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Introduction

Breast cancer is the most common cancer among women (1).  
Radiotherapy after breast-conserving surgery has been 
identified as an effective treatment for early-stage breast 
cancer (2). Radiation plays very important role in local 
control of breast cancer following surgery, which can 
increase the 5-year local control rate by 19% and the  
15-year overall survival (OS) rate by 5% (3-5). Accurate 

location of the target volume after breast-conserving 
surgery can ensure appropriate radiation while minimizing 
normal tissue exposure (6,7). However, the breast position 
and shape are vulnerable to respiratory motion, setup error, 
and patient immobilization (8,9). This will necessarily lead 
to a reduction in the precision of radiotherapy. Meanwhile, 
several studies have shown that surgical clips implanted 
into the lumpectomy cavity during surgery can improve 
the accuracy of the irradiated target volume (10-13). Zhang 
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et al. demonstrated that changes in the center of mass 
displacement between fiducial markers and the cavity were 
minimal in all directions and that the fiducial marker is a 
suitable surrogate for the lumpectomy cavity (14). However, 
there is significant motion of markers during radiotherapy, 
especially the inter-fraction motion (15). To ensure that 
the tumor bed gets enough radiation and avoid excessive 
exposure for normal tissue, it needs to set appropriate 
planning target volume (PTV) margins based on fiducial 
markers motion. Using the fiducial marker as the reference 
for the tumor bed can effectively reduce the PTV margins, 
which has been reported in previous study (16). So far, 
studies about factors that can significantly affect fiducial 
marker motion are still lacking, and research needs to be 
conducted to investigate whether there is any correlation 
between the marker motions and breast position and shape.

The goal of this study was to investigate the clinical 
factors affecting the fiducial marker motions and to try 
to define an individualized PTV margin based on these 
factors. Therefore, the center of mass of the tumor bed 
was chosen as the origin of a coordinate system in the 
transverse plane, and the clinical target volume (CTV) 
was divided into 4 quadrants. The fiducial positions were 
recorded, and the displacements of each fiducial were 
calculated in this system. Meanwhile, the mammary basal 
diameter (D), the mammary height (H), and D×H were 
used to represent breast size. The correlations among D, H, 
D×H, and fiducial positions and motions were analyzed. We 
present the following article in accordance with the MDAR 
reporting checklist (available at https://atm.amegroups.

com/article/view/10.21037/atm-22-6026/rc).

Methods

Patients

A total of 15 patients who underwent breast-conserving 
surgery without prosthesis implantation were randomly 
selected from January to July 2020, including 7 cases of 
left breast cancer and 8 cases of right breast cancer. All 
of them had no distant metastasis and the arm movement 
was not limited. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). 
Individual consent was not required because this was a 
retrospective study. The study was approved by the ethics 
committee of Chongqing University Cancer Hospital (No. 
CZLS2022221-A).

All patients were immobilized using a thermoplastic mask 
in the supine position. Both arms were raised above the 
head. A computed tomography (CT) scan was performed 
in the treatment position with a 2-mm slice thickness on 
a Brilliance-16 system (Philips Medical Systems, Inc., 
Cleveland, OH, USA). Target delineation was carried out 
in the Eclipse treatment planning system (Varian Medical 
Systems, Milpitas, CA, USA). All patients received whole 
breast irradiation (WBI) at a total of 50 Gy in 25 fractions. 
Cone-beam CT (CBCT) was performed twice a week, and 
CBCT images were registered to the planning CT images 
to calculate the position shifts.

Fiducial placement

A total of 5 fiducial markers were placed at the margins 
of the lumpectomy cavity in 15 patients who underwent 
a lumpectomy, and the standard surgical procedure was a 
closed-cavity technique. The length of a fiducial marker is 
2 mm.

Statistical analysis

We defined the tangent through the top of the pectoralis 
major arc as D, and the vertical line of D across the highest 
point of the breast was defined as H (as shown in Figure 1). 
In the previous study, we found that D, H, and D×H were 
all significantly correlated to breast size (r=0.62, 0.81, and 
0.83, respectively), and the correlation was the largest in 
the middle of the breast. Thus, we chose to measure D and 
H at the tracheal bifurcation. D, H, and D×H were used to 
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classify breast size (17). Correspondingly, mD, mH, and mD×H 
were used to represent their medians.

In the Eclipse treatment planning system, we get the 
tumor bed centroid. In the axial plane where the mass center 
of the tumor bed is located, we took the mass center of the 
tumor bed as a coordinate origin to divide the CTV into 4 
quadrants, and relocated the fiducial markers to different 
quadrants. As described below, the first quadrant was close 
to midsternal line and located on the upper side of the 
origin; the second quadrant was far away from midsternal 
line and located on the upper side of the origin; the third 
quadrant was far away from midsternal line and located on 
the downside of the origin; the fourth quadrant was close to 
midsternal line and located on the downside of the origin. 
We moved the auxiliary line to the innermost, foremost, 
and uppermost side of the CTV, and the corresponding 
coordinates were sequentially recorded as (x0, y0, z0). 
Then, we moved the auxiliary line to the center of fiducial 

markers, and the coordinates were recorded as (x1, y1, z1). 
Additionally, (x1-x0, y1-y0, z1-z0) indicated the distance from 
fiducials to the innermost, foremost, and uppermost sides 
of the CTV. They were recorded as DSLR, DSAP, and DSSI, 
which stands for lateral, anteroposterior, and craniocaudal 
distance, respectively.

We assessed setup errors using the following 2 methods: 
(I) matching the spine close to the target; (II) matching the 
fiducial markers. The errors using the first method were 
from the routine position shifts and the errors using the 
second method included the uncertainties from respiratory 
motion and position shifts. The difference between 2 kinds 
of setup errors was the fiducial marker motion induced 
only by respiratory motion. They were recorded as MLR, 
MAP, and MSI, which stands for lateral, anteroposterior, and 
craniocaudal motion, respectively. The three-dimensional 
movement (M3D) of each fiducial marker was calculated 
using the following formula (18):

Figure 1 Sectional display of intraoperative implanted surgical clip. (A-C) The yellow arrow points to a surgical clip in the transverse, 
coronal, and sagittal view, respectively. (D) The definitions of mammary basal diameter [D] and mammary height axis [H]. 
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We used SPSS 20.0 (IBM Corp., Armonk, NY, USA) 
and Origin 9.0 (OriginLab, Northampton, MA, USA) to 
analyze the correlation between MLR, MAP, MSI, M3D and 
D, H, D×H, DSLR, DSAP, DSSI, expecting to find the factors 
influencing the fiducial marker motion. Then, we calculated 
the PTV margin using the van Herk margin recipe, which 
provided a margin for adequate treatment in 90% of the 
patients (19).

Results

A total of 15 patients, all female, were included in this study. 
Their ages ranged from 23 to 56 years with an average of  
43 years. The mammary basal diameter (D) ranged from 
17.32 to 22.53 cm with a mean of 19.72  cm, and the 
mammary height axis (H) ranged from 3.58 to 6.82 cm 
with a mean of 4.79 cm. The D×H ranged from 66.69 to  
148.70 cm2 with a mean of 95.29 cm2. Other relevant 
information about patients is shown in Table 1.

The fiducial motions

Our study analyzed 372 fractions of clinical data from 39 
fiducial markers (including 19 in the first quadrant, 6 in 
the second quadrant, 3 in the third quadrant and 11 in the 
fourth quadrant). The distributions of the displacements 
of all single fiducials are shown in Figure 2. It showed 
the 1-dimensional displacements of each fiducial and the 
combined 3-dimensional displacements of each fiducial. It 
could be modelled as a Gaussian process. MLR, MAP, MSI, and 
M3D were shown as follows (average ± standard deviation): 
2.2±3.0, −1.1±3.6, 0.8±4.7, 6.5±2.7 mm. According to the 
Gaussian model, the 1-dimensional displacements was 
concentrated in the range of −5 to 5 mm, in which MLR 
accounted for 81.6%, MAP was 81.5%, and MSI was 70.4%. 
The fiducial migration was anisotropic, and tended to the 
right, dorsal, and caudal.

Correlation with breast size

Due to limited samples located in the second and third 

Table 1 General clinical data of 15 patients enrolled 

The serial number Timesa (weeks) Timesb (days) Operation methods Axillary lymph node*

1 24 6 Lumpectomy Sentinel lymph node biopsy

2 25 3 Lumpectomy Sentinel lymph node biopsy

3 25 5 Lumpectomy Sentinel lymph node biopsy

4 23 2 Lumpectomy Sentinel lymph node biopsy

5 24 4 Lumpectomy Sentinel lymph node biopsy

6 15 5 Lumpectomy Sentinel lymph node biopsy

7 14 4 Lumpectomy Sentinel lymph node biopsy

8 26 2 Lumpectomy Sentinel lymph node biopsy

9 24 5 Lumpectomy Sentinel lymph node biopsy

10 20 1 Lumpectomy Sentinel lymph node biopsy

11 20 6 Lumpectomy Sentinel lymph node biopsy

12 25 5 Lumpectomy Sentinel lymph node biopsy

13 25 1 Lumpectomy Sentinel lymph node biopsy

14 26 4 Lumpectomy Sentinel lymph node biopsy

15 33 5 Lumpectomy Sentinel lymph node biopsy
a, refers to the time interval between surgery and initial radiotherapy; b, refers to the time interval between simulation and initial 
radiotherapy; *, refers to the method of axillary lymph node management.
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Figure 2 Histograms of fiducial motions. Positive values for the 1-dimensional displacements indicate motions in the right, ventral, and 
caudal direction.

quadrants in this study, these markers were not included 
in the analysis. Our study only analyzed the markers in the 
first and fourth quadrants, and did not exclude any data 
points. When D < mD and D×H < mD×H, MLR, MAP, and MSI 
all had a statistically significant but weak correlation with D 
and D×H (P<0.05) both in the first and fourth quadrants, 
except for MAP located in the first quadrant, which was 
significantly positively correlated with D, H, and D×H 
(r=0.517, 0.691, and 0.805, respectively). For M3D, there was 
no correlation with D, H, and D×H in the first quadrant, 
however it had a negatively weak correlation with H and 
D×H in the fourth quadrant only when H ≥ mH and D×H ≥ 
mD×H, and the Pearson correlation coefficient r was −0.353 
and −0.312 (P<0.05).

Correlation with fiducial position

The linear fitting diagrams when D ≥ mD, H ≥ mH, and 
D×H ≥ mD×H are shown in Figure 3. In the first quadrant, 
MSI showed a strong linear negative correlation with DSSI 
both in H and D×H classifications [r (R2) =−0.77 (0.55) 
vs. −0.89 (0.77)]. M3D, was strongly linearly negatively 

correlated with DSLR in D and D×H classifications [r (R2) 
=−0.76 (0.87) vs. −0.71 (0.50)]. In the fourth quadrant, only 
under the D classification, MAP and DSSI showed a strong 
linear negative correlation [r (R2) =−0.91 (0.76)].

The linear fitting diagrams when D<mD, H<mH, 
D×H<mD×H are shown in Figure 4 (only showing the most 
representative groups, and the others are shown in Table 2). 
It can be seen that under D and D×H classifications, MLR 
and MAP located in the first quadrant all had a strong linear 
positive correlation with DSLR, DSAP and DSSI (r>0.8). In 
the D×H classification the r (R2) values of MLR and DSLR, 
DSAP were all greater than that in the D classification [r (R2) 
=0.94 (0.87), 0.94 (0.86) vs. 0.88 (0.74), 0.88 (0.75)], which 
was the same as MAP and DSLR, DSAP [r (R2) =0.87 (0.76), 
0.91 (0.80) vs. 0.83 (0.64), 0.84 (0.67)]. For MSI, whether it 
was D, H, or D×H classification, MSI, DSLR, and DSAP all 
showed a significant linear positive correlation [r (R2) =0.77 
(0.53), 0.82 (0.62) vs. 0.86 (0.68), 0.88 (0.74) vs. 0.91 (0.80), 
0.94 (0.87)]. The 1-dimensional displacements of fiducials 
located in the fourth quadrant were correlated with the 
fiducial position only in the H and D×H classifications. As 
explained below: MAP and DSLR, MSI and DSAP all showed 

Figure 3 Linear fit plots between the fiducial motion and fiducial position of patients with larger breasts. The first quadrant is marked 
with a red line and the fourth quadrant with a blue line. In the first quadrant, mD =19.53 cm, mH =4.98 cm, mD×H =99.89 cm2; in the fourth 
quadrant, mD =19.41 cm, mH =4.41 cm, mD×H =90.71 cm2. m, median; D, the mammary basal diameter; H, the mammary height axis.
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Figure 4 Linear fitting plots between the fiducial motion and fiducial position of patients with small breasts (in the first quadrant); mD 
=19.53 cm, mH =4.98 cm, mD×H =99.89 cm2. m, median; D, the mammary basal diameter; H, the mammary height axis.

a strong linear negative correlation, the corresponding r 
(R2) values were −0.96 (0.91) and −0.95 (0.87) both in H 
and D×H classification. However MLR was strongly linearly 
positively correlated with DSLR, and the r (R2) value was 
0.91 (0.77). For M3D, it was significantly linearly positively 
correlated with DSLR in 3 classifications, and the r (R2) 
values are 0.74 (0.54), 0.89 (0.71), and 0.89 (0.71).

The correlation coefficient (r) and linear goodness of 
fit (R2) between fiducial motion and the fiducial position 
are shown in Table 2. The D×H classification (R2>0.7) was 
generally better than the D (R2>0.6) and H classification 
(R2>0.5).

The individualized PTV margins

We calculated the PTV margin according to the van  
Herk (19) margin formula 2.5Σ+0.7σ. We can get details 
from Table 3. In the first quadrant, when D×H <99.89 cm2, 
the margin in the left, right, cranial, and caudal directions 
were 0.63, 0.73, 0.93, and 0.64 (cm) in turn, which was 
statistically significantly different from that when D×H 
≥99.89 cm2 (P<0.05), and when D×H ≥99.89 cm2, the 
corresponding margins were 0.69, 1.01, 1.05, and 1.24 (cm). 
In the fourth quadrant, because of the small sample size, 
the margins had no statistical difference between the D×H 
<90.71 cm2 and the D×H ≥90.71 cm2 classifications, but 
it showed a smaller margin than that in the first quadrant. 
The PTV margins in the ventral, dorsal, cranial, and caudal 

directions had a statistically significant difference between 
the first and fourth quadrants (P<0.05).

Discussion

This study divided the CTV into 4 quadrants, and used D, 
H, and D×H to classify the breast size for the first time. 
We analyzed fiducial marker motions and its correlation 
with clinical factors under the same classification of breast 
size and quadrant position, and we found that the fiducial 
marker motion is easily affected by breast size and the 
distance from fiducials to the edge of CTV, especially the 
1-dimensional movements in the first quadrant.

We calculated the average and standard deviation of 
each fiducial motion during the whole treatment process, 
and fitted it with fiducial position as shown in Figure 3 and 
Figure 4. When D×H < mD×H, for MLR, there was a strong 
linear positive correlation with DSLR both in the first and 
fourth quadrants, but for MAP and MSI, there was a linear 
negative correlation with fiducial position in the fourth 
quadrant, whereas there was a linear positive correlation 
with fiducial position in the first quadrant. Maybe the 
reason is that the first and fourth quadrants are all located 
in the medial side of the tumor bed centroid. When D×H ≥ 
mD×H, the correlation between the fiducial motion and the 
fiducial position is weaker than that in D×H < mD×H. The 
reason is that in patients with larger breast, the breast shape 
changes greatly (20), and the gravity will have a greater 
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Table 2 Linear fits between the fiducial motion and the fiducial position (R2/r values) 

Quadrant Motion
D H D×H

DSLR DSAP DSSI DSLR DSAP DSSI DSLR DSAP DSSI

First M3D 0.87/−0.76* – – – – – 0.50/−0.71* – –

MLR 0.74/0.88 0.75/0.88 0.82/0.91 – – – 0.87/0.94 0.86/0.94 0.80/0.91

MAP 0.64/0.83 0.67/0.84 0.84/0.93 – 0.59/0.81 – 0.76/0.87 0.80/0.91 0.83/0.92

MSI 0.53/0.77 0.62/0.82 – 0.68/0.86 0.74/0.88 0.55/−0.77* 0.80/0.91 0.87/0.94 0.77/−0.89*

Fourth M3D 0.54/0.74 – – 0.71/0.89 – – 0.71/0.89 – –

MLR – – – 0.77/0.91 – – 0.77/0.91 – –

MAP – – 0.76/−0.91* 0.91/−0.96 – – 0.91/−0.96 – –

MSI – – – – 0.87/−0.95 – – 0.87/−0.95 –

*, indicated the linear fits of patients with the larger breast (D≥ mD, H≥ mH, D×H ≥ mD×H). m, median; D, the mammary basal diameter; 
H, the mammary height axis; DSLR, the lateral distance from fiducials to the innermost border of the clinical target volume; DSAP, the 
anteroposterior distance from fiducials to the foremost border of the clinical target volume; DSSI, the craniocaudal distance from 
fiducials to the uppermost border of the clinical target volume; M3D, the three-dimensional movement; MLR, the lateral motions; MAP, the 
anteroposterior motions; MSI, the craniocaudal motions.

Table 3 PTV margins based on different breast size and quadrant position of lesion. The positive signals in the LR, AP and SI directions indicate 
the right, ventral and caudal direction in turn, and the negative signals mean the opposite directions

Quadrant Direction
D (cm) H (cm) D×H (cm2)

D< mD D≥ mD H< mH H≥ mH D×H < mD×H D×H ≥ mD×H

First LR(+/−) 0.71/0.64 1.04/0.69 0.69/0.56 0.89/0.77 0.73/0.63 1.01/0.69

AP(+/−) 0.65/1.02 0.63/0.82 0.40/1.05 0.69/0.81 0.68/1.06 0.64/0.81

SI(+/−) 0.73/0.65 1.29/1.21 1.29/0.96 0.97/0.99 0.64/0.93 1.24/1.05

Fourth LR(+/−) 0.68/0.46 0.91/0.38 0.75/0.40 0.83/0.49 0.76/0.39 0.80/0.46

AP(+/−) 0.23/0.73 0.82/0.63 0.62/0.71 0.90/0.70 0.66/0.73 0.82/0.68

SI(+/−) 0.73/0.99 1.26/1.11 1.05/1.08 0.89/0.26 0.70/1.11 1.02/0.50

PTV, planning target volume; LR, left-right; AP, anterior-posterior; SI, superior-inferior; D, the mammary basal diameter; H, the mammary 
height axis; m, median.

dispersion effect on the displacement of the breast (21), 
which increase the uncertainty of fiducial motions.

Hoekstra thought that the motion of fiducials relative 
to the tumor bed between planning CT and treatment was 
clinically significant (15), whereas the fiducial offset was 
mainly composed of inter-fraction motion, and the intra-
fractional motion was very small (9). We found that the 
fiducial motion tended to the dorsal and caudal, which was 
basically the same as in previous studies (11,22,23), and 
the magnitude of fiducial motion depended on patients' 
characteristics and tumor cavity location (23). Therefore, 
we classified fiducials according to patients’ characteristics 

and fiducial position, and calculated corresponding fiducial 
motion and PTV margins. The maximum margin was  
12.4 mm, occurring in the craniocaudal direction, which 
was greater than 10.2 mm in Harris et al. study (24). Harris 
used 2-dimensional imaging technology, which was limited 
by the fiducial visibility, it would underestimate the fiducial 
motion compared with the CBCT imaging technology 
in this study. Furthermore, in this study, patients were 
immobilized using a body board and thermoplastic mask, 
which was different from Harris et al. study (24). The 
setup errors would change greatly when using different 
patient positioning devices (15). We found that breast size 
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and fiducial position could influence fiducial motion, and 
the corresponding PTV margins also had a statistically 
significant difference, but the individualized PTV margin 
still needs to be verified with a larger sample size.

In addition, if the time interval between surgery and 
radiotherapy was short, postoperative seroma, fibrosis, 
contraction, and fluid absorption would lead to changes 
in the size and shape of the resection cavity and affect the 
fiducial motion (22,25). The seroma basically disappeared 
14 weeks after the operation (26). In this study, all patients 
received radiotherapy at least 14 weeks after surgery. Since 
the time interval between simulation and treatment could 
affect the fiducial motion (15), in our study, the treatment 
occurred within a week after simulation.

Implantation of fiducial markers in breast conserving 
surgery is widely used in clinical practice to improve the 
accuracy of target location and 4 or more fiducials are 
necessary (12). All fiducial markers are titanium clips, which 
have a good biocompatibility and are safe for patients. In our 
study, although 5 fiducials were implanted evenly in each 
patient during the surgical suturing process, the fiducials 
would inevitably approach one another or fuse together, 
which would increase the differences between fiducials. 
Furthermore, the fiducials enrolled were more concentrated 
on the inner side of the centroid, so we focused on the 
analysis of the mobility and influencing factors of fiducials 
in the first and fourth quadrants. To attain a more accurate 
rule, the fiducials were classified based on the breast size 
and quadrant position, which also resulted in fewer data 
points in the fourth quadrant. This problem also existed 
in the calculation of PTV margins. However, the research 
showed that there was an obvious linear correlation trend 
between the mobility and the position of fiducials in the 
first and fourth quadrants. Therefore, in the next study, we 
will supplement patients with fiducials in the second and 
third quadrants and increase the number of samples for 
further validation.

Conclusions

Our study showed that the fiducial motion tended to the 
right, dorsal, and caudal directions. Both the breast size 
(D×H) and the distance from fiducial markers to the edge 
of CTV could influence the 1-dimensional motions of 
fiducials, and the maximum margin was 12.4 mm appearing 
in the craniocaudal direction of the first quadrant with 
the D×H ≥99.89 cm2. It suggested that patients should be 

classified to manage and individualized PTV margins should 
be calculated according to the breast size and the location of 
the lesion in breast cancer radiotherapy.
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