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Abstract 

Background and purpose: Radiation-induced cardiac toxicity (RICT) remains one of the 

most critical dose limiting constraints in radiotherapy. Recent studies have shown higher doses 

to the base of the heart are associated with worse overall survival in lung cancer patients 

receiving radiotherapy. This work aimed to investigate the impact of sub-volume heart 

irradiation in a mouse model using small animal image-guided radiotherapy.  

Materials and Methods: C57BL/6 mice were irradiated with a single fraction of 16 Gy to the 

base, middle or apex of the heart using a small animal radiotherapy research platform. Cone 

beam CT and echocardiography were performed at baseline and at 10 week intervals until 50 

weeks post-treatment. Structural and functional parameters were correlated with mean heart 

dose (MHD) and volume of heart receiving 5 Gy (V5).  

Results: All irradiated mice showed a time dependent increase in left ventricle wall thickness 

in diastole of ~0.2 mm detected at 10 weeks post-treatment, with the most significant and 

persistent changes occurring in the heart base-irradiated animals. Similarly, statistically 

different functional effects (p<0.01) were observed in base-irradiated animals which showed 

the most significant decreases compared to controls. The observed functional changes did not 

correlate with MHD and V5 (R2<0.1), indicating that whole heart dosimetry parameters do not 

predict physiological changes resulting from cardiac sub-volume irradiation.  

Conclusions: This is the first report demonstrating the structural and functional consequences 

of sub-volume targeting in the mouse heart and reverse translates clinical observations 

indicating the heart base as a critical radiosensitive region. 

 

 



Introduction 

Radiation therapy (RT) is part of definitive treatment for patients with unresectable non-small 

cell lung cancer (NSCLC). Despite major technological advances in imaging and conformal 

delivery techniques, the tolerances of adjacent normal tissues continue to limit target volume 

doses [1,2]. In patients receiving RT for thoracic malignancies, the most frequent toxicities 

occur in the lungs and/or heart. Radiation-induced cardiac toxicity (RICT) may present as 

multiple pathologies including myocardial fibrosis, ischemic heart disease, valvular 

abnormalities and pericarditis [3]. RICT often manifests many years following radiation 

exposure [4,5]. However, recent data suggests that severe radiation-induced cardiac 

dysfunction in NSCLC patients may manifest within 2 years of treatment with definitive RT 

[6]. In the absence of a clear dose/volume consensus for RICT in the treatment of NSCLC [7], 

there has been an increased awareness of the potential role of cardiac substructures in the 

development of RICT [8]. Furthermore, dose to undefined anatomical heart regions has 

recently been shown to correlate with survival, and the base of the heart was identified as a 

radiosensitive sub-region with a threshold of around 8.5 Gy [9,10].  

Preclinical studies interrogating the underlying pathophysiological mechanism of RICT have 

previously used whole body, whole thorax or whole heart irradiation techniques, which do not 

accurately recapitulate clinical exposure scenarios [3]. Currently, no preclinical study has 

reported on the functional significance of sub-volume heart irradiation as a translationally 

relevant approach to mechanistically explore the underlying molecular basis of RICT. In the 

current study, we report the first observations of the structural and functional consequences of 

irradiated cardiac sub-volumes using small-animal image guided RT.  

 

 



Materials and Methods 

Animals and Maintenance 

RICT was investigated in female 12-15 week old C57BL/6J mice obtained from Charles River 

Laboratories (Oxford, UK). All mice were housed under controlled conditions (12 hour light–

dark cycle, 21°C) in standard caging with three to five littermates and received a standard 

laboratory diet (Teklad, Envigo, UK) with water ad libitum. Environmental enrichment was 

provided using nesting material, cardboard tubes and softwood blocks. Mice were also handled 

gently and frequently from a young age to reduce stress. Prior to irradiation, animals were 

anaesthetised with ketamine and xylazine (100 mg/kg and 10 mg/kg) by intraperitoneal 

injection. Based on previous studies, the variation in Myocardial Performance Index (MPI) 

within each group was expected to be approximately 15%. In this study, animal numbers were 

chosen to give power to detect differences in MPI of 25% with a power of 80% for a 2-sided 

equality test with a significance threshold of 0.05 which required at least six mice per group. 

Mice weights were monitored throughout the experiment showing minor fluctuations but 

remained within tolerated weight loss of <15%. All experimental procedures were carried out 

in accordance with the Home Office Guidance on the Operation of the Animals (Scientific 

Procedures) Act 1986, published by Her Majesty's Stationary Office, London, and approved 

by the institutional Animal Welfare and Ethical Review Body (PPL2813).  

Imaging, treatment planning and irradiation 

Mice were irradiated with 220 kVp X-rays under CBCT image guidance using a Small Animal 

Radiation Research Platform (SARRP, Xstrahl Life Sciences) calibrated using the Institute of 

Physics and Engineering in Medicine and Biology (IPEMB) code of practice [11]. Mice were 

randomly assigned to experimental groups prior to irradiation with a single fraction dose of 16 

Gy delivered using a parallel opposed, anterior-posterior beam geometry, with a 3 x 9 mm 



collimator (dose rate 2.67 ± 0.11 Gy/min). A single isocentre was selected targeting the base, 

middle or apex of the heart with 6 animals used in each treatment group. 

CBCT scans were performed before irradiation and the heart was outlined on the pre-treatment 

CBCT scan. Dose-volume histograms (DVHs) were calculated for each mouse using Muriplan 

(Xstrahl Inc, Suwannee, GA) for whole heart and the mean dose was calculated for the targeted 

subvolume as well as the adjacent non-targeted sub-volumes (Supplementary Figure 1). 

Representative treatment plans from Muriplan for each of the cardiac sub-volumes are shown 

in Supplementary Figure 2. Dosimetric parameters including MHD and V5 were extracted from 

the individual DVHs using Matlab R2017a.  

Echocardiography 

Longitudinal transthoracic echocardiography (TTE) was performed at baseline and at 10, 20 

40 and 50 weeks after irradiation to detect structural and functional cardiac abnormalities using 

a Vevo770® ultrasound system with a high‐frequency 45 MHz RMV707B scan head 

(VisualSonics Inc.). During TTE acquisition, animals were anaesthetised using 2 % isoflurane. 

M‐mode parasternal short‐axis scans at the level of the papillary muscles were used to quantify 

left ventricle (LV) posterior wall thickness in diastole (LVPW), and derive the left ventricle 

fractional shortening (FS) and ejection fraction (EF). Pulse‐wave Doppler was used to quantify 

diastolic function expressed as E/A ratio at the mitral valve and global cardiac function, 

expressed as Myocardial Performance Index (MPI). Observers were blinded to the 

experimental groups of the mice during data acquisition. 

Data and statistical analysis 

Statistical differences between populations were calculated using unpaired two-tailed Student 

t-tests, or one way ANOVA tests where appropriate, with a significance threshold of p<0.05. 

Data is presented either as the average for the entire experimental arm ± standard error, or per 



individual mouse in correlation plots. Correlation between functional and dosimetric 

parameters was tested by fitting linear regression lines using Prism GraphPad Prism 5 (Version 

8.0, GraphPad Software, Inc.) with the R2 values for MHD and V5 reported if significant. 

Statistical significance of slope parameters was calculated using an F-test comparing the linear 

regression model to a model with a slope of 0. 

Results 

TTE measurements were analysed after irradiation of the base, middle and apex of the heart. 

Differential effects on LV systolic function were observed at 40 and 50 weeks post irradiation 

depending on the targeted sub-volume. As shown in Figures 1a and 1b, only mice in which the 

base of the heart was irradiated showed significant changes (p<0.001) in FS which were 

significantly different to the middle and apex irradiated groups (p<0.01). Pulsed wave Doppler 

derived MPI is presented for each of the experimental groups in Figures 1c and 1d as an 

assessment of global cardiac function in mice at 40 and 50 weeks post-treatment. Significant 

changes were observed in all irradiated mice, with a highly significant increase for both base 

and middle irradiated animals (p<0.004). Changes in the EF were also observed and are shown 

in Supplementary Figure 3. Changes in MPI were less significant for apex irradiated mice 

(p=0.018) at 50 weeks post irradiation.  

LV wall thickening after targeted irradiation was also evaluated and changes shown in Figures 

2a and 2b. Significant alterations in the thickness of the LVPW were observed in all groups as 

early as 10 weeks post irradiation (Supplementary Figure 4) which persisted for the base and 

middle heart region irradiated mice at 20—50 weeks (p<0.03). However, the increase in LVPW 

thickness in apex irradiated mice was smaller and not statistically significant (p > 0.1) at later 

time-points. 



Serial TTE performed at baseline and from 10 - 50 weeks showed significant differences in the 

base irradiated group throughout the study for all systolic functions (p<0.01). Animals in which 

the middle of the heart was irradiated showed statistically significant changes in the LVPW 

throughout the course of the study for the LV measurement only (p < 0.001). No significant 

persistent changes were observed for the apex irradiated group (p>0.13) (Supplementary Figure 

4). Furthermore, a significant decrease in the E/A ratio of early and late filling of the left 

ventricle, as presented in Figure 2c and 2d, indicates diastolic dysfunction at 50 weeks post 

treatment for the base-irradiated mice only ( p=0.002). 

MHD and V5 were derived from the DVHs for individual mice (Figures 3a-c) and correlated 

with functional and structural parameters. As shown in Figure 3a, the heart anatomy leads to 

variation in the irradiated volume and mean dose delivered for all experimental arms. An 

average mean dose of 8.6 ± 1.8 Gy was delivered to the middle region cohort which had the 

highest volume of the heart irradiated. Base-irradiated animals received an average of 7.0 ± 2.1 

Gy followed by the apex irradiated mice with an MHD average of 5.9 ± 0.3 Gy.In addition, 

mean lung dose (MLD) in the left lung did not correlate with functional changes. Base-

irradiated animals had the lowest MLD (2.3 Gy), followed by the middle (3.4 Gy) and apex 

(7.0 Gy) irradiated animals. 

V5 showed similar trends to the MHD (Figure 4 a) where middle irradiated mice had 55 ± 14% 

heart volume irradiated with 5 Gy or more, whilst base-irradiated animals had 46 ± 11% heart 

volume irradiated with ≥5 Gy. Apex irradiated animals had only 37 ± 7% heart volume 

irradiated with ≥5 Gy. Similar to the observed correlations with MHD, no correlations were 

detected for FS or MPI (R2<0.05).  

 

Discussion 



RICT can manifest as multiple pathologies following thoracic radiation exposure [12]. 

However, the process from acute injury to progressive cardiac disease, and the relationship 

between short-term effects and long-term risks in individual patients remain unclear. With 

improved cancer survival [13], longer term side effects from radiation therapy are increasingly 

important [14]. In patients receiving radiotherapy, the risk of future structural and functional 

abnormalities in the coronary vessels, valves, pericardium or myocardium is thought to 

correlate with radiation dose to the heart [15]. However, a recent systematic review was unable 

to conclude which dosimetric parameters are clinically relevant in the development of RICT 

based on the present literature [7]. Whilst post-hoc analyses of clinical trials and retrospective 

dosimetry studies identify the association of heart dose with survival after treatment for 

NSCLC, a major limitation of these studies is the lack of cause of death data and the absence 

of dosimetry reporting for smaller pre-defined sub-volumes [9,16].  

Whilst acknowledging the potential challenges of modelling radiation therapy response in mice 

[17] we have, for the first time, directly recapitulated clinical observations highlighting the 

base of the heart as a radiosensitive substructure. In our model, radiation dose to the base of 

the heart leads to systolic dysfunction manifested as decreased FS and EF compared to non-

irradiated age-matched controls. Changes in cardiac function after irradiation of the middle or 

apex of the heart were modest and non-significant (p>0.06). These observations are similar to 

those reported previously by Kitahara and colleagues, who showed irradiation of the atria leads 

to a different and faster type of radiation damage compared to irradiation to the ventricles alone 

following local heart irradiation or intravenous adriamycin on the cardiovascular system of 

Wistar rats [18]. 

RICT is manifested as multiple late occurring pathologies following radiation exposure, yet 

the critical target cell types and mechanisms of response remain to be fully determined. In 

keeping with clinical investigators [9,10] we hypothesise that the observed effects may be 



due to the presence of critical vascular structures including the aorta, superior vena cava and 

coronary arteries, or pacemaker tissues central to the cardiac conduction system including 

the sinoatrial and atrioventricular nodes. Cardiac structures located in sub-volumes of that 

heart shown to be radiosensitive in clinical studies are summarized in table 1 [10,19–26].  In 

addition, the atria located in the base, also have important endocrine functions mediated by 

hormones including cardiac natriuretic peptides, and adrenomedullin, which work to 

coordinate the function of other cardiovascular organs [27], and may be impacted by 

radiation exposure. 

Our model has significant potential for further investigation of the underlying molecular basis 

and functional consequences of RICT which may include exploring cardio-pulmonary 

interactions where radiation damage to the heart has previously shown to enhance early 

functional loss in the irradiated lung [28]. These interactions could be important in the 

presented study, considering that differences in the geometry of the irradiated heart sub-

volumes led to variation in the irradiated lung volumes (Supplementary Figure 5). However, it 

is important to acknowledge that whilst mouse models have utility in cardiovascular research 

studies, they only recapitulate some of the characteristics of the human disease phenotype and 

typically do not accurately capture all aspects of human cardiovascular disease which may limit 

interpretation of our experimental data [29]. In addition, our study was also limited to data 

acquired using only female mice and at a single dose and single fraction.  

The differential effects observed in base-irradiated mice and lack of a clear correlation with 

global parameters such as MHD and V5 are in good agreement with the reported clinical 

findings in RICT following treatment for NSCLC [7,9]. Further investigations into the specific 

biological mechanisms driving the differential regional responses in the heart are therefore 

justified. Finally, the development of RICT is known to be accelerated by the contributing 

comorbidity factors such as obesity or diabetes [4,16]. The preclinical RICT model developed 



in this study, aided by the novel preclinical image guided radiotherapy and functional analysis 

techniques may prove invaluable to explore clinically relevant RICT risk factors. 

We have, for the first time, applied small animal image-guided RT to demonstrate the structural 

and functional impacts of dose to different sub-volumes of the heart. No consistent correlations 

were observed between mean dose or V5 and TTE parameters indicating unique physiological 

mechanisms not solely driven by averages measures of physical dose deposition across the 

whole heart. 
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Figure Legends 

Figure 1. Cardiac systolic and performance changes after irradiation measured as: FS at a) 40 

weeks and b) 50 weeks post treatment. MPI was assessed at c) 40 and d) 50 weeks post 

treatment. Data are presented as an average of  6 mice per treatment group ± standard error of 

the mean. Significance values were classified as *P < .05, **P < .01 and ***P < .001.  

Figure 2. Cardiac structural and diastolic changes after irradiation measured as: LVPW 

thickness at a) 40 weeks and b) 50 weeks post treatment and E/A ratio at c) 40 and d) 50 weeks 

post treatment. Data are presented as an average of  6 mice per treatment group ± standard error 

of the mean. Significance values were classified as *P < .05, **P < .01 and ***P < .001. 

Figure 3. a) Average MHD for all the experimental groups. Physiological effects correlated 

against the mean dose for the specific irradiated sub-volume for individual mice: b) FS, c) MPI 

and d) LVPW thickening. Black triangles: base-irradiated mice; dark grey squares: middle 

irradiated mice; light grey circles: apex irradiated mice. *P < .05, **P < .01 and ***P < .001. 

Figure 4. a) Average heart volume receiving 5 Gy or more for all the experimental groups. 

Physiological effects correlated against V5 calculated for individual mice: b) FS, c) MPI and 

d) LVPW thickening. Black triangles: base irradiated mice; dark grey squares: middle 

irradiated mice; light grey circles: apex irradiated mice. *P < .05, **P < .01 and ***P < .001. 

  



 

Supplementary Figures 

Supplementary Figure 1. Mean average dose for the targeted and non-targeted subvolumes 

the entire experimental groups for a) base, b) middle and c) apex irradiated mice. 

Supplementary Figure 2. Representative treatment plans from Muriplan for each of the 

cradica subvolumes; a) base, b) middle and d) apex. 

Supplementary Figure 3.  Cardiac systolic functional changes measured as the ejection 

fraction EF at a) 40 weeks and b) 50 weeks post treatment. Data are presented as an average of 

6 mice per treatment group ± standard error of the mean. Significance values were classified 

as *P < .05, **P < .01 and ***P < .001. 

Supplementary Figure 4. LVPW thickness for all experimental arms at: a) baseline, b) 10 

weeks, c) 20 weeks after treatment. Data are presented as an average of  6 mice per treatment 

group ± standard error of the mean. Significance values were classified as *P < .05, **P < .01 

and ***P < .001. 

Supplementary Figure 5 Dose Volume Histograms (DVHs) for heart volume after radiation 

delivered to a) base, b) middle and c) apex regions of the heart. Corresponding DVH for the 

left lung after the radiation has been delivered to d) base, e) median and f) apex of the heart. 

 


