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Abstract

Background: The deformable image registration (DIR) technique has the potential to realize the dose accumulation
during radiotherapy. This study will analyze the feasibility of evaluating dose-volume parameters for the heart and
left ventricular myocardium (LVM) by applying DIR.

Methods: The electrocardiograph-gated four-dimensional CT (ECG-gated 4DCT) data of 21 patients were analyzed
retrospectively. The heart and LVM were contoured on 20 phases of 4DCT (0%, 5%,...,95%). The heart and LVM in
the minimum volume/dice similarity coefficient (DSC) phase (Volume ;n/DSC ) were deformed to the maximum
volume/DSC phase (Volume 4/ DSC a0, Which used the intensity-based free-form DIR algorithm of MIM
software. The dose was deformed according to the deformation vector. The variations in volume, mean dose
(Dimean) Voo, Vag and Vyq for the heart and LVM before and after DIR were compared, and the reference phase was
the Volume 12/DSC ax Phase.

Results: For the heart, the difference between the pre- and post-registration Volume i, and Volume ., were
reduced from 13.87 to 1.72%; the DSC was increased from 0.899 to 0.950 between the pre- and post-registration
DSC \nin Phase relative to the DSC .« phase. The post-registration Dneans Voo, V3o and Vg of the heart were
statistically significant compared to those in the Volume 1,2/DSC max phase (p < 0.05). For the LVM, the difference
between the pre- and post-registration Volume ., and Volume . were only reduced from 18.77 to 17.38%; the
DSC reached only 0.733 in the post-registration DSC in phase relative to the DSC . phase. The pre- and post-
registration volume, Dean, Voo, V30 and Vo of the LVM were all statistically significant compared to those in the
Volume 1a/DSC max phase (p < 0.05).

Conclusions: There was no significant relationship between the variation in dose-volume parameters and the
variation in the volume and morphology for the heart; however, the inconsistency of the variation in the volume
and morphology for the LVM was a major factor that led to uncertainty in the dose-volume evaluation. In addition,
the individualized local deformation registration technology should be applied in dose accumulation for the heart
and LVM.
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Background

Radiotherapy plays an important role in the treatment of
thoracic tumors [1-3]. However, radiation-induced heart
disease (RIHD) is a complication of radiotherapy [4-7].
Accurate evaluation of the cardiac dose can prevent the oc-
currence of RIHD. Kataria et al. found that cardiac activity
led to a difference between the cardiac evaluation dose and
cardiac actual dose, resulting in insufficient protection of
the heart [8]. However, the use of electrocardiograph-gated
four-dimensional CT (ECG-gated 4DCT) can provide a
possibility for accurate calculation of the cardiac dose [9].

ECG-gated 4DCT combines the volume scan with
the cardiac electrophysiological information, and the
multi-sequence dynamic CT images showing the car-
diac movements can be obtained by segmentation,
which can capture the cardiac movements during the
cardiac cycle [10-12]. In theory, the more phases of
4DCT images that are available can increase the sensi-
tivity of the detection of cardiac activity and the accur-
acy of evaluation of the cardiac dose obtained by
contouring the organs at risk (OAR) in all phases of
4DCT images and accumulating the doses in each phase.
This approach may calculate the evaluation dose close to
the actual dose; however, one previous study reported that
this could be time-consuming [13].

The technique of deformable image registration (DIR)
could be used to solve the above problems and realize
the actual dose calculation of the heart. The DIR tech-
nique achieves point-to-point fusion of the target images
and source images by looking for a space transform
method [14]. Balik et al. indicated that the effect of DIR
was better than that of rigid registration, and the dice
similarity coefficient (DSC) could be up to 18.2% in
comparison with that of the rigid registration [15].

However, the precondition of the actual dose accumu-
lation calculation of the heart using the DIR technique is
that the effect of the deformation is ideal. Therefore, in
this study, the variation of dosimetry parameters (such
as Dyyeans Voo, V3o and Vo) for the heart and the left
ventricular myocardium (LVM), before and after deform-
ation, was analyzed to explore the effect of deformation.

Methods

Patient selection

The ECG-gated 4DCT data of 21 patients based on
breath-hold were analyzed retrospectively in this study,
which were from March 2015 to November 2016. Of
these patients, 11 patients were male, and 10 patients
were female, with an age range of 35 to 67 years and a
median age of 58 years old. All tumors that were evalu-
ated in present study were esophageal tumors. In
addition, this study was approved by the Research Ethics
Board of the Shandong Cancer Hospital, and informed
consent was obtained from all patients.
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Acquisition of 4DCT

All patients’ 4DCT images were acquired with a Siemens
dual-source CT (Siemens SOMATOM Definition, DER).
In addition, the images were then rebuilt via a 5%
cardiac cycle; the 20 cardiac cycle images were rebuilt
(0%, 5%, 10%------ 95%) in this study, and all images were
rebuilt at 0.75-mm slice thickness with an increment of
0.5 mm. The image resolution was 512 x 512, and the
voxel size was 0.69 mm x 0.69 mm x 0.5 mm.

Delineation of the heart and LVM

The 4DCT images were imported in MIM Maestro 6.6.9
(MIM) (MIM Software Inc., America) workstation to
contour the heart and LVM. In this study, the upper
bound of the heart was the top of the left atrium, and
the lower bound was the apex cordis; the upper bound
of the LVM was the top of the left ventricle, and the
lower bound was the apex cordis. The interventricular
septum was not included, and the boundary between the
LVM and interventricular septum was the left anterior
descending coronary arteries. The window width/ win-
dow level was (400/40) HU (Fig. 1), and all delineations
were performed by the same physician.

Design plans

The radiotherapy plans were designed on the 0% phase
images. The prescribed dose of the planning target volume
(PTV) was 60 Gy for all plans. The dose distribution met
the requirement that 95% of the PTV received the pre-
scribed dose, and the constraints of the OAR were as
follows: total lung Vs, < 30%, V3¢ < 20%, maximum dose
to the spinal cord < 45 Gy, the heart V3 < 40%, V4 < 30%.

Deformable image registration

Most registration approaches can be classified as
geometry-based or intensity-based. Geometry-based
metrics make use of features extracted from the
image data (anatomic/artificial landmarks or organ bound-
aries), while intensity-based metrics use the image voxel
data directly [16]. All mathematical formulations of these
similarity metrics are listed in Table 1 [16]. The commonly
used transformation models mainly include the following
[16]: (1) Rigid transformation: Allows for translation in 3
directions and rotations about 3 axes. (2) Affine trans-
formation: Except for the translation/rotation, allows
uniform scaling and sheer. (3) Free-form transform-
ation: It is a local, voxel-based deformation, often regu-
larized by a smoothing parameter, and this approach
allows translation in 3 N dimensionality, where N is the
number of voxels in an image. (4) Global Spline-based
method transformation: Parameterizes deformation
using a parametric grid of basis function control points
with constrained global influence; the deformation is
global, which allows translation in 3 N dimensionality.
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Fig. 1 Delineation of the heart and left ventricular myocardium (LVM). a Delineation of the heart and LVM in transverse section. b Delineation of
the heart and LVM in sagittal section. ¢ Delineation of the heart and LVM in coronal section. Heart delineation is shown in yellow, and LVM
delineation is shown in blue

(5) Local spline-based method transformation: Parameter-
izes deformation using a weighted grid of control points
of basis functions with local influence; the deformation is
local, allowing translation in 3 N dimensionality. (6) Vis-
cous/elastic/optical flow and finite element methods
transformation: The physical transformation models, and
the deformation is local, allowing translation in 3 N di-
mensionality. The DIR algorithm of this study was an
intensity-based free-form DIR algorithm that was pro-
vided with the MIM software.

Table 1 Mathematical formulations of similarity metrics

To evaluate the effect of the DIR, the minimum and
maximum volume phases (Volume ;,/Volume ,,,,) of
the heart and the LVM, the minimum and maximum
DSC phases (DSC ,in/DSC ax) Of the heart and LVM
were selected in this study, in other words, the heart and
LVM in the minimum and maximum volume phase, the
heart and LVM in the minimum and maximum DSC
value phase were respectively selected. First, the heart
and LVM in the Volume ,;, phase were deformed to the
Volume ., phase, obtaining the volumetric deformable

Category Equation

Description

Geometry or Feature- Point matching

based Metrics

Surface matching

Sum of Squared
Differences (SSD)

Intensity-based Metrics

Correlation Coefficient (CC) CC=

R= 3 (ps—ps)’/N

R= Y dist(py’, Sg)°/N

SSD = ¥ (ly—1s)*/N

The registration metric R is
defined as the sum of the
squared distances between
corresponding points p, and pg,
where N is the total number of
points [16].

The dist (py, Sg) computes the
(minimum) distance between
point py and the surfaces

Sg N is the number of points
in Study A [16].

The SSD metric is defined as
the average squared intensity
(ly and Ig) difference between
Study A and Study B, where N
is the number of evaluated
voxels [16].

CC measures the similarity in

Mutual Information (M)

\/27<A(7)—E 227(1(3(7))—5) the image signal, which assumes

a linear relationship between
voxel intensities in two images [16].

MI has proven very effective

for registering image data from
different modalities, where p (Ia)
and p (Ig) are the probability
distribution functions of the
intensities | and lg, respectively,
and p(ly, Ig) is the joint probability
distribution function [16].
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Fig. 2 The variation in volume and dice similarity coefficient (DSC) for the heart
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heart and LVM (Volume geformation). Then, the relevant
dose was deformed according to the deformation vector.
Second, the heart and LVM in DSC ,,;, phases (refer to
the 0% phase) were deformed to the DSC ., phases,
obtaining the morphological deformable heart and LVM
(DSC  geformation), and the relevant dose was deformed
according to the deformation vector.

Data analysis

In present study, manual calculation and automatic calcula-
tion with the above two methods were compared. For two
extreme volumetric phases, the variation in the Volume ;,,
and Volume geformation relative to the Volume ., were
compared for the heart and LVM, and the Volume ,,,, was
used as a reference. Then, the relevant difference in
dose-volume parameters was analyzed. For two extreme
morphological phases, the variation in DSC ,,;; and DSC
deformation Phases relative to the DSC ., phase were com-
pared for the heart and LVM; the DSC ., phase was used
as a reference phase, and then the relevant difference in
dose-volume parameters was analyzed. The DSC of the
heart and LVM in different phases in reference to the 0%
2|AnB|
[A+[B]”
where A represents the volume in the 0% phase, and B
represents the volume in the other phases (5—-95%), which
were used to describe the morphology of cardiac struc-
tures. The dose-volume parameters mainly included

Dimeans Va0, V3o and V.

phase were calculated by using the formula DSC =

Statistical analyses

All data were analyzed using SPSS v19.0 software (SPSS
Inc.,, Chicago, IL). All data were described by the mean +
standard deviation (X £s ). For comparisons of data
between two groups, the Wilcoxon signed-rank test was
used in this study. The differences were considered statis-
tically significant when p < 0.05.

Results
The deformation results in different phases of the heart
using the DIR technique
As shown in Fig. 2, the variation in volume and morph-
ology of the heart presented good consistency in the cardiac
cycle. The heart in the Volume ,;, phase was deformed to
the Volume ., phase, and the difference between the pre-
and post-registration Volume ,;, and Volume ., were
reduced from (13.87 +2.84)% to (1.72+1.45)% for the
heart. There was statistical significance between the Vol-
ume i, and Volume . (p < 0.05); however, there was no
statistical significance between the Volume geformation and
Volume ., for the heart (p> 0.05). The dose-volume
parameters such as Dyean, Voo, Vap and Vg of the heart
were not significantly different between the Volume .,
phase and Volume ,,,, phase (p>0.05), and these were
significantly different between the Volume geformation Phase
and the Volume ,,,,, phase (p < 0.05) (Table 2).

The heart in DSC ;;, phases (refer to the 0% phase)
were deformed to the DSC ., phases, the DSC in the
DSC geformation Phase were increased from 0.899 + 0.014

Table 2 Comparison of parameters in the Volume i, Volume 2 and Volume geformation Phases for the heart

Volume min Volume rmax Volume geformation  VOIUME 1ax- Volume ax- P (Volume nax P (Volume ax Vs
Volume min Volume geformation Vs Volume i) Volume geformation)
Volume (cm®) 49663 + 100.73  577.15 + 11928 57624 + 114.15 80.51 £ 2532 999 + 7.88 0.000 0.986
Dimean 2299 £ 270 2289 £ 242 2236 £ 246 041 £ 035 053 +£034 0487 0.000
V5o 5131 £6.89 5155+ 585 5034 £ 6.08 130 £ 091 126 £0.77 0476 0.000
V3 4582 + 671 4601 + 567 44.78 + 591 1.26 + 092 1.28 +0.78 0.498 0.000
Va0 1283 £ 6.21 12.72 £ 640 1201 £ 6.03 0.75 £ 0.59 0.76 £ 0.70 0476 0.001
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Table 3 Comparison of parameters in the DSC 1in, DSC ax @and DSC geformation Phases for the heart
DSCrin DSCrnax DSCyeformation DSCiax-DSCinin DSCrax-DSCyeformation P (DSC 1hax Vs DSC min) P (DSC (1ax VS

DSC geformation)

Drean 2299 + 270 2276 + 243 2231 + 249 045 + 039 051 £+ 0.31 0.079 0.001

Vo 5123 £ 684 51.26 £ 5.86 50.21 £ 6.20 126 £ 092 1.14 £ 0.68 0.986 0.000

V39 4574 + 6.66 4571 + 569 4465 + 6.04 122 £ 094 113 £071 0.958 0.000

Va0 1293 + 6.24 1251 + 6.34 11.84 £ 6.07 081 + 053 0.71 £ 0.56 0.050 0.000

to 0.950 £0.009 compared to those in the DSC .,
phase, which all refer to the DSC .« phase. In addition,
the dose-volume parameters such as Dyean, Voo, Vao and
V4o of the heart were not significantly different between
the DSC i, phase and the DSC .. phase (p>0.05);
however, these were statistically significant between the
DSC geformation Phase and the DSC ..« phase (p <0.05)
(Table 3).

The deformation results in different phases of the LVM
using the DIR technique

As shown in Fig. 3, the variations in volume and morph-
ology of the LVM were not consistent in the cardiac
cycle. The LVM in the Volume ,;, phase was deformed
to the Volume ., phase; the difference between the
pre- and post-registration Volume ., and Volume .
was reduced from (18.77 + 6.64)% to (17.38 +7.89)% for
the LVM; there were all significantly different between
the Volume ,;,/Volume geformation and the Volume .«
(p <0.05). The dose-volume parameters such as Dj,can,
Va0, V30 and Vg of the LVM were statistically significant
between the Volume ,;,/Volume geformation phase and
the Volume ,,,,« phase (p < 0.05) (Table 4).

The LVM in the DSC ;, phases (refer to 0% phase)
was deformed to that in the DSC ., phases; the DSC in
the DSC geformation Phase were increased from 0.389 +
0.098 to 0.773 + 0.052 compared to those in the DSC .,
phase, which all refer to the DSC ,,,, phase. In addition,
the dose-volume parameters such as Dycan, Voo, Vao and

V4o of the LVM were all significantly different between
the DSC ,in/DSC  geformation phase and the DSC .
phase (p < 0.05) (Table 5).

Discussion

This study analyzed the variation of dosimetry parame-
ters for the heart and the LVM in different phases before
and after deformation by applying the DIR algorithm
from MIM software. In addition, recommendations were
given when performing dose accumulation for the heart
and LVM by applying the DIR technique.

The emergence of the DIR technique has laid the foun-
dation for a reduction in contouring time and the
realization of dose accumulation. Wang et al. found that
the DIR algorithm could be an effective method to trans-
fer regions of interest (ROIs) in the planned CT to subse-
quent CT images with altered anatomical structures [17].
Dam et al. indicated that the internal target volume (ITV),
which was automatically contoured with the DIR, was
more accurate and could reduce the difference between
physicians in non-small cell lung cancer radiotherapy [13].
Based on these findings, we believe that the DIR technique
has the potential to realize the actual dose calculation in
the cardiac cycle. However, the underlying premise is that
the effect of the DIR is sufficient; therefore, this study ana-
lyzed the deformation results of the DIR technique in the
heart and LVM based on ECG-gated 4DCT data obtained
in the breath-hold condition.

The variation rules of volume for left ventricular
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Fig. 3 The variation in volume and dice similarity coefficient (DSC) for the left ventricular myocardium (LVM)
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Table 4 Comparison of parameters in the Volume i, Volume 2 and Volume geformation Phases for the left ventricular myocardium

Volume min Volume max  Volume geformation Volume s, -Volumein — Volume o P (Volume ax Vs P (Volume oy VS
Volume geformation  Volume min) Volume geformation)
Volume (cm?) 6591 + 1491 81,69 + 1941 6736 + 1701 1578 + 7.84 1433 + 747 0.000 0.000
Dimean 9.88 £ 3.63 7.36 + 4.28 835 +3.88 276 £ 1.64 133 £095 0.000 0.003
Voo 19.08 + 9.23 1220+ 11.17 1462 £ 10.06 7.34 + 4.80 3.36 + 2.50 0.000 0.006
V3o 1435+ 818 833 +949 1049 + 831 6.58 + 4.69 314 +248 0.000 0.010
Va0 289 £ 3.10 130 £ 2.81 207 £293 220 £ 206 135+ 141 0.005 0.061

As commercial software for clinical applications, MIM
has been proven to have a high-accuracy DIR algorithm,
which based on an intensity-based free-form algorithm
[18]. Because the two phases with the largest volume dif-
ference are not necessarily the ones with the largest
morphological difference, we decided to perform the
DIR in two groups. To evaluate the effect of the DIR in
extreme volumetric and morphological variations, this
study deformed the heart and LVM in the Volume .,
/DSC in phase to the Volume . /DSC .« phase. Our
results showed that in these two kinds of deformations,
the volume and DSC of the heart were significantly im-
proved after the DIR. However, the dose-volume param-
eters were all significantly different after deformation
compared to those in the Volume ,,,/DSC ... phase,
which indicates that the dose-volume parameters after
the deformation not only did not closer to those in the
target phases but also had a wider gap with those in the
target phases. This result indicated that there was no
significant relationship between the cardiac dose vari-
ation and the cardiac volumetric and morphological
variation, mainly because cardiac volumetric and mor-
phological variation leads to location variation between
the heart and the dose line. In addition, we found that
there was a problem of excessive deformation in the
apex cordis and at the top of the heart, which indicates
that the local individualized DIR must be considered. All
dose-volume parameters were not showed statistically
significant differences before deformation, indicating
that there was a smaller impact of cardiac activity on the
cardiac dosimetric evaluation.

For the LVM, the volumetric variation was inconsist-
ent with the morphological variation, and the volume
and DSC of the LVM were insignificantly improved after
the DIR. These results showed that compared with the

LVM in the DSC .. phase, the DSC of the LVM in the
DSC geformation Phase was 0.773, which according to the
recently published recommendations of Task Group 132
is marginally outside the acceptable range [16]. More-
over, the dose-volume parameters of the LVM also
showed less improvement when using the DIR of this
study, which were all statistically significant before and
after deformation compared to those in the Volume .,/
DSC ax phase. Thus, the DIR algorithm used in this
study may not be ideal for the effect of the LVM, which
might be related to the irregular geometry of the LVM.
These findings indicate that, in terms of the DIR algo-
rithm used in this study, as a result of the morphology
of the LVM exhibiting irregularity and the significant
morphological variation in the cardiac cycle, some diffi-
culties may be encountered for accurate contouring, ac-
curate calculation of the dose and the implementation of
dose accumulation for the LVM. Although the deform-
ation effect is related to the DIR algorithm, the result of
this study still reminded us that the dose evaluation of
the LVM need to be careful in applicating the DIR tech-
nology, and it is necessary for clinical practice to analyze
the deformation precision of the LVM separately. In
addition, the uncertainty of the evaluation in the LVM
dose is more complex because of the inconsistency be-
tween the volumetric variation and the morphological
variation; this inconsistency indicates that the DIR algo-
rithm must be designed with multidimensional parame-
ters, and the accuracy and efficiency are not high in the
pure intensity-based DIR algorithm. Moreover, the vari-
ation of the LVM was more remarkable than in the
heart, suggesting that individualized dose evaluations
and limitations should be considered.

In this study, we innovatively analyzed the feasibility of
applying the DIR technique to assess the dose of the

Table 5 Comparison of parameters in the DSC 1in, DSC ax @and DSC geformation Phases for the left ventricular myocardium

DSCm‘m DSCmax DSCdeformation DSCmax’DSCm‘m DSCmax’DSCdeformation P (DSC max VS DSC mm) P (DSC max VS
DsC deformat'\on)
Drean 6.80 + 4.06 11.12 + 439 8.30 + 3.68 445 + 268 295+ 253 0.000 0.000
Voo 10.59 £ 10.11 21.24 £ 901 1538 + 943 10.99 + 471 6.21 £ 3.15 0.000 0.000
V3o 6.82 + 827 16.27 + 817 10.95 + 8.01 9.86 £ 491 574 + 323 0.000 0.000
Vao 1.09 + 2.82 351 +362 147 + 270 275+ 256 226 £ 240 0.000 0.001




Tong et al. Radiation Oncology (2018) 13:145

heart and the LVM, our results lay a foundation for the
realization of actual dose accumulation for the cardiac
structure in the cardiac cycle. In the future, our research
group will further study parameters that could be added
to the DIR algorithm to improve the accuracy of dose
deformable registration, in addition, the clinical applica-
tion of the DIR technique in improving the accuracy of
the cardiac dose calculation during the cardiac cycle
compared with traditional static three-dimensional CT
(3DCT) will also be considered in the next step.

Conclusions

There was no significant relationship between the variation
in dose-volume parameters and the variation in the volume
and morphology for the heart, moreover, because of the
presence of excessive deformation, the local individualized
registration should be considered in cardiac DIR. However,
the inconsistency of the volumetric variation and the mor-
phological variation for the LVM may be major factors
leading to uncertainty in dose-volume evaluation, this in-
consistency indicates that the local DIR algorithm with
multidimensional parameters must be designed.
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