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Background: Periodic cardiac movement may expose the heart to radiation field induced damage,
leading to radiation-induced heart disease (RTHD). Studies have proven that delineation of the heart based
on planning CT fails to show the real margin of the substructures and a compensatory margin should be
applied. The purpose of this study was to quantify the dynamic changes and the compensatory extension
range by breath-hold and electrocardiogram gated 4-dimensional magnetic resonance imaging (4D-MRI),
which had the advantage of discriminating soft tissues.

Methods: Eventually, 15 patients with oesophageal or lung cancers were enrolled, including one female and
nine males aged from 59 to 77 years from December 10™, 2018, to March 4™, 2020. The displacement of the
heart and its substructures was measured through a fusion volume and the compensatory expansion range
was calculated by expending the boundary on the planning CT to that of the fusion volume. The differences
were tested through the Kruskal-Wallis H test and were considered significant at a two-side P<0.05.
Results: The extent of movement of heart and its substructures during one cardiac cycle were
approximately 4.0-26.1 millimetre (mm) in anterior-posterior (AP), left-right (LR), and cranial-caudal (CC)
axes, and the compensatory margins should be applied to planning CT by extending the margins by 1.7, 3.6,
1.8, 3.0, 2.1, and 2.9 centimetres (cm) for pericardium; 1.2, 2.5, 1.0, 2.8, 1.8, and 3.3 c¢m for heart; 3.8, 3.4,
3.1, 2.8, 0.9, and 2.0 cm for interatrial septum; 3.3, 4.9, 2.0, 4.1, 1.1, and 2.9 cm for interventricular septum;
2.2, 3.0, 1.1, 5.3, 1.8, and 2.4 cm for left ventricular muscle (LVM); 5.9, 3.4, 2.1, 6.1, 5.4, and 3.6 cm for
antero-lateral papillary muscle (ALPM); and 6.6, 2.9, 2.6, 6.6, 3.9, and 4.8 cm for postero-medial papillary
muscle (PMPM) in anterior, posterior, left, right, cranial, and caudal directions, respectively.

Conclusions: Periodic cardiac activity causes obvious displacement of the heart and its substructures, and
the motion amplitude of substructures differs. Extending a certain margin as the compensatory extension
to represent the organs at risk (OAR) and then limiting the dose—volume parameters could be performed in

clinical practice.
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Introduction

Radiotherapy is an important treatment for thoracic
tumours but carries the disadvantage of radiation damage to
surrounding organs, including the heart (1). The heart was
once considered a relatively radioresistant organ unlikely to
be damaged when exposed to an irradiation dose of <30 Gy,
although the risk increased when exposure >40 Gy (2).
However, recent research suggests damage occurs even
at moderate doses, including the estimate that the rate of
cardiac disease increased after the atomic bomb following
an average irradiation dose of 0.5-2 Gy (3). Nonetheless,
the specific threshold dose below which the heart receives
no damage is unknown (4). Irradiation damage to the
heart frequently occurs during thoracic radiotherapy
for conditions such as oesophageal cancer, lung cancer,
Hodgkin’s disease, and breast cancer (2,5). As the survival
time of cancer patients is prolonged after radiotherapy,
radiation-induced heart disease (RIHD) has attracted
increasing attention because of its influence on survival.
RIHD encompasses a series of effects on the heart, from
subclinical histopathological findings to clinical disease,
including damage to the pericardium, myocardium, valves,
conduction system, and coronary arteries, and the exposure
dose and volume are major factors in determining the extent
of damage (6). Dose-volume parameters based on planning
computed tomography (CT) scans are currently the main
method to predict RIHD.

Highlight box

Key findings

* The extent of movement of the heart and its substructures
during one cardiac cycle was approximately 4.0-26.1 mm, and
compensatory margins should be applied to the planning CT by
extending the margins.

What is known and what is new?

® The locations of the heart and its substructures determined by
planning CT do not represent the true positions due to cardiac
movement.

®  Our research applied 4D-MRI to evaluate the dynamic changes
during one cardiac cycle and calculated compensatory margins for
planning CT that could improve the resolution of the heart and its
substructures.

What is the implication, and what should change now?

e It is inappropriate to directly apply the delineations from planning
CT to assess heart exposure during radiotherapy. Compensatory
margins should be applied to the planning CT.
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In addition to respiratory movement, the heart is
especially influenced by periodic cardiac movement (7,8).
According to previous studies (9-14), planning CT that
displayed images of the heart and its substructures failed
to represent its real morphology, volume, and location,
and volume-dose parameters based on planning CT were
inaccurate due to these displacements. Tong et a/. calculated
the displacements of 1.2+0.9, 0.60.5, and 0.620.5 mm
for the heart, 0.5+0.4, 0.4+0.3, and 0.8+0.6 mm for the
pericardium, and 1.0+0.8, 4.1x2.8, and 1.9x1.2 mm for the
left ventricular muscle (LVM) in the left-right, ventral-
dorsal, and caudal-cranial directions by 4-dimensional
CT (4D-CT) (9). Li et 4l. also found the displacements of
CA bifurcations in the LR, CC, and AP directions were
6, 6, and 5 mm (left) and 6, 8, and 7 mm (right) (10). At
present, studies of the movement of the heart and its
substructures are mostly based on cone-beam CT (CBCT),
4D-CT, and other CT techniques (9-12). However, it is
challenging to delineate soft tissues with these methods
compared with magnetic resonance imaging (MRI) (6).
Considering MRI had the advantage of discriminating soft
tissues, we aimed to conduct research on the displacement
and the compensatory extension of the pericardium,
heart, interatrial septum, interventricular septum, LVM,
antero-lateral papillary muscle (ALPM), and postero-
medial papillary muscle (PMPM) with 4D-MRI. With the
application of the breath-hold technique, the influence of
respiratory movement was offset. We present this article in
accordance with the MDAR reporting checklist (available
at https://jtd.amegroups.com/article/view/10.21037/jtd-23-
447/rc).

Methods
Patients

The inclusion criteria were patients arranged for thoracic
radiotherapy, especially for who had mediastinal enlarged
lymph node. The exclusion criteria were as follows: (I)
patients without sufficient lung function; (II) patients with
claustrophobia or metallic implants failed to received MRI
examination; (III) patients with baseline heart disease.
Eventually, 15 patients with oesophageal or lung cancers
were enrolled, including one female and nine males aged
from 59 to 77 years. The pre-treatment 4D-MRI data and
planning CT images from December 10", 2018, to March
4™ 2020 were made available to the MIM workstation. The
study was conducted in accordance with the Declaration of
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Helsinki (as revised in 2013). The study was approved the
by Ethics Committee of Shandong Cancer Hospital (No.
SDTHEC2019008013), and individual consent for this

retrospective analysis was waived.

ECG-gated 4D-MRI

Breath-hold ECG-gated 4D-MRI images were obtained
with a GE Discovery MR750W device (General Electric
Company, USA). The scan ranged from the level of
the aortic arch to the bottom of the pericardium, the
slice thickness was 5 mm, and the spacing was 0 mm.
Radio-frequency excitation and signal acquisition were
performed during MRI of the whole cardiac cycle, and
ECG information was simultaneously integrated into the
MRI system. MR signals were used to reconstruct images
in different phases, so the contraction and relaxation of the
atria and ventricles could be observed in a “cine” mode. In
this study, every 5% of the cardiac cycle was reconstructed
into one phase.

Planning CT

Patients were scanned by a Philips CT simulator in the
supine position and immobilized with their hands above
their heads holding handles. Magnification markers were
applied on the chest and both sides of the body. Plain and
enhanced CT images were then transported to a Varian
Eclipse 8.6.15 system (Varian Medical Systems, USA)
for radiation planning and design. Contrast-enhanced
CT (CECT) images were used to contour the target
volume, while plain CT images were used for planning
and dose calculation. The planning CT images were
then transported to a Varian Trilogy linear accelerator
to facilitate radiation treatment after verification by
clinicians.

Delineation principles

The pericardium, heart, interatrial septum, interventricular
septum, LVM, ALPM, and PMPM were assessed. The
superior boundary of the pericardium started from the left
superior pulmonary vein, and the inferior boundary ended
where the pericardium fused with the diaphragm, while the
heart started from the presence of the left atrium and ended
when the signals of the muscle tissue vanished, excluding
the superior and inferior vena cava. The boundary between
the LVM and interventricular septum was defined as the left
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margin of the right coronary anterior descending branch.
The ALPM and PMPM were contoured separately. All
images were contoured by the same clinician and verified by
another clinician.

Data acquisition

Both planning CT and 4D-MRI images were transported
to a commercial MIM Maestro 6.7.6 workstation (MIM
Software Inc., Cleveland, OH, USA) for margin delineation.
The boundaries of the heart and its substructures were
delineated at 20 phases which included the whole heart
(pericardium included), the heart (pericardium not
included), the atrial septum, the ventricular septum, the
LVM, the ALPM, and the PMPM. The heart and its
substructure boundaries in 20 phases were fused, and the
fusion volume was generated on the base of the “fusion”
function of MIM workstation. Planning CT and the
4D-MRI images were registered based on the frame
assistant. Displacement of the heart and its substructures
was measured in the anterior-posterior (AP), left-right (LR),
and cranial-caudal (CC) axes. The compensatory expansion
range was calculated by expending the boundary of the
heart and its substructures on the planning CT to cover
more than 95% of the fusion volume.

Statistical analysis

All data from the 15 patients (representing a relatively
small sample size) were presented as the mean = standard
deviation. The measurement errors were tried to be
minimized by measured through two different researchers,
and adopted the average. The differences of groups which
were composed of the displacement of each substructure
(pericardium, heart, interatrial septum, interventricular
septum, LVM, ALPM and PMPM) in each direction (AP,
LR and CC axes) were tested with the Kruskal-Wallis H
test. Differences were considered significant at two-side P
value of <0.05. Statistical analysis was conducted with SPSS
23.0 software (SPSS Inc., Chicago, IL).

Results
Displacement of the beart and its substructures

The displacements of the heart and its substructures in
the AP, LR, and CC directions were as follows (Table 1):
interatrial septum: 18.4£6.9, 16.4£6.5, and 4.0£3.2
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Table 1 Displacement of the heart and substructures
Pericardium, Heart, Interatrial septum, Interventricular LVM, ALPM, PMPM,
Structures
mm mm mm septum, mm mm mm mm
AP 9.9+3.7 19.5+4.4 18.4+6.9 20.4+7.6 17.6+5.9 17.3+4.2 19.7+£7.5
(4.8-15.5) (18.7-27.9) (10.4-29.0) (12.2-32.3) (11.3-32.2) (12.4-25.3) (12.0-35.8)
LR 15.9+6.7 20.9+5.5 16.4+6.5 16.1+5.2 26.1+£5.8 14.3+6.9 9.8+5.7
(5.7-29.0) (12.0-28.0) (5.9-27.9) (10.7-27.4) (19.1-35.1) (6.3-25.5) (2.3-22.2)
CC - - 4.0+3.2 4.5+5.0 4.0+5.2 5.0+6.2 8.0+7.5
(0.0-10.0) (0.0-15.0) (0.0-15.0) (0.0-20.0) (0.0-25.0)

Data are represented as mean + standard deviation (range). Movement of the pericardium and heart in the CC direction was not
observable due to the imaging range of 4D-MRI. AP, anterior-posterior; LR, left-right; CC, cranial-caudal; LVM, left ventricular muscle;
ALPM, antero-lateral papillary muscle; PMPM, postero-medial papillary muscle; 4D-MRI, 4-dimensional magnetic resonance imaging.

Figure 1 Displacement of the margins of heart and its substructures. The delineation in the purple line and green line represents the end

of systolic and diastolic phase, respectively. The picture in the left lower corner emphasized by the yellow line was the enlargement of the

local structure of the same image (C,F,G). Images (A-G) show the motion of the margins of the pericardium, heart, interatrial septum,

interventricular septum, LVM, ALPM, and PMPM of the same patients separately. LVM, left ventricular muscle; ALPM, antero-lateral

papillary muscle; PMPM, postero-medial papillary muscle.

millimetre mm; interventricular septum: 20.4+7.6, 16.1+5.2,
and 4.5+5.0 mm; LVM: 17.6+5.9, 26.1+5.8, and 4.0+5.2 mm;
ALPM: 17.3+4.2, 14.3+6.9, and 5.0+6.2 mm; and PMPM:
19.7+7.5, 9.8+5.7, and 8.0+7.5 mm, respectively. The
displacements in the AP and LR directions were 9.9+3.7
and 15.9+6.7 mm for the pericardium and 19.5+4.4 and
20.9+5.5 mm for the heart, respectively, while movements
of the pericardium and heart in the CC direction failed to
be observed due to the limited imaging range of 4D-MRI.
According to our data, the displacement of the heart and
other substructures ranged from 4 to 20 mm, implying

© Journal of Thoracic Disease. All rights reserved.

the margin displacement influenced by periodic cardiac
movement was nonnegligible (as showed in Figure I).
Interestingly, although the size of the left ventricular
papillary muscles was smaller than the other structures,
the motion amplitude showed no significant differences
among structures (P=0.423, 0.423, 0.406 respectively in
AP, LR, and CC axes). Movement of the pericardium was
significantly milder in the AP direction than that of other
structures. The most obvious movement was for the LVM
in the LR direction, which might be related to LVM systolic
and diastolic deformation during blood ejection.
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Table 2 Mean fusion volume and planning CT volume of the heart and its substructures

Pericardium, Heart, Interatrial septum, Interventricular LVM, ALPM, PMPM,
Structures
mL mL mL septum, mL mL mL mL
ITv 743.39 547.94 11.93 59.79 99.96 6.8 5.09
Planning CT 726.62 546.53 3.71 28.45 51.25 1.01 0.62

CT, computed tomography; ITV, internal target volume; LVM, left ventricular muscle; ALPM, antero-lateral papillary muscle; PMPM, postero-

medial papillary muscle.

Table 3 Compensatory extension range

Structures Pericardium, Heart, Interatrial septum, Interventricular LVM, ALPM, PMPM,
cm cm cm septum, cm cm cm cm
Anterior  1.7+0.9 (0.0-3.0) 1.2+1.0 (1.0-3.0) 3.8+2.6 (0.0-7.0) 3.3+1.7 (0.0-6.0) 2.2+1.6 (0.0-4.0) 5.9+3.5 (2.0-12.0) 6.6+2.7 (2.0-9.0)

Posterior 3.6+1.6 (0.0-5.0) 2.5+1.7 (0.0-6.0) 3.4+2.9 (0.0-8.0)
Left 1.8+1.6 (0.0-4.0) 1.0+0.7 (0.0-2.0) 3.1%1.7 (1.0-5.0)
Right 3.0+1.7 (0.0-4.0) 2.8+1.2 (1.0-5.0) 2.8+1.6 (1.0-6.0)
Cranial  2.1+3.5 (0.0-5.0) 1.8+3.4 (0.0-4.0) 0.9+1.8 (0.0-5.0)

Caudal

4.9+2.4 (1.0-9.0) 3.0+1.6 (1.0-6.0) 3.4+2.5 (0.0-9.0) 2.9+2.2 (0.0-6.0)
2.0+1.9 (1.0-7.0) 1.10.8 (0.0-2.0) 2.1+1.5 (0.0-5.0) 2.6+2.5 (0.0-7.0)
4.1+1.9 (1.0-6.0) 5.3+2.0 (3.0-9.0) 6.1+2.4 (3.0-10.0) 6.6+2.7 (0.0-9.0)
1.1+1.8 (0.0-4.0) 1.8+2.4 (0.0-6.0) 5.4+4.2 (0.0-12.0) 3.9+4.1 (0.0-12.0)
2.9+2.7 (0.0-7.0) 3.3+2.9 (0.0-7.0) 2.0+3.9 (0.0-12.0) 2.9+3.7 (0.0-10.0) 2.4+3.5 (0.0-5.0) 3.6+3.2 (0.0-8.0) 4.8+5.1 (0.0-12.0)

Data are represented as mean + standard deviation (range). LVM, left ventricular muscle; ALPM, antero-lateral papillary muscle; PMPM,

postero-medial papillary muscle.

Compensatory extension range for planning CT

Images showed the edge of the fusion volume of each
structure was located outside that on the planning CT.
The mean fusion volume was larger than the planning CT
volume (7able 2) in the pericardium: 743.39 vs. 726.62 mL,
heart: 547.94 vs. 546.53 mL, interatrial septum: 11.93 vs.
3.71 mL, interventricular septum: 59.79 vs. 28.45 mL, LVM:
99.96 vs. 51.25 mL, ALPM: 6.8 vs. 1.01 mL, and PMPM:
5.09 vs. 0.62 mL, respectively. The compensatory extension
range would extend the margin of the planning CT in six
directions (anterior, posterior, left, right, cranial, and caudal)
by the following distances (7uble 3): pericardium: 1.7+0.9,
3.6x1.6, 1.8£1.6, 3.0£1.7, 2.1£3.5, and 2.9+2.7 cm; heart:
1.2+1.0, 2.5+1.7, 1.0<0.7, 2.8+1.2, 1.8+3.4, and 3.3+2.9 cmy;
interatrial septum: 3.822.6, 3.4x2.9, 3.1x1.7, 2.8x1.6,
0.9£1.8, and 2.0+3.9 cm; interventricular septum: 3.3+1.7,
4.9:2.4,2.0+1.9, 4.1+1.9, 1.1+1.8, and 2.9+3.7 cm; LVM:
2.241.6, 3.01.6, 1.1£0.8, 5.322.0, 1.8+2.4, and 2.4+3.5 cm;
ALPM: 5.9+3.5, 3.4£2.5, 2.151.5, 6.122.4, 5.424.2, and
3.6£3.2 cm; and PMPM: 6.6£2.7, 2.9+2.2, 2.6+2.5, 6.6+2.7,
3.9+4.1, and 4.8+5.1 cm, respectively. The compensatory
margins for the ALPM (mean value =4.42 ¢cm) and PMPM
(mean value =4.57 cm) were larger than those for the

© Journal of Thoracic Disease. All rights reserved.

pericardium (mean value =2.52 cm), heart (mean value
=2.10 c¢m), and LVM (mean value =2.63 cm), with P<0.05,
reflecting the heterogeneity in the motion of the heart
and its structures, and reminding us that for patients with
high risk, the left ventricular muscle or other substructures
should be contoured as organs at risk (OAR) separately.
The compensatory extension was also larger in the caudal
direction than in the cranial direction except for the ALPM,
with the extent of the compensatory extension range almost
2- to 5- fold higher in the right direction than in the left
direction except for the interatrial septum. According to
the data, planning CT cannot represent the true location
and volume of the heart (as showed in the Figure 2), and a
compensatory extension range should be applied to assess
volume-dose parameters.

Discussion

Radiotherapy has led to survival benefits for thoracic
cancers, such as breast cancer, Hodgkin's lymphoma (HL),
oesophageal cancer, and lung cancer. However, the longer
survival period has resulted in an increased risk of RIHD.
A study involving 1,474 HL patients reported the relative
risk (RR) in post-radiation patients ranged from 3 to 5,
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Figure 2 Boundaries of the fusion volume are shown in green, and the delineation based on the planning CT is shown in purple. The picture

in the left lower corner emphasized by the yellow line was the enlargement of the local structure of the same image (Images C, F and G).

Images A-G show the pericardium, heart, interatrial septum, interventricular septum, LVM, ALPM, and PMPM. All images are from the

same level in the same patient except for those of PMPM due to its anatomical location. The four-chamber level was used to display as many

substructures as possible. LVM, left ventricular muscle; ALPM, antero-lateral papillary muscle; PMPM, postero-medial papillary muscle.

and 66-80% of patients suffered from RIHD induced by
mediastinal radiation (15). Cardiac-induced mortality was
the leading cause of non-cancer-induced death in both
HL and breast cancer after radiotherapy (16). Relatively
few studies have focused on RIHD of oesophageal or lung
cancer in comparison to HL and breast cancer because the
survival period of oesophageal and lung cancer is obviously
shorter. However, the dose to the heart during oesophageal
radiotherapy is elevated because of the anatomical
location. The mean dose received by the heart in breast
cancer is commonly 10-15 Gy, while in distal oesophageal
radiotherapy, this might reach or exceed 50 Gy (16).
Beukema ez al. collected articles published from 1970 to
2013 related to cardiotoxicity after oesophageal cancer
radiotherapy and found the rate of RHID was approximately
10.8% (5-44%) (17). Ogino et al. conducted a retrospective
study of 343 oesophageal patients who received concurrent
radiotherapy or radiotherapy alone with a median follow-
up period of 79 months (range, 48-127 months) and who
achieved long-term survival (more than 4 years). The end
point of the study was symptomatic heart disease, with a
5-year incidence of 13.8% (18).

The clinical spectra of heart disease caused by
radiotherapy includes pericardial disease, myocarditis,
valvular disease, coronary artery disease (CAD), and
conduction abnormalities. Pericardium effusion and

© Journal of Thoracic Disease. All rights reserved.

pericarditis are the most common RIHDs, and the former
is usually asymptomatic. Acute pericarditis mostly occurs
during or after radiotherapy, while delayed chronic
pericarditis usually occurs 1 year after treatment (19). The
main mechanism of myocardial damage is fibrosis, which
might lead to congestive insufficiency, while most chronic
heart failure occurs decades after treatment (1). CAD is rare
in RTHD but is fatal, with a latent period of approximately
10 years, while radiation-induced valvular disease mainly
influences the left ventricle (5). Valvular disease involves
valvular contraction and regurgitation, and symptoms of
the latter are more common and usually occur 10 years
post-radiation. In a study by Lund et 4/., the incidence of
left ventricular valve regurgitation in patients with HL
after radiotherapy was 6-40%, compared with 2% in
patients without radiotherapy (20). The pathological basis
of conduction system disorder is also fibrosis induced by
irradiation and manifests as ECG abnormalities, although
approximately 70% of patients return to normal ECG
readings without intervention. Other than acute pericarditis,
most RIHDs have a relatively long incubation period, and
the incidence increases with time.

The two major risk factors of RIHD include irradiation
dose and volume (6). According to a long-term follow-up
of 4,414 post-radiation breast cancer patients by Hooning
et al., the rate of RIHD was related to the mean dose to the
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heart during radiotherapy (21). Another study of RIHD in
breast cancer put forward a specific dosimetric relationship
between delivered dose and rate of cardiac mortality, which
increased by 3% for every additional 1 Gy of radiation
dose (4). Carmel er al. proved that the rate of pericarditis
induced by entire heart irradiation was decreased by
blocking the left ventricle and inferior pericardium
region (22). The results of these studies demonstrate the
importance of evaluating the displacement of the heart
and its substructures, which influences the irradiation dose
and volume. Factors including fraction dose, radiotherapy
techniques, chemotherapeutic agents (mainly anthracyclines
and trastuzumab), and patient risk factors such as age
are also related to RIHD. With the development of
radiotherapy technology, the cardiotoxicity of radiotherapy
has been significantly reduced. According to Lin ez al.,
compared with 3-dimensional conformal radiotherapy
(3D-CRT), intensity modulated radiation therapy (IMRT)
remarkably reduced cardiac mortality (72.6% vs. 52.9%,
P<0.001), but no significant difference in cancer-specific
mortality was seen between methods (P=0.86) (23).
However, the risk of cardiotoxicity has not been eliminated
by current techniques (24). Anthracyclines are commonly
used as chemotherapy schemes in the treatment of breast
cancer and HL patients, and the most common regimen
of concurrent radiochemotherapy for oesophageal cancer
is 5-FU and cisplatin, which have also been proven to be
slightly cardiotoxic (25,26).

It is necessary to accurately evaluate the displacement of
the heart and its substructures caused by periodic cardiac
activity and calculate the compensatory extension range
that could be directive in clinical practice when creating
a radiotherapy plan. Many studies have proven that
delineation of the pericardium, heart, LVM, and CA system
based on planning CT fails to show the real margin of the
substructures mentioned above during the cardiac cycle
(9-14), and a compensatory margin should be applied. Tong
et al. calculated the displacements of 1.2+0.9, 0.60.5, and
0.6+0.5 mm for the heart, 0.5+0.4, 0.4+0.3, and 0.8+0.6
mm for the pericardium, and 1.0+0.8, 4.1+2.8, and 1.9x1.2
mm for the LVM in the left-right, ventral-dorsal, and
caudal-cranial directions by 4D-CT (9), while Kataria ez
al. suggest radial and cranio-caudal margins of 7 mm and
4 mm, respectively, would cover the range of motions of
the coronary artery (CA) on CECT (11). Li ez 4l. found the
maximum compensatory margins in the LR, CC, and AP
directions for the CA bifurcations were 6, 6, and 5 mm (left)
and 6, 8, and 7 mm (right) on 4D-CT, respectively (10).
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Therefore, the volume-dose parameters used to evaluate the
dose to the heart might not truly reflect the dose received
during oesophageal radiotherapy and might not provide
accurate protection for the heart.

Based on our results, the displacement of the whole heart
and its substructures caused by cardiac activity was non-
negligible, ranging from 4 to 26.1 mm. The most significant
motion was in the LR direction for the LVM (26.1 mm),
and the amplitude of pericardium motion was slightly
less than the motion of the LVM, interatrial septum, and
interventricular septum. These reminded us that the dose-
volume parameters of heart substructures especially the
LVM should be limited separately to reduce the rate of
RIHD. For example, extending a certain margin as the
compensatory extension to represent the OAR and then
limiting the dose-volume parameters could be performed
in clinical practice. As position, volume, and morphology
change during the cardiac cycle, we then reconstructed the
fusion volume, which reflected the actual locations based
on 20 phases of 4D-MRI. Radiotherapy plans are still
mainly designed and evaluated by CT images, so we hoped
to provide guidance of compensatory extension range for
planning CT to cover all the motion scope of the heart
and its substructures. The fusion volume boundary of each
structure was larger than that contoured on the planning
CT, and the compensatory extension ranged from 0.9 to
6.6 mm. The volume differences between fusion volume
reconstructed by 4D-MRI and the planning CT of the
pericardium (743.39 vs. 726.62 mL) and heart (547.94 vs.
546.53 mL) were moderate, while for other structures, the
largest difference was as much as an eight-fold difference
seen in the ALPM and PMPM. These results were
consistent with the trend that the motion amplitude of
the left ventricular papillary muscles was similar to that
of other structures (P=0.423, 0.423, 0.406 respectively in
AP, LR, and CC axes), even though these muscles have a
much smaller volume. The largest compensatory distance
was for the left ventricular papillary muscle. There were
no significant differences among the motion amplitudes of
the involved substructures, but the compensatory extension
range were significantly different (P=0.044). Through
further analysis, disparities mainly existed between the
heart and ALPM (P=0.008), heart and PMPM (P=0.008),
LVM and ALPM (P=0.039), LVM and PMPM (P=0.038),
pericardium and ALPM (P=0.041), and pericardium and
PMPM (P=0.039). This may be because the left ventricular
papillary muscles are more active and that it is more difficult
to assess the potential exposure to these muscles with the
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dose-volume parameters based on planning CT.

Our research has the advantage of applying the breath-
hold ECG-gated 4D-MRI technique, as well as focusing on
substructures of the heart. However, the research was also
limited by the sample size, which led to a relatively large
deviation, a larger sample should be studied in the future to
make the results more convincing. As a result of a narrow
imaging range, the inferior margin of the pericardium
and the whole heart were not completely displayed on
4D-MRI, which made it impossible to measure their
motion amplitude, and their compensatory margins might
be smaller than those required. Further, directly adding the
extension measured through the boundary displacement
is imprecise and requires more accurate algorithms to
calculate the compensatory margins.

Conclusions

Cardiac periodic motion causes obvious margin
displacement of the heart and its substructures, making
it inappropriate to directly apply delineations from
planning CT to assess heart exposure during thoracic
radiotherapy, especially for patients with underlying heart
disease. According to the present research, a compensatory
extension range should be applied to the planning CT.
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