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Abstract
Background: Cardiac movement can affect the accuracy of the evaluation of the location of heart and its
substructures by planning computed tomography (CT). We aimed to measure the margin displacement and
calculate compensatory margins through breath-hold electrocardiograph (ECG)-gated 4-dimensional magnetic
resonance imaging (4D-MRI) for oesophageal radiotherapy.

Methods: The study enrolled 10 patients with oesophageal radiotherapy plans and pretreatment 4D-MRI data.
The displacement of the heart and its substructures was measured between the end of the systolic and diastolic
phases in one cardiac cycle. The compensatory margins were calculated by extending the planning CT to cover
the internal target volume (ITV) of all structures. Differences between groups were tested with the Kruskal-Wallis
H test.

Results: The extent of movement of the heart and its substructures during one cardiac cycle were approximately
4.0-26.1 mm in the anterior-posterior (AP),left-right (LR), and cranial-caudal (CC) axes, and the compensatory
margins should be applied to the planning CT by extending the margins by 1.7, 3.6, 1.8, 3.0, 2.1, and 2.9 mm for
the pericardium, 1.2, 2.5, 1.0, 2.8, 1.8, and 3.3 mm for the heart, 3.8, 3.4, 3.1, 2.8, 0.9, and 2.0 mm for the
interatrial septum, 3.3, 4.9, 2.0, 4.1, 1.1, and 2.9 mm for the interventricular septum, 2.2, 3.0, 1.1, 5.3, 1.8, and 2.4
mm for the left ventricular muscle (LVM), 5.9, 3.4, 2.1, 6.1, 5.4, and 3.6 mm for the antero-lateral papillary muscle
(ALPM), and 6.6, 2.9, 2.6, 6.6, 3.9, and 4.8 mm for the postero-medial papillary muscle (PMPM) in the anterior,
posterior, left, right, cranial, and caudal directions.

Conclusions: The locations of the heart and its substructures determined by planning CT were not able to
represent the true positions due to cardiac movement, and compensatory margins can be applied to decrease the
in�uence of movement.

1. Background
Radiotherapy has been considered an important treatment for thoracic tumours, but one of the disadvantages is
radiation damage to the surrounding organs, such as the heart[1]. The heart was once considered a relatively
radioresistant organ that was unlikely to be damaged when exposed to an irradiation dose of < 30 Gy, but the risk
increased with exposure to doses > 40 Gy[2]. However, recent research has suggested that damage occurs even
at moderate doses, and the rate of cardiac diseases increased after the atomic bomb imparted an average
irradiation dose of 0.5-2 Gy[3]. Nonetheless, the speci�c threshold dose below which the heart would receive no
damage is not yet known[4]. Irradiation damage to the heart frequently occurs during thoracic radiotherapy for
oesophageal cancer, lung cancer, Hodgkin’s disease, breast cancer, etc.[2, 5]. As the survival time of oesophageal
cancer patients has been prolonged after radiotherapy, radiation-induced heart disease (RIHD) has attracted
more attention because of its in�uence on survival. RIHD encompassed a series of effects on the heart, from
subclinical histopathological �ndings to clinical disease, including damage to the pericardium, myocardium,
valves, conduction system and coronary arteries. The exposed dose and volume were indicated to be major
RIHD-related factors[6]. Dose-volume parameters based on planning computed tomography (CT) scans are
currently considered the main method to predict RIHD.

In addition to respiratory movement[7, 8], the heart is especially in�uenced by periodic cardiac movement[9–11].
In some studies, it has been proven that assessments of the location of the heart and its substructures are
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affected by movement. Tong et al. have calculated the displacements of 1.2 ± 0.9, 0.6 ± 0.5, 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 1.9 ± 1.2 for the
left ventricular muscle (LVM) in the left-right, ventral-dorsal, and caudal-cranial directions by 4D-CT[9]. Tan et al.
measured the average displacements of cardiac substructures and coronary arteries to be 3–8 mm[12]. Another
study on displacements of the main coronary artery (CA) bifurcations measured that the movement of the
margin in the AP, LR, and CC directions ranged from 4.6 to 21.8mm[10]. According to these studies, planning CT
that displayed images of the heart instantly failed to represent the real morphology, volume and location of the
heart and its substructures, and volume-dose parameters based on planning CT were inaccurate due to these
displacements. Therefore, it is necessary to measure the displacement of the heart and its substructures
accurately before radiotherapy for oesophageal radiotherapy.

At present, studies on the movement of the heart and its substructures are mostly based on cone-beam CT
(CBCT), 4D-CT and other CT techniques; It is more challenging to delineate sophisticated substructures with
these methods than with magnetic resonance imaging (MRI)[6]. Nevertheless, the application of planning MRI is
limited due to the longer imaging time and �nancial burden. Thus, 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. The imaging process was combined with the breath-
hold technique to reduce interference from respiratory movement and image artefacts. This research aims to
provide more accurate heart protection and improve survival bene�ts for oesophageal cancer patients planning
to undergo radiotherapy.

2. Methods
2.1 Patients

This study enrolled 10 patients with oesophageal radiotherapy plans and pretreatment 4D-MRI data from
December 10th, 2018 to March 4th, 2020, including 1 female and 9 males aged from 59 to 77 years. All patients
underwent breath-hold electrocardiograph (ECG)-gated 4D-MRI scanning before radiation treatment and did not
have underlying heart disease. The study was approved by the Research Ethics Board of Shandong Cancer
Hospital, and informed consent was provided by all patients.
2.2 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. At the same time, ECG information was 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, and 20 phases (0%, 5%, 10%...95%) in all were considered.

2.3 Planning CT

Patients were scanned by a Philips CT simulator in the supine position and immobilized with their hands above
their heads holding the handles. Magni�cation 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
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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 veri�cation by
clinicians.

2.4 Delineation Principles

The heart and its substructures mentioned above included the pericardium, heart, interatrial septum,
interventricular septum, LVM, antero-lateral papillary muscle (ALPM) and postero-medial papillary muscle
(PMPM). The superior boundary of the pericardium started from the presence of the left superior pulmonary vein,
and the inferior boundary ended where the pericardium fused with the diaphragm; 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 de�ned as the left margin of
the right coronary anterior descending branch. The ALPM and PMPM were contoured separately. All images were
contoured by the same clinician and veri�ed by another clinician.

2.5 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 displacement of the heart and its substructures
was measured in the AP, LR, and CC axes between the end of the systolic and diastolic phases, which were
usually considered the 10%-35% and 75%-85% phases. The compensatory margin was calculated by extending
the margins of the heart and its substructures on the planning CT to overlap with the internal target volume (ITV)
generated from 4D-MRI. ITV was de�ned as the target volume considering target movement (e.g., respiratory
movement or cardiac movement).
2.6 Statistical Analysis

All data are presented as the mean ± standard deviation (mm). The differences between different groups were
tested with the Kruskal-Wallis H test. Differences were considered signi�cant at p < 0.05. Statistical analysis was
conducted with SPSS 23.0 software (SPSS Inc., Chicago, IL).

3. Results
3.1 Displacement of the heart 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) 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; 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 basically ranged from 4 mm to 20 mm, implying that the margin displacement in�uenced by
periodic cardiac movement was nonnegligible. Interestingly, although the size of the left ventricular papillary
muscles was smaller than that of the other structures, the motion amplitude showed no signi�cant differences
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among structures (P = 0.423, 0.423, 0.406 respectively in AP, LR, and CC axes). The movement of the pericardium
was signi�cantly 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 the ejection
of blood.
3.2 The Compensatory Margin For Planning Ct

From the images, the edge of the ITV of each structure was basically located outside that on the planning CT.
The mean ITV was larger than the planning CT volume (Table 2): 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. The compensatory margin would extend
the margin of the planning CT in six directions (anterior, posterior, left, right, cranial, and caudal) by the following
distances: pericardium: (1.7 ± 0.9), (3.6 ± 1.6), (1.8 ± 1.6), (3.0 ± 1.7), (2.1 ± 3.5), and(2.9 ± 2.7) mm; 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) mm; interatrial septum: (3.8 ± 2.6), (3.4 ± 2.9),
(3.1 ± 1.7), (2.8 ± 1.6), (0.9 ± 1.8), and (2.0 ± 3.9) mm; 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) mm; LVM: (2.2 ± 1.6), (3.0 ± 1.6), (1.1 ± 0.8), (5.3 ± 2.0), (1.8 ± 2.4), and(2.4 ± 
3.5) mm; ALPM: (5.9 ± 3.5), (3.4 ± 2.5), (2.1 ± 1.5), (6.1 ± 2.4), (5.4 ± 4.2), and (3.6 ± 3.2) mm; 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) mm, respectively (Table 3). The extent of the
compensatory margin was obviously smaller than the displacement, ranging from approximately 1 to 6 mm. The
compensatory margins for the ALPM (mean value = 4.42 mm) and PMPM (mean value = 4.57 mm) were larger
than those for the pericardium (mean value = 2.52 mm),heart(mean value = 2.10 mm) and LVM (mean value = 
2.63 mm), with P < 0.05; this re�ects the heterogeneity in the motion of the heart and its structures and reminds
us that for patients with pretreatment left ventricular valve disfunction, the ALPM and PMPM should be
separately contoured as organs at risk (OARs). Except for that for the ALPM, the compensatory extent for the
other structures were larger in the caudal direction than in the cranial direction. Except for that for the interatrial
septum, the extent of the compensatory margin was almost 2- to 5-fold higher in the right direction than in the
left direction. According to the data, the planning CT cannot represent the true location and volume of the heart,
and a compensatory margin should be applied on planning CT to assess volume-dose parameters.

Table 1
Displacement of the heart and substructures (mm, mean ± standard deviation, range)

Structures Pericardium Heart Interatrial
septum

Interventricular
septum

LVM ALPM PMPM

AP 9.9 ± 
3.7(4.8–
15.5)

19.5 ± 
4.4(13.7–
27.9)

18.4 ± 
6.9(10.4–
29.0)

20.4 ± 
7.6(12.2–
32.3)

17.6 ± 
5.9(11.3–
32.2)

17.3 ± 
4.2(12.4–
25.3)

19.7 ± 
7.5(12.0-
35.8)

LR 15.9 ± 
6.7(5.7–
29.0)

20.9 ± 
5.5(12.0–
28.0)

16.4 ± 
6.5(5.9–
27.9)

16.1 ± 
5.2(10.7–
27.4)

26.1 ± 
5.8(19.1–
35.1)

14.3 ± 
6.9(6.3–
25.5)

9.8 ± 
5.7(2.3–
22.2)

CC - - 4.0 ± 
3.2(0.0–
10.0)

4.5 ± 5.0(0.0–
15.0)

4.0 ± 
5.2(0.0–
15.0)

5.0 ± 
6.2(0.0–
20.0)

8.0 ± 
7.5(0.0–
25.0)

Abbreviations: AP = anterior-posterior, LR = left-right, CC = cranial-caudal, LVM = left ventricular muscle, ALPM 
= antero-lateral papillary muscle, PMPM = postero-medial papillary muscle.
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Movement of the pericardium and heart in the CC direction was not observable due to the imaging range of 4D-
MRI.

 

Table 2
The mean ITV and planning CT volumes of the heart and its substructures (ml)

Structures Pericardium Heart Interatrial
septum

Interventricular
septum

LVM ALPM PMPM

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

Abbreviations: LVM = left ventricular muscle, ALPM = antero-lateral papillary muscle, PMPM = postero-medial
papillary muscle, ITV = internal target volume.

 
Table 3

Compensatory margin extensions in order to overlap with the ITV (mm, mean ± standard deviation, range)
Structures Pericardium Heart Interatrial

septum
Interventricular
septum

LVM ALPM PMPM

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)

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)

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)

2.0 ± 1.9(1.0–
7.0)

1.1 ± 
0.8(0.0–
2.0)

2.1 ± 
1.5(0.0–
5.0)

2.6 ± 
2.5(0.0–
7.0)

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)

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)

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)

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)

Caudal 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)

Abbreviations: LVM = left ventricular muscle, ALPM = antero-lateral papillary muscle, PMPM = postero-medial
papillary muscle. The data above are shown in millimetres (mm).

 

4. Discussion
Radiotherapy has led to survival bene�ts for thoracic cancers, such as breast cancer, Hodgkin's lymphoma (HL),
oesophageal cancer and lung cancer. However, because of the longer survival period, the risk of RIHD has
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increased. A study involving 1474 HL patients reported that the RR in post-radiation patients ranged from 3 to 5,
and 66–80% of patients suffered from RIHD induced by mediastinal radiation[13]. Cardiac-induced mortality was
the leading cause of non-cancer-induced death in both HL and breast cancer after radiotherapy[13]. Relatively
fewer studies have focused on RIHD of oesophageal cancer than on HL and breast cancer because the survival
period of oesophageal 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 dose might reach or exceed 50
Gy[14]. Beukema et al. collected articles published from 1970–2013 related to cardiotoxicity after oesophageal
cancer radiotherapy and found that the rate of RHID was approximately 10.8% (5–44%) [15]. Ogino et al.
conducted a retrospective study with a median follow-up period of 79 months (range from 48–127 months), and
343 oesophageal cancer patients who received concurrent radiotherapy or radiotherapy alone with long-term
survival (more than 4 years) were included. The end point of the study was symptomatic heart disease, with a
�ve-year incidence of 13.8%[16].

The clinical spectra of heart diseases caused by radiotherapy include pericardial disease, myocarditis, valvular
disease, coronary artery disease (CAD) and conduction abnormalities. Pericardium effusion and pericarditis are
the most common RIHDs. Pericardium effusion is usually asymptomatic. Acute pericarditis mostly occurs during
or after radiotherapy, while delayed chronic pericarditis usually occurs 1 year after treatment[17]. The main
mechanism of myocardial damage was �brosis, which might lead to congestive insu�ciency. Most chronic heart
failure occurred decades after treatment[1]. CAD is rare in RIHD but is fatal, with a latent period of approximately
10 years. Radiation-induced valvular disease mainly in�uences the left ventricle[5]. Valvular disease involves
valvular contraction and regurgitation. Regurgitation symptoms are more common and usually occur 10 years
post-radiation. In a study by Lund et al., the incidence of left ventricular valve regurgitation in patients with HL
after radiotherapy was 6–40%, compared with 2% in patients without radiotherapy[18]. The pathological basis of
conduction system disorder was also �brosis induced by irradiation. The manifestation of conduction system
disorder is ECG abnormalities, and approximately 70% of patients returned 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
4414 post-radiation breast cancer patients by Honning et al., the rate of RIHD was related to the mean dose to
the heart during radiotherapy[19]. Another study of RIHD in breast cancer put forward a speci�c dosimetric
relationship between delivered dose and rate of cardiac mortality, which increased by 3% for every additional
1 Gy of radiation dose[4]. Carmel et al. proved that the rate of pericarditis induced by entire heart irradiation was
able to be decreased by blocking the left ventricle and inferior pericardium region[20]. All of this research implies
the importance of evaluating the displacement of the heart and its substructures, which would in�uence the
irradiation dose and volume. Apart from these, factors such as fraction dose, radiotherapy techniques,
chemotherapeutic agents (mainly anthracyclines and trastuzumab), and patient risk factors such as age have
also been proven to be related to RIHD. With the development of radiotherapy technology, the cardiotoxicity of
radiotherapy has been signi�cantly reduced. According to Lin SH et 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 cancer-speci�c mortality showed no signi�cant difference between methods (P 
= 0.86)[21]. However, the risk of cardiotoxicity has not been eliminated by techniques at present[22].



Page 8/12

Anthracyclines are commonly used as chemotherapy schemes in the treatment of breast cancer and HL patients.
The most frequent regimen of concurrent radiochemotherapy for oesophageal cancer is 5-FU and cisplatin,
which have also been proven to be slightly cardiotoxic[23, 24].

Thus, it is necessary to accurately evaluate the displacement of the heart and its substructures caused by
periodic cardiac activity and calculate the compensatory margin that could be applied 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[9–12], and a compensatory margin for planning CT should be applied. One study based on CBCT
recommended compensatory margins of 11 (left), 6 (right), 3 (cranial), 4 (caudal), 7 (anterior), and 5 (posterior)
mm for the heart. Kataria et al. measured that radial and cranio-caudal margins of 7 mm and 4 mm, respectively,
would cover the range of motions of the CA on CECT [11]. Li et al. found that 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]. Therefore, the volume-dose parameters used to evaluate the dose to the heart
might not truly re�ect the dose received during oesophageal radiotherapy and could not provide accurate
protection for the heart. Studies on heart motion at present mostly focus on the entire heart and CA system
based on CT, but the ability to distinguish sophisticated structures has been challenged. Considering that MRI
has the advantage of discriminating muscular structures, we aimed to conduct research on the displacement of
the pericardium, heart, interatrial septum, interventricular septum, LVM, ALPM and PMPM with 4D-MRI. With the
application of the breath-hold technique, the in�uence of respiratory movement was offset.

Based on our results, the displacement of the whole heart and its substructures caused by cardiac activity was
non-negligible, ranging from 4 mm to 26.1 mm. The most signi�cant motion was in the LR direction for the LVM
(26.1 mm). The amplitude of pericardium motion was slightly milder than the motion of the LVM, interatrial
septum and interventricular septum. Considering that position, volume and morphology changed during the
cardiac cycle, we then reconstructed the ITV, which re�ected the actual locations based on 20 phases of 4D-MRI.
Radiotherapy plans are still mainly designed and evaluated with CT images, so we hoped to provide speci�c
compensatory margins for planning CT to make the recommendations more realistic. Because of the periodic
cardiac movement, the ITV that re�ected the extent of motion could be larger than the volume contoured on the
planning CT for every structure mentioned above theoretically. Consistent with the hypothesis, the ITV boundary
of each structure was larger than that contoured on the planning CT, and the compensatory margins ranged from
0.9 mm to 6.6 mm. The volume differences of the pericardium (743.39 ml vs. 726.62 ml) and heart (547.94 ml
vs. 546.53 ml) were moderate, while for other structures, the largest difference could as high as an eight-fold
difference. The largest differences between the ITV and planning CT volume were for the ALPM and PMPM. This
was 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 signi�cant differences among the motion amplitudes of the involved substructures, but the
compensatory distances were signi�cantly 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). It could be
prompted that the left ventricular papillary muscles were more active and that it was more di�cult to assess the
potential exposure to these muscles with the dose-volume parameters based on planning CT. Part of the reason



Page 9/12

might be the low resolution of the papillary muscles on CT images, suggesting that the boundary of the papillary
muscles contoured on the planning CT might be smaller than the real volume. In conclusion, according to our
study, it is necessary to evaluate cardiac radiation exposure by applying compensatory margins on planning CT
for a high-risk population who might have symptomatic cardiac damage during thoracic radiation.

Our research had 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. As a result of a narrow imaging range, the inferior margin of the pericardium and the whole heart
were not completely displayed on 4D-MR, which made it impossible to measure the motion amplitude of the
pericardium and heart, and their compensatory margins might be smaller than those actually needed. The
standard compensatory margins of the heart and its substructures require veri�cation in more clinical trials. This
research concentrated on displacement of the heart and its substructures and compensatory margins only, and
future research of dose-volume parameters during oesophageal radiotherapy based on 4D-MRI should be
conducted.

5. Conclusion
In summary, because of cardiac cycle motion, the margin displacement of the heart and its substructures were
quite obvious, making it inappropriate to apply the delineations from planning CT to assess heart exposure in
during oesophageal radiotherapy, especially for patients with underlying heart disease. According to the present
research, compensatory margins should be applied to the planning CT by extending the margins in the anterior,
posterior, left, right, cranial, and caudal directions, speci�cally by 1.7, 3.6, 1.8, 3.0, 2.1, and 2.9 mm for the
pericardium, 1.2, 2.5, 1.0, 2.8, 1.8, and 3.3 mm for the heart, 3.8, 3.4, 3.1, 2.8, 0.9, and 2.0 mm for the interatrial
septum, 3.3, 4.9, 2.0, 4.1, 1.1, and 2.9 mm for the interventricular septum, 2.2, 3.0, 1.1, 5.3, 1.8, and 2.4 mm for the
LVM, 5.9, 3.4, 2.1, 6.1, 5.4, and 3.6 mm for the ALPM and 6.6, 2.9, 2.6, 6.6, 3.9, and 4.8 mm for the PMPM.
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