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ABSTRACT 

To determine the potential value of 13N-ammonia positron emission tomography (PET)/computed 

tomography (CT) myocardial perfusion imaging (MPI) for detection of myocardial perfusion 

changes at early stage induced by radiation damage. 

Methods: Thirty-six Beagle dogs were randomly divided into the control (n = 18) or the 

irradiation groups (n = 18). The irradiation group underwent local irradiation to the left ventricular 

anterior cardiac wall with a single dose of 20 Gy, whereas the control group received sham 

irradiation. All dogs underwent 13N-ammonia PET/CT MPI one week before irradiation and at 

three, six, and twelve month after sham or local irradiation. One week after completing 

13N-ammonia PET/CT MPI examination, the irradiation group underwent coronary angiography 

examination. Six randomly selected Beagle dogs from each group were sacrificed and used to 

detect pathological cardiac injury at three, six, and twelve month after irradiation. 

Results: Compared with the control group and baseline, the irradiation group showed significantly 

increased perfusion in the irradiated area of the heart at three month after irradiation, perfusion 

reduction at six month after irradiation, and perfusion defect at twelve month after irradiation. 

There was no significant difference in the left ventricular ejection fraction (LVEF) values between 

the control and irradiation groups at baseline and at three month after irradiation. The irradiation 

group showed a reduction of LVEF compared with the control group at six (50.0 ± 8.1% vs. 59.3 ± 



4.1%, p = 0.016) and twelve month (47.2 ± 6.7% vs. 57.4 ± 3.3%, p = 0.002) after irradiation. No 

coronary stenosis was observed in the irradiation group. Regional wall motion abnormalities 

appeared in the irradiated area at six month after irradiation and its extent was enlarged at twelve 

month after irradiation. Pathological changes were observed, radiation-induced myocardial tissue 

damage and microvascular fibrosis was progressively increased with time prolonged in the 

irradiated area. 

Conclusion: 13N-ammonia PET/CT MPI can dynamically detect myocardial perfusion changes 

together with global and regional left ventricular dysfunction induced by irradiation and may be a 

valuable method for monitoring radiation-induced heart disease (RIHD). 
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INTRODUCTION 

Radiotherapy is an effective treatment for many chest tumors, including breast cancer, lung 

cancer, esophageal cancer, Hodgkin's lymphoma, and so on. Several studies have demonstrated 

that radiation-induced heart disease (RIHD) increase in a dose-dependent manner in patients who 

undergo thoracic radiotherapy. Among these patients, RIHD is the most common non-cancer 

cause of death. The survival benefit obtained from radiotherapy can be counteracted by an 

increased risk of RIHD (1-3). Today, the heart is considered a key organ at risk from radiotherapy. 

With the development of sophisticated radiotherapy techniques, such as intensity-modulated 

radiation therapy, image-guided radiation therapy, and tomotherapy, radiation oncologists are able 

to deliver doses with far more accuracy than previous. This has resulted in a significant radiation 

dose reduction to cardiac tissue. However, most thoracic radiotherapy patients still receive either a 

high dose of radiation to a small part of the heart or a lower dose to the whole heart (4-7). It is 

important to note that there is no minimum threshold dose below which radiation is considered 

safe; even lower doses can increase the morbidity and the mortality of heart diseases (8-11). 

Because of the lack of convincing proof from multicenter trials with a sufficient follow-up period, 

the true incidence of RIHD is uncertain (4,12). Early diagnosis of RIHD can facilitate timely 

interventions and it may improve the prognosis of these patients. However, there are no currently 

accepted guidelines for RIHD screening and surveillance (13-15). 



Therefore, the objective of this study was to investigate the perfusion changes with 

13N-ammonia PET/CT myocardial perfusion imaging (MPI) and the pathological changes in the 

same period in Beagle dog with RIHD models and to determine the feasibility of monitoring 

RIHD by 13N-ammonia PET/CT MPI. 

 

MATERIALS AND METHODS 

 

Animals 

In this study, all animals care and experimental procedures complied with the Institutional 

Animal Care and Use Committee Guidebook. Thirty-six Beagle dogs (all males, 12 month-old, 

weighing 12 ± 0.67 kg) were purchased from the Anhui Fuyang Weiguang Institute of 

Experimental Animals. After approximately 1 week of quarantine, the dogs were randomly 

assigned to the control group or the irradiation group which received local heart irradiation. All 

animals were housed individually in stainless steel cages in an air-conditioned facility(18 - 25 °C; 

relative humidity 40% - 60%; ≥ 12 air changes/h) and fed twice daily with standard certified 

commercial dog chow and water was available ad libitum at the Experimental Animal Center of 

the Chinese Academy of Radiation Medicine and Protection Institute. Before the study, the dogs 

were acclimated to these conditions for 2 weeks. All animals underwent 13N-ammonia MPI, and 



animals in the irradiation group underwent coronary angiography examination before irradiation 

and at three, six, and twelve month after local irradiation. Six animals randomly selected from 

each group were sacrificed at each time point, and their hearts were taken for pathological testing. 

The study was approved by our Institutional Animal Care and Use Committee and was performed 

in accordance with the Guidelines for Animal Experiments of Shanxi Medical University. 

 

Local Heart Irradiation 

Animals were anesthetized by intravenous injection with 3% pentobarbital sodium at 30 

mg/kg and fixed by a vacuum-form body immobilizer in a supine position. All animals had a 

control-enhanced CT simulation scan (Discovery VCT64 PET/CT, General Electric, WI, USA) for 

radiotherapy planning. After scanning, the images were transmitted into the Varian eclipse TPS 

system. The anterior wall of the left ventricle was outlined as the radiation target, accounting for 

1/4 - 1/3 of the left ventricular volume, and a conformal intensity-modulated radiation therapy 

plan was made. A cone beam CT was obtained with a flat-panel-detector to verify the accuracy of 

the target location prior to exposure. After location verification, the dogs in the irradiation group 

received a single dose of 20 Gy irradiation with 6 MV-X-ray, while the dogs in the control group 

received sham irradiation, simulating the same procedure but without irradiation. 

 



13N-ammonia MPI 

After 12 hours of fasting, the dogs were anesthetized, attached to the vacuum-form body 

immobilizer in a supine position, transferred to the PET/CT (Discovery VCT, GE Healthcare, WI, 

USA) scanner bed, and connected to the electrocardiogram monitor. First, a CT scout was 

conducted to locate the position of the heart in the scanner field of view (FOV); the CT 

examination was performed with 120 kVp, 30 - 50 mA, and slice thickness of 3.75 mm. Next, 148 

- 185 MBq (4 - 5 mCi) of 13N-ammonia was administered by intravenous bolus injection. The PET 

scan was performed at three minutes after intravenous administration of the radiotracers. PET data 

were acquired in the 3D mode and lasted 10 minutes. Images were reconstructed using the 

iterative reconstruction method; the reconstruction matrix was 128 × 128 pixels, 2 iterations, and 6 

subsets. Attenuation correction of PET images was performed by using attenuation data from the 

CT component of the examination.  

 

Image Analysis 

Images were processed using Myovation software in Xeleris 4.3(GE Healthcare) workstation. 

PET/CT images were independently reviewed by two experienced nuclear medicine physicians in 

a double-blind fashion; two observers analyzed all images in every subject slice-by-slice. In the 

semi-quantitative analysis, a same size region of interest (ROI) in both anterior wall (irradiated 



area) and posterior wall (non-irradiated area) was delineated at three different levels of the 

ventricle on the PET/CT fusion images; the average radioactive counts was used for calculating 

the irradiation-to-non-irradiation (RAi/RAni) activity ratio. Gated studies were quantitatively 

analyzed by using the QGS software, the parameters of regional wall motion, end-diastolic volume 

(EDV), end-systolic volume (ESV), left ventricular ejection fraction (LVEF) were acquired 

automatically, and the polar bulls-eye plot was divided into 20 segments. 

 

Coronary Angiography  

One week after completing the 13N-ammonia myocardial perfusion PET/CT examination, the 

irradiation group underwent coronary angiography examination. Anesthetized Beagle dogs were 

placed in the supine position after bilateral inguinal skin preparation. The multi-dimensional 

observation of the performance of coronary angiography was conducted in the catheterization 

laboratory by a cardiologist using a Judkin’s catheter. Two experienced interventional 

cardiologists assessed the coronary angiography using the Thrombolysis in Myocardial Infarction 

score (16), which divides the coronary blood flow into four grades: 0 is no perfusion, 1 is 

penetration without perfusion, 2 is partial perfusion, and 3 is complete perfusion. 

 

Histological Assessments 



The Beagle dogs were euthanized under anesthesia by acute blood loss; the ribs were cut 

along the left sternal border, the thoracic cavity was exposed, and the heart was quickly removed. 

The atrial tissue was then removed from the heart, and the ventricular tissue was prepared for 

histological evaluation by immersion and fixation in 10% formalin. For each heart, myocardial 

tissue was taken from anterior wall (irradiated area) and posterior wall (non-irradiated area) 

respectively at the middle level of the left ventricle. All tissue samples were fixed and underwent 

tissue trimming, washing, and progressive dehydration in ethanol. The alcohol was then replaced 

with xylene, and the samples were embedded in a paraffin block. From each block, 5-μm-thick 

sections were prepared and stained with hematoxylin-eosin (HE), CD31 immunohistochemistry 

and Masson. Morphological changes were observed by light microscopy (JEM-2100; JEOL 

Company, Tokyo, Japan). Semi-quantitative measurement of myocardial degeneration and 

vascular injury was performed to evaluate the extent of cardiac damage (17,18). 

For the evaluation of myocardial degeneration, six non-vascular microscopic fields (× 200) 

were randomly selected from the HE slices. The scoring criteria were as follows: 0 (normal): no 

degeneration of myocardial cells; 1 (mild): < 20% degeneration of myocardial cells; 2 (moderate): 

approximately 20% to 50% degeneration of myocardial cells; and 3 (severe): > 50% degeneration 

of myocardial cells. 

For the evaluation of myocardial vascular injury, six vascular microscopic fields (× 200) 



were randomly selected from the HE slices. The scoring criteria were: 0(normal): no fibrosis, 

adventitia thickness ≈ 1/2 media; 1(mild fibrosis): adventitia thickness ≈ media; 2 (moderate 

fibrosis): adventitia thickness ≈ 2x media; and 3 (severe fibrosis): adventitia thickness ≥ 3x 

media. 

For the evaluation of myocardial microvessel density (MVD), six independent microscopic 

fields (× 200) were randomly selected from CD31 immunohistochemical staining slices. The 

percentage of blood vessels involved per visual field was graded as 0 (absent), 1 (< 10%), 2 

(10-50%) and 3 (> 50%) (19). 

For the evaluation of cardiac interstitial fibrosis, six independent microscopic fields (× 200) 

were randomly selected from Masson staining slices. The scoring criteria were: 0 (no apparent 

collagen fiber proliferation); 1 (focal and minimal fibrosis); 2 (mild patchy fibrosis); 3 (moderate 

diffuse fibrosis) and 4 (most prominent fibrosis) (20).  

 

Statistical Analysis 

All quantitative data were expressed as the means ± standard deviation. Differences between 

groups were tested using a t test and analysis of variance, and using rank sum test for ordinal data. 

Statistical significance was accepted at a level of p < 0.05. The SPSS 18.0 software package 

(SPSS Inc., Chicago, IL, USA) was used for statistical analyses. 

 



RESULTS 

 

Animal Conditions 

One week before irradiation and at three, six, and twelve month after irradiation, the average 

weights of the animals in the irradiation group were 11.0 ± 1.0 kg, 13.0 ± 0.7 kg, 14.0 ± 1.0 kg, 

and 15.0 ± 0.7 kg, respectively. At the same time points, the average weights of the animals in the 

control group were 12.0 ± 0.1 kg, 13.0 ± 0.8 kg, 15.0 ± 0.1 kg and 15.0 ± 0.8 kg, respectively. 

There were no significant differences in the body conditions between the two groups in terms of 

diet, weight, heart rate, blood pressure, and mental status. No symptoms of heart failure were 

observed after irradiation. 

 

13N-ammonia PET/CT MPI 

Compared to the control group and baseline, the irradiation group showed increased 

perfusion in the irradiated area of the heart at three month after irradiation; perfusion reduction 

were observed at six month after irradiation and perfusion defects at twelve month after irradiation 

(Figs. 1 and 2). 

 

RAi/RAni Ratio 



There were no significant differences in the RAi/RAni ratio between the control and 

irradiation groups before irradiation. Compared to the control group, RAi/RAni ratio in the 

irradiation group was increased at three month after irradiation (1.2 ± 0.1 vs. 1.0 ± 0.1, p < 0.05), 

decreased at six month (0.9 ± 0.3 vs. 1.0 ± 0.9, p < 0.05) after irradiation, and further significantly 

decreased at twelve month after irradiation (0.7 ± 0.4 vs. 1.0 ± 0.3, p < 0.01) (Table 1). 

 

Parameters of Left Ventricular Function  

No statistically significant differences were observed between the irradiation group and the 

control group in EDV, ESV, and LVEF before irradiation and at three month after irradiation. 

Similarly, there was no difference in EDV at six month after irradiation; however, ESV (13.4 ± 2.2 

ml vs. 10.3 ± 1.7 ml, p < 0.05) was significantly higher and LVEF (50.0 ± 8.1 % vs. 59.3 ± 4.1%, 

p < 0.05) was significantly lower in the irradiation group compared with that in the control group. 

Interestingly, both EDV (26.5 ± 2.5 ml vs. 22.8 ± 3.2 ml, p < 0.05) and ESV (14.1 ± 2.0 ml vs. 

10.4 ± 2.1 ml, p < 0.01) were significantly larger than that in control group, and LVEF (47.2 ± 6.7 % 

vs. 57.4 ± 3.3 %, p < 0.01) were significantly lower than that in control group at twelve month 

after irradiation (Table 2). No obvious abnormal ventricular wall motion was observed in two 

group animals at three month after irradiation. Regional ventricular wall-motion abnormalities 

were commonly observed in or adjacent irradiation area, and involved 5 segments at six month 



after irradiation and involved 11 segments at twelve month after irradiation (Supplemental Table 

1). 

 

Coronary Angiography 

No coronary stenosis was observed in the irradiation group at baseline, three, six, and twelve 

month after irradiation. All irradiation groups had Thrombolysis in Myocardial Infarction grade 3 

coronary flow (Fig. 3). 

 

Histological Results 

In the control group, the myocardial tissue was normal, no significant changes were observed 

before and after irradiation (three, six, and twelve month) (Fig. 4A). Myocardial interstitial 

fibrosis was slightly increased in the irradiation area at three month after irradiation compared to 

the control group and non-irradiated area, and a small degree of fibrous tissue hyperplasia, 

interstitial small vessel wall thickening, and mild perivascular fibrosis was observed (Fig. 4B and 

Table 3). Six month after irradiation, some areas of the left ventricle showed myocardial 

degeneration, no myocardial necrosis, moderate myocardial interstitial fibrosis, and obvious 

interstitial small vessel wall thickening (Fig. 4C and Table 3). Twelve month after irradiation, the 

myocardial tissue had severe damage, a large degree of myocardial tissue degeneration and 



myocardial interstitial fibrosis, significant interstitial vessel wall thickening, and severe 

perivascular fibrosis (Fig. 4D and Table 3). There was no obvious inflammatory cell infiltration in 

irradiation area. Masson staining showed that myocardial interstitial fibrosis was progressively 

increased after irradiation (Supplemental Fig. 1). Immunohistochemical staining show that 

myocardial interstitial MVD was significantly increased in the irradiation area at three month after 

irradiation revealed by CD31+ staining (Supplemental Fig. 2B). With the progression of 

radiation-induced myocardial tissue damage, myocardial interstitial MVD gradually decreased at 

six and twelve month after irradiation (Supplemental Fig. 2C and 2D). In the non-irradiated area, 

HE and Masson staining showed no significant abnormalities in myocardial tissue, and CD31 

staining showed that a slight compensatory increase of MVD at three, six and twelve month after 

irradiation. 

 

DISCUSSION  

With the progress in radiotherapy technology, the disease-specific survival and the overall 

survival rates of cancer patients have been improved significantly. The issue of toxicity gradually 

gets more attention in thoracic radiation patients, and RIHD has been confirmed by animal 

experimental studies and clinical studies of cancer patients. Moreover, RIHD is often subclinical 

and may not manifest until years after radiotherapy, and its exact prevalence is unclear and, likely, 



has been under-reported. The available evidence indicates that multidisciplinary follow-up and 

screening for RIHD is necessary (13,14,21). Early diagnosis of RIHD can promote timely clinical 

interventions and it may improve the prognosis of these patients, but the ideal screening method 

and frequency remain unclear, and the mechanisms of injury in RIHD remain largely unknown 

(22).  

Marks et al. (23,24) conducted a prospective study to evaluate the changes in myocardial 

perfusion and cardiac function in irradiated patients for left-sided breast cancer, and 50% to 63% 

incidence of new perfusion defects was observed. Gayed et al. (25,26) reported a follow-up 

investigation with a small group of esophageal and lung cancer patients, who performed SPECT 

MPI after radiotherapy, and they found that myocardial perfusion abnormalities were often 

observed after radiotherapy. Furthermore, patients with perfusion defects are often clinically 

asymptomatic, and the long-term clinical significance of these perfusion abnormalities remains 

uncertain (13,27,28). In this study, we performed local irradiation to the anterior myocardial wall 

in Beagle dogs with a single 20Gy dose, which simulated a clinical high-dose radiation for local 

cardiac tissue and allowed comparison of the differences in the irradiated and non-irradiated areas, 

and at the same time period, we monitored the changes of myocardial blood flow in both the 

irradiated and non-irradiated areas by using 13N-ammonia PET/CT MPI. In contrast to clinical 

investigation, animal experiments can eliminate the effects of irradiation position, dose/volume 



differences, the inclusion criteria of chemotherapy, conventional high risks of heart disease, and 

other confounding factors.  

In contrast to previous reports (23-26), we found that perfusion was increased in the 

irradiated field at three month after irradiation in the irradiation group compared with the 

non-irradiated tissue and the control group, and no functional changes were observed in the heart. 

These differences may have been due to scanning at different time points after radiation in 

different studies or because the 13N-ammonia PET/CT MPI has higher sensitivity and specificity 

than SPECT MPI in precisely quantifying myocardial perfusion. The myocardial pathologic 

examination showed a small amount of myocardial cell degeneration, microvascular dilation, 

MVD increase and capillary wall thickening in the irradiated tissue; these injuries may have 

increased capillary permeability, resulting in increased perfusion flow. Six month after irradiation, 

in the irradiation group, the irradiated areas showed decreased perfusion, while cardiac function 

and LVEF was decreased. In clinical research, Gyenes et al (29) and Seddon B et al (30) also 

found that regional myocardial perfusion reduction was often observed in patients with left-sided 

breast cancer ≥ 6 months after radiotherapy. Pathology examination at the same time point 

identified mild myocardial degeneration, microvascular wall fibrosis and stenosis, and interstitial 

fibrosis. Twelve month after irradiation, the irradiated areas of the irradiation group animals 

exhibited myocardial perfusion defects, and left ventricular function was further reduced. In terms 



of concomitant pathology, we found that radiation-related myocardial damage further aggravated, 

visible myocardial degeneration and a small area of myocardial necrosis, microvascular wall 

fibrosis, microvascular lumen stenosis and occlusion and interstitial fibrosis were significantly 

increased. RAi/RAni ratio, which could more accurately reflecting myocardial perfusion changes 

in the irradiation area than visual observation, and is less affected by the other factors, may be a 

more sensitive indicator for monitoring RIHD. Progressive increase of microvascular damage, 

myocardial degeneration and interstitial fibrosis may together result in the decrease of myocardial 

perfusion flow and regional left ventricular wall motion abnormalities at six and twelve month 

after irradiation. In general, myocardial fibrosis is a major endpoint for RIHD, microvascular 

damage and myocardial degeneration may aggravate myocardial fibrosis, and further work are 

warranted for further evaluating the exact biochemical mechanisms of RIHD. 

From three to twelve months after irradiation, MPI perfusion abnormalities were spatially 

correlated to the 3D myocardial dose distribution computed with the CT dataset, while coronary 

angiography found no abnormalities. These results suggest that perfusion abnormalities caused by 

radiation-induced injury to the myocardial microvasculature are generally limited to the radiation 

field and do not correspond to the distribution of the coronary vessels. 

 

CONCLUSION 



13N-ammonia PET/CT MPI can detect myocardial perfusion abnormalities together with global 

and regional left ventricular dysfunction induced by irradiation at very early stage of RIHD. 

Pathological examination and coronary angiography suggest that the early myocardial perfusion 

abnormalities induced by irradiation were due to microvascular damage, myocardial degeneration 

and interstitial fibrosis in the irradiated area, rather than by coronary artery stenosis. 13N-ammonia 

PET/CT MPI may be a valuable method for monitoring and evaluating RIHD, though, its value in 

clinical practice will require further study for validation.  
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Figure legends 

 

FIGURE 1. Irradiation group, 13N-ammonia MPI at pre-radiation and three, six, and twelve month 

after irradiation. Normal myocardial perfusion before irradiation (A); increased perfusion at three 

month after irradiation (arrow, B); perfusion reduction at six month after irradiation (arrow, C); 

perfusion defect at twelve month after irradiation (arrow, D).



23 

 

FIGURE 2. Radiation field and radiation dose distribution (A); PET/CT fusion images show that 

the scope of perfusion abnormality is consistent with the radiation field at three, six, and twelve 

month after irradiation (arrows, B-D). 

 

  



 

 

FIGURE 3. Coronary angiography in the irradiation group did not show coronary artery stenosis 

at twelve month after irradiation. Left coronary artery (A); right coronary artery (B).
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FIGURE 4. HE staining of myocardium in the control group (A) and irradiated myocardium in 

the irradiation group at three, six, and twelve month (B-D) at x200 magnification; (B) At three 

month after irradiation, mild myocardial cell deformation and interstitial fibers hyperplasia was 

observed (↑); (C) At six month after irradiation, obvious myocardial tissue degeneration, moderate 

myocardial interstitial fibrosis (↑)and vessel wall thickening was observed(↑); (D) At twelve 

month after irradiation, patchy myocardial necrosis and diffuse interstitial fibrosis(↑), significant 

vessel wall thickening and perivascular fibrosis was observed(↑). 
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TABLE 1 

Comparison of the RAi/RAni ratio between the control and irradiation groups 

Group 
Prior to 

irradiation 

Three month 

after irradiation 

Six month after 

irradiation 

Twelve month 

after irradiation 

Control 

group 
1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.9 1.0 ± 0.3 

Irradiation 

group 
1.1 ± 0.2 1.2 ± 0.1 0.9 ± 0.3 0.7 ± 0.4 

p 0.9 0.047 0.015 < 0.01 
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TABLE 2 

Comparison of functional parameters of left ventricle between the control and irradiation groups 

Parameter 
Prior to 

irradiation 

Three month 

after 

irradiation 

Six month 

after 

irradiation 

Twelve month 

after 

irradiation 

LVEF (%)     

Control 

Group  
59.6 ± 5.2 58.9 ± 3.0 59.3 ± 4.1 57.4 ± 3.3 

Irradiation 

Group 
58.9 ± 5.6 56.4 ± 4.0 50.0 ± 8.1 47.2 ± 6.7 

p 0.808 0.227 0.016 0.002 

EDV(ml)     

Control 

Group 
23.4 ± 2.8 23.4 ± 2.2 24.3 ± 2.3 22.8 ± 3.2 

Irradiation 

Group 
23.6 ± 2.6 23.9 ± 4.2 23.3 ± 3.6 26.5 ± 2.5 

p 0.923 0.816 0.952 0.014 

ESV(ml)     

Control 

Group 
11.1 ± 2.1 11.2 ± 1. 5 10.3 ± 1.7 10.4 ± 2.1 

Irradiation 

Group 
10.4 ± 2.0 10.6 ± 4.7 13.4 ± 2.2 14.1 ± 2.0 

p 0.490 0.491 0.01 0.001 

     

LVEF = left ventricular ejection fraction; EDV = end-diastolic volume; ESV = 

end-systolic volume. 
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TABLE 3 

Comparison of histological parameters between the control and irradiation groups  

 Myocardial degeneration  Myocardial vascular injury 

G 3month 6month 12month  3month 6month 12month 

 C I C I C I C I C I C I 

0 30 6 31 4 28 2  31 10 32 2 29 0 

1 4 25 3 10 6 3  2 19 1 11 5 5 

2 1 3 2 16 1 11  2 4 2 18 2 14 

3 1 2 0 6 1 20  1 3 1 5 0 16 

G = grade; C = Control group; I = irradiation group. 

Statistical analysis of data by rank sum test, compared with the control group, pathological 

changes in the irradiated area were significant, all p values are less than 0.05. 

 

 



Supplemental Table 1 

Segmental changes of WM in polar map 
 

Segment Pre-rad 3M post-rad p Pre-rad 6M post-rad p Pre-rad 12M post-rad p 

A          

basal 5.9 ± 0.3 5.6 ± 0.4 0.150 5.5 ± 0.4 5.1 ± 0.3 0.082 5.2 ± 0.3 4.7 ± 0.6 0.087 

middle 5.5 ± 0.5 5.2 ± 0.7 0.474 5.3 ± 0.3 4.9 ± 0.4 0.082 5.3 ± 0.3 3.9 ± 0.8 0.003 

apical 5.8 ± 0.4 5.3 ± 0.6 0.125 5.6 ± 0.5 4.1 ± 1.3 0.021 5.6 ± 0.5 4.4 ± 0.3 ＜0.001 

AS          

basal 3.4 ± 0.4 3.5 ± 0.9 0.640 3.4 ± 0.4 2.9 ± 0.1 0.013 3.4 ± 0.4 2.8 ± 0.4 0.029 

middle 4.5 ± 0.7 4.6 ± 0.4 0.959 4.5 ± 0.7 4.7 ± 0.7 0.746 4.3 ± 0.4 3.5 ± 0.4 0.009 

apical 5.6 ± 0.4 5.2 ± 0.6 0.207 5.3 ± 0.2 4.8 ± 0.6 0.115 5.3 ± 0.2 3.5 ± 1.1 0.002 

IS          

basal 5.1 ± 0.3 5.0 ± 0.2 0.444 5.0 ± 0.2 4.0 ± 0.2 ＜0.001 5.0 ± 0.2 4.2 ± 0.4 0.002 

middle 5.9 ± 1.0 6.1 ± 0.4 0.630 5.4 ± 0.8 4.6 ± 0.6 0.065 5.3 ± 0.7 5.1 ± 0.5 0.695 

apical 6.7 ± 0.3 6.4 ± 0.1 0.080 6.3 ± 0.2 6.4 ± 0.3 0.468 6.0 ± 0.1 5.5 ± 0.7 0.145 

I          

basal 6.2 ± 0.5 6.3 ± 0.3 0.793 6.2 ± 0.5 6.1 ± 0.3 0.517 6.0 ± 0.3 5.9 ± 0.9 0.631 

middle 6.4 ± 0.5 6.6 ± 0.2 0.504 6.3 ± 0.5 6.2 ± 0.3 0.550 6.1 ± 0.4 6.1 ± 0.1 0.663 

apical 6.5 ± 0.3 6.5 ± 0.1 0.801 6.3 ± 0.1 6.3 ± 0.3 0.819 6.1 ± 0.2 5.9 ± 0.3 0.341 

IL          

basal 6.4 ± 0.3 6.4 ± 0.2 1.000 6.2 ± 0.3 6.1 ± 0.6 0.900 6.0 ± 0.3 4.5 ± 0.4 0.000 

middle 6.1 ± 0.3 6.3 ± 0.6 0.552 6.2 ± 0.2 6.1 ± 0.3 0.830 6.0 ± 0.2 6.1 ± 0.2 0.202 

apical 6.4 ± 0.3 6.3 ± 0.3 0.641 6.2 ± 0.1 5.9 ± 1.0 0.488 5.9 ± 0.2 5.8 ± 0.3 0.276 

AL          

basal 6.3 ± 0.3 6.4 ± 0.4 0.929 6.3 ± 0.3 5.2 ± 0.4 ＜0.001 6.0 ± 0.2 4.8 ± 0.6 ＜0.001 

middle 6.0 ± 0.3 6.1 ± 0.4 0.777 6.0 ± 0.3 6.0 ± 0.6 0.951 5.8 ± 0.2 5.8 ± 0.5 0.888 

apical 6.2 ± 0.5 6.5 ± 0.4 0.325 6.1 ± 0.4 6.3 ± 0.2 0.313 6.1 ± 0.4 3.9 ± 0.5 ＜0.001 

Apex          

A 6.1 ± 0.3 5.9 ± 0.6 0.499 6.1 ± 0.3 3.4 ± 1.4 0.001 6.1 ± 0.3 3.5 ± 0.6 ＜0.001 

I 6.1 ± 0.6 5.7 ± 0.3 0.151 5.9 ± 0.5 5.7 ± 1.2 0.703 6.0 ± 0.5 3.2 ± 0.4 ＜0.001 

WM = wall motion; Pre-rad = before irradiation; post-rad = Post-irradiation; M = mouth; A = anterior; AS = anteroseptal; 

IS = inferoseptal; I = inferior; IL =inferolateral; AL = anterolateral 

 
  



Supplemental Figure 1  

Masson staining 

 

Supplemental Figure 1. Masson staining of myocardium in the control group (A) and in the irradiation 

group at 3, 6, and 12 month (B-D) after irradiation with x200 magnification; myocardial interstitial fibrosis 

was progressively increased with time prolonged after irradiation. 

 

  



Supplemental Figure 2 

CD31 immunohistochemical staining 

 

Supplemental Figure 2. CD31 immunohistochemical staining of myocardium in the control group (A) and 

in the irradiation group at 3, 6, and 12 month (B-D) with x200 magnification; Myocardial interstitial 

microvessel density was significantly increased in the irradiation area at three month after irradiation, and 

gradually decreased at six and twelve month after irradiation. 
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