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中  文  摘  要

	前言
冠心病是严重威胁人类健康的常见病和多发病，治疗性血管生成是治疗冠心病的新思路和方法。然而，应用单一血管生长因子的临床试验结果并不理想。如何筛选不同促血管生长因子的最佳组合并建立长期稳定的有功能的血管网络对于心肌梗死后心肌灌注的改善和心功能的恢复至关重要。而选用适宜的动物模型，亦是将临床前研究转化为临床应用的重要环节。此外，对于评价心肌灌注跨壁梯度的定量变化目前尚缺乏可靠的技术，应变和应变率显像技术能够实时测量心肌应变和应变率跨壁梯度分布。然而，不同病理生理状态下心肌纵向应变和应变率的分层分布特点及其与心肌灌注跨壁梯度的关系目前尚不清楚。
本研究拟建立与人类冠心病相似的小型猪心肌缺血和梗死模型，通过联合应用不同的促血管生成因子，诱导成熟、稳定的动脉血管网络的形成，进而改善缺血心肌的灌注和功能。同时，应用应变率显像技术定量测量心室肌不同层次的纵向收缩功能，籍此无创性估测心肌灌注的跨壁梯度。这些研究预期将为心肌缺血的早期诊断和和有效治疗提供具有临床应用光明前景的新方法。
目的

1. 在小鼠角膜模型中，将不同血管生长因子两两组合进行初步筛选，确定有协同促血管生成效应的不同生长因子之间的组合。

2. 根据筛选结果进一步探讨最佳组合因子在小型猪心肌缺血和梗死模型中的治疗效果，进而探讨其分子机制。

3. 在小型猪心肌缺血和梗死模型中，观察不同状态下（正常、缺血和梗死节段）心肌的内、外膜层纵向应变和应变率的变化特点。

4. 探讨心肌纵向应变和应变率的跨壁梯度与心肌跨壁血流量的关系。

方法

1. 最佳血管生成组合因子的筛选
角膜是没有血管的组织，因此它是研究血管生成的理想模型。以hydron聚合体包被蔗糖硫酸铝制作缓释系统，利用该系统包载不同血管生长因子使其成为缓释剂，置入小鼠角膜。观察新生血管外形和轮廓的变化，确定有协同促血管生成作用的生长因子的组合。并根据筛选结果在小型猪急性心肌梗死模型中做进一步研究。
2. 心肌缺血和梗死动物模型的建立
中国实验用小型猪40只，结扎冠状动脉前降支制作急性心肌梗死模型，随机分为四组：PBS组, FGF-2组, PDGF-BB组和FGF-2/PDGF-BB组。将PBS或不同血管生长因子缓释剂包埋于心包下心肌梗死边缘的缺血区域。
3. 心肌灌注的评价
在治疗前和治疗后第6周和14周行冠状动脉造影评价LAD分布区的侧支循环；分别应用红色、黄色和蓝色三种不同颜色的彩色微粒（直径10 ± 2 µm，E-Z Trac,Los Angeles,CA）来评估这三个时间点的心肌局部血流量，计算公式为：Qm= (Cm x Qr) / Cr，其中，Q m 是指每克心肌组织的血流量(ml/min/g), C m 是指每克心肌组织的彩色微粒数, Q r 是指参考血样的抽取速度 (ml/min), C r 是指参考血样中的彩色微粒数。
4. 心肌收缩功能的评价
在治疗前和治疗后第14周将动物于开胸状态下行心外膜超声检测。在心尖两腔和四腔心切面采以校正的Simpson's方法测定左心室射血分数（LVEF）。在二维灰阶图像上分别测定梗死边缘的缺血区左心室舒张末期（心电图R波峰值处）和收缩末期（心电图T波末端）的室壁厚度，按以下公式计算缺血心肌局部室壁增厚率（wall thickening,WT）：WT＝（收缩末室壁厚度－舒张末室壁厚度）/舒张末室壁厚度×100％。

5. 病理学和免疫组织化学分析
14周后处死动物，通过兔多克隆抗体von Willebrand factor (vWF) 和小鼠单克隆抗体α-smooth muscle actin (α-SMA)免疫组化标记缺血区心肌的新生毛细血管和小动脉，并用荧光双标来评价新生血管的成熟程度和稳定性。本研究提出了一个新参数：成熟指数（maturation index），即被平滑肌包被的新生血管所占所有血管的百分比。

6．心肌灌注跨壁梯度的估测

在结扎冠脉1小时确定模型建立成功后，应用新型的应变和应变率显像技术，获取6个心动周期的动态图像，定量分析正常、缺血和梗死节段的心内膜和心外膜下心肌的同步应变和应变率曲线。计算心内外膜下层心肌测值的比值，作为内外膜应变和应变率的跨壁梯度。以缺血区域的心内膜和心外膜下层的TVI图像进行重复性分析，测量室间隔缺血区的Sp和SRp，检验这两个定量指标在观察者内部与观察者之间的差异。

7. 统计学分析

定量数据均以均数±标准误表示，用SPSS 11.5统计软件进行统计分析。在做分析之前，对所有的数据进行正态分布检验。连续变量应用2×2 析因设计和重复测量的方差分析。等级资料用非参数检验分析，多组之间的比较用Kruskal-Wallis 检验，组间两两比较Mann-Whitney检验。不同节段的MBF, Sp and SRp应用one-way ANOVA比较，组间两两比较进一步用LSD分析。同一节段心内外膜下层参数用配对t检验比较。采用相关回归分析检验Sp 和SRp与相应部位的MBF的相关性。设P<0.05为有统计学意义。
结果

1. 最佳血管生长因子组合的筛选

将不同生长因子缓释剂置入小鼠角膜第5天的检测结果表明，无论单独应用一种还是联合两种生长因子均可诱导角膜新生血管的形成。与单一因子比较，VEGF/FGF-2和VEGF/PDGF-BB这两种因子组合无显著协同作用，而FGF-2和PDGF家族成员PDGF-AA, PDGF-AB, PDGF-BB联合应用均有显著的协同促血管生成效应。但至第70天，联合应用FGF-2和PDGF-AA组诱导的血管几乎完全退化，而FGF-2与PDGF-AB或PDGF-BB协同诱导的新生血管得以维持。因此，本研究选择了协同促血管生成作用最强的生长因子组合（FGF-2和PDGF-BB），在小型猪心肌梗死和缺血模型中作进一步研究。
2. 冠状动脉造影评估侧支循环指数的变化
第一次手术时4组动物的侧支循环指数均为0，第6周时侧支循环指数在4组之间的差别有统计学意义(循环P=0.026)。进一步组间比较发现，联合应用FGF-2/PDGF-BB组的侧支指数较单独应用FGF-2、PDGF-BB或PBS对照组均显著增高（P值分别为0.037，0.021和0.002），在结扎的冠状动脉远端形成可显影的侧支血管网络。为了进一步观察这些侧支血管网是否稳定，在置入因子第14周后再次行冠状动脉造影检查，结果发现，联合应用FGF-2/PDGF-BB组的血管网络依然稳定存在，第14周的结果与第6周时的结果无显著差异。
3. 彩色微粒测定局部心肌血流量
3.1不同生长因子治疗前后心肌血流量变化
治疗前各组心肌血流量无差别，治疗后第6周和第14周，各组间差别有统计学意义(P<0.05)。组间比较表明，FGF-2/PDGF-BB联合应用组较单独应用一种生长因子及PBS对照组心肌血流量显著增加(6周，P<0.01；14周，P<0.01)。析因设计的方差分析发现FGF-2 和 PDGF-BB之间有正交互作用(6周，F = 7.317, P=0.011; 14周，F = 4.930, P= 0.034)。第14周的结果较第6周时的结果无显著差异。
3.2正常、缺血和梗死节段心内外膜下层的心肌血流量
在正常心肌节段，心内外膜下层的心肌血流跨壁分布一致(1.50±0.13 vs 1.46±0.16, P>0.05)。在缺血区，心内外膜下层血流均降低( P均<0.001)，但是心内膜下层血流降低更显著使得心内膜下层血流明显低于心外膜下层血流(0.70±0.15 vs 0.87±0.08, P<0.01)，出现心内外膜下层跨壁梯度小于1 (MBF-EER:0.81±0.12)。在梗死节段，心内外膜下层血流进一步显著降低，跨壁梯度消失，心内外膜下层血流比值等于1 (0.26±0.08 vs 0.26±0.07, P>0.05) 。
4. 左心室整体和局部功能的变化
治疗后第14周，FGF-2/PDGF-BB联合治疗组的左室射血分数（LVEF）较对照组显著增高（P=0.034），但与单独应用FGF-2组或 PDGF-BB组比较，差别无统计学意义(P值分别为0.10 和0.082)。单独应用FGF-2 或 PDGF-BB较对照组LVEF亦无显著性差异。
治疗前各组间缺血区室壁增厚率无差别。第14周后单独应用FGF-2组 或 PDGF-BB组较对照组WT差别无统计学意义，FGF-2/PDGF-BB联合治疗组较单独应用一种生长因子组的WT显著增高（P<0.01）。
5. 血管密度和血管成熟指数
FGF-2/PDGF-BB联合治疗组的小动脉密度显著高于FGF-2组 或 PDGF-BB组单独治疗组(P<0.01)及PBS对照组(P<0.01)。FGF-2/PDGF-BB联合治疗组的血管成熟指数也显著高于FGF-2 或 PDGF-BB单独治疗组及PBS对照组(P<0.01)。  

6. 血管生长因子受体的表达
FGF-2在心脏的受体主要是FGFR-1。PDGF-BB的两个受体是PDGFR-α和PDGFR-β。本研究通过免疫组化检测了这三个受体的表达水平，结果发现，联合应用FGF-2/PDGF-BB组心肌微血管的FGFR-1、PDGFR-α和PDGFR-β的表达明显高于其他各组。同时，以免疫组化和实时定量PCR的方法检测了VEGF和其受体flk的表达，结果发现，在蛋白和mRNA水平，VEGF和flk在这4组动物血管中的表达均无显著性差异。
7．正常、缺血和梗死节段的心肌应变和应变率
在正常心肌节段，心内膜下层Sp明显高于心外膜下层Sp(-11.39±2.30 vs -9.48±1.66, P=0.001)，心内外膜跨壁梯度大于1。与正常节段心肌相比，缺血区的心内膜下层和心外膜下层Sp均显著降低(P均<0.001)，但心内膜下层心肌Sp降低程度更重，心内膜下层Sp明显低于心外膜下层Sp(-5.99±1.59 vs -7.23±1.29, P=0.002)，使得内外膜跨壁梯度发生逆转，Sp-EER小于1（Sp-EER:0.82±0.14）。在梗死节段，内外膜的Sp进一步显著降低接近于0，使得跨壁梯度消失。无论是心内膜下层还是心外膜下层的正常、缺血和梗死节段Sp两两比较，三者之间均存在显著差异(P<0.001)。

在正常心肌节段，心内膜下层的SRp明显高于心外膜下层的SRp (-2.78±1.05 vs -2.34±0.87, P=0.007)，心内外膜下层的SRp跨壁梯度大于1。与正常节段心肌相比，缺血区的心内膜下层和心外膜下层的SRp均显著降低(P均<0.001)，但心内膜下层心肌的SRp降低程度更重，心内膜下层SRp明显低于心外膜下层SRp (-1.07±0.37 vs -1.47±0.57, P=0.006)，使得心内外膜下层的跨壁梯度发生逆转，SRp -EER小于1（SRp-EER：0.76±0.15）。在梗死节段，心内外膜下层的SRp进一步显著降低(-0.47±0.22 和 -0.45±0.19, P<0.001)，接近于0，使得跨壁梯度消失。无论是心内膜下层还是心外膜下层的正常、缺血和梗死节段SRp两两比较，三者之间均存在显著差异(P均<0.001)。

8．心肌跨壁应变和应变率与心肌灌注跨壁梯度的相关性

心内膜下层和心外膜下层的Sp 与各自对应的MBF均显著相关(r= -0.84，P<0.001; r = -0.81，P<0.001, repectively)；心内膜下层和心外膜下层的SRp与各自对应的MBF也有很好的相关性(r = -0.78，P<0.001; r = -0.75，P<0.001, respectively)。

9．重复性检验

各项指标在观察者内部的差异分别为：心内膜下层Sp，10.2 ± 3.6%；心外膜下层Sp，10.3 ± 4.2%；心内膜下层SRp，12.9 ± 3.8%和心外膜下层SRp，13.3 ± 4.1%。观察者之间的差异分别是：心内膜下层Sp，11.5 ± 3.9%；心外膜下层Sp，11.9 ± 3.7%；心内膜下层SRp，13.8 ± 4.1%和心外膜下层SRp，14.2 ± 4.3%。

结论

（1）联合应用“促血管生成因子”FGF-2和“促动脉生成因子”PDGF-BB有协同作用，能够建立稳定的侧支血管网络，增加心肌血流量，显著改善室壁收缩功能。

（2）FGF-2和PDGF-BB协同促血管生成机制与血管生成过程中FGFR-1, PDGFR-α 和 PDGFR-β在心肌微血管中表达上调以及PDGFR 和 FGFR之间的交互作用有关。这方面的深入研究为将来临床心肌梗死患者的促血管生成治疗奠定了基础。

（3）正常、缺血和梗死不同状态下心内外膜下层心肌纵向应变和应变率及其跨壁梯度明显不同。

（4）定量分析心肌纵向跨壁应变和应变率的改变能够区分正常、缺血和梗死区域，评估心肌缺血的严重性，表明纵向心肌形变的跨壁分布测定对评价患者缺血心肌局部灌注可能是一个很有价值的指标。
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An Experimental Study of Revascularization in a Pig 
Myocardial Infarction Model

Lu Huixia 
ABSTRACT

	Introduction

Coronary artery disease (CAD) is a major threat to people’s health in the world. Therapeutic angiogenesis is a promising approach to the treatment of myocardial ischemia, which seeks to stimulate collaterogenesis and improve myocardial perfusion and function by delivery of proangiogenic factors to the ischemic myocardium. The results of therapeutic angiogenesis in patients with advanced coronary artery diseases in clinical trials, based on single angiogenic factor, have been disappointing. Selection of optimal combination of proangiogenic factors and re-establishment of functional and stable collaterals in the ischemic myocardium is crucial to restoring cardiac function after myocardial infarction. It is thus important to select appropriate animal models for translating preclinical research into clinical application.

A major difficulty in quantitating the transmural gradient of myocardial perfusion is the lack of a reliable technique. Strain and strain rate imaging is a new technique which can be used to measure the transmural gradient of myocardial strain and strain rate in real time. It is still unclear whether the transmural gradient of the systolic strain and strain rate could predict the transmural gradient of myocardial blood flow at different perfusion levels. 

The present study was designed to establish a pig model of myocardial infarction and ischemia mimicking human CAD, in which a combinatorial therapy with different proangiogenic factors was used to induce mature and stable arterial networks and improve myocardial perfusion and function. In addition, strain rate imaging technique was applied to measure the transmural gradient of the longitudinal myocardial contraction which was utilized to predict the transmural gradient of regional myocardial blood flow. These studies may pave new avenues to the development of early diagnostic techniques and therapeutic strategies for myocardial ischemia.

Objectives
1. To select the optimal and synergistic combination of angiogenic and arteriogenic factors in mouse cornea.
2. To assess the therapeutic effects of the optimal combination of angiogenic and arteriogenic factors in a pig model of myocardial infarction and ischemia, and explore the possible molecular mechanisms.
3. To quantitate the transmural gradient of myocardial contraction in the normal, ischemic and infarct segments by SRI technique in a pig model of myocardial infarction and ischemia.
4. To examine the relationship between the transmural gradient of myocardial contraction and the transmural gradient of myocardial perfusion at different perfusion levels.
Methods 

1. Selection of the optimal combination of angiogenic factors
The avascular feature of the corneal tissue made it an ideal model for assessing vascular network formation. A micropellet of sucrose aluminum sulfate coated with hydron polymer type NCC containing different growth factors was surgically implanted into a micropocket in the mouse cornea. The corneal neovascularization was examined and quantified on day 5 after pellet implantation. Vascularization areas were calculated by measuring vessel lengths and clock-hours. Based on these studies, an optimal combination of angiogenic factors was chosen for the therapeutic evaluation in a pig model of myocardial infarction and ischemia. 
2. Animal model of myocardial infarction and ischemia

The left anterior descending coronary artery (LAD) distal to its third diagonal branch was ligated in 40 Chinese experimental mini-pigs to produce an animal model of myocardial infarction and ischemia. Animals were randomly divided into 4 groups: (A)PBS, (B)FGF-2(5μg), (C) PDGF-BB(10μg), and (D)FGF-2 and PDGF-BB(5μg and 10μg, respectively). A slow-releasing pellet of sucrose aluminum sulfate coated with hydron polymer containing PBS, FGF-2, PDGF-BB, or FGF-2 and PDGF-BB was attached to an aseptic application, which was sutured onto the border zone adjacent to the mid and distal LAD. 

3. Evaluation of myocardial perfusion

Before and 6 and 14 weeks after angiogenic treatment, selective coronary angiography was performed to display the collateral circulation around the territory of LAD. For determination of the regional myocardial blood flow at different time points, colored microspheres (10 ± 2 µm diameter) labeled with red, yellow and green color were used prior to and 6 and 14 weeks after treatment. Blood flow values are calculated from the following equation: Qm= (Cm x Qr) / Cr .Where Qm is the myocardial blood flow per gram (ml/min/g), Cm is the microsphere count per gram of tissue, Qr is the withdrawal rate of the reference blood sample (ml/min), and Cr is the microsphere count in the reference blood sample. 

4. Evaluation of myocardial contraction
Two-dimensional echocardiography was used to measure global and regional left ventricular function in all animals with open chest following angiographic assessment before and 14 weeks after treatment using an ultrasound scanner. Analyses of LVEF and systolic wall thickening (WT%) were performed to determine the global function of the left ventricle and the regional function of the myocardium, respectively. LVEF was determined from the apical two-chamber and four-chamber views using a modified Simpson's algorithm. Regional wall thickness was measured at end-diastole (the peak of R wave of the ECG) and end-systole (the end of T wave of the ECG) individually on two-dimensional echocardiograms. Left ventricular systolic wall thickening (WT%) was calculated as: WT%=( SWT—DWT)/DWT×100%.

5. Histological and immunohistochemical analysis

The treated areas of the left ventricle myocardium in the LAD territory were fixed with paraformaldehyde or were immediately frozen in liquid nitrogen. To determine vessel density, paraffin-embedded 5 µm sections were incubated with a rabbit anti-von Willebrand factor (vWF) antibody or a mouse anti-alpha smooth muscle actin (αSMA) antibody, followed by incubation with secondary antibodies labeled with horseradish peroxidase.  Ischemic myocardial sections were also used for detection of vWF/αSMA double positivity using immunofluorescent analysis. A maturation index (percentage of smooth muscle cell positive vessels vs. total vessel numbers) was calculated.

6. Estimation of the transmural gradient of myocardial perfusion
Strain and strain rate imaging were derived from the apical four-chamber view 1 hour after LAD ligation with a Vivid 7TM ultrasound system and a cine-loop comprising 6 cardiac cycles was stored. The strain curves from both subendocardial and subepicardial layers were simultaneously displayed in the normal, ischemic and infarct segments and the peak systolic strain from the subendocardium (Sp-endo) and subepicardium(Sp-epi) was measured from the two curves. The transmural gradient of myocardial strain was calculated as the ratio of Sp-endo/ Sp-epi (Sp-EER) in the three segments, respectively. Similarly, The strain rate curves from both subendocardial and subepicardial layers were simultaneously displayed in the normal, ischemic and infarct segments, respectively and the peak systolic strain rate from the subendocardium (SRp-endo) and subepicardium (SRp-epi) was measured from the two curves. The transmural gradient of myocardial strain rate was calculated as the endocardial to epicardial ratio of strain (SRp-EER), i.e., SRp-endo/SRp-epi in the three segments. 

In order to assess the reproducibility of strain and strain rate measurement, Sp and SRp in the subendocardium and subepicardium in all animals were measured in the ischemic segment. The inter-observer variability was calculated from the repeated measurements performed by two independent observers and the intra-observer variability was calculated from the repeated measurements performed by one observer who measured twice one week apart. Variability was expressed as the percentage of the absolute difference between two measurements divided by the mean value of the two measurements.
7. Statistical analysis
Data are presented as the mean± standard errors of the mean and were analyzed with SPSS 11.5 software. A 2×2 factorial analysis of variance was used to examine the interaction between FGF-2 and PDGF-BB.  Continuous variables were compared by using repeated measures analysis of variance (RM ANOVA) followed by the LSD or Dunnutt T3 corrected post hoc analysis for multiple comparison procedure.  Nonparametric variables were compared between groups by using two-sided Kruskal-Wallis (multiple group comparison) and Mann-Whitney (two group comparisons) tests.  Collateral index was compared within groups before and after treatment using Wilcoxon test. Comparisons of MBF, Sp and SRp among all segments were performed by one-way ANOVA, and LSD test was used to assess the difference between multiple comparisons. Paired student’s t-test was used to analyze the differences between parameters measured from the subendocardium and subepicardium in the same segment. Correlations between MBF and Sp or SRp from all three segments were performed by linear regression analysis. All reported P values were two-tailed, and a P value<0.05 was considered statistically significant. 

Results

1 Selection of the optimal combination of angiogenic and arteriogenic factors in mouse cornea
Combination of PDGF-AA/VEGF, PDGF-AB/VEGF or PDGFBB/VEGF didn’t result in synergistic angiogenesis. PDGF-AA/FGF-2, PDGF-AB/FGF-2, or PDGF-BB/FGF-2 combinations synergistically induced angiogenesis as compared with single growth factor-induced angiogenesis. At day 70 after implantation, PDGF-AA/FGF-2-induced vessels were almost completely regressed, suggesting that this combination is unable to stabilize the newly formed vasculature. Interestingly, both PDGF-AB/FGF-2- and PDGF-BB/FGF-2-induced corneal vascular networks remained stable at this and later time points. These findings demonstrate that only PDGF-AB/FGF-2 or PDGF-BB/FGF-2, but not PDGF-AA/FGF-2, are able to stabilize the newly formed vasculature although all three combinations promote angiogenic synergisms. We thus chose a combination of PDGF-BB/FGF-2 for therapeutic evaluation.

2 Angiographic analysis of collateral formation
Analysis of the collateral index demonstrated a difference among the four groups at week 6 (P=0.026)，whereas baseline collateral index in all groups was similar. Further multiple comparisons showed that PDGF-BB/FGF-2 significantly induced myocardial collateral growth as compared with various individual FGF-2 or PDGF-BB or PBS -treated myocardium (P=0.037, P=0.021 and P=0.002, respectively). These newly established collaterals formed vascular networks proximally and distally from the ligation site. To study the stability of these newly established collateral networks, coronary angiography was again performed on week 14 after treatment. Remarkably, the PDGF-BB/FGF-2-induced collaterals had developed into well-established coronary arterials, indicating the re-established collaterals remained stable. 
3. Measurement of myocardial blood flow using colored microspheres
3.1. Myocardial blood flow before and after angiogenic treatment
The myocardial blood flow was assessed by a colored microsphere method. Prior to treatment, the basal levels of myocardial blood flow in the LAD territory were indistinguishable among all groups. At week 6, the PDGF-BB/FGF-2 together-treated group exhibited remarkably higher MBF than either factor alone-treated myocardium (P<0.05). The high level of MBF persisted for long term in the PDGF-BB/FGF-2-treated group and no reduction of MBF was observed at the end point of the experiment (14 weeks). Statistical analysis of these data using factorial analysis of variance showed that MBF in the PDGF-BB/FGF-2 together-treated group was markedly greater than the sum effects obtained from two factors alone-treated myocardium (F=7.317, P =0.011, at week 6; and F=4.930, and P = 0.034, at week 14). 

3.2. Subendothelial blood flow in the normal, ischemic and infarct segments

The regional MBF was similar in the subendocardium and subepicardium in the normal segment with a calculated MBF-EER of 1.03±0.07. Compared with MBF in the normal segment, MBF in both subendocardium and subepicardium in the ischemic segment decreased significantly (both P<0.001) with a more remarkable decline in MBF-endo (p<0.01) which resulted in a calculated MBF-EER of 0.81±0.12. In comparison with the normal segment, the infarct segment showed a further decline in both MBF-endo and MBF-epi (both P<0.001) with a calculated MBF-EER of 1.01±0.13.

4. Changes of the left ventricular global and regional systolic function

Echocardiography was performed to monitor global and regional myocardial function. Measurement of left ventricular ejection fraction (LVEF) showed that the basal cardiac dysfunction was indistinguishable among all groups before treatment.  At week 14 after treatment, a significant improvement of LVEF was observed in the PDGF-BB/FGF-2-treated group as compared with the buffer-treated group. However, there were no significant differences between the combination treatment group and groups treated with either FGF-2 (P=0.10) or PDGF-BB (P=0.082) alone. Neither single growth factor-treated group showed significant improvements of LVEF. 

To assess regional wall motion, left ventricular systolic wall thickening (WT %) was calculated. There were also no significant differences in the baseline regional function among groups. Similar to LVEF results, PFGF-BB- and FGF-2-single treated groups did not show any significant improvement in WT% as compared with buffer-controls.  In contrast, the PDGF-BB/FGF-2-treated group significantly improved the WT% as compared with either buffer- or single factor-treated groups (P<0.01).   

5. Vessel density and vessel maturation index

Collateral micro-vessel formation was further examined by measuring the number of capillaries and arterioles by von Willebrand factor (vWF) and α-smooth muscle actin (α-SMA) immunohistochemistry in light microscopic sections taken from ischemic myocardium. Myocardial capillary density in the border zone in FGF-2 and the combination group was significantly higher compared with PBS and PDGF-BB group (P<0.05). No apparent difference was observed between the FGF-2 and the combination group. Arteriolar density was significantly higher in growth factors treated animals than in PBS controls. Consistent with the coronary angiographic analysis, high numbers of arterial vessels were detected in the PDGF-BB/FGF-2-treated myocardium at week 14 post-treatment as compared with those of single factor-treated or control samples. 

In addition, for assessing the maturity and stability of myocardial newly vessels, a maturation index defined as proportion of vessels surrounded by smooth muscle cells was determined by vWF and α-SMA double-labeled immunofluorescence. At week 14 after treatment, α-SMA positive vessels in the PFGF-BB/FGF-2 together-treated group was significantly higher than those detected in the PFGF-BB, FGF-2, or buffer alone-treated myocardium (P<0.05).

6. Expression of FGFR-1, PDGFR-α and PDGFR–β
The proangiogenic factors exert their cellular effects by binding to and activating protein tyrosine kinase receptors expressed on target cells. FGFR-1, PDGFR-α and PDGFR–β were examined by immunohistochemistry. FGFR-1, PDGFR-α and PDGFR–β expression significantly higher in the PFGF-BB/FGF-2 group than others. To further identify whether VEGF may in part involve in vascular stability by activating flk, we also examined the expression of VEGF mRNA and protein by realtime PCR and immunohistochemistry, respectively. There were no significant differences at both mRNA and protein level in VEGF and flk among groups.
7. Strain and Strain Rate in the normal, ischemic and infarct segments
The peak systolic strain in both subendocardium (Sp-endo) and subepicardium (Sp-epi) decreased progressively from the normal to the ischemic and the infarct segments and there were significant differences among the three segments (all p<0.001). Sp-endo was significantly higher than Sp-epi in the normal segment (p=0.001) whereas significantly lower than Sp-epi in the ischemic segment (p=0.002). On the other hand, there was no significant difference between Sp-endo and Sp-epi in the infarct segment (p> 0.05). Consequently, Sp-EER calculated was the highest in the normal segment and the lowest in the ischemic segment and there was a significant difference in Sp-EER between normal and ischemic segments (p<0.001) and between normal and infarct segments (p=0.013). Moreover, Sp-EER was significantly lower in the ischemic than in the infarct segment (p=0.004).

Peak systolic strain rate showed similar changes as peak systolic strain and exhibited a progressive decline from the normal to the ischemic and the infarct segments (all p<0.001). SR-endo was significantly higher than SR-epi in the normal segment (p =0.007) but significantly lower than SR-epi in the ischemic segment (p=0.006). In contrast, there was no significant difference between SR-endo and SR-epi in the infarct segment. Compared with the normal segment, SR-EER was significantly reduced in the ischemic (p<0.001) and infarct segments (p=0.028). Also SR-EER was significantly lower in the ischemic than in the infarct segment (p=0.001). 

8. Correlation between the transmural gradient of myocardial strain and the transmural gradient of myocardial perfusion
Because Sp on the echocardiogram was displayed as a negative curve, there were excellent inverse correlations between Sp-endo and MBF-endo in the subendocardium (r= -0.84, p<0.001) and subepicardium (r= -0.81, p<0.001). Similarly, high inverse correlations were obtained between SRp and MBF in the subendocardium (r= -0.78, p<0.001) and subepicardium (r= -0.75, p<0.001). 
9. Inter-observer and intra-observer variability 

The intraobserver variability for the measurements of Sp-endo, Sp-epi, SRp-endo and SRp-epi was 10.2 ± 3.6%, 10.3 ± 4.2%, 12.9 ± 3.8% and 13.3 ± 4.1%, respectively. The interobserver variability for the measurements of Sp-endo, Sp-epi, SRp-endo and SRp-epi was 11.5 ± 3.9%, 11.9 ± 3.7%, 13.8 ± 4.1% and 14.2 ± 4.3%, respectively.

Conclusions
(1) A protein-based angiotherapeutic approach, based on dual delivery of arteriogenic and angiogenic factors (FGF-2 and PDGF-BB), significantly improves myocardial collateral growth, blood perfusion, and cardiac function in a pig model of myocardial infarction and ischemia.
(2) A possible mechanism of angiogenic synergism involves upregulation of the expression of FGFR-1, PDGFR-α and PDGFR-β in angiogenesis, and the crosstalk between PDGFR and FGFR. 

(3) The transmural distribution of the longitudinal myocardial deformation can be reliably assessed by strain and strain rate imaging and the subendocardium and subepicardium exhibit different contraction patterns in response to normal, reduced and absent blood supply.

(4) The transmural gradient of the strain and strain rate can predict the transmural distribution of myocardial blood flow and differentiate the normal, ischemic and infarct segments. The transmural distribution measurement of the longitudinal myocardial deformation may have a great value in assessing the myocardial perfusion in ischemic heart disease. 
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