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Summary

The analysis of late
radiation-induced heart
disease is limited by a
reduced overall survival of
mice, induced by a
co-irradiation of large
portions of the lung.
Therefore, an irradiation
protocol was established that
allows whole-heart
irradiation with <10%
co-irradiation of the lung
(V16), which in turn
enhances the survival of
mice for at least 50 weeks
after 16 Gy. The novel irra-
diation plan provides a
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Purpose: The aim was to reduce radiation exposure of the lung in experimental models
to increase overall survival of mice to study late radiation-induced heart disease.
Methods and Materials: A new irradiation plan was established on the Small Animal
Radiation Research Platform machine for local heart irradiation of mice with single
doses of 8 and 16 Gy. Lung damage was analyzed 20, 30, 40, and 50 weeks after irra-
diation by computed tomography scans and histology and compared with a sham-
irradiated, age-matched, control group.
Results: The use of an 8 � 6-mm2 collimator enabled local heart irradiation whereby
only 18% of the lung received any irradiation. The V10 and V16 of the lung were
14% and 7%, respectively. After a mean heart dose of 8 and 16 Gy, mice survived for
at least 50 weeks after irradiation. Computed tomography images demonstrated increased
cell densities in the irradiated lung volume 50 weeks after irradiation. Concomitantly, his-
tologic examination revealed fibrotic and inflammatory changes in the irradiated lung vol-
ume. In the heart, amyloid depositions and left ventricle hypertrophy were observed.
Conclusions: High-precision heart irradiation with 8 and 16 Gy using an 8 � 6-mm2

beam induced cardiac amyloidosis and hypertrophy, which did not lead to myocardial
dysfunction despite the presence of radiation pneumopathy in the small V16 of the
exposed lung. By using the improved irradiation plan (V16: 7%), long-term survival of
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promising tool for analyzing

late radiation-induced heart
diseases in mice.
the mice after heart irradiation can be achieved that allows clinically relevant experimental
investigation of late radiation-induced heart disease effects. � 2018 The Authors. Pub-
lished by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Radiation therapy of patients with thoracic tumors may
induce delayed damage in healthy tissue, including the heart
and lung. Although the volume exposure is kept as low as
possible, parts of the heart and lung still may receive radia-
tion doses above 20 Gy (1). Early pneumonitis is an inflam-
matory process that becomes clinically manifest after weeks.
Late lung fibrosis followsmonths or years later in areas of the
lung that were exposed to irradiation (2). In contrast,
radiation-induced heart disease (RIHD) has a much longer
latency. Myocardial fibrosis, cardiomyopathy, coronary ar-
tery disease, and valvular disease usually occur more than 10
to 15 years after radiation therapy (3). Depending on the
irradiated subvolumes and dose distribution, subclinical ra-
diation damage in the heart and lung may interact synergis-
ticallywith respect to an increasedmorbidity. Experiments in
rats showed that lung irradiation with 10 Gy reduced the
tolerated dose to the heart and vice versa, contributing to
cardiac or pulmonary dysfunction (4). The severity of signs
and symptoms of pneumonitis is related to the irradiated
volume and dose. The amount of lung volume that develops
radiation-induced lung disease (RILD) is a critical parameter
that defines the clinical tolerance of the lung. The percentage
of lung volume that receives 20 Gy or more (V20) is a
commonly used parameter to optimize the irradiation plan
and to minimize the risk of RILD. In a non-small cell lung
cancer (NSCLC) study no patient developed symptomatic
grade 2 pneumonitis if the V20 was <22% (5). No radiation
pneumonitis was observed in another study of NSCLC and
SCLC patients with V20 of 20.1% (6).

As part of the EU-Cardiorisk project, RIHDwas analyzed
in preclinical studies after local heart irradiation with X ray.
Collimation of the beamswas usually performed using a lead
plate, which covered the animal except for awindow for heart
irradiation. Often the whole thorax or large irradiation fields
were used for whole-heart irradiation schemes (7). In mouse
models, irradiation fields between 9 � 13 mm2 and
10.6 � 15.0 mm2 were used to ensure total heart irradiation.
Because of the close neighborhood of heart and lung, up to
30% of the lung received 100% of the dose (8). Clinical signs
of cardiac morbidity may be aggravated by functional
interaction with RILD. The analysis of doses (<20Gy) to the
heart is limited by a reduced overall survival of mice at later
time points: 38% of mice died spontaneously or had to be
sacrificed between 30 and 40 weeks after 16 Gy local heart
irradiation with a 30% lung co-irradiation (8). In a different
study 40% of mice died 24 weeks and 90% of mice died
55 weeks after 16 Gy heart irradiation with a 20% lung co-
irradiation (9). In other studies no survival data of mice
were provided 60 weeks after heart irradiation with 16 Gy
(10, 11). In contrast, no mouse died 39 weeks after a partial
lung irradiation with 16 Gy when approximately 20% of the
lung was irradiated (12).

The availability of an image guided Small Animal Ra-
diation Research Platform (SARRP) allows high-precision
irradiation on a millimeter scale (13). This device permits
the exact targeting of the heart in a living mouse. Dose-
volume histograms (DVHs) can be used to ensure whole-
heart irradiation with minimal exposure of lung tissue. In
this study a novel irradiation plan was established that al-
lows total heart irradiation with 16 Gy with tolerated co-
irradiation of the lung for at least 50 weeks.
Methods and Materials

Mice and irradiation procedure

Female C57Bl/6 mice (Charles River Laboratories, Sulz-
feld, Germany) aged 10 to 14 weeks were randomly allo-
cated to different treatment groups. Irradiation was
performed using the high-precision image-guided SARRP
(Xstrahl, Camberley, UK). Commissioning of the planning
system was performed using a calibrated ionization cham-
ber (International Atomic Energy Agency, Vienna, Austria;
Technical Reports Series No. 398) and radiochromic films
(Gafchromic EBT3, Ashland, Covington, KY), according
to the manufacturer’s recommendations. The output of the
SARRP was regularly checked using a calibrated ionization
chamber. Mice were anesthetized by isoflurane/oxygen
inhalation for the duration of each treatment. Cone beam
computed tomography (CBCT) using 60-kV and 0.8-mA
photons filtered with aluminum (1 mm) was performed for
each mouse to visualize the thorax. A total of 720 2-
dimensional projections over 360� were used that provided
3 CT scans in transverse, sagittal, and frontal view. In each
of the projections heart and lung were marked and fitted.
The size of the beam was selected to cover the whole heart
as marked before. A collimator in the exact size of the
mouse heart was not present. Collimators were available
with the following sizes: 1 � 1, 3 � 3, 5 � 5, 10 � 10, and
9 � 13 mm2. The central axis of the beam was set in the
isocenter of the heart, with a mean irradiation dose of 8 or
16 Gy. The heart was irradiated using 220-kVand 13-mA x-
ray beams filtered with copper (0.15 mm). Control mice
received sham irradiation (0 Gy). The software SARRP
control and Muriplan were used to precisely target hearts
and irradiation doses.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Weights and survival of mice. (A) The weights of
mice showed no significant changes up to 50 weeks after 8
and 16 Gy irradiation compared with sham mice. (B) All
mice (except 2 mice between 35 and 37 weeks) appeared
healthy up to 50 weeks after irradiation.
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Separate groups of mice were irradiated for imaging and
collecting hearts and lung at 20, 30, 40, and 50 weeks after
irradiation. In total, 18, 20, and 26 mice received local heart
irradiation with 0, 8, and 16 Gy, respectively. Animals were
housed in single ventilated cages under pathogen-free condi-
tions. Experiments were in agreement with national law on
animal experiments and welfare and were performed in
accordance with institutional guidelines.

In vivo imaging

Three mice of each irradiation group were imaged using the
CT mode of the SARRP machine 20, 30, 40, and 50 weeks
after irradiation. Mice were anesthetized by intraperitoneal
injection of fentanyl (50 mg/kg body weight), medetomi-
dine (500 mg/kg body weight), and midazolam (5 mg/kg
body weight). The respiratory frequency and temperature
were monitored during imaging. Cone beam CT was per-
formed using 60-kV and 0.8-mA, and 720 2-dimensional
projections were used to visualize the thorax in transverse,
sagittal, and frontal view. The dose for CBCT was 2.4 cGy,
and the field of view was 10 � 10 cm2. Quantitative
analysis of raw reconstructed images was performed by
ImageJ (1.48v; National Institutes of Health, Bethesda,
MD). Signal intensities (mean pixel value) of the CTs in
transverse view were quantified using regions of interest
(ROIs), which were placed manually into the pictures ac-
cording to the isodoses of irradiated lung volume.

Histology and immunohistochemistry

The exact delivery of the irradiation beam was confirmed
using the DNA damage repair marker gH2AX (Cell
Signaling Technology, Danvers, MA) on a Bond Rx stain-
ing machine (Leica Biosystems, Nussloch, Germany) using
a Polymer Refine detection system without postprimary
reagent. Heart and lung of 3 animals were removed 1 hour
after irradiation with 16 Gy. For each dose and time point
hearts and lungs (n Z 3 per group) were removed to
investigate long-term radiation effects and anatomic
changes. Tissue was fixed in formalin overnight and
embedded in paraffin. Blocks were sectioned in 2-mm slices
and stained with eosin (eosin y-solution 0.5% aqueous) and
hematoxylin (Mayer’s hematoxylin) to visualize tissue
structure according to standard protocols. Elastica van
Gieson staining was performed with Resorcin (Waldeck,
Muenster, Germany) fuchsin solution (20 minutes), differ-
entiation in 96% alcohol, Weigerts iron hematoxylin
staining solution (8 minutes), and Picrofuchsin (Sigma,
Darmstadt, Germany) solution (2 minutes) to determine the
extent of collagen, indicative for fibrosis. To differentiate
hyaline depositions observed within the myocardium, a
Congo red staining was performed with Congo red solution
(30 minutes) counterstained with Mayer’s hematoxylin. All
slices were scanned with a digital slide scanner (Leica AT2)
to create digital images. Quantitative analysis of cell
density was performed by ImageJ (1.48v) using hematox-
ylin and eosin staining. Pictures were converted to gray-
scale and set to the binary system. Lung subvolumes were
quantified using ROIs, which were placed manually into the
pictures in the cranial portions of the lung lobes. Pulmonary
alterations were scored semi-quantitatively with a histo-
pathologic scoring system modified according to Jackson
et al (14). The following parameters were evaluated for the
irradiated as well as the unirradiated lung area by an
experienced pathologist (KS): activation of bronchus-
associated lymphoid tissue, intra-alveolar infiltration,
interstitial fibrosis, perivascular infiltration, hyperemia/
bleeding, and the occurrence of an acidophilic macrophage
pneumonia. All parameters were scored with a 4-tier
scoring system (0-3).

Myocardial lesions were determined on the basis of a
pathologic scoring system for chronic cardiotoxicity (15). An
experienced pathologist (KS) evaluated hematoxylin and
eosinestained sections of the heart using ImageScope (Leica
Biosystems, Nussloch, Germany) software on electronic
slides. Left ventricular hypertrophy was measured on central
longitudinal heart slices.
Statistical analysis

Comparative analysis of the data was carried out using a
nonparametric test (Mann-Whitney). The significance levels
were P < .05 (5%) and P < .01 (1%). Data were presented as
means of the number of mice in the respective result.
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Results

Mouse survival

Up to 50 weeks after irradiation with 8 and 16 Gy, no sig-
nificant differences in weight were observed compared with
sham-irradiated mice (Fig. 1A). Up to 20 and 30 weeks after
irradiation, all mice appeared healthy (Fig. 1B). Two mice
had to be killed betweenweek 35 and 37 owing to poor health
condition after 16 Gy heart irradiation. Both lungs showed
pathologic changes in the irradiated and unirradiated volume
(data not shown). Both mice were pathologically diagnosed
with lymphoblastic lymphoma with generalized lymphade-
nopathy and splenomegaly due to infiltration of lymph nodes,
spleen, and lung (in 1 animal) with CD45R (B220)-positive
lymphoblasts (data not shown). The findings in both cases
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healthy for the duration of the study up to 50weeks (Fig. 1B).

Precision heart irradiation

Several beam directions and field sizes were tested, and
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Fig. 3. Immunohistochemical gH2AX staining of heart and lung. (A) The use of the 8 � 6-mm2 beam shows positive
staining in the whole heart and in cranial parts of the lung lobes close to the heart. (B) The beam edge is very sharp and can be
visualized by gH2AX immunohistochemistry.
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mean target dose of 16 Gy, with minimal exposure of
lung tissue. First a posterioreanterior beam was tested
between the regular sizes of 9 � 13 mm2 and
10.6 � 15.0 mm2. Using the 9 � 13-mm2 beam (couch
angle: 0�; gantry angle: 0�) the percentage of lung vol-
ume that received 10 Gy or more (V10) was approxi-
mately 60%, and the volume that received 16 Gy or more
(V16) was 45% (Fig. 2A). For a better lung protection,
the 9 � 13-mm2 beam was tested in a different angle
(couch angle: 90�; gantry angle: 25�). In this case V10
and V16 were still 48% and 42%, respectively (Fig. 2B).
Using the smallest posterioreanterior beam of
8 � 9 mm2 (couch angle: 90�; gantry angle: 25�) that
covered the whole heart, V10 and V16 decreased to 37%
and 28%, respectively (Fig. 2C). However, using a lateral
6 � 8-mm2 beam (couch angle: 0�; gantry angle: 100�),
V10 and V16 dropped to 14% and 7%, respectively
(Fig. 2D). Only 18% of the total lung volume was
exposed to irradiation. For the irradiation this beam was
composed of 3 single beams (5 � 5, 3 � 3, and
3 � 3 mm2), which were put together without any
overlap. For simplicity the beam size was referred to as
6 � 8 mm2, although one length consists partly of 5-mm
and 6-mm (3 þ 3 mm) breadth instead of continuously
6 mm (Fig. 2D). This irradiation plan with 3 lateral
beams was used for all mice in the present study. For
simplicity the irradiation doses were referred to as 8 and
16 Gy instead of the measured doses of 8.1 � 0.1 and
16.2 � 0.3.

To validate the precision of heart irradiation by the
8 � 6-mm2 beam, sections of heart and lung were analyzed
by gH2AX staining. The whole heart showed positive foci,
whereas small parts of lung close to the heart also received
irradiation (Fig. 3A). Despite the breathing motion the
beam edge was very sharp (Fig. 3B).
Noninvasive heart and lung imaging

Micro-CT imaging was used to examine evidence for
fibrotic changes. For the quantitative analysis the ROI was
manually inserted into the CT images taken from 3 mice at
20, 30, 40, and 50 weeks. The ROI included the lung tissue
exposed to the prescribed doses but excluded the heart
(Fig. 4A). Visible signal analysis of CT pictures showed a
faint increase of lung density after 8 Gy and a distinct in-
crease after 16 Gy at 50 weeks (Fig. 4A). Quantitative
analysis of the CT images indicated a significant increase of
the mean pixel value of ROI 40 and 50 weeks after 8 Gy
(50,000 and 50,210; P < .029 and P < .029) and a signif-
icant increase of mean pixel value of ROI 40 and 50 weeks
after 16 Gy (50,190 and 50,290; P < .029 and P < .029)
compared with control mice (49,730 and 49,740) (Fig. 4B).
Histopathology of irradiated hearts and lungs

Hearts and lungs of irradiated and controlmicewere examined
for evidence of pathologic alterations. Hematoxylin and eosin
staining showed clear differences in irradiated and sham-
irradiated control mice after 50 weeks. The control lung
showed a healthy dense network of alveolae (Fig. 5A). In
contrast, the lungs of the mice irradiated with 8 and 16 Gy
displayed intra-alveolar accumulation of macrophages (foam
cells) and intra-alveolar edema in the cranial (pericardially
located) portions of the lung lobes. One animal showed an
acidophilic macrophage pneumonia. Quantitative analysis of
the pictures indicated a significant increase of cell density
50 weeks after 8 Gy (62%; P Z .002) and 16 Gy (69%,
PZ .002) compared with control mice (28%) (Fig. 5B).

Elastica van Gieson staining and morphologic quantifi-
cation showed slight interstitial fibrosis in the irradiated
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lung volume 50 weeks after 8 and 16 Gy (Fig. 6A, Table 1).
Moreover, a slight to moderate mixed perivascular infil-
tration was observed for both doses after 50 weeks
(Fig. 6B, Table 1).

In the heart, doses of 8 and 16 Gy resulted in multifocal
amyloidosis in the myocardium as well as a left ventricular
hypertrophy (Fig. 6C, Table 1). Apart from multifocal
amyloidosis no further lesions according to the scoring
system of Rahman et al (15) were determined as a long-
term effect. Left ventricular hypertrophy was detected on
central longitudinal heart slices. An increase in left ven-
tricular lumen and ventricular wall thickness was observed.
Discussion

High-precision heart irradiation with minimal exposure of
the surrounding lung tissue is important to increase overall
survival of mice to be able to study late RIHD effects.
Survival of the mice is limited by RILD (pneumonitis and
late fibrosis) if the irradiated lung volume exceeds a critical
value. In many preclinical studies, the DVH of heart and
lung has not been reported. Proton irradiation of 25% of the
lung with 20 Gy had no effect on breathing rate, whereas
50% lung irradiation induced not only a significant increase
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in breathing rate but also pulmonary hypertension, leading
to right ventricle systolic pressure overload and right
ventricle hypertrophy 8 weeks after irradiation (4). With
decreasing irradiated lung subvolume, the tolerance dose
for RILD increased 8 weeks after irradiation, whereas
inflammation and fibrosis increased 26 weeks later (19).
Mouse studies using X rays on different lung subvolumes
after 16 Gy at different time points are rare. Local heart
irradiation with 30% lung co-irradiation showed a
symptom-free survival up to 16 weeks after 16 Gy but a
reduced survival (62% survivors) after 40 weeks (8, 20).
Heart irradiation with 20% lung co-irradiation resulted in
10% survivors after 55 weeks (9). The present study
demonstrates that if only <10% of the lung volume is
exposed to 16 Gy, the survival of mice was increased to at
least 50 weeks after 16 Gy heart irradiation, although
increased cell density in the irradiated lung subvolume
showed clear signs of radiation pneumopathy. This in-
dicates that lung alteration in approximately 10% of the
lung volume can be compensated and functional damage
can be avoided for at least 50 weeks after irradiation. The
compensation of this subvolume for earlier periods is also
shown in a study that analyzed dose-volume effects in
mouse lung (21). No increase in breathing rate was
observed 22 weeks after 19% lung irradiation, even after a
dose of 22 Gy. Further, it was shown that a subvolume in
the apex of lung is less radiosensitive than the same sub-
volume in the base. Irradiation of 84% of the lung in the
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apex or in the base with 16 Gy resulted in 17% lethality in
those mice irradiated to the apex and in 73% lethality in
mice irradiated to the base after 32 weeks. The authors
suggested that the different radiation sensitivity of the lung
Table 1 Incidence of interstitial fibrosis, perivascular
infiltration of macrophages, and heart hyaline depositions
50 weeks after irradiation

Variable Sham 8 Gy 16 Gy

Intra-alveolar foam cells 0-1 1 1-2
Lung interstitial fibrosis 0 0-1 1
Lung perivascular infiltration
of macrophages

0 1-2 1-2

Heart hyaline depositions (%) 0 5 15-25

Pulmonary alterations (nZ 3) were scored semi-quantitatively with a

histopathologic scoring system. All parameters were scored with a 4-tier

scoring system (0-3). Myocardial lesions (n Z 3) were evaluated on he-

matoxylin and eosinestained sections and quantified semi-quantitatively.
is based on heterogeneous distribution of alveoli (21).
Large volumes of the apex are occupied by major airways
and less sensitive gas exchange units, whereas the base
shows the opposite. The different sensibility of the lung
might also play a role in this study to enhance the
symptom-free survival of mice up to 50 weeks after
irradiation.

Cardiac amyloidosis and hypertrophy were shown
40 weeks after heart irradiation with 16 Gy. In this study
the survival of mice was approximately 60% (9). With the
new irradiation protocol nearly 100% of the mice sur-
vived for at least 50 weeks after irradiation, with minor
symptoms such as cardiac amyloidosis and a weak
hypertrophy.

The damage of heart and lung endothelial cells
was investigated between 5 and 20 weeks after
thorax irradiationwith 8Gy (7, 22). The study showed that the
cell surface marker intercellular adhesion molecule-1 and
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vascular cell adhesionmolecule-1 were persistently increased
starting from10 up to 20weeks after 8Gy. The new irradiation
plan allows the analysis of late RIHD with a minimum
contribution of RILD. In particular, the influence of intercel-
lular adhesion molecule-1 and vascular cell adhesion
molecule-1 to endothelial cell damage after heart irradiation
can be analyzed for higher irradiation doses and later time
points.

Conclusions

A novel irradiation plan was established using an image
guided small animal radiation platform for whole-heart
irradiation with <10% co-irradiation of the lung. Despite
the presence of pulmonary fibrosis and inflammation in this
small lung subvolume, irradiated mice survived symptom-
free for at least 50 weeks. This indicates that the develop-
ment of inflammatory (pneumonitis) and fibrotic changes in
such small lung volumes can be compensated, and therefore
functional interaction between subclinical radiation damage
in lung and heart can be avoided. The new irradiation plan
provides a promising tool for further preclinical studies
analyzing RIHD in mice.
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