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Abstract

Objectives To compare the target volume of tumor bed defined by postoperative computed tomography (post-CT) in prone
position registered with or without preoperative magnetic resonance imaging (pre-MRI).

Methods A total of 22 patients were included with early-stage breast invasive ductal cancer, who have undergone breast-
conservative surgery and received the pre-MRI and post-CT in prone position. The MRI sequences (T1W, T2W, T2W-
SPAIR, DWI, dyn-eTHRIVE, sdyn-eTHRIVE) were delineated and manually registered to CT, respectively. The clinical target
volumes (CTVs) and planning target volumes (PTVs) were contoured on CT and different MRI sequences, respectively.
Differences were measured in terms of consistence index (CI), dice coefficient (DC), geographical miss index (GMI), and normal
tissue index (NTI).

Results The differences of delineation volumes among CT and MRIs were significant, both in the CTVs (p = 0.035) and PTVs
(p <0.001). The values of CI and DC for sdyn-eTHRIVE registration to CT were the largest among all MRI sequences, but GMI
and NTI were the smallest. No obvious linear correlation (p > 0.05) between the CI derived from the registration of CT and sdyn-
eTHRIVE of CTV with the breast volume, the cavity visualization score (CVS) of CT, time interval from surgery to CT
simulation, the maximum diameter of the intraoperative mass, and the number of titanium clips, respectively.

Conclusions The CTVs and PTVs in MRI sequences were all smaller than those in CT. The pre-MRI, especially the sdyn-
e¢THRIVE, could be used to optimize the post-CT-based target delineation of breast cancer.

Key Points

* Registered pre-MRI to post-CT in order to improve the accuracy of target volume delineation of breast cancer.

e The CTVs and PTVs in MRI sequences were all smaller than those in CT.

* The sdyn-eTHRIVE of pre-MRIs may be a better choice to improve the delineation of CT-based CTV and PTV.
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Abbreviations
APBI

Accelerated partial breast irradiation

CI Consistence index

CT Computed tomography

CTV Clinical target volume

CVS Cavity visualization score

DC Dice coefficient

DWI Diffusion-weighted imaging

dyn-eTHRIVE = Dynamic-enhanced T1 high-resolution
isotropic volume excitation

GMI Geographical miss index

GTV Gross target volume

LCs Lumpectomy cavity

MRI Magnetic resonance imaging

NTI Normal tissue index

post-CT Postoperative computed tomography

post-MRI Postoperative magnetic resonance imaging

pre-CT Preoperative computed tomography

pre-MRI Preoperative magnetic resonance imaging

PTV Planning target volume

sdyn-eTHRIVE  Subtraction of dynamic-enhanced T1
high-resolution isotropic volume excitation

T2W-SPAIR T2-weighted spectral attenuated
inversion recovery

TB Tumor bed

TE Echo time

TR Repetition time

Introduction

Boost to the tumor bed (TB) following whole-breast radiother-
apy could improve the local recurrence rates in patients with
conservative breast cancer [1-3]. However, there was neither
precise definition of TB nor optimal imaging modalities pro-
vided for the target volume delineation. Currently, radiation
oncologists usually outline the TB in a variety of ways, but the
position and the shape of the TB could not be determined
accurately. All these elements, including the patient’s surgical
records, surgical scar [4], postoperative palpation changes,
clips placed around the bed [5, 6], and presurgical or postop-
erative breast imaging examinations, such as mammography,
ultrasonography, computed tomography (CT) imaging, and
magnetic resonance imaging (MRI), were all taken into ac-
count. Among them, CT imaging, as a popular method of the
whole-breast delineation and boost volume definition by
using clips and postoperative seroma to define TB, could not
clearly define the TB because of its limited soft tissue contrast,
leading to the obvious variations between different observers
[7-10].

Because of its superb soft tissue contrast [11, 12] and better
definition of TB [13], MRI, especially the postoperative MRI
(post-MRI), has been incorporated into target volume
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definition under the premise of CT-positioned and CT-
determined TB, as well, the co-registration of the MRI and
CT imaging modalities could result in improved inter-
observer concordance in delineation [7, 14]. MRI scans are
obtained in prone position, which could reduce the volume of
lung or heart exposed to later irradiation [15], especially for
those with large and pendulous breast size. In order to improve
the accuracy of the TB delineation, our previous study delin-
eated the lumpectomy cavity (LC) volume on the basis of the
registration imaging of post-MRI and postoperative CT (post-
CT) in prone position, which pointed out that MRI could
improve the visibility of LCs compared with CT, and therein
the MRI-STIR sequence showed the highest visibility [16].

However, although the post-MRI could clearly manifest
the location and the contour of the postoperative seroma, the
seroma would shrink and even disappear over time [17]. So
the image of post-MRI could not be considered as the repre-
sentative of TB virtually because of its impaired visibility to
clips [18]. Nowadays, more and more studies have registered
preoperative imaging (pre-MRI and/or pre-CT) to post-CT in
order to improve the accuracy of target volume delineation. In
a study conducted by den Hartogh et al, TBs of breast cancer
were delineated on pre-CT and pre-MRI, and the consistency
in target volume delineation was evaluated. They found that
TB delineation on preoperative imaging could increase the
consistency among observers, and pre-MRI was significant
for the detection of tumor [19]. At the same time, pre-MRI
could specifically show the preoperative details of the mass.
Therefore, we performed this study aimed to compare the
clinical target volumes (CTVs) and planning target volumes
(PTVs) defined by pre-MRI and postoperative prone CT in
order to search for the best settings of the pre-MRI, which in
turn optimizes the TB delineation.

Materials and methods
Cohort of patients

We collected clinical records and imaging data (including pre-
MRI and postoperative planning CT data) of patients with
early-stage breast cancer between June 2016 and June 2018,
who have undergone breast conservative surgery and were
pathologically diagnosed with invasive ductal carcinoma
(pathologically T1-2; NO-1; M0) with 3-9 titanium clips in-
traoperatively placed within the LCs and scheduled to adju-
vant radiotherapy. Patients who received neoadjuvant chemo-
therapy or endocrinotherapy with oncoplastic surgery or har-
boring contraindication or intolerant for MRI were excluded.
This study was approved by the institutional review board of
Shandong Cancer Hospital and Institute, and all participants
signed the informed consents.
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Pre-MRI and post-CT image acquisition

The pre-MRI was performed with a mean of 2.3 days (range,
1-7) before the breast-conserving surgery at our institution,
for a standard imaging protocol, which includes six se-
quences: TIW, T2W, T2W-SPAIR (T2-weighted spectral at-
tenuated inversion recovery), DWI (diffusion-weighted imag-
ing), dyn-eTHRIVE (dynamic-enhanced T1 high-resolution
isotropic volume excitation), and sdyn-eTHRIVE (subtraction
of dynamic-enhanced T1 high-resolution isotropic volume ex-
citation). The images of sdyn-eTHRIVE, named by Philips,
were subtracted with the original images prior to the adminis-
tration of contrast agents from enhanced images, which could
reduce the influence of non-tumor-enhanced tissue or normal
gland tissue on the tumor mass judgment. The CT scan was
acquired after the operation about 99 days at average (range:
26204 days) in prone position by using a specific immobili-
zation device (Supplementary Figure 1). This process was
undertaken on a big-bore CT scanner (Brilliance, Philips,
Neth.) and scanned from the cricothyroid membrane to the
lower edge of the liver with 3-mm interslice thickness. The
field of view (FOV) of CT is 450 mm, and the pixel value is
512 x 512. Consistent with pre-MRI for better registration, the
slice thickness of post-CT was reconstructed to 4 mm. The
surgical scars were labeled by metal wires to help determine
the rough location of TB. The MRI images were obtained in
routine position (prone) with the use of a 3.0-T MR scanner
with a 60-cm bore (Achieva 3.0T, Philips Healthcare) with
special double-acupoint 16-channel breast surface coil
(Supplementary Figure 2). Among this, with no slice gap,
the TIW, T2W, T2W-SPAIR, and DWI were collected with
a slice thickness of 4 mm, but the slice thickness of dyn-
eTHRIVE was 1 mm, so did the sdyn-eTHRIVE. The slice
thickness of dyn-eTHRIVE and sdyn-eTHRIVE was recon-
structed to 4 mm to maintain consistency among all se-
quences. The parameters of TIW, T2W, T2W-SPAIR, DWI,
and dyn-eTHRIVE, such as echo time (TE), repetition time
(TR), FOV, pixel values, and other corresponding parameters,
are listed in Table 1. As well, with b-factors of 0 and 800 s/
mm? in one scan of DWI, the images with b = 800 s/mm?” were

Table 1

selected as representatives for DWI, which shows a clearer
outline of the tumor lump on most patients, notwithstanding
at the expense of some pixels. The dyn-eTHRIVE is charac-
terized as eight sequences (1-8) obtained by a phase before
the injection of the contrast-enhancing agent plus 7 consecu-
tive repetition phases, that is, the continuous uninterrupted
scanning performed 7 times after the injection of the contrast
agent immediately. We used a 20-mL high-pressure syringe of
bolus-injected gadopentetate dimeglumine (0.1 mmol/kg) at
3 mL/s followed by a 15-mL saline flush to get the enhancing
images. Considered the characteristics of early enhancement
of invasive ductal carcinoma [20], combined with the clinical
recommendations of the MRI radiologists, we delineated the
target volume on the image of 2, 3, 4, and 5 phases and select
the 3 phase image as the representative image of the dyn-
eTHRIVE sequence. Likewise, the phase before the injection
of the contrast-enhancing agent subtracted from the 3 phases
of dyn-eTHRIVE was chosen to delineate the sdyn-
eTHRIVE.

Image processing

The MRI images were transferred to Eclipses’ Treatment
Planning Systems (TPSs) for registration and delineation.
All MRI sequences were respectively conversed to head-first
prone status to register with CT on the basis of rigid registra-
tion accompanied with manual alignment registration by ap-
plication of titanium clips, the lump, and various anatomic
features including the nipple, sternum, and vertebra, especial-
ly the mammary glands. Focus laid on the mammary gland
concordance. Next, the concordance between the TB deter-
mined by the clips and the primary lump was also taken into
account, equally, lying in accurate registration, which contrib-
utes to better comparison of consistency parameters.

Structure delineation
The TB delineation of CT and all MRI sequences was entirely

performed from only a single modality by an experienced
radiation oncologist to avoid inter-observer variation.

Parameters of MRI sequences. TIW, T2W, T2W-SPAIR, and DWI are all two-dimensional images, whose pixel values include AP and RL

directions. And the dyn-eTHRIVE is a kind of three-dimensional volumetric image, and its pixel value includes three directions: AP, RL, FH

Parameters TE (ms) TR (ms) NSA FOV (mm) Matrix Pixel value (mm) (AP x RL x FH)  Scan time b value (s/mm?)
TIW 10 495 1 340 340x271 1.0x1.25 253" 1 —

W 120 4213 1 340 452x332 0.75%x1.0 2''14" 8 —
T2W-SPAIR 60 4216 1 340 340x267 1.0x1.25 1"41"2 —

DWI 51 7099 2 340 120x 120 2.8x2.8 1'46" 5 800
dyn-eTHRIVE  Shortest Shortest 1 340 340x340 1.0x1.0x1.0 74"0(0 53" 0%x8) —

TE, echo time; TR, repetition time; NSA, number of signal averaged; FOV, field of view; AP, anterior/posterior direction; RL, right/left direction; FH,

foot/head direction
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Meanwhile, it was verified by another oncologist according to
the criterion of the Radiation Therapy Oncology Group
(RTOG) [9]. The whole breast is outlined on the CT to calcu-
late the volume. The clips, seroma, and surgical scars were
applied to guide the CT-based contours for CTVs, while the
tumor as visualized on MRI was defined as the standard gross
target volume (GTV) for MRI-based delineations. The target
volume contours (CTV-CT and GTV-T1, GTV-T2, GTV-T2-
SPAIR, GTV-DWI, GTV-dyn-eTHRIVE, and GTV-sdyn-
eTHRIVE) were performed on the axial slices; simultaneous-
ly, sagittally and coronally reconstructed images could be
used to verify the delineations. The corresponding CTV-
MRI was obtained respectively by extrapolating 1.0 cm of
the GTV-MRI based on the MRI sequence according to the
surgeon’s clinical experience and the expert consensus (Fig.
1). And various PTVs were defined as unified margins of
15 mm expanded based on the corresponding TBs, and
trimmed 5 mm from the skin to the breast-chest wall interface
(Fig. 2). Each MRI sequence was scheduled to register to CT,
respectively. The consistence index (CI) and dice coefficient
(DC) of CTVs and PTVs between CT and each MRI sequence
were measured to quantify the extent of overlap of two vol-
umes; the geographical miss index (GMI) and normal tissue
index (NTI) were considered as non-conformity parameters
between different imaging modalities. DC = 1 represents

perfect overlap, while DC = 0 represents no overlap. The
specific calculation of these parameters is shown in Fig. 3.
The cavity visualization score (CVS) of CT was also evaluat-
ed. CVS = 1 means that the cavity was not visualized;
CVS =2 means that the cavity was visualized with indistinct
margins; CVS = 3 means that the cavity was visualized with
some distinct margins and heterogeneous appearance;
CVS = 4 means that the cavity had distinct margins in the
majority of LC with mild heterogeneity; and CVS = 5 means
that the cavity has distinct margins in the entire LC with a
homogeneous appearance [21].

Statistical methods

The data were analyzed with SPSS software (version 19.0).
Quantitative data were expressed as mean + standard devia-
tion (SD). The two-way analysis of variance (ANOVA) was
used to compare the differences of volumes of delineation
among all sequences, including CT and all MRI sequences.
Dunnett’s test followed ANOVA to assess the difference of
volumes of delineation between each MRI sequence and CT.
Similarly, the differences between different registrations, that
is, different MRIs registered to CT under the circumstances
with the same index, were also analyzed by two-way
ANOVA. Then, Dunnett’s tests were performed subsequently

Fig. 1 The delineation and registration of CTVs

@ Springer
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Fig. 2 The delineation and registration of PTVs

to compare the difference between sdyn-eTHRIVE-CT and
other MRI-CT for the parameters with statistical significance

_ Y _ X
TX+Y+Z T (2X+Y+2)/2

GMI=—Z— NTI

X
cI X+Y+Z

TX+Y+Z
Fig. 3 Parameter calculation. Each MRI sequence was scheduled to
register to CT, respectively. The volumes of X, Y, and Z were acquired
from the treatment planning system. The X represents the overlapping
target volume between CT and MRI. The Y represents the target
volume of CT minus the volume of X, and the Z refers to the target
volume of MRI minus the volume of X. The consistence index (CI) and
dice coefficient (DC) of CTVs and PTVs between CT and each MRI
sequence were measured to quantify the extent of overlap of two vol-
umes, and the geographical miss index (GMI) and normal tissue index
(NTI) were considered as non-conformity parameters between different
imaging modalities. The CI, DC, GMI, and NTI were calculated accord-
ing to the above formula

of two-way ANOVA. Linear regression analysis was used for
evaluating correlations between the CI, which are derived
from the registration of CT and sdyn-eTHRIVE of CTV, with
the breast volume, the CVS of CT, the time interval from
surgery to CT simulation, the maximum diameter of the intra-
operative mass, and the number of titanium clips, respectively.
A p value of less than 0.05 was considered significant.

Results

Patients’ clinical characteristics and delineation
volume comparison

In total, the pre-MRI and postoperative planning CT data of
81 patients were acquired and 22 of these (27.2%) were eligi-
ble for analysis. A total of 59 patients (72.8%) were excluded
due to not fulfilling the specific inclusion criteria, incomplete
clinical records, or unclear imaging data. The detailed data of
the enrolled 22 patients are listed in Table 2. For the entire
group, the mean + SD values of the CTVs were 37.350 +
13.699, 35.255+14.429, 35.827 £ 15.607, 36.891 + 14.739,
34.086+13.290, 34.191 +£12.171, and 34.032+12.422 cm’
for CT, TIW, T2W, T2W-SPAIR, DWI, dyn-eTHRIVE,
and sdyn-eTHRIVE, respectively. For PTVs, the mean + SD
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values were 181.246 +42.576, 170.023 £42.827, 171.082 +
44.788, 173.564 £42.888, 166.641 +£40.205, 165.873 +
37.476, and 164.014+37.787 cm’ for CT and
abovementioned MRI sequences, respectively. The CTVs
and PTVs in MRI sequences were all smaller than those in
CT. The differences of delineation volumes between all se-
quences (CT and MRI) were significant, both in the CTVs
(F'=2.354, p=0.035) and PTVs (F=6.464, p<0.01).
Specifically, in CTVs, only the volume of delineation in
sdyn-eTHRIVE was significantly different from that in CT
(p=0.047). As for PTV delineation, volume in each MRI
sequence was significantly different (» <0.05) from that in
CT, except the T2ZW-SPAIR (p =0.088). Therefore, when
compared with other MRI sequences, the CTVs and PTVs
of sdyn-eTHRIVE are effectively distinguished from the cor-
responding target volume of CT, as seen in Table 3.

Table 2  Clinical characteristics of the included 22 patients

Characteristic No. of patients

Median age (range) 45 years old

(3663 years old)
Pathologic T stage

Tis 1

T1b 16

Tlc 2

T2
FIGO stage

0 1

I 14

1T 7
Histologic grade

I 2

I 16

1T 4
Location

Right 9

Left 13
No. of surgical clips, mean (range) 5(3-9)
Time interval from preoperative MRI scanning to 1 (1-7 days)

surgery (days), median (range)
Time interval from surgery to CT simulation
(days), median (range)

93 (26204 days)

Breast size
>1200 cm® 3
800 cm’~1200 cm® 7
<800 cm’ 12
Mean + SD 795.95+342.55

Median tumor size (in greatest dimension) on 1.5 cm (0.9-3.0 cm)
MRI at diagnosis (range)
Median tumor size (in greatest dimension)

resected during surgery (range)

1.5 cm (0.8-4.0 cm)

CT, computed tomography; MRI, magnetic resonance imaging

@ Springer

Consistence of CTVs

The mean and SD of the consistent parameters between CT
and each MRI sequence about CTV are listed in Table 4. With
CI compared, there was a significant difference (p <0.05)
among different registrations (different MRI sequences regis-
tered to CT), as well can be seen in DC and GMI. Specifically,
as for CI and DC, each MRI registration to CT was signifi-
cantly different (all p <0.05) from CT-sdyn-eTHRIVE, ex-
cept the CT-dyn-eTHRIVE. And significant difference in the
value of GMI could only be found between CT-T2W-SPAIR
and CT-sdyn-eTHRIVE (p =0.001). However, with the NTI
compared, there was no significant difference (p >0.05)
among different registrations, meanwhile the values of the
conformity parameters CI and DC of CT-sdyn-eTHRIVE
were the largest among all MRI registrations to CT, and the
non-conformity parameters GMI and NTI were the smallest,
which indicated that the overlap between the two sequences is
the most.

Consistence of PTVs

The consistent parameters between CT and each MRI se-
quence for PTVs are shown in Table 5. Only the differences
of GMI between different MRI sequence registrations to CT
were significant (p < 0.05), and CT-T1, CT-T2, and CT-T2W-
SPAIR were significantly different from CT-sdyn-eTHRIVE
(all p<0.05), respectively. Similarly, the overlap of sdyn-
eTHRIVE to CT is the most in comparison with other MRI
sequences to CT.

Correlation between clinical factors and Cl

We found that there is no obvious linear correlation (p > 0.05)
between the CI derived from the registration of CT and sdyn-
eTHRIVE of CTV with the breast volume, the CVS of CT, the
time interval from surgery to CT simulation, the maximum
diameter of the intraoperative mass, and the number of titani-
um clips, respectively (Fig. 4).

Discussion

In this study, we compared the target volume of TB defined by
pre-MRI and post-CT. The CTVs and PTVs in MRI se-
quences were all smaller than those in CT. The differences
of delineation volumes among CT and MRIs were significant,
both in the CTVs (p=0.035) and PTVs (p <0.001). And the
values of CI and DC for sdyn-eTHRIVE registration to CT
were the largest among all MRI sequences. We can conclude
that CT overestimates the CTV and PTV on the assumption
that preoperative MRI, and registering pre-MRI, especially
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Table 3  Volumes of delineation between CT and MRI

F p value®

sdyn-eTHRIVE

dyn-eTHRIVE

D

T2W-SPAIR

T2W

TIW

CT

Volume

0.035

2.354

34.032+12.422

0.047

34.191+£12.171

0.065

34.086 +13.290

0.053

36.891 +14.739

0.999

35.827+15.607

0.682

35.255+14.429

0.368

37.350 +13.699

p value®

CTV

5.795x 10°°

6.464

164.014+37.787

2.76x10°°

165.873 £37.476

3.28%x107°

166.641 £40.205

8.64 x107°

173.564 +42.888

0.088

171.082 +44.788

0.011

170.023 £42.827

0.004

181.246 £42.576

p value®

PTV

?Data were calculated by two-way analysis of variance (ANOVA)

® Data were calculated by Durnett’s test to assess the difference between CT and MRI sequences

sdyn-eTHRIVE, to post-CT could delineate the breast cancer
more precisely.

Nowadays, whole-breast radiotherapy with boost to TB
and accelerated partial breast irradiation (APBI) are two
main radiotherapy regimens [22-26] and both of them re-
quire accurate definition of TB. Hence, many radiation on-
cologists have taken many measures to improve the current
target delineation defined by the standard method—
postoperative CT only—which could induce large inter-
observer or intra-observer discrepancies with its poor soft
resolution. Kirova et al have tried to register preoperative
CT (pre-CT) to post-CT image associated with clips for bet-
ter localization of the TB [27]. van der Lejj et al have showed
that the administration of pre-CT scans can decrease the
inter-observer variation in the target volume delineation for
external beam PBI [28]. As well, it is also verified by
Boersma et al that combination with pre-CT could reduce
inter-observer variation of post-CT-based boost TB delinea-
tion [29]. Nevertheless, the seroma and the LCs often shrink
progressively with time [17, 30-32], and the clips may mi-
grate out of the scope of postoperative TB [33] and easily be
affected by any postoperative changes besides by re-exci-
sion. Even taking these two factors or combined with post-
operative scar [30, 34] and preoperative imaging examina-
tions into consideration at the same time, likewise, surgical
clips are not always consistent with the edge of seroma [35].
With so many defects, these methods based on CT alone to
definite the TB could lead to geographical miss or unneces-
sary normal tissue irradiation [36] and then may induce in-
creased fibrosis.

In recent years, MRI is widely used in the screening, diag-
nosis, and treatment of breast cancer because of its good soft
tissue resolution. It is superior to ultrasound and CT in deter-
mining the size, extension, and vascular relationship of the
tumor, so it can more accurately define the TB range of breast
cancer and reduce inter-observer or intra-observer variations
[37-41]. T1-weighted MRI can better reflect the gross struc-
tural information and clips, while T2-weighted and dyn-
eTHRIVE MRI can better reflect the situation of seroma
[16]. Meanwhile, dyn-eTHRIVE MRI is also sensitive to the
differences in micro-vessel density and vascular permeability,
in turns to detect the visible or occult lesions more effectively
[20, 42-45] and depict the TB more clearly [46], and subtrac-
tion imaging (sdyn-eTHRIVE) can improve the visualization
of angiography and pathological contrast enhancement [20].
Our previous study demonstrated that post-MRI improved the
CVS of post-CT, and the volumes generated based on MRI
sequences are substantially smaller than those based on CT
[16], the same with the result obtained by Giezen et al [18].
However, due to the poor capability to detect clips of post-
MRI and postoperative seroma varies greatly with time, pre-
MRI is also an effective alternative without appropriate time
decided for post-MRI. As mentioned above, den Hartogh et al
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Table 4  Consistent parameters of registrations between CT and different MRI sequences in CTVs

Registrations ~ CT-sdyn-eTHRIVE ~ CT-T1 CT-T2 CT-T2W-SPAIR  CT-DWI CT-dyn-eTHRIVE F p value®
CI 0.743 £0.046 0.710£0.053  0.707+0.051  0.706 +0.048 0.717+0.058  0.721+0.052 4279 0.001
p value® 0.003 0.001 0.001 0.027 0.093
DC 0.852+0.031 0.829+0.037 0.827+0.036 0.827+0.033 0.834+0.041 0.837+0.037 4.063  0.002
p value 0.004 0.002 0.001 0.030 0.106
GMI 0.148 £0.053 0.159+0.077 0.166+0.082 0.186+0.078 0.159+0.069  0.159 +0.063 3.550 0.005
p value® 0.683 0.228 0.001 0.662 0.658
NTI 0.109 +0.068 0.132+£0.086 0.127+0.076  0.107+0.070 0.124+0.089  0.120+0.085 1.202  0.314

Data were calculated by two-way analysis of variance (ANOVA)

® Data were calculated by Dunnett’s test to assess the difference between sdyn-¢THRIVE-CT and other MRI-CT

have found that the delineation of the TB on preoperative CT
and MRI could decrease the target volume and the inter-
observer target delineation compared with postoperative im-
aging [19, 47]. In this study, pre-MRI was registered to post-
operative CT in order to determine the true location and the
outline of the primary tumor, aiming to form a standard meth-
od for determining the TB. To be mentioned, all images of
pre-MRI and post-CT were collected in prone position, which
can keep all sequences consistent, maximize daily reproduc-
ibility, and improve the homogeneity of a breast plan [15,
48-50]. We also found that the volumes of pre-MRI were all
smaller than CT-defined corresponding target volumes and
there was a significant difference between sdyn-eTHRIVE
and CT, further verifying the inaccuracy of the delineation
only based on post-CT images. Furthermore, for both CTVs
and PTVs, the overlap between the registrations of sdyn-
¢THRIVE to CT is the largest. As for the value of the confor-
mity parameters Cl and DC in CTVs, each MRI registration to
CT was significantly different (all p <0.05) from CT-sdyn-
eTHRIVE, except the CT-dyn-eTHRIVE, which could be ex-
plained by the fact that the images of sdyn-eTHRIVE were
subtraction images from the dyn-eTHRIVE sequence. All
these results suggested that the sdyn-eTHRIVE sequence of
pre-MRIs did improve the delineation of CT-based CTV and
PTV in comparison with other MRI sequences.

It is worth mentioning that, because optimal extent of
conserving surgery with clear margins has not been

established, on the basis of the clinical experience, the sur-
geon expanded 1.0 cm around the tumor after resection of the
tumor lump to avoid peripheral residual occult lesions during
surgery. So, we extended 1.0 cm from GTV to obtain the
corresponding CTV, then expanded 1.5 cm from CTV to
obtain the PTV, so MRI-based target volume was boosted
by a 2.5-cm expansion from GTV. This method is similar to
the study of van der Leij et al, who have reported that the
CTV was obtained by expanding 2.0 cm from the GTV, then
expanding 0.5 cm to obtain PTV, with a total 2.5-cm external
margin from GTV to PTV [51]. In this study, according to
rigorous and unified standard of registration, under the pre-
mise of maximizing the overlap of glandular tissue, other
anatomical landmarks were kept as consistent as possible.
On the account of this, the target volume of MRI was close
to that of the CT, and the volume ratio approached 1.0, indi-
cating that according to the surgeon’s clinical experience,
extending 1.0 cm from GTV to obtain the corresponding
CTV was practically significant, perhaps for further confir-
mation of pathological margins during surgery.

This study does contain some limitations. Firstly, because
of the strict inclusion criteria, the sample size is obviously
decreased. Secondly, the tumor location may lead to limita-
tion, in that the border of CTV and PTV for tumors near the
chest wall and skin is limited by the boundary. In particular, in
comparison with CTV obtained by GTV expansion in MRI,
the CTV of CT is based on the surgical cavity. Thus, the

Table 5 Consistent parameters of registrations between CT and different MRI sequences in PTVs

Registrations CT-sdyn-eTHRIVE CT-T1 CT-T2 CT-T2W-SPAIR CT-DWI CT-dyn-eTHRIVE F p value®

CI 0.856+0.039 0.836+0.034 0.835+0.032 0.839+0.028 0.843+0.039 0.844+0.043 2.041 0.079

DC 0.922 +£0.023 0.910+0.021 0.910+0.019 0.912+0.017 0.914+0.024 0.915+0.026 1.903  0.100

GMI 0.051+0.024 0.071+0.042 0.073+0.042 0.079+0.045 0.062+0.040 0.060+0.034 6.661 2.000x 107
p value” 0.003 0.001 1.238x10°° 0.215 0.349

NTI 0.093 £0.053 0.093+0.054 0.091+0.048 0.083+0.048 0.096+0.056  0.096 +0.063 0.566 0.726

“Data were calculated by two-way analysis of variance (ANOVA)

® Data were calculated by Dunnett’s test to assess the difference between sdyn-eTHRIVE-CT and other MRI-CT
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interval from surgery to CT simulation, the maximum diameter of the intraoperative mass, and the number of titanium clips

inconsistency of positioning the device between pre-MRI and
post-CT, the deformation of breast after surgery, and the lim-
itation of rigid registration itself could result in inevitable er-
rors, which greatly increases the contingency of the results.
Thirdly, because the volume of the postoperative cavity
changes significantly with time and the time of CT localiza-
tion is not defined clearly in this study, as a result, there are a
great number of variabilities among delineations of different
patients based on CT. Finally, the extended margin is derived
from the clinical experience of surgeons, rather than from
strict pathological confirmation. Thus, our results should be
interpreted cautiously.

In summary, we used different sequences of pre-MRI reg-
istered to post-CT in order to guide the target volume delin-
eation after breast-conserving surgery. In particular, when
compared with other MRI sequences, sdyn-eTHRIVE might
be a better choice to improve the delineation of CT-based
CTV and PTV after breast-conserving surgery. This study
provides ideas for further research about deformation registra-
tion, and the application of pre-MRI also lays a foundation of

imaging to neoadjuvant radiotherapy. Further studies with a
large sample size are needed to investigate the clinical appli-
cation of pre-MRI images and post-CT images and establish a
more precise strategy for postoperative radiotherapy based on
MRI-CT images.
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