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Abstract 

Objective  This study aimed to detect early changes in left ventricular systolic function in Beagle dogs after radio-
therapy using two-dimensional speckle tracking echocardiography and to explore its potential value in evaluating 
radiation-induced heart disease.

Methods  Thirty-six Beagle dogs were randomized into a control group (n = 18) and an irradiation group (n = 18). The 
irradiation group received a single dose of 20 Gy to the left ventricular anterior wall, while controls underwent sham 
irradiation. Conventional echocardiography and 2D speckle tracking echocardiography were performed at baseline 
and 3, 6, and 12 months post-procedure. Additionally, six dogs were randomly selected from each group and eutha-
nized at 3-, 6-, and 12-month post-irradiation, and their hearts were collected for histopathological testing.

Results  In the irradiation group, the global longitudinal strain of the left ventricle and regional strain in the irra-
diated area were significantly reduced versus baseline and controls by 3 months, with progressive decline at 6 
and 12 months. Strain reduction correlated spatially with pathological injury. Conversely, there were no substantial 
differences in conventional echocardiographic parameters between the groups after 3 months. Conventional param-
eters (e.g., LVEF) showed differences only at later timepoints. Histopathology revealed progressive cardiomyocyte 
damage, fibrosis, and microvascular injury in irradiated regions, extending to the posterior wall by 12 months.

Conclusion  Two-dimensional speckle tracking echocardiography-derived strain parameters spatially correlate 
with radiation-induced pathological changes and detect subtle systolic dysfunction prior to irreversible remodeling. 
Speckle tracking may localize regions of peak radiation dose delivery.
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Introduction
Radiotherapy is an essential component of cancer treat-
ment [1]. Nevertheless, surrounding normal tissues 
inevitably receive incidental radiation exposure during 
therapeutic delivery [2–5]. Of particular concern are tho-
racic malignancies, where cardiac irradiation may induce 
structural damage to the pericardium, myocardium, 
valves, coronary vasculature, and conduction system– a 
constellation of injuries collectively termed radiation-
induced heart disease (RIHD). First documented in the 
1920s [6], RIHD initially garnered limited clinical atten-
tion due to the short life expectancy of cancer patients in 
that era. However, advances in oncologic therapies have 
markedly improved long-term survival rates, allowing 
RIHD to emerge as a leading contributor to late mor-
tality in this population [2, 7–10]. While radiotherapy 
confers demonstrable survival benefits, its therapeu-
tic value may be counterbalanced by an increased risk 
of RIHD [11–14], which has been reported in 10–30% 
of patients who undergo radiotherapy [15–17]. Despite 
consensus recommendations from oncology and cardi-
ology societies for routine RIHD surveillance in thoracic 
radiotherapy recipients, standardized protocols for early 
detection and longitudinal monitoring remain unde-
fined [18–20]. Emerging evidence suggests that 2D-STE 
enables detection of subclinical myocardial injury prior 
to overt functional decline. Notably, global longitudinal 
strain (GLS) – a STE-derived parameter – demonstrates 
superior sensitivity and specificity over conventional 
echocardiographic indices like left ventricular ejection 
fraction (LVEF) in identifying early RIHD [21]. This study 
employed a Beagle dog model of RIHD to 1) characterize 
temporal patterns of left ventricular strain alterations and 
histopathological progression, and 2) evaluate the clinical 
utility of two-dimensional speckle tracking echocardiog-
raphy (2D-STE) for early disease identification, monitor-
ing, and cardiotoxicity risk stratification.

Materials and methods
The number of animals utilized in this study adhered 
to the Guidelines for Animal Experiments of Nanchang 
University and received approval from the Ethics Com-
mittee of the same institution. Furthermore, the research 
was conducted and reported in compliance with the 
Animal Research: Reporting of In  Vivo Experiments 
(ARRIVE) guidelines.

Animals
A total of thirty-six male Beagle dogs, each twelve 
months old and weighing an average of 12.77 ± 0.83  kg, 
were procured from the Institute of Experimental Ani-
mals and were individually housed in stainless steel cages 

within an air-conditioned environment at the Experimen-
tal  Animal  Center  of Nanchang University. These Bea-
gles were fed a standard dog chow twice daily. Thirty-six 
Beagle dogs were randomly assigned to a control group 
(n = 18) and an irradiation group (n = 18). Following the 
administration of anesthesia using sodium pentobarbital 
at a dosage of 30  mg/kg, the irradiation group received 
a localized dose of 20 Gy to the anterior wall of the left 
ventricle. In contrast, the control group underwent 
sham irradiation. When short-term signs of pain were 
observed, appropriate intervention strategies, including 
analgesics or additional anesthesia, were implemented. 
Daily observations were made to record the diet of all 
the beagles (weight of dog chow remaining each day) and 
their mental status. Indicators of abnormal mental sta-
tus included reduced appetite, reluctance to move, rest-
lessness, unresponsiveness to external stimuli, anxiety, 
barking, walking aimlessly, and turning around. All dogs 
underwent conventional echocardiography and 2D-STE 
1 week before irradiation and 3, 6, and 12 months after 
sham or local irradiation. Body weight and heart rate 
were also recorded at these intervals. Additionally, six 
dogs were randomly selected from each group and eutha-
nized using carbon dioxide at 3, 6, and 12 months after 
irradiation, with their hearts subsequently collected for 
pathological testing.

Heart irradiation
All beagle dogs were subjected to anesthesia via intra-
venous administration of 3% pentobarbital sodium at a 
dosage of 30 mg/kg. They have no corneal reflex but can 
breathe on their own. All animals were positioned in a 
supine orientation on a CT-simulated locator (GE Dis-
covery CT590) for a control-enhanced CT simulation 
scan. All positioning images were subsequently transmit-
ted to an Elekta MC TPS system (Varian). The anterior 
wall of the left ventricle was meticulously delineated layer 
by layer as the irradiation target (referring to the 17-seg-
ment division method of the left ventricle and expand-
ing 3  mm). A conformal intensity-modulated radiation 
therapy plan was developed by a physicist and executed 
using a linear accelerator. The beagle dogs in the irradia-
tion group received a single dose of of irradiation with 
6-MV X-rays, while those in the control group under-
went the identical procedure but without the application 
of irradiation.

Biochemical index determination
Serum cTnI was detected as a cardiac function index by 
small saphenous vein blood of the hind legs of all beagles 
before each ultrasound examination.
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Conventional echocardiographic assessment
All dogs were anesthetized via intravenous administra-
tion of 3% pentobarbital sodium at a dosage of 30  mg/
kg. Subsequently, they were positioned in the left lat-
eral recumbent position and secured to an examination 
table equipped with an electrocardiogram monitor. Con-
ventional parameters were assessed utilizing the S5-1 
heart probe of a color Doppler ultrasound scanner (GE 
Vivid E95). All the recorded images were measured 
using the same diagnostic ultrasound apparatus, and the 
mean values derived from three consecutive heartbeats 
were used as the measurement values. In the B-mode 
LV short-axis view at the level of the papillary muscle, 
parameters including the interventricular septum end-
diastolic dimension (IVSD), left ventricular posterior 
wall end-diastolic dimension (LVPWD), left ventricu-
lar end-diastolic diameter (LVEDD) and left ventricular 
end-systolic diameter (LVESD) were measured using the 
leading edge-to-leading edge method [22]. Then, the left 
ventricular end-diastolic volume (LVEDV), left ventricu-
lar end-systolic volume (LVESV), and LVEF were calcu-
lated. In the left apical 4-chamber view, the early diastolic 
peak velocity (peak E), the late diastolic peak flow veloc-
ity (peak A) of the mitral orifice and the ratio of peak E to 
peak A (E/A) were calculated.

2D‑STE assessment
Continuous acquisition of two-dimensional dynamic 
images of the standard apical four-chamber view, the 
standard apical two-chamber view and the standard api-
cal long-axis view of the left ventricle at a frame rate of 
57 frames per second, with data collection spanning for 
3–5 cardiac cycles (Fig.  1). The image data were subse-
quently transmitted to the EchoPAC workstation, where 
the GLS and LS of the left ventricular myocardium were 
evaluated using 2D-STE analysis software. The incidence 
of subclinical cardiac dysfunction in beagles (defined as a 
relative decrease in GLS > 15% during cancer treatment) 
was recorded at different time points.

Histopathological assessment
The dogs were subjected to anesthesia and subsequently 
euthanized using carbon dioxide. Following this proce-
dure, the chest cavity was dissected, and the heart was 
swiftly excised for examination of surface and morpho-
logical abnormalities. The left ventricular tissue was then 
immersed and immobilized  in 10% formalin for histo-
pathological analysis. For each heart, myocardial samples 
was collected from the anterior wall (irradiated area) and 
the posterior wall (less irradiated area) at the middle level 
of the left ventricle. All tissue specimens underwent fixa-
tion, trimming, washing, and progressive dehydration in 
ethanol, followed by paraffin embedding for serial sec-
tioning. Four-micron-thick sections were prepared and 
stained using hematoxylin–eosin (HE, Servicebio), wheat 
germ agglutinin (WGA, SIGMA), Masson trichrome 
(Servicebio), and CD34 immunostaining (Servicebio) 
[23–26].

Five nonvascular microscopic fields (× 400) were ran-
domly selected from the HE-stained slices to evalu-
ate myocardial degeneration. The degree of myocardial 
degeneration  was graded as 0 (normal: no degeneration 
of myocardial cells), 1 (mild: < 20% degeneration of myo-
cardial cells, mainly manifesting as individual cardio-
myocyte edema and no necrosis), 2 (moderate: 20%–50% 
degeneration of myocardial cells, mainly manifesting as 
clusters of cardiomyocyte edema and focal necrosis), and 
3 (severe: > 50% degeneration of myocardial cells, mainly 
manifesting as diffuse cardiomyocyte edema and patchy 
necrosis) [23].

Five vascular microscopic fields (400 ×) were ran-
domly selected from the HE stained slices to evaluate 
myocardial vascular injury. The degree of myocardial 
vascular injury was graded as 0(no fibrosis: adventitia 
thickness≈half the media), 1(mild fibrosis: adventitia 
thickness≈the media), 2(moderate fibrosis: adventitia 
thickness≈ 2 × the media), 3(severe fibrosis: adventitia 
thickness ≥ 3 × the media) [24].

Five independent microscopic fields (400 ×) were ran-
domly selected from the WGA-stained slices to evaluate 

Fig. 1  Four-chamber (A), three-chamber (B) and two-chamber (C) standard cross-sections of beagle dogs
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myocardial cell size [25]. The green fluorescence indi-
cates the cell membrane, and the surface area of cardio-
myocytes was measured by ImageJ software.

Five independent microscopic fields (400 ×) were ran-
domly selected from the Masson-stained sections to eval-
uate cardiac interstitial fibrosis. The extent and degree 
of fibrosis were subjectively graded on a scale of 0 to 4. 
Grade 0 indicated no obvious proliferation of collagen 
fibers except for small islands of fibrous tissue around the 
capillaries and an intercellular single layer of collagen-
ous tissue, as in normal myocardium. Focal and minimal 
fibrosis were graded as 1, mild patchy fibrosis as 2, mod-
erate diffuse fibrosis as 3, and the most prominent fibro-
sis covering a large area of the specimen as 4 [26].

2D‑STE repeatability test
The 2D-STE data of 10 beagle dogs randomly selected 
from the two groups were analyzed twice at 1-week 
intervals by one investigator for intraobserver reproduc-
ibility. Interobserver repeatability assessment was per-
formed by analyzing 2D-STE data from 10 beagle dogs 
randomly selected from two groups by two independent 
investigators. The investigators were blinded to the other 
measurements.

Statistical analysis
SPSS26. 0 software package (SPSS, Inc., Chicago, IL, 
USA) was used for the statistical analysis. The descrip-
tive statistical results of the continuous variables are 
expressed as the mean ± standard deviation. Differences 
in continuous variables between groups were tested using 
t tests and ANOVA. Differences in discontinuous varia-
bles between groups were tested using the rank-sum test. 
Bland-Atlman analysis was used to evaluate the intraob-
server and interobserver consistency. Inter- and intrao-
bserver repeatability values were evaluated using the 
intraclass correlation coefficient (ICC). Statistical tests 
were two-sided, and P < 0. 05 was considered to indicate 
statistical significance.

Results
Animal growth
All beagle dogs completed the experiment successfully. 
The mean weights of the dogs in the control group at 

1 week before irradiation and 3, 6, and 12 months after 
irradiation were recorded as 12. 8 ± 0. 8 kg, 13. 6 ± 0. 8 kg, 
14. 2 ± 0. 6 kg, and 15. 0 ± 0. 6 kg, respectively. In compar-
ison, the irradiation group exhibited average weights of 
12.9 ± 0.6 kg, 13.6 ± 0.7 kg, 14.0 ± 0.7 kg, and 13.8 ± 0.7 kg 
at the same time intervals respectively. No significant dif-
ferences were observed in weight, diet intake, heart rate, 
activity levels, or mental status between the two groups 
before irradiation or at 3 or 6  months after irradiation. 
However, at 12 months after irradiation, the beagle dogs 
in the irradiation group demonstrated a statistically sig-
nificant weight reduction (P = 0.036) than those in the 
control group. And after 3  months of irradiation, half 
of the beagles in the irradiation group began to show a 
gradual decline in their food intake. All beagles exhib-
ited a significant decrease in feeding, reluctance to move, 
and unresponsive to external stimuli by 12 months after 
irradiation.

cTnI detection results
There were no significant differences in the serum 
cTnI concentration in the beagles between the control 
and irradiation groups before irradiation or at 3, 6, or 
12 months after irradiation (Table 1).

Left ventricular function
There were no significant differences in heart rate, IVS, 
LVPWD, LVEDD, LVESD, LVEDV, LVESV or LVEF 
between the control and irradiation groups 1 week before 
irradiation or 3 months after irradiation. The LVESV was 
greater ( P = 0.006 ), and the LVEF was lower (P = 0.007) 
than in the control group at 6  months after irradiation. 
Both LVEDV (P = 0. 007) and LVESV (P < 0. 001) were 
significantly greater in the irradiation group than in the 
control group, and the LVEF (P < 0. 001) was significantly 
lower at 12 months after irradiation (Table 2).

No obvious abnormal motion of the left ventricular 
wall was detected in either the control or irradiation 
groups 1 week before irradiation or 3 or 6 months after 
irradiation. However, at 12  months after irradiation, 
abnormal motion of the regional left ventricular wall 
was noted in or adjacent to the irradiation site within 
the irradiation group.

Table 1  Comparison of serum cTnI concentration between the control and irradiation groups ( x ± s)

Grouping 1 week before 
irradiation

3 month after 
irradiation

6 month after 
irradiation

12 month after 
irradiation

P

Control group (ng/ml) 0. 27 ± 0. 05 0. 26 ± 0. 04 0. 27 ± 0. 03 0. 28 ± 0. 09 0. 714

Irradiation group (ng/ml) 0. 27 ± 0. 04 0. 29 ± 0. 08 0. 28 ± 0. 04 0. 26 ± 0. 05 0. 563

P 0. 809 0. 06 0. 447 0. 614
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Additionally, a minor pericardial effusion was 
observed in two beagles from the irradiation group at 
3  months after irradiation; this effusion subsequently 
resolved. And the local pericardial echo of the anterior 
left ventricular wall was enhanced at 6  months after 
irradiation.

Longitudinal strain of the left ventricle in 2D‑STE
The EchoPAC software systematically segmented the 
left ventricular myocardium into 17 segments, tracked 

each segment and finally displayed the strain curve and 
bull’s eye diagram. In the control group of beagles, there 
was no significant reduction in the area of LS at 3, 6 or 
12  months after irradiation (Fig.  2). Conversely, in the 
irradiation group, a progressive decline in the LS was 
noted within both the irradiated area and adjacent areas, 
and the extent of this decline gradually increased over 
time (Fig. 3).

Univariate ANOVA indicatedc that there was no sig-
nificantly change in the GLS of the left ventricle and the 

Table 2  Comparison of functional parameters of left ventricle between the control and irradiation groups ( x ± s)

# represent comparison with before irradiation, P < 0. 05; *represent P < 0. 001

Parameter 1 week before 
irradiation

3 month after 
irradiation

6 month after 
irradiation

12 month after 
irradiation

P

Heart rate (bpm)

  Control group 54.33 ± 6.38 54.89 ± 4.95 56.75 ± 6.55 53.00 ± 3.69 0.56

  Irradiation group 55.06 ± 5.46 53.94 ± 4.93 54.33 ± 4.91 54.33 ± 5.32 0.93

P 0.72 0.57 0.32 0.63

IVSD (mm)

  Control group 4. 21 ± 0. 46 4. 24 ± 0. 39 4. 25 ± 0. 45 4. 23 ± 0. 37  > 0. 99

  Irradiation group 4. 12 ± 0. 41 4. 13 ± 0. 44 4. 22 ± 0. 42 4. 25 ± 0. 47 0. 86

P 0. 50 0. 43 0. 85 0. 95

LVPWD (mm)

  Control group 4. 77 ± 0. 44 4. 81 ± 0. 47 4. 83 ± 0. 43 4. 73 ± 0. 44 0. 97

  Irradiation group 4. 73 ± 0. 45 4. 76 ± 0. 38 4. 72 ± 0. 45 4. 80 ± 0. 49 0. 98

P 0. 79 0. 76 0. 52 0. 81

LVEDD (mm)

  Control group 32. 88 ± 2. 95 32. 78 ± 2. 18 32. 92 ± 1. 88 32. 33 ± 1.37 0. 96

  Irradiation group 33. 28 ± 2. 80 32. 83 ± 2. 33 33. 08 ± 2. 75 33. 83 ± 2. 32 0. 86

P 0. 69 0. 94 0. 86 0. 20

LVESD (mm)

  Control group 20. 55 ± 1. 79 20. 28 ± 1.27 21. 25 ± 1. 36 21.00 ± 1.41 0. 34

  Irradiation group 21. 11 ± 1.45 20. 83 ± 0. 86 21.00 ± 0.95 20. 83 ± 1. 47 0. 90

P 0. 31 0. 13 0. 61 0. 85

LVEDV (ml)

  Control group 30. 06 ± 3. 73 29. 72 ± 2. 95 30. 08 ± 3. 78 30.00 ± 1. 41 0. 99

  Irradiation group 31. 89 ± 3.85 30. 05 ± 2. 92 30. 58 ± 1. 93 34. 67 ± 3.08 0.04

P 0. 51 0. 74 0. 69 0.007

LVESV (ml)

  Control group 10. 33 ± 1. 24 10. 55 ± 1.04 9. 92 ± 0. 79 10. 17 ± 0.75 0. 43

  Irradiation group 10. 39 ± 1. 09 10. 39 ± 0. 91 11. 33 ± 1.37# 14. 33 ± 1. 21*  < 0. 001

P 0. 90 0. 61 0.006 P < 0. 001

LVEF (%)

  Control group 65. 43 ± 3. 49 64. 40 ± 2. 67 66. 75 ± 3. 30 66. 08 ± 2. 43 0. 23

  Irradiation group 66. 06 ± 3. 57 65. 14 ± 2. 67 62. 46 ± 3.70# 58. 61 ± 1. 67*  < 0. 001

P 0. 60 0. 41 0.007  < 0. 001

E/A

  Control group 1. 46 ± 0. 06 1. 48 ± 0. 06 1. 52 ± 0. 05 1. 51 ± 0. 05 0. 12

  Irradiation group 1. 43 ± 0. 06 1. 39 ± 0. 09# 1. 23 ± 0. 07* 0. 98 ± 0. 10*  < 0. 001

P 0. 12 0.001  < 0. 001  < 0. 001
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LS of each segment in the control group at any time point 
before or after irradiation (P > 0. 05). In contrast, the GLS 
and LS of the irradiated area gradually decreased in the 
irradiation group after irradiation (P < 0. 001).

When compared to the control group and baseline 
measurements, the GLS and LS in the irradiated area 
were significantlydiminished in the irradiation group 
at 3  months after irradiation (P < 0. 001), with further 
decreased observed at 6  months after irradiation (P < 0. 
001), and increased extent decline noted at 12  months 
after irradiation (P < 0. 001) (Table 3).

Notably, none of the beagles in the irradiation group 
exhibited signs of subclinical cardiac dysfunction after 
3  months of irradiation. After 6  months of irradiation, 
four beagles in the irradiation group demonstrated a 
relative decrease in GLS of > 15%. By 12 months of irra-
diation, all six remaining beagles in the irradiation group 
presented with subclinical cardiac dysfunction (Table 4).

Histologic results
Examinations of the heart surface in euthanized beagles 
indicated no discernible abnormalities in the hearts of 
the control group at 3, 6 or 12 months after irradiation. 

Conversely, in the irradiation group, the cardiac surface 
in the irradiated region exhibited a whitish appearance at 
3 months after irradiation and became hardened at 6 and 
12 months after irradiation, which was markedly distinct 
from the nonirradiated area.

HE staining did not reveal any significant abnormali-
ties in the myocardial tissue of the control group at 3, 
6, or 12 months after irradiation (Fig. 4A, B, C). In con-
trast, the irradiated area of the irradiation group dis-
played notable pathological alterations when compared 
to the control group. At 3  months after irradiation, the 
irradiated area showed mild myocardial degeneration, 
mild myocardial interstitial fibrosis, mild hyperplasia of 
fibrous tissue, and thickening of the walls of small inter-
stitial vessel (Fig.  4D). By 6  months after irradiation, 
the irradiated area demonstrated moderate myocardial 
degeneration with disorganized arrangement, moderate 
myocardial interstitial fibrosis, and obvious thickening 
of the interstitial small vessel wall (Fig. 4E). At 12 months 
after irradiation, the irradiated area presented with 
patchy necrosis of cardiomyocytes, severe myocardial 
interstitial fibrosis, and significant thickening or luminal 
stenosis of interstitial small vessel walls (Fig.  4F). There 

Fig. 2  Longitudinal strain diagram of 17 segments of left ventricle at each time point before and after irradiation in the control group with 2D-STE 
(A 1 week before irradiation, B 3 month after irradiation, C 6 month after irradiation, D 12 month after irradiation)
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were statistically significant differences in the myocardial 
degeneration score and vascular injury score between 
the two groups at 3, 6, and 12  months after irradiation 
(Table 5).

WGA showed that cardiomyocytes in the control 
group exhibited uniform size and orderly arrangement at 
3, 6, and 12 months after irradiation (Fig. 5A, B, C). Com-
pared with the control group, the cardiomyocytes in the 
irradiated group displayed a slight increase in size and a 
more disordered at 3 months after irradiation (Fig. 5D). 
By 6 months after irradiation, the cardiomyocytes in the 
irradiated area were significantly larger and exhibited a 
greater degree of disorganization (Fig. 5E). At 12 months 
after irradiation, the cardiomyocytes were severely 
deformed and uneven in size, and the myocardial texture 
was largely absent (Fig. 5F).

Masson staining indicated that the control group 
exhibited no obvious abnormalities ( grade 0) after irra-
diation (Fig.  6A, B, C). However, there was a progres-
sive exacerbation of myocardial interstitial fibrosis in 
the irradiated area of the irradiation group,with grade 
of 1, 2, and 3 observed at 3, 6, and 12 month after irra-
diation,, respectively (Fig. 6D, E, F).

The relationship between 2D‑STE parameters 
and histological results
The strain results showed high concordance with the 
pathologic findings. The left ventricular anterior wall 
segments within the irradiated region were the first to 
exhibit changes. Notably, the GLS of the basal, mid, api-
cal of the anterior wall showed a significant reduction 
after 3  months of irradiation, coinciding with observ-
able alterations in the myocardial histopathology of the 
anterior wall. And no significant changes were noted in 
the posterior wall during this period. After 12 months 
of irradiation, the extent of strain-segment injury in the 
irradiated cohort of beagles increased, affecting both 
the posterior and lateral walls. At this juncture, sig-
nificant alterations in myocardial injury were evident in 
the myocardial tissue of both the anterior and posterior 
walls.

Interobserver and intraobserver repeatability
The interobserver agreement assessed by the ICC was 0. 
82, 0. 91 and 0. 85 for GLS, LVEDV and LVESV, respec-
tively (Table  6), whereas the intraobserver agreement 

Fig. 3  Longitudinal strain diagram of 17 segments of left ventricle at each time point before and after irradiation in the irradiation group 
with 2D-STE(A 1 week before irradiation, B 3 month after irradiation, C 6 month after irradiation, D 12 month after irradiation)
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Table 3  Comparison of GLS of Left Ventricle and LS of Each Segment Between the Control and Irradiation Groups ( x ± s)

Parameter 1 week before 
irradiation

3 month after 
irradiation

6 month after 
irradiation

12 month after 
irradiation

P

Base segment of anterior wall (%)

  Control group 18. 61 ± 1. 53 18. 89 ± 2. 29 18. 42 ± 1. 55 18. 67 ± 3. 70 0. 869

  Irradiation group 17. 83 ± 1. 34 13. 83 ± 3. 06* 12. 5 ± 2. 06* 9. 83 ± 1. 34* P < 0. 001

P 0. 125 P < 0. 001 P < 0. 001 P < 0. 001

Mid segment of anterior wall (%)

  Control group 18. 89 ± 1. 33 18. 67 ± 1. 60 18. 67 ± 2. 91 19 ± 1. 91 0. 924

  Irradiation group 18. 61 ± 0. 95 14. 44 ± 3. 42* 12. 58 ± 1. 93* 9. 5 ± 2. 71* P < 0. 001

P 0. 488 P < 0. 001 P < 0. 001 P < 0. 001

Apex segment of anterior wall (%)

  Control group 20. 28 ± 0. 98 20. 5 ± 3. 17 20. 33 ± 1. 11 20. 17 ± 2. 07 0. 907

  Irradiation group 20. 17 ± 0. 96 17. 56 ± 1. 61* 14. 92 ± 2. 18* 10 ± 0. 82* P < 0. 001

P 0. 741 P < 0. 001 P < 0. 001 P < 0. 001

Base segment of anterior septum (%)

  Control group 18. 67 ± 1. 20 18. 72 ± 0. 93 19. 08 ± 2. 11 19. 17 ± 0. 69 0. 618

  Irradiation group 18. 17 ± 3. 38 15. 67 ± 2. 11* 14. 25 ± 1. 42* 13. 17 ± 1. 34# P < 0. 001

P 0. 269 P < 0. 001 P < 0. 001 P < 0. 001

Mid segment of anterior septum (%)

  Control group 20. 06 ± 1. 18 19. 39 ± 4. 21 19. 67 ± 1. 10 19. 5 ± 0. 96 0. 403

  Irradiation group 20. 33 ± 2. 15 18. 28 ± 1. 24* 17. 08 ± 3. 55* 15. 5 ± 1. 26* P < 0. 001

P 0. 492 P < 0. 05 P < 0. 001 P < 0. 001

Base segment of lateral wall (%)

  Control group 17. 5 ± 3. 42 17. 56 ± 1. 67 17. 67 ± 2. 11 18 ± 1. 29 0. 908

  Irradiation group 17. 56 ± 1. 34 14. 56 ± 1. 4* 13. 75 ± 1. 42* 12. 83 ± 4. 52# P < 0. 001

P 0. 907 P < 0. 001 P < 0. 001 P < 0. 001

Mid segment of lateral wall (%)

  Control group 18 ± 1. 15 18. 22 ± 1. 84 18. 5 ± 1. 26 18. 83 ± 2. 46 0. 648

  Irradiation group 17. 94 ± 1. 22 15. 94 ± 3. 08* 13. 92 ± 1. 18* 11. 83 ± 1. 07* P < 0. 001

P 0. 892 P < 0. 001 P < 0. 001 P < 0. 001

Apex segment of lateral wall (%)

  Control group 20. 5 ± 1. 64 19. 78 ± 1. 58 19. 83 ± 1. 06 20. 33 ± 1. 70 0. 504

  Irradiation group 20. 17 ± 1. 54 19. 17 ± 1. 25 17. 08 ± 2. 44* 15 ± 3. 29* P < 0. 001

P 0. 545 0. 261 P < 0. 001 P < 0. 001

Base segment of posterior wall (%)

  Control group 18. 39 ± 3. 11 19 ± 0. 94 18. 58 ± 2. 44 18. 5 ± 1. 26 0. 484

  Irradiation group 18. 72 ± 1. 24 18. 67 ± 3. 1 17. 08 ± 1. 80# 15. 83 ± 4. 34* P < 0. 001

P 0. 541 0. 422 0. 068 P < 0. 05

Mid segment of posterior wall (%)

  Control group 20. 33 ± 0. 88 20. 05 ± 1. 22 19. 92 ± 1. 55 19. 5 ± 2. 71 0. 579

  Irradiation group 20. 06 ± 0. 91 20. 17 ± 1. 07 18 ± 2. 19# 16. 16 ± 1. 06* P < 0. 001

P 0. 453 0. 440 P < 0. 05 P < 0. 001

Base segment of inferior wall (%)

  Control group 19. 17 ± 1. 5 19. 56 ± 1. 42 18. 92 ± 0. 95 19. 17 ± 1. 34 0. 660

  Irradiation group 19 ± 1. 33 19. 11 ± 1. 20 19. 08 ± 0. 76 16. 83 ± 1. 34# P < 0. 05

P 0. 638 0. 184 0. 826 P < 0. 05

Mid segment of inferior wall (%)

  Control group 20. 05 ± 1. 35 20. 22 ± 0. 97 20. 25 ± 1. 09 20. 17 ± 1. 67 0. 974

  Irradiation group 19. 83 ± 2. 34 20 ± 1. 75 19. 67 ± 0. 94 16. 8 ± 1. 34* P < 0. 001

P 0. 726 0. 564 0. 327 P < 0. 05
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(ICC) was 0. 84, 0. 87, and 0. 82 for GLS, LVEDV and 
LVESV (Table 6).

Discussion
Radiotherapy remains a cornerstone in managing tho-
racic malignancies, including breast cancer, lung carci-
noma, esophageal neoplasms, mediastinal lymphoma, 
and thymoma. However, contemporary RT modali-
ties  –even with technological advancements such as 
intensity-modulated radiotherapy and image-guided 
radiotherapy–  cannot fully eliminate cardiac radiation 
exposure,  as  non-negligible cardiac radiation doses per-
sist in most thoracic RT recipients.

Current understanding of RIHD primarily derives from 
observational clinical studies inherently confounded 
by heterogeneity in radiation fields, dosimetric param-
eters, treatment volume, and pre-existing cardiovascular 
comorbidities [1, 27, 28]. To establish causal relationships 
independent of these variables, controlled animal mod-
els become imperative. Canine models bridge a critical 
translational gap between rodent physiology and human 
cardiac pathophysiology, providing anatomically relevant 
platforms for longitudinal therapeutic investigations [29]. 
Our experimental approach employed single-fraction 
irradiation (20  Gy) to the left ventricle anterior wall in 
Beagle dogs–  a species selected for their anatomically 

# represent comparison with before irradiation, P < 0. 05; *represent P < 0. 001

Table 3  (continued)

Parameter 1 week before 
irradiation

3 month after 
irradiation

6 month after 
irradiation

12 month after 
irradiation

P

Apex segment of inferior wall (%)

  Control group 20. 55 ± 1. 53 20. 28 ± 2. 09 20 ± 1. 53 20. 83 ± 1. 67 0. 639

  Irradiation group 20. 83 ± 1. 38 20. 56 ± 0. 89 19. 92 ± 1. 32 16. 5 ± 0. 96* P < 0. 001

P 0. 481 0. 464 0. 99 P < 0. 05

Base segment of posterior septum (%)

  Control group 18. 28 ± 1. 32 18. 11 ± 1. 37 18. 42 ± 1. 38 18. 67 ± 0. 94 0. 834

  Irradiation group 17. 94 ± 2. 47 17. 78 ± 0. 97 17. 5 ± 0. 96 16. 33 ± 1. 49# 0. 064

P 0. 409 0. 586 0. 116 P < 0. 05

Mid segment of posterior septum (%)

  Control group 19. 78 ± 1. 08 19. 39 ± 1. 01 19. 08 ± 1. 19 19. 17 ± 2. 07 0. 369

  Irradiation group 19. 33 ± 1. 15 19. 24 ± 0. 94 18. 41 ± 1. 04# 17. 5 ± 0. 96# 0. 001

P 0. 344 0. 820 0. 246 P < 0. 05

Apex segment of septum (%)

  Control group 21. 5 ± 1. 01 21. 11 ± 0. 87 20. 83 ± 1. 79 20. 67 ± 1. 25 0. 195

  Irradiation group 21. 83 ± 0. 76 20. 78 ± 2. 31 19. 83 ± 0. 81* 18 ± 0. 82* P < 0. 001

P 0. 286 0. 390 P < 0. 001 P < 0. 001

Peak of apex (%)

  Control group 20. 91 ± 3. 08 21 ± 1. 15 20. 42 ± 1. 11 21. 33 ± 1. 25 0. 402

  Irradiation group 21. 11 ± 0. 74 20. 78 ± 1. 18 19. 25 ± 2. 09* 16 ± 0. 82* P < 0. 001

P 0. 347 0. 495 P < 0. 05 P < 0. 001

GLS (%)

  Control group 20. 02 ± 0. 90 19. 61 ± 1. 10 19. 56 ± 0. 95 19. 6 ± 1. 54 0. 532

  Irradiation group 19. 92 ± 0. 65 18. 49 ± 0. 82* 17. 22 ± 0. 90* 14. 17 ± 1. 66* P < 0. 001

P 0. 555 P < 0. 05 P < 0. 001 P < 0. 001

Table 4  The number and proportion of subclinical cardiac dysfunction in each period of the irradiation group

1 week before irradiation 
(n = 18)

3 month after irradiation 
(n = 18)

6 month after irradiation 
(n = 12)

12 month after 
irradiation 
(n = 6)

Relative decrease in GLS of > 15%

  Irradiation group - 0 4 6

  Proportion - 0 33.3% 100%
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analogous cardiac geometry and adequate cardiac mass 
for  1) precise radiation targeting, 2) serial echocardio-
graphic monitoring, and 3) STE analysis [30–34]. While 
fractionated low-dose regimens better approximate 
clinical radiotherapy protocols, the  technical challenges 
of ensuring precise positional reproducibility across 
fractions  led us to adopt a  radiobiologically equivalent 
single high-dose paradigm, as validated by prior stud-
ies demonstrating comparable cardiac toxicity profiles 
between fractionated and hypofractionated regimens 
[35–38]. Histopathological validation confirmed success-
ful RIHD modeling:  Postmortem examination revealed 
radiation-dependent pathological progression character-
ized by  1) cardiomyocyte vacuolar degeneration, 2) dif-
fuse interstitial fibrosis, and 3) concentric arteriolar wall 

thickening within irradiated myocardial segments. These 
findings not only corroborate the functional strain altera-
tions detected by speckle tracking echocardiography but 
also establish histomorphological endpoints consistent 
with human RIHD manifestations.

The 2016 ESC position paper [14] recommends echo-
cardiography as the first-line imaging modality for evalu-
ating left ventricular systolic function in cancer patients 
undergoing cardiotoxic therapies. However, conventional 
echocardiography parameters lack the sensitivity to 
detect early-stage RIHD [39]. In contrast, STE – a novel 
echocardiographic technique developed over the past 
decade – enables quantitative assessment of myocar-
dial deformation, thereby identifying subclinical  altera-
tions  in left ventricular mechanics [11, 40–44]. Despite 

Fig. 4  Hematoxylin–eosin staining of myocardium at 3 (A), 6 (B), and 12 month (C) after sham irradiation in the control group and at 3 (D), 6 (E), 
and 12 month (F) after irradiation in the irradiation group (magnification, × 400)

Table 5  Comparison of histologic parameters between the control and irradiation groups

Time 3 month after irradiation 6 month after irradiation 12 month after irradiation

Grade 0 1 2 3 P 0 1 2 3 P 0 1 2 3 P

Myocardial degeneration  < 0. 001  < 0. 001  < 0. 001

Control group 28 2 0 0 26 3 1 0 24 4 2 0

Irradiation group 4 24 2 0 0 12 13 5 0 2 7 21

Myocardial vascular injury  < 0. 001  < 0. 001  < 0. 001

Control group 26 3 1 0 23 6 0 1 20 7 2 1

Irradiation group 9 17 2 2 1 9 14 6 0 4 14 12
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Fig. 5  WGA staining of myocardium at 3 (A), 6 (B), and 12 month (C) after sham irradiation in the control group and at 3 (D), 6 (E), and 12 month 
(F) after irradiation in the irradiation group (magnification, × 400). Compared with the control group, the irradiated area showed various degrees 
of myocardial degeneration

Fig. 6  Masson staining of myocardium at 3 (A), 6 (B), and 12 month (C) after sham irradiation in the control group and at 3 (D), 6 (E), and 12 month 
(F) after irradiation in the irradiation group (magnification, × 400). Compared with the control group, myocardial interstitial fibrosis was aggravated 
progressively after irradiation in the irradiated area. The blue stained tissue was collagen fiber
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its growing clinical adoption, few studies have system-
atically correlated STE-derived strain parameters with 
histopathological findings in the context of RIHD. To 
address this knowledge gap, our study employed a multi-
modal approach integrating 2D-STE, conventional echo-
cardiography, and histopathological analysis in a Beagle 
dog model of RIHD. This experimental design allowed us 
to 1) characterize the temporal progression of radiation-
induced cardiac dysfunction and 2) evaluate the diag-
nostic utility of STE in detecting early myocardial injury 
prior to overt functional decline.

At 3  months post-irradiation, subtle histopathological 
alterations were observed in the irradiated myocardium, 
including mild cardiomyocyte vacuolization,  early-stage 
interstitial fibrosis, and reduced microvascular density. 
Concurrently, STE revealed significantly reduced GLS in 
irradiated segments, indicating  subclinical myocardial 
dysfunction  preceding conventional echocardiographic 
abnormalities. While diastolic dysfunction represents an 
early marker of cardiac injury, its non-regional specific-
ity  limits precise localization of radiation-induced dam-
age. In contrast, segmental strain analysis (17-segment 
model)  demonstrated spatially resolved mechanical 
impairment, with the  most pronounced strain reduc-
tion correlating topographically with histopathological 
injury severity. In the irradiation group, the GLS and 
LS in the affected area continued to decline even after 6 
and 12 months postradiation. At 12 months after irradia-
tion, local cell wall motion abnormalities occurred in the 
irradiated area, and the segments with abnormal motion 
were consistent with the segments with the most severe 
strain reduction.

Radiation-induced posterior wall pathology manifested 
at 6- and 12-month follow-ups, accompanied by histo-
pathological abnormalities in the posterior myocardium. 
This spatiotemporal progression indicates deteriorating 
myocardial dysfunction and reveals a spatially correlated 
relationship between echocardiographic strain reduction 
and histologic injury severity. Notably, subclinical cardiac 
dysfunction emerged in a subset of irradiated Beagles by 
6  months, demonstrating radiation therapy’s early car-
diotoxic effects. These findings collectively demonstrate 
that 2D-STE achieves dual diagnostic capabilities: 1) 

detecting left ventricular functional alterations with pre-
cise spatial correspondence to pathological changes, and 
2) enabling segmental quantification of myocardial injury 
extent while identifying subclinical dysfunction prior to 
conventional echocardiographic detection. This technical 
advantage enhances the accuracy of clinical surveillance 
and therapeutic decision-making for radiation-associated 
cardiotoxicity.

RIHD exhibits multi-compartment cardiac involve-
ment, with delayed clinical manifestations including 
pericarditis, myocardial fibrosis, valvular lesions, coro-
nary atherosclerosis, and conduction system abnormali-
ties [45–47]. Myocardial fibrosis represents the terminal 
pathological endpoint in radiation cardiotoxicity, aris-
ing from progressive microvascular endothelial damage 
[48, 49]. Radiation-triggered endothelial injury initiates 
cytokine damage the microvasculature endothelium and 
increase the activation and reactive oxygen species over-
production, driving microvascular wall thickening, lumi-
nal stenosis, and perfusion impairment. This cascade 
culminates in chronic myocardial ischemia and subse-
quent fibrotic remodeling [1, 13, 50]. Our investigation 
systematically tracked radiation-induced myocardial 
pathology in Beagle dogs, demonstrating temporally pro-
gressive deterioration of cardiomyocyte integrity, inter-
stitial fibrosis, and microvascular architecture..

Given the irreversible nature of established myocardial 
fibrosis, early RIHD detection prior to fibrotic transfor-
mation becomes clinically imperative. This study estab-
lished that 2D-STE-derived GLS and LS reductions 
paralleled histopathological progression, enabling identi-
fication of preclinical myocardial injury before irrevers-
ible fibrotic deposition. While these findings position 
2D-STE as a promising surveillance tool, future investiga-
tions must establish validated strain thresholds to guide 
targeted therapeutic interventions.

This studyemployed localized irradiation targeting 
the left ventricle anterior wall in Beagle dogs to estab-
lish a radiation cardiotoxicity model. However, 2D-STE 
analysis revealed LS reduction extending beyond the 
irradiated field into adjacent myocardial segments. This 
discrepancy may originate from inherent limitations 
in target delineation methodology: while based on the 

Table 6  Inter-observer and Intra-observer variability of GLS, LVEDV and LVESV

ICC intraclass correlation coefficient

Inter-observer Intra-observer

Observer 1 Observer 2 ICC Observer 1 Observer 2 ICC

GLS (%) 19. 87 ± 0. 66 19. 92 ± 0. 63 0. 82 19. 87 ± 0. 66 19. 92 ± 0. 63 0. 84

LVEDV (mm) 30. 45 ± 3. 79 30. 4 ± 3. 21 0. 91 30. 45 ± 3. 79 30. 4 ± 3. 21 0. 87

LVESV (mm) 10. 4 ± 1. 18 10. 455 ± 1. 067 0. 85 10. 4 ± 1. 18 10. 455 ± 1. 067 0. 82
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standardized 17-segment left ventricular division for 
CT-guided planning, subjective interpretation dur-
ing segmental border definition likely resulted in par-
tial inclusion of lateral wall and anterior septal regions 
within the irradiated zone.

Existing evidence from clinical and preclinical stud-
ies [51–55] identifies serum cTnI elevation as an early 
biomarker of RIHD, typically normalizing months 
post-irradiation. Contrary to these reports, our serial 
cTnI measurements (3/6/12  months post-irradiation) 
showed no significant intergroup differences. This 
divergence likely reflects the temporal dynamics of 
biomarker sampling in our protocol, which may have 
captured the post-acute phase when cTnI levels had 
already returned to baseline. These observations high-
light two critical limitations of cTnI monitoring: 1) 
transient detection windows requiring precise tempo-
ral alignment with injury phases, and 2) susceptibility 
to confounding clinical variables. Consequently, cTnI 
demonstrates insufficient specificity for longitudinal 
RIHD surveillance compared to spatially resolved STE 
biomarkers.

While cardiac magnetic resonance imaging (CMRI) 
with late gadolinium enhancement remains the gold 
standard for myocardial fibrosis assessment, its clinical 
utility is constrained by cost barriers, contraindications 
(e.g., renal insufficiency), and procedural complexity. 
Umezawa et  al. [56] demonstrated CMRI’s capability to 
detect  radiation-induced myocardial fibrosis in esopha-
geal cancer survivors, yet these technical limitations 
restrict routine implementation. Alternative modalities 
like PET/CT (e.g., 18F-FDG metabolic imaging by Yan 
et al. [57] and 13N-NH3 perfusion studies by Jianbo et al. 
[58]) enable early detection of radiation-induced myocar-
dial abnormalities in canine models. However, PET/CT ’s 
reliance on ionizing radiation and radiopharmaceutical 
administration precludes its use for longitudinal RIHD 
screening. In contrast, this study establishes 2D-STE 
as a clinically viable alternative, demonstrating some 
key advantages.Firstly, 2D-STE achieves dual diagnos-
tic advantages: early identification of radiation-induced 
cardiotoxicity concurrent with initial histopathological 
alterations, combined with spatially resolved correlation 
between strain abnormalities and regions of peak radia-
tion dose deposition. Furthermore, this modality dem-
onstrates practical superiority through its non-invasive 
nature, cost-effectiveness, and elimination of cumula-
tive radiation exposure risks. These attributes position 
2D-STE as both a sensitive surveillance tool and a poten-
tial guide for targeted therapeutic interventions in RIHD 
management.

Limitations
This study has inherent methodological constraints. 
First, the limited cohort size increases susceptibility to 
Type II statistical errors, potentially obscuring subtle 
radiation-induced pathophysiological changes. Second, 
the single-fraction radiation protocol diverges from clini-
cal fractionated radiotherapy regimens, necessitating 
validation through studies employing  hypofractionated 
dose simulations. Translation of these findings to human 
RIHD management requires multicenter clinical trials to 
establish standardized STE reference thresholds and 
intervention criteria.

Conclusion
Radiation cardiotoxicity progression  in Beagle dogs 
exhibited distinct temporal patterns:  histopathological 
evidence of myocardial remodeling emerged by 3 months 
post-irradiation, progressing to irreversible fibrotic trans-
formation at 12 months. The subclinical systolic dysfunc-
tion found by 2D-STE was highly consistent with the 
pathological changes, and segmental strain abnormali-
ties first appeared in the area with the greatest degree of 
radiation involvement. These findings position 2D-STE 
as a  non-invasive localization tool  that  1) enables pre-
fibrotic detection of radiation injury  and  2) identifies 
myocardial regions receiving peak radiation dose deposi-
tion, thereby guiding time-sensitive therapeutic interven-
tions before irreversible ventricular remodeling.
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