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Abstract
Tachyarrhythmia originating from around the coronary artery remains a great clinical challenge for
electrophysiologists. This study explored the feasibility of using phosphorus-32 (P-32) as a new energy
source to treat tachyarrhythmia around the coronary artery. Four points of the left ventricle of seven Bama
mini-pigs and femoral artery of pig4-7 were selectively radiated in protocol by a self-designed radiation
catheter. The voltage mapping showed a signi�cantly lower voltage at the irradiated sites 30 days after
the procedure compared with that before the irradiation for pigs2-7 1.77 vs 4.39 p 0.001 . No obvious
stenosis was observed in the coronary artery and femoral artery at the irradiation site. P-32 internal
radiotherapy can change the electrical properties of cardiomyocytes, but it has few effects on the
coronary and femoral artery. P-32 could be a complementary or alternative treatment for tachyarrhythmia
originating from around the coronary artery.

Introduction
The aim of radiofrequency catheter ablation (RFCA) for the treatment of tachyarrhythmia is to destroy
cardiomyocytes at the origin or key isthmus by causing them to experience coagulative necrosis so that
they no longer emit impulses or form reentrant pathways[1]. Our previous studies have shown that the
main reason for tachyarrhythmia refractory to RFCA is that the complicated local anatomy and the
origins of the arrhythmia (or key isthmus) are not only myocardial tissues but also important vascular
tissues, such as coronary arteries. Although ablation of these origin sites can cause cardiomyocyte
necrosis of the lesion, it may also damage blood vessels, thus leading to extremely serious complications,
such as acute myocardial infarction or vascular rupture. Therefore, tachyarrhythmia originating from
around the coronary artery remains a great clinical challenge for electrophysiologists. None of the
currently available ablation energy sources, including the most commonly used radiofrequency current
energy sources, such as direct current, lasers, microwaves, ultrasound, freezing energy, and pulsed electric
�elds[2-4], which have recently been used in clinical practice, can solve this problem. It can be inferred
that if an energy source can be found that can destroy myocardial tissues and cause cardiomyocyte
necrosis but has little or no effect on the blood vessels, the treatment of di�cult tachyarrhythmia can
become a possibility. Moreover, because the areas of origin of the arrhythmia or key isthmus are usually
small (most are several mm2), it is usually necessary to accurately locate the area to determine its exact
location. Three-dimensional mapping involving electric or magnetic �elds, which is widely used in clinical
practice[5], is designed for this purpose. The energy source must accurately reach these positions;
therefore, its volume must be miniaturized so that it can be simultaneously integrated with the mapping
electrode. A three‐dimensional mapping system involving the electric or magnetic �eld can identify the
mapping electrode, which combines with the energy source and guides the therapeutic process. Some
cases of tachyarrhythmia with failed RFCA have been treated with stereotactic body radiotherapy (SBRT),
and short-term bene�ts have been achieved[6-8]. However, as external radiotherapy, SBRT results in a
large irradiation area and can be used only for treating organic ventricular tachycardia, resulting in large
scars[9-13]. With idiopathic ventricular tachycardia, which requires precise mapping to determine the
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ablation sites, there is a risk of damaging large amounts of normal myocardial tissues because of the
major damage caused by SBRT. To overcome the shortcomings of SBRT and combine it with the current
RFCA techniques, such as cardiac three-dimensional modeling and voltage mapping, radionuclide-based
internal radiotherapy has been used to treat di�cult tachyarrhythmia. Radionuclide-based internal
radiotherapy may have many advantages, such as small size, easy mapping, and the ability to solve the
disadvantages of SBRT (for example, damage to a large area of the myocardium). The radionuclide
phosphorus-32 (P-32) is currently used for the treatment of skin keloids and the control of cancerous
ascites in certain malignant tumors. Therefore, during this study, P-32 was selected as the experimental
radioactive source to observe whether it can effectively damage the myocardium and cause changes in
the electrophysiological characteristics of myocardial tissues. Simultaneously, we observed its effects on
arteries to determine whether it may be a potential energy source for the treatment of di�cult
tachyarrhythmia originating from around the coronary artery.

1 Experimental Principle And Feasibility
1.1 Principle

Radioactive nuclei can spontaneously release particles or rays (such as α, β, and γ) from the unstable
nucleus and simultaneously release energy. These rays can interfere with the functions of cellular DNA or
RNA, causing cell apoptosis and tissue �ber deposition, thereby changing the electrical activity of
cardiomyocytes[14, 15]. To treat di�cult tachyarrhythmia originating from around the coronary artery, it is
necessary to damage the cardiomyocytes at the origin or conduction pathway of tachyarrhythmia;
however, this damage should not affect the coronary artery in cases of myocardial infarction. Compared
with normal cardiomyocytes, the cardiomyocytes at the origin of tachyarrhythmia only differ in their
electrical activity; there is no difference in their sensitivity to radiation. Therefore, it can be deduced that
when radioactive energy can effectively cause damage to normal cardiomyocytes, it can also damage
cells at the origin of di�cult tachyarrhythmia to achieve arrhythmia treatment.

1.2 Feasibility

P-32 is a pure β-decay nuclide. The maximum energy of β-rays is 1.711 MV, and its half-life is 14.3 days.
P-32 has been used for the treatment of skin keloids, hemangiomas in children, and cancerous ascites in
certain malignant tumors. Its safety and effectiveness are relatively high. Radionuclides can also be used
for cardiovascular issues; for example, radioactive stents can be used to treat coronary heart disease.
Theoretically, P-32 may also be used to treat arrhythmia. 

2 Methods
2.1 Experimental animals

Seven Bama mini-pigs (pigs 1-7) were provided by Sichuan Greentech Biotechnology Co., Ltd. Their basic
characteristics, including weight, age, and sex, are listed in Table 1 (production license number: SYXK
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[Sichuan] 2018-212. Pigs were kept in a 12-h light/dark cycle and were free to get food and water. This
study was approved by the Biomedical Ethic Committee of West China Hospital of Sichuan University
2020383A), and all of the experiments were performed in accordance with ARRIVE guidelines. Details of

the experimental devices and consumables are listed in Table 2. The related experimental drugs are listed
in Table 3.

Table 1

 Characteristics of the experimental pigs

Pig Sex Weight before the procedure (kg) Age (month) Weight at 4 weeks (kg)  

1 Female 40 5 44  

2 Female 40 5 45  

3 Female 50 6 53  

4 Male 42 5 44  

5 Male 42 5 45  

6 Male 40 5 43.5  

7 Male 50 6 52  
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Table 2

 Experimental equipment and consumables

Pig Products  Manufacturer

1 High-frequency mobile C-arm X-ray machine Nanjing Puai Medical Equipment
Co., Ltd.

2 High-frequency jet ventilator Jiangxi Teli Anesthesia Respiratory
Equipment Co., Ltd.

3 LEAD-mapping cardiac electrophysiology 3D mapping
system

Sichuan Jinjiang Electronics Co.,
Ltd.

4 Body surface reference electrode Sichuan Jinjiang Electronics Co.,
Ltd.

5 Magnetically positioning, adjustable, bendable,
electrophysiological mapping catheter

Sichuan Jinjiang Electronics Co.,
Ltd.

6 Magnetically positioning saline perfusion
radiofrequency ablation catheter

Sichuan Jinjiang Electronics Co.,
Ltd.

7 Perfusion pump Sichuan Jinjiang Electronics Co.,
Ltd.

8 Multi-conductivity physiological recorder Sichuan Jinjiang Electronics Co.,
Ltd.

9 Catheter sheath with hemostatic valve (short sheath) St. Jude Medical Products Co., Ltd.

10 Catheter sheath with hemostatic valve (long sheath) St. Jude Medical Products Co., Ltd.

11 Phosphorus-32 source Atom Technology Co., Ltd.

12 Femoral artery puncture needle Shanghai Jumu Medical Devices
Co., Ltd.
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Table 3

Experimental drugs

Pig Drug                  Manufacturer

1 Zoletil France Vic Pet Health Company 

2 Atropine sulfate injection Jieyang Animal Pharmaceutical Co., Ltd.

3 Propofol emulsion injection Guangdong Jiabo Pharmaceutical Co., Ltd.

4 Tramadol hydrochloride injection Germany Grantai Co., Ltd.

5 Bemiparin sodium injection Laboratorios Farmacéuti Co., Ltd.

6 Sumianxin II injection  Kunming Pet Pharmaceutical Co., Ltd.

 

2.2 Experimental steps

2.2.1 Induced anesthesia

All animals were fasted for 12 h and were not allowed to drink for 4 h before the experiment. At the
beginning of the experiment, 5 ml (2.5 mg) of atropine was injected intramuscularly behind the ears.
Then, 15 min later, Zoletil (2-5 mg/kg) and Sumianxin II (1.6-4.0 mg/kg) were injected intramuscularly.
After being completely anesthetized, the experimental pigs were supported by a ventilator and transported
to the catheterization laboratory.

2.2.2 Anesthesia maintenance

The experimental pigs were placed on their back in the U-shape groove on the catheter bed. The limbs
were �xed with bandages, the tongue was pulled out with sterile forceps, and the upper and lower jaws
were isolated with a cork and �xed with bandages. An intravenous channel was established through the
ear vein, and propofol injection (approximately 4-12 mg/kg) was administered continuously to maintain
anesthesia and sedation. Tramadol hydrochloride injection was continuously administered
(approximately 2 mg/kg) for analgesia. The anesthesia dosage was adjusted according to the eyelid,
corneal re�ex, and limb activity.

2.2.3 Procedure steps

2.2.3.1 Femoral artery and vein puncture

After anesthesia, punctures were guided by an ultrasound device and performed from the femoral vein
and femoral artery. The femoral vein was implanted with 7-Fr vascular sheaths, and the femoral artery
was implanted with 8-Fr vascular sheaths.
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2.2.3.2 Inserting leads and the catheter

The ventricular electrode was inserted from the 6-Fr vascular sheath to the apex of the right ventricle, and
the coronary sinus electrode was inserted from the 7-Fr vascular sheath to the coronary sinus. The
magnetically positioned cold saline perfusion ablation catheter was inserted in the left ventricle through
an 8-Fr vascular sheath. 

2.2.3.3 Modeling and voltage mapping

The left ventricle electrical anatomical model was created using a magnetically positioned cold saline
perfusion ablation catheter. The points to be radiated (one point at the apex, two points at the mitral
annulus, and one point at the left coronary sinus) were marked on the electrical anatomical model, and
voltage mapping was performed (Fig. 1). Then, the radiofrequency catheter was replaced by a
magnetically guided, adjustable, bendable mapping catheter with a P-32 source at the head end. 

 2.2.3.4 Determining the radiation points and doses of internal radiotherapy

The magnetic positioning function was used to determine the planned points for radiotherapy. The
irradiation time for each point in pigs 1 and 2 was 30 min, and that of pig 3 was 60 min. The  P-32 source
radiation was 13 mCi for those pigs. For pigs 4 to 7, each point received 30 min of P‐32 source radiation
of 26 mCi. Furthermore, the femoral artery was selectively irradiated for the same time and with the same
radiation dose in pigs 4 to 7. The speci�c exposure doses are shown in Table 4.

2.2.3.5 Voltage mapping

Voltage mapping was performed immediately after internal irradiation, and the changes in the local
potential were evaluated. Femoral artery angiography was performed to explore whether arterial stenosis
existed 1 month after irradiation.

2.2.3.6 Animal sacri�ce

Pig 1 was killed by intravenous injection of 20-30ml of 10% potassium chloride solution on the day of the
�rst procedure. Its heart samples were obtained, �xed, and sliced. Then, a pathological examination was
performed. Pigs 2 to 7 were kept alive for 1 month. Then, voltage mapping was conducted again. After
that procedure, those pigs were killed by the same method with Pig 1. Cardiac and femoral artery samples
were taken from pigs 4 to 7 for pathological examination.
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Table 4 

Irradiation time, distance, and dose for different points

Pig  Number of irradiated
points

Irradiation time
(min)

Exposure dose at different distances
(Gy)

1
mm

2
mm

3
mm

4
mm

5
mm

1 1 30 54 21 7.5 0.9 0.05

2 30 54 21 7.5 0.9 0.05

3 30 54 21 7.5 0.9 0.05

4 30 54 21 7.5 0.9 0.05

2 1 30 54 21 7.5 0.9 0.05

2 30 54 21 7.5 0.9 0.05

3 30 54 21 7.5 0.9 0.05

4 30 54 21 7.5 0.9 0.05

3 1 60 108 42 15 1.8 0.1

2 60 108 42 15 1.8 0.1

3 60 108 42 15 1.8 0.1

4 60 108 42 15 1.8 0.1

4 to
7

1 30 108 42 15 1.8 0.1

2 30 108 42 15 1.8 0.1

3 30 108 42 15 1.8 0.1

4 30 108 42 15 1.8 0.1

2.3 Statistical analysis

 The parameters are expressed as mean ± standard derivation (SD). All data analyses were performed
using the SPSS 25 (SPSS, Chicago, IL, USA). Differences were considered signi�cant for all analyses in
this study when the probability value was <0 .05. The difference between the two groups was compared
by independent sample T-test, and the difference before and after the irradiation was compared by paired
sample T-test. 

3 Results
The procedures were successfully performed for all experimental pigs. No serious complications occurred
during the procedure, and no vital signs were obviously unstable after the procedure. For experimental pig
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1, there was no signi�cant difference between voltage mapping after the procedure and voltage mapping
before the procedure, and the pathological examination results showed no obvious damage. For
experimental pigs 2 to 7, the voltage was measured again after 1 month. The voltage of the irradiated
points after 1 month was signi�cantly lower than that before irradiation, and the pathological results
showed obvious pathological damage. 

3.1 Comparison of voltage mapping before and immediately after internal radiotherapy

No signi�cant difference in voltage mapping was observed before or immediately after irradiation in all
experimental pigs. This indicates that the damaging effects of P-32 internal radiotherapy require time to
become apparent (Fig. 2).

3.2 Comparison of voltage mapping before and 30 days after internal radiotherapy

    The voltage mapping (Figs. 3) showed a signi�cantly lower voltage at the irradiated sites 30 days after
the procedure compared with that before the irradiation for pigs2-7 1.77 vs 4.39 p 0.001 . For pigs 3 to 7,
at 30 days after irradiation, voltage mapping also revealed that the potential of the irradiation sites
decreased signi�cantly 1.96 vs 4.56 p=0.001 ,with a low-voltage area larger than that of pig 2. The
speci�c decreases are listed in Tables 5 and 6.

Table 5

 Voltage changes before and 30 days after internal radiotherapy
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Pig Number of
irradiated
points

Phosphorus-
32 activity

(mCi)

Irradiation
time
(min)

Voltage
before the
procedure
(mV)

Voltage 30 days
after the
procedure (mV)

Deceased
voltage
ratio (%)

2 1 13 30 5.64 0.69 87.8

2 13 30 3.15 0.48 84.8

3 13 30 3.55 1.48 65.7

4 13 30 1.84 0.61 66.8

3 1 13 60 3.57 1.19 66.7

2 13 60 7.94 1.14 85.6

3 13 60 2.83 0.82 71.0

4 13 60 1.83 0.40 78.1

4 1 26 30 3.02 1.75 42.1

2 26 30 7.99 1.69 78.8

3 26 30 3.02 1.59 47.4

4 26 30 1.53 0.95 37.9

5 1 26 30 3.39 2.83 16.5

2 26 30 3.15 1.27 59.7

3 26 30 6.19 1.16 81.3

4 26 30 1.51 0.58 61.6

6 1 26 30 7.67 2.59 66.2

2 26 30 7.94 4.97 37.4

3 26 30 7.94 4.07 48.7

4 26 30 2.65 1.22 54.0

7 1 26 30 8.04 4.82 40.0

2 26 30 7.94 4.82 39.3

3 26 30 2.43 0.85 65.0

4 26 30 0.58 0.42 27.6

  

Table 6
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 Average voltage changes before and 30 days after internal radiotherapy

Pig Average voltage before
the procedure (mV)

Average voltage 30 days after
the procedure (mV)

Mean deceased
voltage ratio (%)

P

2 3.55 0.82 76.3 0.016*

3 4.04 0.89 75.4 0.059

4 3.89 1.50 51.6 0.143

5 3.56 1.46 54.8 0.101

6 6.55 3.21 54.00 0.074

7 4.75 2.73 43.0 0.406

* indicates the difference is signi�cant.

3.3 Pathological results immediately after internal radiotherapy

The heart of experimental pig 1 was removed immediately after the procedure, �xed in formalin, and
sliced to observe the pathological changes at the four irradiation points. Different degrees of
in�ammatory cell in�ltration were observed using microscopy, including neutrophils, a few eosinophils,
lymphocytes, and mononuclear macrophages. Parts of the myocardial tissue showed atrophy and
muscle �ber breakage around the irradiated points. Masson staining showed slightly blue-stained �ber
tissue accumulations around the interstitium in the myocardium (Fig. 4).

3.4 Gross specimen and pathological results 30 days after the procedure

At 30 days after the procedure, the gross specimens showed �brosis changes of the inner and outer
membrane surfaces of the irradiated sites. The pathological results showed obvious �brosis changes in
the irradiated area. The degree of �brosis was most severe in the area where the radiation dose was the
largest Fig.5 . 

3.5 Effects of phosphorus-32 internal radiotherapy on the femoral artery and coronary artery opening

No obvious stenosis at the irradiated site of the femoral artery or coronary artery (the opening of the right
coronary artery) in the gross specimen was observed with the naked eye. Furthermore, no obvious
pathological changes of the femoral artery or the opening of the coronary artery were observed with the
naked eye. There were no electrocardiogram manifestations of coronary heart disease according to the
surface electrocardiogram or intracavitary electrocardiogram before and 30 days after the procedure.
Pathological results after the procedure showed that the whole structures of the intima, media, and
adventitia were intact; there were only mild in�ammatory lesions in the intima of the proximal left anterior
descending artery, which was considered to be a reversible injury resulting from the direct contact force of
the tip of the catheter (Fig. 6). Femoral arteriography after the procedure showed no signi�cant stenosis
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before or 30 days after radiation (Fig. 6). Pathological results showed that the intima, media, and
adventitia of the femoral artery at the radiated point were intact.

4 Discussion
We used P-32 as a radioactive source to irradiate normal myocardial tissue, and the immediate effects on
cardiomyocytes were not obvious. At 30 days after the procedure, the voltage mapping results showed
that P-32 internal radiotherapy can signi�cantly reduce the local myocardial potential and produce
different degrees of �brosis in the irradiated myocardium. Speci�cally, 13 mCi of radiation for 60 min or
26 mCi of radiation for 30 min can result in complete transmural damage. However, 13 mCi of radiation
for 30 min exhibited obvious damage only to the endocardium, not to the epicardium, which indicated
that upregulation of the radiation dose of P-32 internal radiotherapy will increase the range of myocardial
damage, even to the extent of transmural damage. Therefore, if P-32 internal radiotherapy is used to
irradiate the origin of tachyarrhythmia or the key isthmus, it could also cause effective damage, thereby
potentially playing a role in the treatment of tachyarrhythmia.

P-32 has been used as a radioactive source for skin keloids, rheumatoid arthritis, hemangioma, and
myeloma. It is a relatively safe radioactive source with a short radiation distance and good controllability.
Additionally, the half-life of P-32 is only 14.3 days. Therefore, compared with other radionuclides, there are
fewer long-term adverse effects, and the post‐processing of radionuclide waste is easier. During the
experiments, the pigs did not experience any serious complications, thus indicating the good safety of P-
32 internal radiotherapy. 

We also found that P-32 internal radiotherapy had little effect on the coronary artery and femoral
artery. Therefore, it may have an important role in the treatment of tachyarrhythmia originating from
around the coronary artery and may be preferable compared to RFCA. 

P-32 internal radiotherapy has several advantages. First, P-32 internal radiotherapy did not cause
signi�cant damage to the arteries. Immediately after the procedure, the gross specimen showed no
�brotic damage or acute or chronic thrombosis at the local coronary arteries in the irradiated area. It is
suggested that the sensitivity of P-32 internal radiotherapy to the coronary artery is lower than that of
myocardial tissue. The relative selectivity of different tissues also increases the advantages of P-
32 internal radiotherapy compared with conventional RFCA. If the radiofrequency ablation sites are close
to the coronary arteries, then RFCA may cause acute coronary artery damage, leading to acute myocardial
infarction. P-32 internal radiotherapy may have an unparalleled advantage because the diameter of the
radiotherapy catheter is 6 Fr. If it is extended into the coronary artery for irradiation, then it will cause
acute myocardial infarction. Therefore, it is impossible to directly verify the coronary artery damage
caused by P-32. The histopathological structures of the pig femoral artery and coronary artery are
relatively similar, thereby making it more convenient and easier to explore the safety of P-32 in arteries.
Therefore, to indirectly verify coronary artery damage caused by P-32 internal radiotherapy, we subjected
the femoral arteries of pigs 4 to 7 to 26 mCi of radiation for 30 min. At 30 days later, femoral artery
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angiography showed that the femoral artery did not exhibit stenosis or serious damage and had an intact
vascular structure under microscopy. Furthermore, the safe use of coronary radioactive stents (with the
same mechanism as P-32, which can emit β-rays) also proved that the damage caused by internal
radiotherapy to the coronary artery is controllable. Ventricular tachycardia originates from some speci�c
anatomic regions, such as the summit area, where the coronary artery distributes widely, or the
epicardium, where adipose tissue is covered. RFCA can easily cause coronary injury that can result in
acute myocardial infarction. With other methods, the radiofrequency energy can hardly penetrate the
epicardium during routine endocardial ablation. Therefore, P-32 internal radiotherapy may have an
important role in solving the shortcomings of RFCA. For example, internal radiotherapy can control the
damage to the coronary artery. Additionally, unlike radiofrequency energy, β-rays can penetrate adipose
tissue and affect arrhythmia originating from the epicardium of the left ventricle. 

RFCA uses radiofrequency energy to damage the myocardium, thus causing local myocardial necrosis to
treat ventricular arrhythmia. It requires a radiofrequency ablation catheter to be closely attached to the
ventricular wall. If the attachment is not su�cient, then the radiofrequency energy cannot appropriately
affect the myocardium, thereby causing damage. For tachyarrhythmia originating from some speci�c
structures, such as the papillary muscles, the di�culty of routine RFCA is high and there are many
requirements that must be ful�lled by the operator. In contrast to radiofrequency energy, P-32 internal
radiotherapy can release β-rays to damage the cardiomyocyte DNA. Although poor adhesion reduces the
effects of β-rays on the irradiation area per unit of time, compared with radiofrequency energy, there are
fewer effects. Therefore, there are fewer requirements for P-32 internal radiotherapy catheter attachment
than there are for radiofrequency ablation catheter attachment, which makes the catheter attachment
procedure less di�cult. This can be advantageous for patients who experienced failed RFCA because of
insu�cient catheter attachment. 

Patients may feel better during internal radiotherapy. The immediate effects and tissue damage caused
by P-32 internal radiotherapy are minimal. During the procedure, patients do not experience the adverse
reactions caused by conventional radiofrequency ablation, such as nausea, vomiting, chest tightness,
chest pain, and pericardial tamponade[16].

This study has some shortcomings. First, the number of experimental animals is relatively small, and the
effects of different doses on cardiomyocytes have not been investigated in detail. Second, the time effect
of tissue damage after internal radiotherapy is not fully understood. We plan to perform another study in
which we will adjust the observation time gradient to �nd the exact time point at which the maximum
effects of internal radiotherapy appear. Third, the distance and direction of irradiation are not presently
controllable. Fourth, the radioactive catheter used during this study was independently designed and
manufactured. It has a titanium tip surface, a length of 8 mm, and a diameter of 0.8 mm. The hardness of
the tip may be greater than that of the radiofrequency ablation catheter, which may result in a hematoma
on the endocardial surface of the myocardium at some of the irradiation points. 

5 Conclusion
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P-32 internal radiotherapy can cause transmural damage, change the electrical properties of
cardiomyocytes, and has little effect on the coronary artery. Therefore, it is expected to be a
complementary or alternative novel treatment for patients with tachyarrhythmia who have di�culty with
routine radiofrequency ablation.

Abbreviations
P-32: phosphorus-32 

RFCA: radiofrequency catheter ablation 

SBRT: stereotactic body radiotherapy 
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Figures

Figure 1

Voltage mapping of the left ventricle of experimental pig 1 before radiotherapy. (a) Left anterior oblique
(LAO) position. (b) Right anterior oblique (RAO) position
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Figure 2

Mapping of the left ventricle in the left anterior oblique (LAO) and right oblique (RAO) positions of
experimental pig 2 before and immediately after the procedure. (a and c) Voltage map before the
procedure. (b and d) Voltage map after the procedure. The black circle indicates the two irradiated points
(P1: the apex point; P2 and P3: two points around the mitral valve circus; p4: the point around the left
coronary sinus). The voltage changes before and after irradiation are not signi�cant
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Figure 3

Voltage map of experimental pig 3 before and 30 days after the procedure. (a, b, and c). Voltage mapping
before the procedure and (d, e, and f) 30 days after the procedure; P1, P2, P3, and P4 indicate four
irradiated points of the left ventricle (P1: the apex point; P2 and P3: two points around the mitral valve
circus; p4: point around the left coronary sinus). The voltage for all irradiated points at 30 days after the
procedure was signi�cantly lower than that before irradiation (Tables 5 and 6)
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Figure 4

Pathological results of the mitral valve annulus irradiation site in pig 1 (a, b and c) and apex irradiation
site in pig 5(d, e and f) at 30 days after the procedure. (a and b) Hematoxylin and eosin staining viewed
using microscopy. Different degrees of in�ammatory cell in�ltration were observed using microscopy,
including neutrophils, a few eosinophils, lymphocytes, and mononuclear macrophages. Parts of the
myocardial tissue showed atrophy and muscle �ber breakage around the irradiated points. (c) Masson
staining viewed under 400× magni�cation. The �bers of the valve tissue were stained blue, and the
arrangement was slightly irregular. (d and f) Hematoxylin and eosin staining viewed under 4× and 400×
magni�cation, respectively. (e) Masson staining viewed under 400× magni�cation. The myocardial �bers
are obviously thinning and exhibit atrophy. The blue-stained �brous tissue proliferates in a coarse grid
and is arranged in a disorderly manner.
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Figure 5

Gross specimen 30 days after the procedure. (a) Pathological changes at the mitral valve annulus on the
intimal surface of pig 2. Obvious �brotic changes of the intimal surface were clearly visible to the naked
eye; no obvious pathological changes were seen on the epicardial surface. It is speculated that the
radiation dose used for experimental pig 2 was small and failed to cause transmural damage. (c)
Pathological changes of the epicardial surface of the apex of pig 4 (black arrow at the apex). Fibrosis
was clearly visible to the naked eye. The upper black arrow indicates the left coronary artery that is
structurally intact without obvious pathological changes. (b and d) Pathological changes of the inner and
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outer membranes of the apex of experimental pig 5. A hematoma was observed on the endocardium
surface at the irradiated sites, which might have resulted from long extrusion force between the tips of the
radioactive catheter and the intimal surface of the myocardium

Figure 6

Effects of phosphorus-32 internal radiotherapy on the coronary artery (a, b and c) and femoral artery (d
and f). The intima, media, and adventitia at the proximal left anterior descending artery are intact
according to hematoxylin and eosin staining viewed under a microscope at 30 days after radiation (a and
b). Masson staining revealed that cardiomyocytes at the intima were partly damaged and arranged in a
disorderly manner when viewed under 400× magni�cation (c). Femoral arteriography after the procedure
showing no signi�cant stenosis before (d) or 30 days after radiation (f). The black circle indicates the
irradiated sites of the femoral artery.


