessment of therapeutical angiogenic potential on infarcted myocardium. As it has been
described above, freezing led to immediate cell death within frozen tissue, the size of
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which conformed to the temperature and duration of contact. However, cardiomyocytes
upon acute complete ischemia usually still can be resuscitated, depending on the location
of the jeopardized myocardium, if perfusion can be restored within several hours. Even
without reperfusion, there may also exist a layer of viable subepicardial tissue due to slow
diffusion of oxygen and other nutrients from the pericardial fluid. In some patients with
chronic ischemia, ultimate infarction volume upon acute complete occlusion of the
upstream coronary artery may even be much smaller than initial anticipation due to
previously formed collateral vessels from the neighbouring arteries. As a result, it might
be anticipated that epicardial continuous delivery of angiogenic factors released from
growth factors-loaded alginate beads or secreted from ADSCs entrapped in agarose
hydrogel patch would lead to enhanced formation of collateral vessels within the
jeopardized subepicardium, the result of which would possibly be improved salvation of
viable myocardium within this area.

5.4. Therapeutic angiogenesis for MI with alginate-entrapped vascular growth
factors
Relatively large alginate beads were chosen as growth factors‟ carriers for the following
reasons: (i) low surface to volume ratio prolonging diffusion for at least several days; (ii)
protection from proteolytic enzymes generated during inflammation phase of infarct
development and (iii) ability to be sutured to cardiac surfaces (epicardium or
pericardium).
After acute MI, new blood vessels formed primarily from the ischemic border zone
towards the infarcted tissue, which could help restore local delivery of nutrients including
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O2 and remove metabolic products. However, this process was very slow by the host
healing system. Recent experimental studies on ischemia-induced MI indicated that
angiogenic therapy might be a promising strategy to improve myocardial perfusion and
preserve its function, but there existed conflicting results in clinical trials. Therefore, its
efficiency was being tested by various groups around the world. Various agents and
formulation have been tried. One approach was using genes encoding vascular growth
factors. Depending on implantation routes and vectors chosen, varied extents of
angiogenesis within the infarcted myocardium were observed. For example, Furlani et al.
found that local multi-spot injection of VEGF plasmid into a 7-day infarct in dog heart
could improve vessel density including arterioles and capillaries with concomitant
improvement of global ventricular function 279. Due to concern on uncontrollable growth
of new vessels, we tested the efficiency of protein products instead of their encoding
genes.
Several growth factors had been found to be able to stimulate angiogenesis. Among
them, VEGF and bFGF were the two most extensively studied stimulants 280, 281. For
VEGF, two plasmalemmal receptor proteins (VEGF receptor-1 and -2) on endothelial
precursor cells can be stimulated to promote angiogenesis. Plasmalemmal tyrosine kinase
on endothelial precursor cells is the receptor for bFGF to bind with. It can stimulate
endothelial cell proliferation, which then form tube-like structures through their physical
organization. Recent studies further indicated that development and final maturation of
neovasculature do need various growth factors as they play different roles during the
whole process 282. For example, VEGF can improve microvascular permeability,
stimulate endothelial proliferation and enhance local endothelial transmigration. It is
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deemed as a key moderator during angiogenesis 283. Meanwhile, it also has been observed
that exclusive use of VEGF for angiogenic therapy may not be sufficient. It may lead to
formation of immature neovasculature with abnormally high permeability (leaky vessels)
284

. Basic FGF has various effects on numerous types of cells, including endothelial cells.

Their combined use within several polymer carriers showed great potential in various
animal models 285, 286. Our results also indicated that combined delivery of VEGF and
bFGF entrapped in alginate hydrogel beads could induce greater angiogenesis. Such
results were only observed for those beads that were anchored on top of the cryoinjured
epicardium. In contrast, delivery of beads directly into the pericardial cavity or anchoring
to the neighboring pericardium didn‟t show such effect (data not shown). They were
unable to induce growth of new tissue surrounding the beads. As a result, it seemed that
success of angiogenic therapy was also related to the spatial location.
Additional vessel formation induced by delivery of the VEGF/bFGF would be
expected to translate to improved blood flow. However, we did not observe such
phenomenon in the vicinity of beads (i.e., subepicardium). A potential explanation was
that they were still in their early stage of angiogenesis as a multitude of erythrocytes
leaked into the interstitium (Fig. 4.33A, B). However, at the same time mid-mural areas
showed increase in perfusion as evidence by microsphere data (Fig. 4.30A). This implied
improved formation of capillaries capable of passing blood. Such heterogeneity was not
observed by Gd-MRI due to methodological limitation in these measurements. For
example, first-pass Gd-MRI is an imaging method with relatively low spatial resolution
due to requirement of high temporal resolution. As a result, it was difficult to observe the
perfusion difference among different areas within the cryoinjured infarction. On the other
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hand, to achieve higher spatial resolution and limit motion artifact for T1-weighted MRI,
acquisition of full data for each slice has to be separated by ~ 10 heart beats at the same
phase during a contraction cycle. Consequently, each imaging session would take almost
2 min, during which heterogeneous perfusion, if any, across infarcted myocardium cannot
be easily detected.
In addition, the newly formed vasculature within the cryoinjured myocardium after
exposure to slowly released exogenous VEGF/bFGF seemed to be immature as evidenced
by lack of arterioles and leakage of erythrocytes into the interstitium. Potential
explanation might include (i) lack of other important vascular growth factors and
cytokines which altogether play complementary roles for inducing stable and functional
vascular networks 287, 288 and (ii) lack of proper regional VEGF-to-bFGF ratio at different
stages of vascular formation due to their different diffusing rates out of the alginate
matrix.
Obvious concern related to the use of xenogeneic proteins (human VEGF and
bFGF) and cells (human ADSCs) is their potential induction of host-mediated immune
reaction, which might reduce the angiogenic potential of tested agents. However, it seems
that the immune response, if it existed, did not play a significant role as judged by several
previous studies from other groups employing donor and recipient mismatches in species
289-291

. In fact, alginate-based or agarose-based hydrogel matrix possibly protected

immobilized proteins or cells from attack by host immune system.
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5.5. Effects of ADSCs immobilized in agarose gel patch on cryoinjured myocardium
Adipose-derived stem cells have the potential of transdifferentiation into multi-lineage
cell lines including both cardiomyocytes and smooth muscle cells 292. It may not be
suitable to directly inject the ADSCs into the border zone of infarcted myocardium as it is
difficult to distinguish the source of newly formed vessels, though genetic analysis may
help. In addition, regionally implanted ADSCs can only provide limited, if any,
angiogenic paracrine effects. As a result, we decided to encapsulate the ADSCs into a gel
patch, which could prevent/reduce their migration into the host tissue. As for the gelling
material, alginate was a potential candidate as pig pancreatic islet had been successfully
encapsulated into it 293, 294. However, a concern related to potential negative effects of
non-physiological gelling ions (high [Ca2+] and presence of Gd3+) on ADSCs was raised
when we prepared the alginate-cells patch. Consequently, we decided to use agarose as its
solution would only form hydrogel upon temperature drop. As the melting point was
much higher than the gelling point, we had chosen the agarose gel with gelling
temperature below 37 oC for its easy mix with ADSCs. Our in vitro assessment regarding
the viability of ADSCs after being entrapped in the agarose matrix indicated that more
than 50% of entrapped ADSCs could survive for 2 weeks. In addition, a significant
amount of VEGF was detected within the cultured medium.
Choice of cryoinjury-induced MI model also made the results more convincing than
conventional ischemia-induced MI as, in most times, there remains a thin subepicardial
layer of viable myocardium in ischemia-induced MI. The reason might be related to close
proximity to the pericardial cavity, where from oxygen and nutrients could still diffuse
into the subepicardium. It would have made estimation of angiogenic and regenerative
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potential with epicardial anchoring of interventional agents inaccurate. Cryoinjury helped
solve this problem. The observed new vessel network within the cryoinjury-induced MI
could be reliably attributed to the effects of external agents. Our microscopic results did
indicate growth of new vessels including capillaries, arterioles and venules within the
scar tissue. Unlike growth factor-induced angiogenesis in the other group, the newly
formed vasculature was functionally competitive as erythrocytes appear inside, instead of
outside, the vessel lumen (not shown here). A further proof of mature angiogenesis was
the appearance of fluorescent microspheres within the scar tissue, indicating the
successful bridging of the vessel network with host coronary vasculature (Fig. 4.31). Our
results indicate that mature angiogenesis could be achieved within 4-week after MI which
might be correlated with the interplay of all related angiogenic growth factors. Based on
our control results and previous reports by other groups 223, 225, 295, these growth factors
were most probably produced by ADSCs entrapped in agarose gel patch through the
epicardial interface. Of course, we still can not exclude the possibility that the newly
formed vessel structure emerged due to transdifferentiation of ADSCs migrated from the
agarose gel. However, if ADSCs did transdifferentiate into smooth muscle cells, they
might also be able to transdifferentiate into cardiomyocytes as both in vitro and in vivo
study all found this potential within the infarcted myocardium 296-298. However, in
histological and MEMRI data, we did not find such evidence. Of course, genetic-based in
situ hybridization should be employed in the future to further ensure the cell source
within the vasculature.
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Abbreviations
∆Ψm

Electrochemical potential

ADP

Adenosine diphosphate

ADSCs

Adipose-derived stem cells

AMP

Adenosine monophosphate

ATP

Adenosine triphosphate

B0

External magnetic field

bFGF

Basic fibroblast growth factor

BP

Blood pressure

BW

Body weight

deoxy-

Deoxygenated

ε

Molar absorptivity

ECF

Extracellular fluid

ECG

Electrocardiogram

FA

Fatty acid

FLASH

Fast low angle shot (MRI)

G

Guluronic acid

Gd-DTPA

Gd-Diethylenetriaminepentaacetate

Gd-MRI

Gd-DTPA-enhanced MRI

GRE

Gradient Recalled Echo

H&E

Hematoxylin & eosin

Hb

Hemoglobin

HR

Heart rate

I

Intensity of passed light

I0

Intensity of incident light

ICG

Indocyanine green

IR676

IR-676 iodide; 1,1‟,3,3,3‟,3‟-hexamethyl-4,5,4‟,5‟-dibenzoindodicarbocyanine

KHB

Krebs-Henseleit buffer

LAD

Left anterior descending coronary artery
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LV

Left ventricle

LVDP

Left ventricular developed pressure

M

Mannuronic

Mb

Myoglobin

MEMRI

Mn-enhanced MRI

Met-Hb

Methemoglobin

MI

Myocardial infarction

MnDPDP

Manganese dipyridoxyldiphosphate

Mn-TP

Manganese ethylenediaminetetraphosphonate

MR

Magnetic resonance

MRI

Magnetic resonance imaging

Mw

Molecular weight

NADH

Nicotinamide adenine dinucleotide

NIR

Near infrared

OSP

Oxygen saturation parameter

Oxy-

Oxygenated

PCr

Phosphocreatine

PET

Positron emission tomography

pI

Isoelectric point

PP

Perfusion pressure

r1

Longitudinal relaxivity of a magnetic resonance contrast agent

r2

Transverse relaxivity of a magnetic resonance contrast agent

RF

Radio frequency

ROS

Reactive oxygen species

SI

Signal intensity

SOD

Superoxide dismutase

SPECT

Single photon emission computed tomography

SR

Sarcoplasmic reticulum

SSFP

Steady-state free precession sequences

T1

Spin-lattice relaxation time

T2

Spin-spin relaxation time
196

TE

Echo times

TR

Repetition time

TTC

2,3,5-triphenyltetrazolium choloride

VEGF

Vascular endothelial growth factor

γ

Gyromagnetic ratio

ω

Angular frequency of spin precession
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