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Background and purpose: Late cardiac toxicity is a major side effect of radiation therapy (RT) for breast
cancer. We developed and characterized a mouse model of radiation-induced heart disease that mimics
the dose, fractionation, and beam arrangement of left breast and chest wall RT.
Material and methods: Female wild-type (C57BL6/J) and atherosclerosis-prone apolipoprotein E-deficient
(ApoE�/�) mice (on a C57BL/6J background) on regular chow were treated with 2 Gy � 25 fractions of
partial-heart irradiation via opposed tangential beams to the left chest wall. The changes in myocardial
perfusion and cardiac function of C57BL/6J mice were examined by single-photon emission computed
tomography (SPECT) and echocardiography, respectively. In addition to SPECT and echocardiography,
the formation of calcified plaques and changes in cardiac function of ApoE�/� mice were examined by
dual-energy microCT (DE-CT) and pressure–volume (PV) loop analysis, respectively. The development
of myocardial fibrosis was examined by histopathology.
Results: Compared to unirradiated controls, irradiated C57BL/6J mice showed no significant changes by
SPECT or echocardiography up to 18 months after 2 Gy � 25 partial-heart irradiation even though irra-
diated mice exhibited a modest increase in myocardial fibrosis. For ApoE�/� mice, 2 Gy � 25 partial-heart
irradiation did not cause significant changes by SPECT, DE-CT, or echocardiography. However, PV loop
analysis revealed a significant decrease in load-dependent systolic and diastolic function measures
including cardiac output, dV/dtmax and dV/dt min 12 months after RT.
Conclusions: Following clinically relevant doses of partial-heart irradiation in C57BL/6J and ApoE�/� mice,
assessment with noninvasive imaging modalities such as echocardiography, SPECT, and DE-CT yielded no
evidence of decreased myocardial perfusion and cardiac dysfunction related to RT. However, invasive
hemodynamic assessment with PV loop analysis indicated subtle, but significant, changes in cardiac func-
tion of irradiated ApoE�/� mice. PV loop analysis may be useful for future preclinical studies of radiation-
induced heart disease, especially if subtle changes in cardiac function are expected.
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Radiation-induced heart disease (RIHD) is a major late side
effect of radiation therapy (RT) for breast cancer and other thoracic
cancers. Many women who have been treated with adjuvant RT for
left-sided breast cancer received 2 Gy daily fractions to 50 Gy total.
While adjuvant RT improves overall survival in patients with inva-
sive breast cancer, survivors who receive RT are at increased risk of
late cardiac morbidity and mortality [1–4]. A population-based
study of 2168 women receiving RT for breast cancer reported that
each 1 Gy increase in mean heart dose conferred a 7.4% increase in
the risk of major coronary events, without an apparent threshold
[4]. Cardiac doses and risk of RIHD are higher in women with
left-sided breast cancers, given the increased proximity to the
heart. Another study of women receiving breast conservation
treatment estimated a cumulative risk of cardiac death 20 years

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2021.01.023&domain=pdf
https://doi.org/10.1016/j.radonc.2021.01.023
mailto:david.kirsch@duke.edu
https://doi.org/10.1016/j.radonc.2021.01.023
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


Mouse model of cardiac injury following 2 Gy x 25 partial-heart irradiation
following RT of 6.4% vs. 3.6% in left-sided vs. right-sided patients
[3].

Recent preclinical rodent models of RIHD have shown that a
single fraction of 15–20 Gy to the whole heart results in reduced
microvascular endothelial density and function, increased von
Willebrand factor deposition, increased mast cells and CD45-
positive inflammatory cells, increased mitochondrial permeability,
as well as sub-endocardial and myocardial fibrosis [5–9]. Single
fraction whole-heart RT also results in functional impairment. See-
mann et al. reported modest decreases in end-systolic and end-
diastolic volumes and increased ejection fraction by ultrasound
and single photon emission computed tomography (SPECT) at
20–40 weeks after a single 2–16 Gy fraction in C57BL/6J mice
[10]. The same group also characterized atherosclerosis-prone
ApoE�/� mice, which had more myocardial fibrosis and inflamma-
tory plaques compared to the C57BL/6J mice, but still only demon-
strated modest decreases in cardiac function after RT [11].

The vast majority of preclinical models have utilized whole-
heart RT delivered in a single or limited number of fractions. How-
ever, adjuvant RT following breast conserving surgery or mastec-
tomy typically only affects part of the heart and is traditionally
delivered in 1.8–2 Gy daily fractions for several weeks. We previ-
ously developed a RT plan using opposed tangential beams that
include the anterior left ventricle, which more closely mimics
plans treating the left breast or chest wall [12]. Using dual-
energy and 4D micro computed tomography (CT) and SPECT, we
found decreased ejection fraction following a single 12 Gy fraction
of partial-heart RT in radiosensitive Tie2Cre; p53FL/� mice compared
to their heterozygous counterparts [12].

Here, we aimed to study cardiovascular injury in C57BL/6J and
atherosclerosis-prone ApoE�/� female mice following fractionated
partial-heart RT, with 2 Gy daily fractions to 50 Gy delivered via
opposed tangential beams, similar to what breast cancer survivors
have received. The changes in cardiac function and physiology after
partial-heart irradiation were characterized using noninvasive
imaging modalities including SPECT, dual-energy source CT (DE-
CT) and echocardiography as well as invasive pressure–volume
(PV) loop analysis.
Materials and methods

Mice

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee at Duke University. Eight to ten-
week old female C57BL/6J (JAX ID: 000664) and ApoE�/� mice on
a C57BL/6J background (JAX ID: 002052) fed a regular diet (LabDiet
5058) were used for irradiation experiments. Age-matched female
mice with the same genetic background and diet were used as
unirradiated controls. Only female mice were used in the study
because this project aimed to model cardiac function in breast can-
cer patients treated with radiation therapy. Irradiated C57BL/6J
mice and unirradiated controls were assessed at 3, 9, and
18 months after partial heart irradiation. Irradiated ApoE�/� mice
and unirradiated controls were assessed at 3, 6, and 12 months
after partial heart irradiation because this strain is known to
develop accelerated radiation-induced heart disease [11,13].
Radiation

Partial-heart irradiation was delivered using a small animal
irradiator, X-RAD 225Cx (Precision X-Ray). Irradiated mice
received 2 Gy daily fractions Monday–Friday to a total dose of
50 Gy. Before each treatment, mice were anesthetized with isoflu-
rane, positioned prone on the treatment stage, and aligned using
onboard fluoroscopic image guidance using 40 kVp (2.5 mA) X-
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rays and a 2 mm Al imaging filter. Unirradiated control mice did
not receive anesthesia.

To model cardiac exposure to radiation in patients treated with
adjuvant RT for left-sided breast cancer, we used the same dose-
fractionation with opposed tangential beams covering the anterior
left ventricle (Fig. 1A and B). With the gantry rotated to the right
anterior oblique (RAO) position at 225 degrees, the isocenter was
set at 6–8 mm cranial to the dome of the diaphragm and 2 mm
anterior to the sternum (Fig. 1A). Treatments were delivered using
225 kVp (13 mA) X-rays with a 3 mm Cu treatment filter. Treat-
ment beams were collimated with a Cu portal, yielding a
10 � 10 mm square field with a dose rate of 4 cGy/s at isocenter.
The dose rate was measured with an ion chamber by members of
the Radiation Safety Division at Duke University. Equally weight
and opposed left posterior oblique (LPO, 45 degrees) and right
anterior oblique (RAO, 225 degrees) fields were used with the
isocenter defined above. The treated volume included the anterior
left ventricle and anterior intraventricular septum, and excluded
most of the right ventricle, as shown in a representative treatment
plans in Fig. 1B. Heart and lung volumes were also contoured on a
representative CT, and a representative dose-volume histogram is
shown in Supplemental Fig. 1A. In a representative sample of four
mice, the mean heart dose was 38.5 ± 1.0 Gy, and the mean lung
dose was 10.4 ± 1.1 Gy, as shown in Supplemental Fig. 1B.
Histologic analyses

Mice were euthanized by CO2 asphyxiation according to the rec-
ommended procedures of the Division of Laboratory Animal
Resources at Duke University, and in a manner acceptable to the
American Veterinary Medical Association. Whole-heart samples
were embedded in paraffin as previously described [14]. H&E-
stained heart sections from all mice were examined for the pres-
ence of myocardial degeneration and necrosis by a single observer
blinded to the genotype (C-L.L.). To assess cardiac fibrosis, Sirius
red staining was used to visualize fibrosis and was performed
using the VitroView Picro-Sirius Red Stain Kit (VitroVivo Biotech)
according to the manufacturer’s instructions. Three sections per
mouse heart were taken in order to include sections from the base,
mid, and apex of the left ventricle, and images were acquired at
1.25x magnification in order to capture the entire section. An in-
house MATLAB image segmentation script was used to measure
the total area of each cardiac section and the area of each cardiac
section staining red, which indicated fibrosis; visible large vessels
were excluded. The percent of fibrosis per section was averaged
across multiple sections for the same mouse.
Echocardiography

Echocardiography was obtained on conscious mice without
anesthesia from all groups with a Vevo 2100 high-resolution imag-
ing system (VisualSonics) as previously described [15]. Echocardio-
graphy data were read by two observers (L.M. and D.A.) blinded to
treatment.
Dual-energy CT and 4D-CT

Dual-energy microCT (DE-CT) and 4D-CT was performed using a
system developed in the Center for In Vivo Microscopy at Duke
University. The acquisition technique has been described previ-
ously [12]. Briefly, mice were first injected intravenously with
0.004 mL/g Au nanoparticle contrast (AuroVist), which takes a
few days to accumulate in injured tissue. 3 days later, mice were
intravenously injected with 0.012 mL/g liposomal iodine, then
DE-CT was immediately performed followed by a 4D-microCT
acquisition. Each animal was anesthetized with isoflurane (1.5%)



Fig. 1. Set-up and treatment plan for partial-heart radiation therapy. (A) Representative fluoroscopic image obtained at 315 degrees from right anterior oblique position with
10� 10 mm treatment field (red square). Graticule with 2 mm tick marks shows isocenter, which was placed 2 mm anterior to sternum and 6–8 mm cranial to diaphragm. (B)
Prescription isodose lines on a representative CT in the axial (top), sagittal (bottom left), and coronal (bottom right) planes showing prescription isodose lines covering part of
the heart from opposed left posterior oblique and right anterior oblique treatment fields.
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mixed with 50% oxygen and balanced with nitrogen. ECG was
monitored with electrodes taped to the footpads, and body tem-
perature was maintained with heat lamps, a rectal probe, and feed-
back controller. A pneumatic pillow on the thorax was used to
monitor respiration. DE-CT enabled both dual energy decomposi-
tion to quantify the calcified plaques and possible accumulation
of Au nanoparticles in the injured myocardium, while data from
4D-CT were utilized to assess global function of the left ventricle.
Data analyses were performed using ITK snap (http://www.itk-
snap.org/) by a single observer blinded to treatment (S.H.).
SPECT

MicroSPECT acquisitions were performed with a U-SPECT-II/CT
system fitted with a 0.35 mm multi-pinhole collimator (MILabs,
Utrecht, Netherlands) according to previously described methods
[12]. Reconstructed images were analyzed by a single observer
blinded to treatment (C-L.L.).
Pressure–volume loop analysis

In vivo pressure–volume (PV) analysis was performed as previ-
ously described [16,17]. Briefly, mice were anesthetized with keta-
mine (100 mg/kg) and xylazine (2.5 mg/kg) and underwent
endotracheal intubation with mechanical ventilation. After bilat-
eral vagotomy, the chest was opened and the pericardium was dis-
sected to expose the heart. A 1.4 French pressure–conductance
catheter (Millar Instruments, Houston, TX) was inserted retroaorti-
cally into the LV to record hemodynamics. Baseline hemodynamic
parameters were obtained once the catheter recordings had
achieved steady state, usually 3–5 minutes following conductance
catheter placement. A 7–0 suture ligature was placed around the
inferior vena cava (IVC) to manipulate preload. Subsequently, par-
allel conductance (Vp) was determined by 10 lL injection of 15%
saline into the right jugular vein to establish the parallel conduc-
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tance of the blood pool. The derived Vp was used to correct the
P-V loop data. Data were recorded digitally at 1,000 Hz and ana-
lyzed with pressure volume analysis software (PVAN data analysis
software version 3.3; Millar Instruments) as previously described
[15]. After PV loops, mice were euthanized by cervical dislocation
under anesthesia to collect the hearts for histology. PV loop data
were read by two observers (L.M. and D.A.) blinded to treatment.
Statistics

Histology, imaging, and PV loop parameters between unirradi-
ated and irradiated mice were compared via two-tailed Mann–
Whitney U test, and significance was assumed if p < 0.05. Data
are presented as mean +/� standard error of the mean (SEM). Cal-
culations were performed using GraphPad Prism 8 (GraphPad Soft-
ware, Inc).
Results

We irradiated female C57BL/6J mice with 25 fractions of 2 Gy
partial-heart irradiation and included C57BL/6J littermates that
were not irradiated as controls. These mice were scanned with
micro-SPECT to assess cardiac perfusion at 3, 9, and 18 months
after irradiation. In addition, transthoracic echocardiography and
histology analysis was conducted 18 months after irradiation. Lon-
gitudinal SPECT scans did not demonstrate a measurable decrease
in regional cardiac perfusion up to 18 months post-irradiation
(Fig. 2A). Examination of tissue sections from the myocardium of
unirradiated and irradiated mice did not reveal the presence of
myocardial degeneration and necrosis (data not shown), although
Sirius red staining revealed a modest, but significant, increase in
left ventricular fibrosis at 18 months in irradiated mice (Fig. 2B).
In addition, evaluation of left ventricular function by echocardio-
graphic measurements 18 months after irradiation showed no sta-
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Fig. 2. Assessment of cardiovascular injury of C57BL/6J mice 18 months after irradiation. (A) Representative SPECT images of the heart after sham irradiation (n = 7) or
2 Gy � 25 partial-heart irradiation (n = 6). Mice were injected with 99mTc-tetrofosmin immediately before imaging. No substantial decrease in regional perfusion of the
myocardium was observed in either unirradiated or irradiated mice. (B) Dot plot showing Sirius red staining of fibrosis in unirradiated (n = 7) and irradiated (n = 6) mice. (C to
E) Echocardiography measurements of fractional shortening, left ventricular end diastolic diameter (LVDd) and end systolic diameter (LVDs) in unirradiated (n = 7) and
irradiated (n = 6) mice. Each dot represents one mouse. Data are presented as mean ± SEM. *P < 0.05 by Mann–Whitney U test.

Mouse model of cardiac injury following 2 Gy x 25 partial-heart irradiation
tistically significant differences in fractional shortening (FS), left
ventricular end-diastolic diameter (LVDd) and left ventricular
end-systolic diameter (LVDs) between irradiated and unirradiated
mice (Fig. 2C–E and Supplementary Table 1). Together, these
results suggest that while 2 Gy � 25 partial-heart irradiation
may lead to subtle increases in myocardial fibrosis, ultimately
there were no detectable impairments in vascular permeability
and cardiac function of C57BL/6J mice up to 18 months after
irradiation.

ApoE�/� mice are prone to atherosclerosis, which is a major
mechanism of coronary artery disease that is accelerated by radia-
tion therapy [18]. Previous reports demonstrated that male mice
lacking ApoE develop microvascular damage, coronary atheroscle-
rosis, and decreased survival following whole-heart irradiation
[11,13]. We irradiated female ApoE�/� mice with 25 fractions of
2 Gy partial-heart irradiation and also evaluated unirradiated lit-
termate controls. SPECT scans did not show detectable changes
in myocardial perfusion in both irradiated and unirradiated mice
3 and 6 months after irradiation (data not shown). In addition to
SPECT, we also performed DE-CT with Au nanoparticle and liposo-
mal iodine contrast agents to assess cardiac function [12] and the
number of calcified plaques of the heart [19,20]. While the number
of calcified plaques increased over time across all ApoE�/� mice, no
significant difference in calcified plaques was detected between
the irradiated and control mice (Fig. 3A–D). In addition, DE-CT data
did not show cardiac Au nanoparticle contrast extravasation or
accumulation in the irradiated or control mice (data not shown).
Cardiac function analysis using 4D-CT also did not show significant
differences in ejection fraction or stroke volume between the irra-
diated and control mice at 3 and 6 months (Fig. 3E–F). Similarly,
echocardiogram parameters including fractional shortening, LVDd
and LVDs were not significantly different between the irradiated
and control mice at 12 months (Fig. 4A and Supplemental Table 2).
Sirius red staining for fibrosis showed a slight trend towards
increased fibrosis in the irradiated mice, although the difference
was not statistically significant (Supplemental Fig. 2).

To investigate whether irradiation altered load independent
measures of cardiac contractility and compliance, we also per-
formed pressure–volume (PV) loop analysis 12 months after radi-
ation [17]. Baseline measurements at 12 months in irradiated
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and control ApoE�/� mice are shown in Supplemental Table 3.
Maximum volume (Vmax), which approximates end-diastolic vol-
ume, was significantly lower in irradiated vs. control mice. Irradi-
ation also induced systolic dysfunction, as measured by cardiac
output (CO) (Fig. 4B) and corresponding trends toward reduced
stroke volume (SV), first derivative of pressure with respect to time
(dP/dt max), and stroke work (SW) in irradiated ApoE�/� mice.
Additionally, irradiation impaired early diastole or active relax-
ation with significantly lower magnitude of dV/dt min, the greatest
decrease in ventricular volume with respect to time (Fig. 4C). Load-
independent compliance and contractility parameters, obtained by
IVC constriction in PV loop analysis, are shown in Supplemental
Table 4. The linear slope of the end-diastolic pressure volume rela-
tionship (EDPVR) and the quadratic b (stiffness) coefficient trended
higher in irradiated mice, suggesting decreased compliance or
increased ventricular stiffness, but no significant differences were
seen. The linear slope of the end-systolic pressure volume relation-
ship (ESPVR) or end-systolic elastance and the peak elastance
(Emax) and preload recruitable stroke work (PRSW) trended lower
in the irradiated mice, suggesting decreased contractility. In sum,
invasive hemodynamics suggest that 50 Gy partial-heart irradia-
tion delivered in 25 fractions to ApoE�/� mice induces subtle
impairments in load dependent measures of systolic and diastolic
performance.
Discussion

In this study, we used a clinically relevant mouse model of
2 Gy � 25 fractions to the left breast/chest wall, which included
the anterior LV and septum, to model RIHD in breast cancer sur-
vivors (Fig. 1). We followed female C57BL/6J mice up to 18 months
after RT to capture late side effects. SPECT and echocardiography
showed no significant differences in the irradiated and unirradi-
ated mice (Fig. 2). In contrast, a previous study by Seemann et al.
with similarly aged male C57BL/6J mice also on a regular diet
reported modest reductions of 10–39% in end-diastolic and end-
systolic volume and increases of 20% in ejection fraction by SPECT
at 20–40 weeks following a single 8–16 Gy fraction to the entire
heart [10]. This phenotype may be due to the large fraction size



Fig. 3. Assessment of calcified plaques and cardiac function of irradiated and unirradiated ApoE�/� mice using dual-energy CT. (A) Representative images of calcified plaques
detected by dual-energy CT. Images were obtained from the same mouse 3 and 6 months after 2 Gy � 25 partial-heart irradiation, respectively. Red arrow indicates individual
plaques. (B and C) Dot plot showing the total number of calcified plaques and the average volume of plaques per mouse in unirradiated and irradiated mice 3 and 6 months
after irradiation. Each dot represents one mouse. (D) Dot plot showing the volume of individual plaques per mouse in unirradiated and irradiated mice 3 and 6 months after
irradiation. Each dot represents one plaque. (E and F) Assessment of ejection fraction and stroke volume by CT in unirradiated and irradiated mice 3 and 6 months after
irradiation. Each dot represents one mouse. Data are presented as mean ± SEM. n = 5 and 10 for unirradiated and irradiated mice, respectively, at 3 months; n = 4 and 9 for
unirradiated and irradiated mice, respectively, at 6 months. One unirradiated mouse was found dead after the 3-month scan and high-quality scan for one irradiated mouse at
6 months was not successfully acquired.
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and volume irradiated. Like other normal tissues, the heart has a
low a/b ratio, with 1.8–2.8 estimated for the capillary component,
making it more sensitive to large fraction sizes [21]. For compar-
ison, the equivalent dose in 2 Gy fractions (EQD2) of 8 and 16 Gy
single fractions are 20 Gy and 72 Gy, respectively. While an
EQD2 of 20 Gy is lower than the 50 Gy used in the present study,
it is possible that the onset of myocardial dysfunction would be
delayed when only part of the myocardium was irradiated because
the unirradiated myocardiummight have been able to functionally
compensate for injured myocardiumwithin the irradiated field. For
example, we observed compensated myocyte hypertrophy in the
unirradiated myocardium of radiosensitive Tie2Cre; p53FL/� mice
treated with a single dose of 12 Gy partial-heart irradiation [12].
In addition, the formation of heart failure after 12 Gy whole-
heart irradiation was substantially delayed in VECre; p53FL/� mice,
in which only a subset of endothelial cells were sensitized to radi-
ation, compared to Tie2Cre; p53FL/� mice, in which all endothelial
cells in the heart were sensitized to radiation [14]. Overall, the con-
trast in findings following a single fraction of whole heart irradia-
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tion and the present study with fractionated partial-heart
irradiation emphasizes the importance of selecting and accurately
reporting dose-volume experimental parameters [22].

Our previous studies using genetically engineered mice where
endothelial cells are sensitized to radiation demonstrate substan-
tial vascular damage and myocardial necrosis after 12 Gy or
3 Gy � 10 whole-heart irradiation as well as 12 Gy partial-heart
irradiation. Seemann et al. also reported that single doses 8 to
16 Gy whole heart radiation in C57BL/6J mice result in epicardial
inflammation and microvascular injury, which contribute to albu-
min leakage, amyloid formation and increased collagen deposition
in the left ventricle measured by Sirius red staining [10]. In addi-
tion, it has been shown that a single dose of 8 Gy irradiation causes
persistently elevated expression of inflammatory markers ICAM-1
and VCAM-1 on cardiac endothelial cells [23]. Although tissues
samples from early time points after irradiation are not available
in the present study, our results from Sirius red staining show a
modest increase in myocardial fibrosis in C57BL/6J mice 18 months
after 2 Gy � 25 partial-heart irradiation. However, longitudinal



Fig. 4. Assessment of cardiac morphology and function of irradiated and unirradiated ApoE�/� mice using echocardiogram and pressure–volume loop analysis 12 months
after irradiation. (A) Dot plot showing echocardiography measurements of fractional shortening, left ventricular (LV) mass, left ventricular end diastolic diameter (LVDd) and
end systolic diameter (LVDs) in unirradiated (n = 4) and irradiated (n = 10) ApoE�/� mice. (B) Load-dependent LV systolic performance parameters derived from pressure-
volume loop analysis of unirradiated (n = 4) and irradiated (n = 10) ApoE�/� mice. Each dot represents one mouse. (C) Load-dependent LV diastolic performance parameters
derived from pressure-volume loop analysis of unirradiated (n = 4) and irradiated (n = 10) ApoE�/� mice. Each dot represents one mouse. Data are presented as mean ± SEM.
*P < 0.05 by Mann–Whitney U test.

Mouse model of cardiac injury following 2 Gy x 25 partial-heart irradiation
SPECT scans do not show detectable defects in myocardial perfu-
sion up to 18 months after irradiation (Fig. 2). Thus, our findings
suggest that 2 Gy � 25 partial-heart irradiation may result in less
profound vascular injury in C57BL/6J mice compared to whole-
heart irradiation with higher doses per fraction.

As wild-type mice are generally resistant to atherosclerosis,
which is one process that can increase the risk of RIHD, we also
examined atherogenic ApoE�/� mice fed a regular diet [24,25].
Our data did not show any significant differences in calcified pla-
ques or cardiac function between unirradiated and irradiated
ApoE�/� mice using noninvasive imaging methods including
dual-energy CT and echocardiography (Figs. 3 and 4A). While there
was an increase in collagen deposition in the irradiated mice as
12 months, the increase was not statistically significant
(Supplemental Fig. 2). Gold-standard hemodynamic assessment
with PV loop analysis revealed reductions in chamber dimensions
(Ved), systolic function (CO, dV/dt max), and diastolic function (dV/
dt min) in irradiated vs. control ApoE�/� mice. Other parameters
including Ves, SV, and SW also trended downwards while EF
trended upwards post-RT, though changes were not significant
likely due to the limited sample size (Fig. 4B–C). Similar changes
in cardiac chamber dimensions were also observed in a prior study
of ApoE�/� mice on a regular diet receiving a single 16 Gy fraction
to the entire heart. Gabriels et al. reported subtle decreases in Ved
and Ves and increases in EF, though these changes were apparent
by echocardiography and SPECT at 20 weeks [11]. Unlike the pre-
sent study, Gabriels et al. did identify significant increases in coro-
nary artery plaques and collagen deposition after 16 Gy, although
the absolute increases were low. For example, after 40 weeks,
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interstitial collagen deposition was approximately 0.4% of total tis-
sue area in the control mice and 1.8% in the 16 Gy mice, and the
average number of coronary plaques was approximately 0.4 in
the control mice and 1.0 in the 16 Gy mice [11]. Intriguingly,
another study by Monceau et al. showed a significantly increase
in cardiac fibrosis in ApoE�/� mice 40 weeks after 0.2 and 2 Gy
focal heart irradiation. The authors also observed that focal heart
irradiation of 0.2 Gy, but not 2 Gy, significantly decreased the sur-
vival of ApoE�/� mice [13]. It would be interesting to conduct
experiments that compare ApoE�/� mice exposed to various single
doses of partial-heart vs. whole heart irradiation (for example, 0.2–
16 Gy) to determine the radiation dose-volume effects in the heart.

In an autopsy series of patients treated with fractionated
radiation therapy for Hodgkin disease, there is evidence for
radiation-induced obstructions of the coronary arteries [26]. While
no contemporary preclinical studies of cardiac irradiation have
utilized conventionally fractionated doses, either in wild-type or
ApoE�/� mice, a study by Hoving et al. did examine atherosclerosis
following single and fractionated doses of neck irradiation in
ApoE�/� mice and illustrated the effects of using clinically relevant
fractionated doses [27]. Hoving et al. used a single 8 or 14 Gy frac-
tion or 2 Gy � 20 fractions to the neck, and found that while a sin-
gle large fraction significantly increased total carotid artery plaque
burden, there was no such increase after 2 Gy � 20 fractions.
Specifically, while 2 Gy � 20 fractions to the neck initially
increased the number of early plaques at 22 weeks, by 34 weeks
there was no difference in the 2 Gy � 20 Gy mice and unirradiated
control mice with respect to total, early, or advanced carotid artery
plaques. While these experiments were carried out on the carotid,
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rather than the coronary arteries, the absence of significant late
atherosclerosis in the mice receiving fractionated irradiation is
intriguing and mirrors the results of the present study. Together,
these studies highlight the impact of dose-fractionation and
assessment timepoints in studying atherosclerosis following
radiation.

The major strengths of our study are the use the clinically rele-
vant dose-fractionation and treatment volumes as well as the use
of multimodality imaging to assess radiation-induced heart dis-
ease. Overall, our data reveal minimal late cardiac toxicity in
wild-type mice and ApoE�/� mice on a regular diet following frac-
tionated partial-heart RT when assessed by SPECT and echocardio-
graphy. Similarly, prior studies using SPECT did not show a
significant change in myocardial perfusion in C57BL/6J mice after
a single fraction of radiation to the entire heart and up to 30% of
the bilateral lungs [10]. However, our results suggest that more
invasive assessment with PV loop analysis is more sensitive to
detect changes in systolic and diastolic parameters in the ApoE�/�

mice. Measurements taken by echocardiography and PV loop anal-
ysis had high correlation internally as expected, while correlation
across modalities was less strong (Supplemental Fig. 3). Thus, com-
bining or comparing these modalities in future preclinical studies
of RIHD are warranted.

There are several limitations of this study. First, unirradiated
animals did not receive anesthesia 25 times with isoflurane as irra-
diated mice did during radiation treatment. It is conceivable that
repeated exposure to isoflurane could potentially influence the
phenotypes we observed due to transient effects of isoflurane on
the cardiovascular system of mice [28–31]. For example, one study
indicated that C57BL/6J mice under isoflurane had a significant
decrease in left ventricular systolic function compared to conscious
mice by echocardiography [31]. However, our echocardiogram data
did not show a significant difference in left ventricular systolic
function between unirradiated and irradiated C57BL/6J mice up
to 18 months after isoflurane exposure. These results suggest that
potential long-term effects of isoflurane on cardiac function, if any,
would be less profound than the acute effects reported from mice
during isoflurane treatment. Second, only female mice were used
in the study because the goal of this project is to model cardiac
injury from tangential field radiotherapy for breast cancer. Several
clinical studies of childhood cancer survivors reveal a potential dif-
ference in the risk of cardiovascular diseases from genotoxic ther-
apies based on biological sex [32–34]. Notably, one recent pre-
clinical study shows that female Dahl salt-sensitive/Mcwi rats
developed more severe cardiotoxicity than age-matched male rats
after a single dose of 24 Gy heart irradiation [35]. Therefore, future
investigations are warranted to compare cardiac injury after clini-
cally relevant partial-heart irradiation between male and female
mice.

In conclusion, this study builds on prior RIHD studies by using
more clinically relevant RT fields and dose-fractionation as well
as a wide range of hemodynamic assessments. This novel pre-
clinical model will be useful to study the contribution of other risk
factors to the development of radiation-induced cardiovascular
injury.
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