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Abstract

Purpose: Radiation therapy remains part of the standard of care for breast, lung, and

esophageal cancers. While radiotherapy improves local control and survival, radiation-induced
heart dysfunction is a common side effect of thoracic radiotherapy. Cardiovascular dysfunction can
also result from non-therapeutic total body radiation exposures. Numerous studies have evaluated
the relationship between radiation dose to the heart and cardiotoxicity, but relatively little is known
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evaluated the relationship between radiation dose to the heart and cardiotoxicity, but relatively little is known about whether there are
biologic sex-related differences in radiation-induced heart dysfunction. Our results suggest that animal sex influences at least some of
the changes associated with RIHD, but that the proportion of the lung receiving radiation in preclinical models, which can be different
in male and female rats for a given collimator size centered on the heart, can also influence cardiac toxicity.
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about whether there are differences based on biological sex in radiation-induced heart dysfunction
(RIHD).

Materials and Methods: We evaluated whether male and female inbred Dahl SS rats display
differences in RIHD following delivery of 24 Gy in a single fraction to the whole heart using a 1.5
cm beam-size. We also compared 2.0 cm vs. 1.5 cm collimator in males. Pleural and pericardial
effusions and normalized heart weights were measured, and echocardiograms were performed.

Results: Female SS rats displayed more severe RIHD relative to age-matched SS male rats.
Normalized heart weight was significantly increased in females, but not in males. A total of 94%
(15/16) of males and 55% (6/11) of females survived 5 months after completion of radiotherapy
(P<0.01). Among surviving rats, 100% of females and 14% of males developed moderate-to-
severe pericardial effusions at 5 months. Females demonstrated increased pleural effusions, with
the mean normalized pleural fluid volume for females and males being 56.6 mL/kg+12.1 and
10.96 mL/kg+6.4 in males (P=0.001), respectively. Echocardiogram findings showed evidence
of heart failure, which was more pronounced in females. Because age-matched female rats have
smaller lungs, a higher percentage of total lung was treated with radiation in females than males
using the same beam size. After using a larger 2 cm beam in males which results in higher

lung exposure, there was not a significant difference between males and females in terms of
development of moderate-to-severe pericardial effusions or pleural effusions. Treatment of males
with a 2 cm beam resulted in comparable increases in LV mass and reductions in stroke volume.

Conclusion: Together, these results illustrate that there are differences in radiation-induced
cardiotoxicity between male and female SS rats and add to data that lung radiation doses may play
an important role in cardiac dysfunction following heart radiation exposure. These factors may be
important to factor into future mitigation studies of radiation-induced cardiotoxicity.

Keywords

radiation; cardio-oncology; radiation-induced cardiotoxicity; sex differences; pericardial effusion;
lung radiation; heart radiation

Introduction

Heart disease and cancer are the two leading causes of death in the United States, accounting
for over 40% of all deaths (Heron 2017). The population of patients with coexisting cancer
and heart disease is predicted to increase exponentially in the future, due to improved
treatments and increased life expectancy (Driver et al. 2008). More than 50% of cancer
patients receive radiation therapy (RT), which has significantly improved outcomes in
breast, lung, and esophageal cancers (Antonia et al. 2018; Early Breast Cancer Trialists’
Collaborative et al. 2011; Shapiro et al. 2015). However, RT can cause a wide range of side
effects including radiation-induced heart dysfunction (RIHD) (Filopei et al. 2012). The risk
of cardiac toxicity is increased in cancer patients who receive incidental radiation to the
heart, such as patients with left-sided breast cancer tumors or patients with locally-advanced
lung cancer (Bradley et al. 2015; Sardaro et al. 2012). Given that cancer-specific survival
has improved in recent decades (Antonia et al. 2018; Miller et al. 2016), there is an ever-
increasing number of survivors who have received thoracic radiation to the heart and are

at risk for RIHD. The use of improved RT techniques over time has allowed decreases
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in incidental heart radiation doses (Bergom et al. 2018; Chang et al. 2006; Desai et al.

2019), but even low doses of radiation exposure can still lead to chronic cardiac dysfunction
(Darby et al. 2013; Saiki et al. 2017). Moreover, the risk of RIHD is further exacerbated

by cardiotoxic chemotherapies, including anthracyclines and trastuzumab, which are often
prescribed to patients with breast cancer and lymphoma (Aleman et al. 2007; Bates et

al. 2019; Clements et al. 2002; Hooning et al. 2007; Marinko et al. 2018; Moulin et al.
2015). In addition, increased cardiovascular dysfunction was seen in studies of atomic bomb
survivors and some occupationally exposed radiation workers (Moseeva et al. 2014; Shimizu
et al. 2010).

Radiation-induced cardiotoxicity can manifest as coronary artery disease, pericarditis,
myocardial fibrosis, cardiomyopathy, pericardial effusion, and/or arrhythmias (Schlaak et
al. 2020). Pericardial disease is the most common manifestation of RIHD, with an incidence
of 20-45% (Ning et al. 2017; Wang et al. 2017; Xue et al. 2019). It also is one of the
earliest manifestations of RIHD. Pericardial disease can present as pericarditis, pericardial
effusions, and/or delayed thickening and constrictive pericarditis, which is associated with a
particularly poor prognosis (George et al. 2012). Pericardial effusions can be asymptomatic
or progress to shortness of breath and even cardiac tamponade (Boerma et al. 2008; Boerma
et al. 2015). Retrospective studies have used the whole heart dose to develop several RT
dose parameters predictive of RIHD (Darby et al. 2013; Speirs et al. 2017), but studies only
recently have begun to evaluate doses to critical heart substructures and their associations
with pericardial toxicities (Hayashi et al. 2015; McWilliam et al. 2017; Wang et al. 2017).

Beyond the potential association of cardiac radiation doses and RIHD, other factors can

also influence toxicities from incidental cardiac irradiation, including genetic background
(Schlaak et al. 2019), concurrent systemic therapy (Aleman et al. 2007; Bates et al. 2019;
Clements et al. 2002; Hooning et al. 2007; Marinko et al. 2018), lung radiation doses (Cella
et al. 2015; Cella et al. 2015), and potentially sex (Bates et al. 2019; Mulrooney et al. 2009).
However, few studies have explored reasons for differences in normal tissue radiosensitivity
between males and females. Prior studies have demonstrated sex-specific differences in

side effects from chemotherapeutic treatments (Clements et al. 2002; Lipshultz et al. 1995;
Moulin et al. 2015), but reporting of sex-specific differences in acute and late toxicities

after radiotherapy has rarely been investigated in a systematic manner, and thus data remains
scarce. If differences do exist, then radiation dose constraints could be specifically tailored
to men and women to better optimize treatment safety. Therefore, we compared male versus
female severity of RIHD in a pre-clinical rat model we previously developed (Schlaak et al.
2019; Schlaak et al. 2020; Schlaak et al. 2020). Our findings demonstrate that age-matched
female rats exhibit significantly worse pleural and pericardial effusions than males, as well
as other measures of RIHD. These differences may in part be due to increased relative
volumes of lung receiving higher doses of radiation, as treatment of male rats with a larger
beam size increased pleural and pericardial effusions to levels similar to females treated with
a smaller beam size that still covered the heart volume. These results highlight potential sex
differences in cardiac dysfunction after cardiac radiation exposure.

Int J Radiat Biol. Author manuscript; available in PMC 2023 August 16.
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Materials and Methods

Rats and irradiation procedure.

All procedures were approved by the Medical College of Wisconsin Institutional Animal
Care and Use Committee. Procedures were used as described previously (Schlaak et al.
2019). Briefly, Dahl SS (Dahl salt-sensitive/Mcwi) rats, aged 10 to 12 wk, were randomly
allocated to different treatment groups. Local cardiac radiation was performed with the high-
precision image-guided X-RAD SmART irradiator (Precision X-Ray, North Branford, CT).
A calibrated ionization chamber was used to regularly check the output of the irradiator.
Rats were anesthetized using 3% isoflurane/room temperature air inhalation for the duration
of each radiation treatment. Pilot V1.8 Imaging Software (University Health Network,
Toronto, Canada) was used for planning. Two-dimensional projections over 360° were
created to provide CT scans in sagittal, transverse, and frontal views. The heart projection
was centered to fit in the collimator. Rats were in the prone position. A circular 1.5 cm

or 2.0 cm diameter collimator was used. The isocenter was set in the center of the heart,
with isocenter dose of 24 Gy administered in 1 fraction with equally weighted (1:1:1)
anterior-posterior and 2 lateral beams (0.32 mm Cu, 225 kVp, 13 mA, 2.69 Gy/min).
Control rats received sham irradiation. Some data from 1.5 cm collimator-treated rats has
been reported previously, but male and female results have never been directly compared
(Schlaak et al. 2019). In separate additional studies performed over the same time period,
male rats were administered localized cardiac radiation in the same fashion as the 1.5 cm
collimator-treated rats but were treated with a circular 2.0 cm collimator. Monte Carlo-based
treatment planning (MAASTRO Radiotherapy Clinic, Maastricht, the Netherlands) was used
to precisely calculate radiation doses. Rats were maintained in single ventilated cages with
pathogen-free conditions. The environment was maintained at a temperature of 23°C on a
12-h:12-h light-dark cycle. Rats had access to a standard diet (Teklad, low-salt (0.4%) diet)
and water.

Echocardiography

Echocardiography was used to determine cardiac function, as described previously (Schlaak
et al. 2019). Briefly, two-dimensional strain and M-mode analysis performed on control and
radiated rats at baseline, 3 mo, and 5 or 6 mo after treatment. A Vivid 7 echocardiograph
(General Electric, Wauwatosa, WI) with an M12L (11-MHz) linear-array transducer was
used with EchoPac software (General Electric, Wauwatosa W1). Percent ejection fraction
(EF) was measured using left ventricle end-diastolic volume (LVEDV) and left ventricle
end systolic volume (LVESV) with the following formula EF=LVEDV - LVESV/LVEDV

x 100%. Percent fractional shortening (FS) was calculated using the formula: LVEDD -
LVESD/LVEDD x 100, where LVESD is left ventricle end systolic diameter and LVEDD

is left ventricle end-diastolic diameter. Three consecutive heartbeats were assessed for

each measurement, and the average was reported. For strain, EchoPac Q analysis software
(General Electric, Wauwatosa, WI) was used for image processing. The cardiac cycle was
demarcated from the peak of two consecutive R waves. For circumferential and radial strain,
the endocardial border was defined in an end-systolic frame at mid-ventricle, identified by
prominent papillary muscles, in the short-axis view. Outer border adjustments were made

to approximate the epicardial border. Subsequently a profile of circumferential (myocardial
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deformation along the curvature) and radial (myocardial deformation toward the center)
strain (%) with time was provided. The average of three consecutive heartbeats were
analyzed and reported (Migrino et al. 2007; Schattke et al. 2014). Pericardial effusions
were quantified based on the American Society for Echocardiography consensus statement
for quantification of human pericardial disease, with categorization of zero, mild, moderate,
or large based on circumferential location, anatomic position, and the size of the effusion

in the echolucent space seen on echocardiogram (Klein et al. 2013). At end diastole, mild
effusions were <3 mm large in any one-dimension, moderate effusions were 3—-6 mm, and
large effusions were >6 mm (Klein et al. 2013).

Histologic analysis of cardiac tissue

Ten weeks after sham or radiation treatment, rats were euthanized using isoflurane overdose.
The hearts were subsequently excised and rinsed with PBS. A short-axis mid-ventricular
section was then excised for histology. Heart sections were fixed in zinc formalin for 48
hours and subsequently transferred to 70% ethanol. These sections were then embedded in
paraffin. Four micrometer sections were used, and hematoxylin and eosin (H&E) staining
was performed using standard methods. The H&E slides of the heart were examined for
cellular necrosis (N=4 to 5 per condition). These changes were scored blindly by a board-
certified pathologist (C.L.).

Statistical analysis

Results

The means of two independent groups were compared using Student’s t-tests for continuous
variables and Fisher exact test for categorical variables. One-way ANOVA was used

to compare the means of three or more independent groups. Fisher’s Least Significant
Difference (LSD) test was used to compare the means of one group with another. Data are
reported as mean + SE. Criteria for significance was ~°0.05.

We previously reported that Dahl SS male and female rats treated with 24 Gy of localized
cardiac RT using a 1.5 cm collimator develop signs of RIHD, including pericardial effusions,
pleural effusions, and echocardiographic changes (Schlaak et al. 2019; Schlaak et al. 2020).
Here we directly compared these age-matched adult male and female SS rats after treatment
with 24 Gy of RT using the 1.5 cm collimator versus sham treatment. Heart weights were
determined at 5-6 months following radiation and normalized to total body weight. The
average normalized heart weight in RT vs. sham treated rats was 143.7% + 7.2% and 105.0
+ 3.0% in females and males, respectively (Figure 1A). Female rats had significantly heavier
heart weights relative to males (P=1.5 x 10°). Pericardial effusion severity was assessed

by scoring effusions as mild (1), moderate (2-3), or severe (4-5) during echocardiograms

by skilled ultrasound operator blinded to treatment group, using scores derived previously
that were adapted from clinical recommendations (Klein et al. 2013; Schlaak et al. 2019;
Schlaak et al. 2020). At 5-6 months post-radiation, more moderate-to-severe pericardial
effusions were present in females relative to males (100% vs 14.2%, £<0.001) (Figure 1B).
The frequency and severity of pericardial effusions was significantly greater in females
compared to males at 3 months and 5-6 months post-radiation (Figure 1C). We next

Int J Radiat Biol. Author manuscript; available in PMC 2023 August 16.
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compared pleural effusions (Schlaak et al. 2020), normalized to body weight (mg/kg).
Normalized pleural fluid was 56.6 mL/kg + 12.1 and 11.0 mL/kg + 6.4 in females and
males, respectively, demonstrating significantly larger pleural effusions in females (£=0.001;
Figure 1D). Survival data was also suggestive of increased toxicity in males vs. females,
with female survival 55% (6/11) and male survival 94% (15/16) at 5 months (£<0.01)
(Schlaak et al. 2019). While the cause of death could not be definitively proven, animals
that met euthanasia criteria had very large pleural effusions and evidence of worse cardiac
function via echocardiogram, suggesting cardiopulmonary failure may have caused the
deaths. Of note, no SS sham-treated rats died during the same time periods (not shown).

Cardiac function following RT was further evaluated using serial echocardiograms at 3 and
5-6 months (Schlaak et al. 2019; Schlaak et al. 2020), and results from the female and male
rats were directly compared. Multiple echocardiographic parameters showed evidence of
systolic heart dysfunction 5-6 months after completion of radiotherapy (Figure 2). Female
rats had significantly increased LV mass and reduced left ventricular internal diameter at end
systole (LVIDs), while males showed no significant change (Figure 2A-B). Both males and
females exhibited reduced stroke volume and end-diastolic volume (EDV), but only females
showed a trend toward higher end-systolic volumes (ESV, P=0.052, Figure 2C-E). However,
females had significantly higher end-systolic volume relative to males at 5 months after RT
(P=0.008). Female rats (but not male) showed a small but significant reduction in ejection
fraction at 5 months after RT (EF, Figure 2F). Analysis of both radial and circumferential
strain indicated that both male and female rats have significantly reduced myocardium
deformation, consistent with decreased systolic function (Figure 2G). Female rats had more
rapid onset and severity of cardiac dysfunction following radiation. Three months after
radiation, female rats had significantly higher estimated LV mass (1.2% + 3.4% vs 19.5% +
13.7%; P=4.8 x 107°, Figure 2A) and significantly reduced LV internal dimensions (+1.1%
vs —29.6%; P=0.03, Figure 2B).

Dose-volume histograms of representative male and female rats receiving 24 Gy of radiation
using a 1.5 cm collimator were compared (Table 1 and Figure 3). Dosimetric comparisons
of male and female rats showed similar heart doses, but females received significantly higher
lung doses. The higher lung doses in female rats are likely because in representative animals,
females had approximately 40% less lung volume compared to age-matched male rats. Thus,
the proportion of total lung in a representative male rat receiving 5 Gy of radiation was 8%
(V5 = 8%) and total lung volume receiving 20 Gy was 5% (V20 = 5%), while the total lung
volume in a representative female receiving 5 Gy of radiation was 16% (V5 = 22%) and
total lung volume receiving 20 Gy was 12% (V20 = 10%, Table 1). The hearts of the males
and females received similar doses (Figure 3B and 3C, Table 1). We hypothesized that the
dramatic differences in pleural and pericardial effusions in male and female SS rats might
be due to the large differences in total lung doses. To test this, male rats were administered
localized cardiac radiation using the same beam arrangement and methods but using a 2 cm
radiation beam to increase the radiation field size, thereby increasing the total radiation dose
delivered to the lungs. DVH analysis showed that females treated with a 1.5 cm collimator
had similar lung doses to male rats treated with a 2 cm collimator (Figure 3, Table 1),

with comparable, although slightly less, heart coverage by doses greater than 16 Gy (98%

Int J Radiat Biol. Author manuscript; available in PMC 2023 August 16.
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coverage versus 100%, D95 21.9 Gy versus 22.9 Gy for males and females, respectively,
Figure 3B vs. 3D and Table 1).

We next assessed whether increasing the total lung dose in male rats would lead to increased
pericardial and pleural effusions. Male rats treated with 2 cm beam relative to a 1.5 cm
beam had significantly increased heart weight 6 months after radiation (2=0.02; Figure 4A).
Normalized heart weights did not differ significantly between males treated with a 1.5 cm
beam and female treatment with a 2 cm beam (P=0.12). Whereas no male rats treated with a
1.5 cm beam developed moderate to severe pericardial effusions at 3 months, 100% of male
rats treated with a 2 cm beam developed moderate to severe pericardial effusions (Figure
4B). Relative to males treated with a 1.5 cm beam, males treated with a 2 cm beam had
significantly higher pericardial effusion index scores (3.6 vs 0.9; P=1 x 1075, Figure 4C), but
these scores were not significantly different in males treated with 2 cm beam and females
treated with a 1.5 cm beam (~=0.60). Normalized pleural fluid volume was significantly
higher in males treated with a 2 cm beam relative to a 1.5 cm beam (73.3 vs 11.0; £=9.8

x 107%), but volumes were not significantly different in males treated with a 2 cm beam

and females treated with a 1.5 cm beam (73.3 vs. 56.6, £=0.31) (Figure 4D). These results
indicate that treating males with a 2.0 cm radiation beam resulted in similar pericardial and
pleural effusions to females treated with a 1.5 cm beam.

Serial echocardiograms were compared between the female and male 1.5 cm beam and

the male 2.0 cm beam treatment groups. Three months after radiation, males treated with

a 2 cm beam vs. 1.5 cm beam had significant increases in LV size (28.4% + 4.2% vs

1.2% + 3.4%, P=1.3 x 107%), and males treated with a 2 cm beam were not significantly
different from females treated with a 1.5 cm beam (28.4% + 4.2% vs. 19.5% * 13.7%,
P=0.31) (Table 2 and Figure 5A). Similarly, males treated with a 2 cm beam vs. 1.5 cm
beam had significant increases in interventricular septum thickness at end-diastole (I\VSd)
and left ventricular posterior wall (L\VPWd) (Table 2). Left ventricular internal dimension at
end-diastole was significantly increased in males treated with a 2 cm beam (LVIDd) (18%
+6.0% vs 1.1 £ 2.3%, P=0.004), which has been previously reported as a strong risk factor
for CHF and independent predictor of cardiac mortality in heart failure patients (Anselmino
et al. 2009; Vasan et al. 1997). EF was unchanged in the males treated with a 2 cm beam
(Figure 5B). Stroke volume, ESV, and EDV were also unchanged. Analysis of both radial
and circumferential strain indicated that male and female rats have significantly reduced
myocardium deformation, consistent with decreased systolic function (Figure 2G and 2H).
Histologic assessment of male and female rat hearts after radiation also supported the
findings that in animals treated with the same size 1.5 cm beam, females had more cardiac
damage than males. In H&E-stained heart sections at 10 weeks after radiation, 5 of 6 female
hearts had more severe/multifocal necrosis, while only 1 of 4 male hearts exhibited more
severe/multifocal necrosis (Figure 6A-B), with the other animals exhibiting mild necrosis
(Figure 6C).

Discussion

Our prior studies have demonstrated that SS rats are sensitive to 24 Gy of localized
cardiac RT, with male and female data presented separately to compare cardiac function

Int J Radiat Biol. Author manuscript; available in PMC 2023 August 16.
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between sham and irradiated animals, but the male and female cardiac function studies
were never directly compared (Schlaak et al. 2019; Schlaak et al. 2020). In this study,

direct comparisons of male and female cardiotoxicity data from age-matched rats clearly
demonstrates that female rats have statistically significant differences in a number of
cardiotoxicity metrics. Adult female SS rats administered localized cardiac radiation
demonstrated reduced survival, significantly higher rates of pericardial and pleural effusion,
and a more rapid decline in cardiac function following whole heart radiation than age-
matched male SS rats administered the same radiation plan. Adult female SS rats were
smaller than age-matched adult male SS rats, with corresponding smaller total lung volumes,
and consequently the proportion of lung receiving lower dose (V5) or higher dose (V20)
radiation was higher in females (Table 1). When the size of the radiation beam was increased
in males from 1.5 to 2.0 cm to produce more comparable lung dose to females, with only
very small changes in heart coverage (Figure 3, Table 1), male and female rats had a
similar observed incidence and severity of pericardial and pleural effusions (Figure 4). To
our knowledge, this is the first study to demonstrate that sex and/or increased lung dose
leads to an increase in the frequency and severity of pericardial and pleural effusions. Our
prior studies have demonstrated that the SS rats are sensitive to 24 gy of localized cardiac
RT, and male and female data were presented separately but never directly compared. In
this study, a comparison of male and female cardiotoxicity data from age-matched rats
clearly demonstrated that female rats had statistically significant differences in a number of
cardiotoxicity metrics.

Prior studies have described an association between heart dose and lung toxicity following
radiotherapy (Cella et al. 2015; Ferreira-Machado et al. 2010; Yarnold et al. 2010), while
other studies have reported improved cardiotoxicity models with the inclusion of lung
variables (Cella et al. 2014; Cella et al. 2015). Together, these studies suggest a strong
interrelationship between lung and cardiac toxicity. In addition, a retrospective analysis of
416 patients with locally advanced lung cancer showed the heart volume receiving 50 Gy
(\V50) and total lung volume receiving 5 Gy (V5) were both significant predictors of overall
survival (Speirs et al. 2017). Consistent with these prior studies, we show that increasing the
total lung dose leads to increased radiation-induced pericardial and pleural effusions.

Pericardial effusions are one of the most common toxicities of mediastinal radiotherapy
associated with treatment of locally-advanced NSCLC (Wang et al. 2017; Xue et al.
2019), breast cancer (Marinko 2018; Marinko et al. 2018; McGale et al. 2011), lymphoma
(Marks et al. 2018), and esophageal cancers (Fukada et al. 2013; Wei et al. 2008). Other
pericardial pathologies, such as pericarditis and pericardial thickening, can also occur in
patients after cardiac radiation (Mulrooney et al. 2009; Wang, Eblan, et al. 2017; Wang,
Pearlstein et al. 2017). It remains unclear which anatomical structure is the best predictor
for pericardial complications. A few studies have evaluated the pericardium dose itself,
but wide variability in pericardial contours has confounded the ability to generate uniform
dose-volume constraints (Fukada et al. 2013; Konski et al. 2012; Martel et al. 1998; Xue
et al. 2019). Several studies have focused on whole heart dose and shown an increased risk
of pericardial effusions associated with the whole heart volume receiving 35 Gy (V35) >
10%, volume receiving 10 Gy (V10) > 72.8%, and volume receiving 45 Gy (V45) > 15%
(Hayashi et al. 2015; Ning et al. 2017; Ogino et al. 2016). In Wang et al, dose to left
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and right atrium substructures were shown to be significant predictors of pericardial events
(Wang et al. 2017). The incidence of symptomatic pericardial effusions and pericarditis in
NSCLC patients treated with RT was over 6% at 4 years, adjusting for competing risks.

In addition, the incidence of asymptomatic pericardial effusions was 27% (Wang et al.
2017). Pericardial effusions also occurred in 30% of patients treated with cardiac SBRT for
ventricular arrhythmias, which demonstrates that a radiating a small amount of heart with
high doses can lead to pericardial effusions (Robinson et al. 2019). We believe this is the
first study to suggest that total lung dose is a predictor of pericardial toxicity.

Our model demonstrates that female SS rats display more severe radiation-induced toxicity
relative to age-matched SS male rats after receiving 24 Gy of localized cardiac radiation.
This is evident when examining survival, with 94% (15 of 16) of male rats alive 6 months
after 24 Gy of heart radiation, while only 55% (6 of 11) of females were alive at 5 months
post-radiation (A<0.01). Given that the frequency and severity of pericardial effusions was
also significantly higher in females compared to males, it raises the possibility that the
reduced overall survival observed in females is a reflection of the significantly higher rate
of pericardial effusions in females. In patients, one study found no association between the
presence of pericardial effusion and survival (Xue et al. 2019), although this association has
not been extensively evaluated.

Relatively little is known about how biologic sex influences normal tissue radiosensitivity.
Roughly 60 years ago, studies of male and female mice receiving daily low-dose whole body
radiation showed significantly reduced survival times in females, which was not observed
in ovariectomized female mice, suggesting this effect was hormone-related (Hamilton

et al. 1963; Sacher et al. 1964). Recent studies have identified sex-specific differences

in radiation-induced gene and protein expression and global genome DNA methylation
(Kovalchuk et al. 2004; Kovalchuk et al. 2004; Pogribny et al. 2004), but there are limited
studies of tissue-specific male and female differences. One prior retrospective study of 144
patients treated with definitive chemoradiation for lung cancer reported a higher risk of
severe pneumonitis in women (Robnett et al. 2000). C57BL/6J mice exposed to whole lung
radiation, female mice had a 2.18 times higher risk of death relative to males (Jackson

et al. 2016), but it remains unclear if reduced survival was secondary to lung or cardiac
toxicity or both. Like lung studies, there are few studies on how biologic sex influences
radiation-induced cardiotoxicity. A retrospective study of predictive modeling in esophageal
cancer reported a threshold for cardiac toxicity (TD50) in female patients that was 19

Gy lower for females compared to males (Snyder 2012). In another study of more than
24,000 childhood cancer survivors showed that female survivors had greater risk of heart
failure, possibly due to increased sensitivity to anthracycline-related heart failure, while
male survivors were more likely to develop coronary artery disease (Bates et al. 2019). Our
study therefore adds to the sparse literature on biologic sex-related differences in radiation
toxicity.

We can draw several conclusions regarding biologic sex-specific differences in RIHD from
the present study. First, for a given radiation field, women may be more susceptible to
radiation-induced cardiotoxicity given their reduced total lung volume. Higher lung doses
in our study could also be a surrogate for higher pericardial doses, although heart doses
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(including the pericardium) were relatively similar in our rats (Table 1). However, given that
some studies have suggested women have higher rates of pneumonitis, it is also possible that
normal lung tissue is more sensitive to radiation in females. Thus, there could be sex-specific
modifiers that contribute to increased lung toxicity or radiation-induced pericarditis. Second,
female rats had a more rapid decline in cardiac performance, with significantly increased

LV size three months after completing radiotherapy. It remains unclear how increased
pericardial effusions, pleural effusions, and cardiac dysfunction each contributed to the
reduced survival observed in female rates. It is also possible that inflammatory or injury
pathways have differing responses to radiation in males versus females. A prior study
recently reported that men had better survival rates compared to women, despite similar LV
systolic dysfunction, scar burden, and co-morbidities (Kwon et al. 2009). This raises the
possibility that female rats may have worse survival with comparable cardiac dysfunction.

Our study has some limitations. First, we delivered a high cumulative dose of radiation

to the whole heart, which yielded significant cardiotoxicity and a large difference between
irradiated and unirradiated rats. While a higher dose provided a robust dynamic range among
endpoints, the high radiation dose may have masked more subtle sex-specific differences
that are apparent at lower doses. However, many lung and esophageal cancer patients may
receive significant heart radiation exposure (Wang et al. 2017), and patients who were
previously treated definitively with mantle field radiation therapy for Hodgkin lymphoma
typically received high doses of radiation therapy to the heart (Aleman et al. 2007). In
addition, patients who receive radiation therapy for refractory ventricular tachycardia receive
a localized dose of radiation to the heart of 25 Gy (Robinson et al. 2019). The results in this
study may be more relevant to what is seen with higher levels of radiation exposure in the
heart, and additional studies with lower doses should be examined in the future to determine
whether sex differences persist.

Second, the biological effects of radiation are dependent upon dose delivered per fraction.
Modern radiation is delivered over the course of many days (i.e., fractionated radiotherapy)
with ways to account for changes in patient setup and anatomy on a daily basis. While

a multi-fraction approach would have been more generalizable, a single fraction approach
eliminated intrafraction variation as a confounder. In addition, the use of anesthesia over
many days is quite toxic to rats, which itself can confound results. While the dose used in
this study is a higher single fraction dose, previously we have demonstrated that treating
Dahl SS rats with 24 Gy x 1 of localized RT yields similar cardiac changes to treatment with
9 Gy x 5 of localized cardiac RT (Schlaak et al. 2019).

We have previously demonstrated the Dahl SS strain used here is more sensitive to cardiac
radiation than the Brown Norway strain (Schlaak et al. 2019). Strain-specific differences in
baseline cardiovascular indices may contribute to the differences seen after radiation and
between male and female rats. For example, the Dahl SS rats used in this study have a higher
blood pressure than some other rat strains (Lenarczyk et al. 2020). However, when kept on

a low salt diet (0.4%), such as was used in this study, prior studies have shown that the

mean arterial pressure does not significantly increase, while a high salt diet (4%) causes
hypertension over a three-week period (Cowley et al. 2013). If the Dahl SS rats are more
sensitive to cardiac radiation in part due to baseline differences in cardiovascular health,
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the present study is still important and relevant, as many individuals who receive incidental
cardiac radiation exposure have cardiovascular risk factors. Related to these issues, our study
describes cardiotoxicity differences between males and females using animal models, but

it remains unclear whether there are biologic sex-related differences at the molecular and
cellular level for lung and/or cardiac tissue. The role of hormonal changes in female versus
male rats was not explicitly studied. These changes will be the focus of future studies.
Finally, it must be noted that with respect to the International Commission on Radiological
Protection (ICRP) policy, gender-specific data are not recommended at this time for the
purpose of radiological protection (ICRP Recommendations, 2007).

In conclusion, this study demonstrates that sex differences can play an important role in
cardiac normal tissue radiation sensitivity. Differences in the percent of lung receiving high
dose radiation in age-matched male and female animals administered the same radiation
treatments may also be important in determining the severity of different types of RIHD,
especially pericardial effusions, which are one of the most common manifestations of
incidental radiation to the heart. Additional studies will help to determine the effect of lung
doses and sex differences on pericardial effusions and other manifestations of RIHD. This
study highlights that factors such as sex may be important to factor into future mitigation
studies of radiation-induced cardiotoxicity.
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Figure 1: Female SS (Dahl salt-sensitive/Mcwi) rats exhibit worse mortality and increased
effusions after localized cardiac irradiation compared to males.

(A) Increased normalized heart weight in females compared to males after 24 Gy localized
cardiac radiation therapy vs. sham treatment. (B) Increased frequency of moderate to
severe pericardial effusions in female SS rats compared to males. (C) Average pericardial
effusions severity was higher in females relative to males at 12 weeks and 5-6 months
post-radiation. (D) Normalized pleural fluid volume was higher in females relative to males
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5-6 months post-radiation. Values are the mean + SE. */<0.05, **/<0.01, ***P< 0.001; ns,
nonsignificant.
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Figure 2: Echocardiogram measurements indicate similar reductions in cardiac performance in
male and female SS rats (Dahl salt-sensitive/Mcwi) at 24 Gy localized heart radiation.

M-mode echocardiogram measurements of SS male and female rats that received 24 Gy

of localized heart radiation therapy at baseline, 3 mo, and 5-6 months post-RT. (A) Left
ventricular mass was significantly increased at 3 months and 6 months post-RT female

rats, but not in male rats. (B) There was no significant change in left ventricular internal
diameter end diastole (LVIDd) following radiation in male and female rats. (C) Stroke
volume and (D) end-diastolic volume (EDV) were decreased in male and female rats. (E)
End-systolic volume (ESV) increased in females, but not in males, 5-6 following RT. (F)
Ejection fraction (%EF) significantly decreased at 6 months in females, but not in males. (G)
Radial strain was significantly lower in male and female rats 3- and 6-months following RT.
(H) Circumferential strain showed male and female rats had a decreased ability to contract,
indicated by a smaller negative percentage. Values are the mean + SE. */<0.05, **/< 0.01,
***P<(0.001 for values compared to baseline.

Int J Radiat Biol. Author manuscript; available in PMC 2023 August 16.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andruska et al. Page 19

5mm Cumulative Heart

F Leftlung
Lung |
Right lung 1 |

dose (Gy)

100
|

Cumulative ™\ Heart W Cumulative ' Heart
Left lung Left lung
Lung ] 80 | Lung
| Rightlung Right lung

(=23
(=]
[=2]
(=]
+

N
o
+

F-S
[=]
volume (%)

volume (%)

—

%:> \L
20 25

15 30
dose (Gy) dose (Gy)

Figure 3: Dosimetric comparisons of heart radiation plans.
(A) Representative axial slice demonstrating radiotherapy setup using a 3-beam arrangement

to deliver 24 Gy in one fraction to the whole heart. Representative dose-volume histograms
(DVH) for (B) a female rat treated with a 1.5 cm collimator, (C) a male rat treated with a 1.5
cm collimator, and (D) a male rat treated with a 2.0 cm collimator.
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Figure 4: Male and female SS rats demonstrated similar increases in heart weight, pericardial
effusion frequency and severity, and pleural effusions when both receive comparable total lung
doses.

(A) Change in total heart weight relative to baseline was significantly increased and
comparable between male rats treated with a 2 cm collimator and females treated with a
1.5 cm collimator. (B) No male rats treated with a 1.5 cm collimator developed moderate to
severe pericardial effusions, whereas all male rats treated with a 2 cm collimator developed
moderate to serve pericardial effusions. (C) Pericardial effusion index scores were similar
between male rats treated with a 2 cm collimator and female rats treated with a 1.5 cm
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collimator. (D) Normalized pleural fluid volume was similar in male rats treated with a 2

cm collimator and female rats treated with a 1.5 cm collimator. Values are the mean + SE.
*£<0.05, **P< 0.01, ***P<0.001; ns, nonsignificant.
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Figure 5: Male rats treated with a 2.0 cm beam size showed significant signs of heart failure on
echocardiogram, which were comparable to female rats treated with a 1.5 cm beam size.

Female rats treated with a 1.5 cm collimator and male rats treated with a 2 cm collimator
showed similar changes 3 months following radiation in terms of (A) left ventricular mass,
(B) ejection fraction, (C) radial strain, and (D) circumferential strain. Values are mean + SE.
*p£<0.05, **F< 0.01, ***F£<0.001; ns, nonsignificant.
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Figure 6. Female rats exhibit more histologic evidence of necrosis in the myocardium than male

rats after 24Gy of localized cardiac RT.

Ten weeks after sham treatment or 24 Gy of localized cardiac RT, H&E staining was
performed on fixed cardiac tissue. Female hearts (A, N=5) exhibited more pronounced
necrosis than male rats (B, N=4), with a representative image from each rat shown (scale
bar = 200 um). There were 4 of 5 female hearts exhibiting more severe/multifocal necrosis
and only 1 of 4 male rats exhibiting more severe/multifocal necrosis (C). Median value

represented with hatched line.
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Comparison of dosimetric parameters between male and female rats treated with 24 Gy of whole-heart RT
using a 1.5 cm collimator and a 2.0 cm collimator.

Lung, Mean (Gy)
Lung, V5 (%)
Lung, V20 (%)
Heart, Mean (Gy)
Heart, D5 (Gy)

Heart, D95 (Gy)

Females (1.5 cm)
4
22
10
23.4
24.2
21.9

Males (1.5 cm)
18
8
5
23.2
24.2
20.1

Males (2.0 cm)
2.6
16
10
23.6
24.1
229

Abbreviations: Gy, Gray.

Int J Radiat Biol. Author manuscript; available in PMC 2023 August 16.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Andruska et al.

Table 2:

Page 25

Echocardiogram changes three months after RT in males and females treated with 1.5 cm beam-size and males
treated with a 2 cm beam-size.

LV Mass (%) 4

IVSd (%) 4

LVID (%) 4

LVPWd (%) 4

EF (%)

Stroke Volume (%) 4
EDV (%) 4

ESV (%) 4

Radial Strain (%)

Circumferential Strain (%)

Male Female
1.5cm Beam | 2.0 cm Beam 1.5 cm Beam

Mean + SE Mean + SE pf Mean + SE pt

101.2+34 128.4+4.2 1.3x1074 | 1195+13.7 0.31
100.1 +3.3 135.6+ 6.0 24%x107° 142.6 +18.0 0.03
101.1+23 118.0+6.0 0.004 81.4+114 0.002
107.9+5.2 1276 + 8.4 0.054 128.2+12.0 0.15
83.1+0.01 80.6 +0.03 0.44 83.5+0.01 0.24
71.0+2.6 75.4+4.4 0.40 65.1+8.9 0.11
75.2+3.9 75.8+3.9 0.93 64.3+9.6 0.48
744 +11.2 53.0+8.2 0.28 56.1+19.0 0.37
48.0+3.2 36.7+4.4 0.02 398+24 0.91
-18.0+0.7 -15.10 £ 1.59 0.39 -13.67+230 | 0.64

A .
Data presented as percent change from baseline;

fP value is testing for significant difference between males treated with 1.5 cm vs 2.0 cm beam-size;

¢P value is testing for significant difference between males treated with 2.0 cm beam-size vs females treated with 1.5 cm beam-size. Bolded values
are those with £<0.05. Abbreviations: 1VSd, interventricular septal wall thickness at end-diastole; LVID, left ventricular internal dimensions at
end-diastole; LVPwd, left ventricular posterior wall thickness at end-diastole; EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic

volume.
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