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Validation of in vivo dose using EPID
combined with fan-beam CT guidance
in post-breast-conserving radiotherapy
for early-stage breast cancer

Wanli Zhu'", Jia Fang'", Yi Zhang', Meigin Chen', Hongzhi Zhang' and Shubo Ding'”

Abstract

Objective This study aimed to investigate the use of in vivo dose validation during post-breast-conserving radiation
for early breast cancer, the impact of image guidance on validation outcomes, and the role of inter- and intra-
fractional variations on dose distribution.

Methods Twenty-six patients undergoing post-breast-conserving radiotherapy for early-stage breast cancer were
selected for in-treatment in vivo dose validation. The target area and organs at risk were re-defined using the image-
guided images to quantitatively evaluate the impact of inter- and intra-fractional differences on the dose distribution.
The retrospective analysis examined the in vivo dose validation outcomes.

Results The 3%3 mm/5%3 mm 2Dy-pass (gamma pass) rates in the image-guided radiotherapy(IGRT) group

were significantly higher than those in the non-IGRT(N-IGRT) group for both left and right breast cancer (p <0.05).
Furthermore, the 5%3 mm 2Dy-pass rate of the fan-beam CT(FBCT) group was higher than that of the IGRT group
and was statistically significant (p < 0.05). The target area parameters primary gross tumor volume (PGTV) D95,
PGTV D2, planning target volume (PTV) D95, PTV D90, heart Dmean and V5, lung V5, and inter-fractional differences
were statistically significant (p <0.05) in patients with left breast cancer. The effects of intra-fractional differences on
dose distribution were statistically significant except for cardiac Dmean (p <0.05). Similarly, the dose distribution of
measures including PGTV D95, PGTV D2, PTV D95, PTV D90, Heart Dmean, and Lung V5 was strongly impacted by
inter-fractional variances in patients with right breast cancer. The influence of intra-fractional differences on dose
distribution was statistically significant for all parameters (p < 0.05), and they were statistically significant (p <0.05).

Conclusion When paired with fan-beam CT image guidance, electronic portal imaging device (EPID) in vivo dose
validation provides a precise real-time dose delivery evaluation for patients undergoing radiation therapy for breast
cancer.
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Introduction

Radiotherapy following breast-conserving surgery for
early-stage breast cancer may enhance locoregional con-
trol, diminish the risk of tumor recurrence, and extend
survival [1]. However, the potential for inadequate dos-
ing to the targeted breast area and increased doses of
normal tissues is a consequence of the inter- and intra-
fractional differences that are present in the array of
modern radiotherapy techniques available for breast
cancer treatment [2, 3]. Inter-fractional variation occurs
due to discrepancies between the patient’s anatomical
position during treatment and the intended position,
affected by uncertainties in equipment settings (includ-
ing rotation angles and cross-centering) and patient
positioning factors (such as organ motion and patient
movement). These discrepancies also result from diffi-
culty accurately reproducing the patient’s position dur-
ing many therapy sessions. During a single treatment
session, intra-fractional fluctuations mostly correspond
to changes in the patient’s posture or position by organ
movement [4]. Disparities between the images used for
treatment planning and those captured during treat-
ment may result from these deviations, potentially lead-
ing to substantial discrepancies between the actual dose
received by the patient and the dose prescribed by the
treatment plan. The implementation of image-guided
radiotherapy (IGRT) helps mitigate inter-fractional varia-
tion, with a study by Han et al. [5]. suggesting that daily
image-guided fractions improve positioning accuracy
and reduce dose discrepancies. While some studies [6,
7] have compared the positioning differences of breast
cancer between treatment fractions, they did not consis-
tently acquire anatomical information during irradiation.
The study by Lee et al. [8] acquired in-treatment images
to address intra-fractional dose variations from a dosi-
metric standpoint. However, the resulting dose data were
derived based on a virtual plan rather than reflecting the
actual dose received by the patient.

In vivo, dose validation evaluates the patient’s actual
absorbed dose by examining the transmitted dose and
log data collected during therapy to confirm the preci-
sion of the administered dose [9, 10]. The study by Fang
et al. [11] assessed the feasibility and efficacy of the
approach in validating treatment progress, emphasizing
pass rates. Their study concluded that substituting same-
day fan-beam CT (FBCT) images for PlanCT images
could enhance sensitivity and specificity, thus suggesting
improved validity for in-process treatment validation.

Our research center intends to examine in vivo dos-
age outcomes in early breast cancer patients receiving

breast-conserving radiation, employing image-guidance
modalities and threshold criteria for validation. This
study aims to investigate the therapeutic efficacy of
in vivo dosage validation in breast-conserving radia-
tion for early-stage breast cancer. Additionally, by com-
bining in vivo dosage validation with image-guidance
FBCT pictures, this study aims to investigate the effects
of intra- and inter-fractional variations on patient dose
distribution.

Materials and methods

Patients and positioning

A total of 26 patients with early breast cancer were ran-
domly selected from those who underwent postoperative
radiotherapy in our unit between May 2022 and March
2023. The average age of the patients was 54 years, with
a median age of 50 years. The pathological stage was
T, _4MyN,, comprising 16 cases of left-sided breast can-
cer and 10 cases of right-sided breast cancer.

Inclusion criteria: (1) Breast cancer patients with tumor
diameter less than 4 cm and no lymph node metastasis;
(2) Age less than 65 years old; (3) Histological grade III
or lymphatic vessel /Vascular invasion. Exclusion crite-
ria: (1) Patients with an expected survival time less than 5
years; (2) Patients with contraindications to radiotherapy.
A thermoplastic film (Colleridi, Guangzhou, China) and
an integrated fixation plate (Macromedics, Sweden) were
used to secure the patient’s position. Discovery large-
aperture CT (GE, USA) is used to collect free-breathing
images of the patient and transmit the images to the uRT-
TPOIS planning system (United Imaging Healthcare,
China) to create radiotherapy plans and in vivo dose veri-
fication (referred to as in vivo) plans.

Linear accelerator and electronic portal imaging device

A cutting-edge radiation therapy tool, the uRT-linac 506¢
linear accelerator (Shanghai United Imaging Healthcare,
China), integrates a 24-row diagnostic-grade fan-beam
CT on the rear of a 6 MV X-ray linear accelerator. The
head of the accelerator is equipped with 60 pairs of mul-
tileaf collimators, including 40 pairs in the center with
0.5 c¢m leaf thickness and 20 pairs on both sides with
1 cm leaf thickness, with a maximum field of 40 cm x
40 cm. sIMRT (static IMRT), dIMRT (dynamic IMRT),
and uARC (volume-rotation-intensity-modulated radia-
tion therapy) are supported by the device. Furthermore,
the linear accelerator features an amorphous silicon
electron portal imaging device (EPID). The EPID has a
maximum frame rate of 15 frames per second (fps), an
effective detection area of 40.96 cm x 40.96 cm, a source
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image distance of 145 c¢m, and a resolution of 1024 x 1024
pixels in 1x1 binning mode. The pixels have a size of
0.4 mm and a spatial resolution of 0.27 mm at the isocen-
ter plane. In addition to image guidance, the EPID device
is equipped with in vivo dose verification 2D evaluation
(hereafter referred to as in vivo 2D) and 3D reconstruc-
tion dose (hereafter referred to as in vivo 3D) evaluation
functions.

In vivo dose verification function

(1) in vivo 2D function [12, 13]: Calculating transit
images requires patient CT images and a Monte Carlo
technique. Accurate modeling of the accelerator allows
particle sampling to be done. Therefore, merging patient
CT data helps monitor every particle precisely. The signal
response of electrons and photons with different ener-
gies at different angles of incidence is obtained by accu-
rate modeling of EPID [12-14], and the “pseudo-dose”
image of particle deposition on a flat plate is calculated.
Subsequently, particle scattering and energy deposition
on the detector were modeled using the energy point
spread function of the particles, resulting in the dose
reference image for in vivo 2D. During treatment, radia-
tion passes through the patient, depositing energy on the
EPID is subsequently corrected for flat gain, geometry,
and imperfections, resulting in a final measured image.
A threshold is set to evaluate the expected and measured
images, with conformity assessed through the y-passing
rate.

Treatment planning
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(2) in vivo 3D function: In the execution of the plan,
details, including the positions of the multileaf collima-
tor, collimator openings, and the actual beam intensity of
the machine, are represented in the in vivo 2D measure-
ment images. The in vivo 3D reconstruction algorithm
model depends on the 2D images obtained during treat-
ment. Flux maps used in dose calculation reconstruction
are combined with patient CT data to get the recon-
structed dose field for the patient. This process uses the
fast Monte Carlo Dose Algorithm developed by United
Imaging Healthcare, a Monte Carlo dosimetry algorithm
[12, 14, 15], to calculate the patient’s in vivo 3D recon-
struction dose field.

Patient in vivo dose validation study workflow

Since May 2022, our unit has been officially conducting
in vivo dosage validation of EPID for post-breast-con-
serving radiation in early breast cancer patients with the
uRT-linac 506¢ (Jinhua Hospital associated with Zheji-
ang University School of Medicine Ethical Approval No.
48, 2022). The in vivo dosage validation method for the
patient consists of three main phases: plan production,
patient therapy, and 3D dose reconstruction (Fig. 1).

(1) Plan production: All target volumes and organs at
risk (OARs) were scanned by CT series using the
uRT-TPOIS planning system of United Imaging
(Shanghai United Imaging, China. Version:

R001) according to the Danish Cancer Breast
Cancer Collaborative Group (DBCGQG) atlas [16]

Treatment & 2D comparison

Dose reconstruction
( 3Dy Comparison & Dose Distribution Comparison)

Fig. 1 Workflow for validating patient treatments in vivo. Note: illustrates the workflow for in vivo validation of patient doses. In this workflow, EPID (Elec-
tron Projectile Imaging Device) is utilized for in vivo dose verification, IGRT (Image-Guided Radiotherapy) is employed for precise treatment delivery, and
FBCT (Fan-Beam Computed Tomography) is used for diagnostic imaging. Additionally, the in vivo dose verification includes both 2D assessment (in vivo

2D) and 3D reconstruction dose assessment (in vivo 3D) functions
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for contouring. The delineation of target volumes
encompasses the total tumor volume (GT Vtb),
which comprises all surgically implanted clips along
with the solid tissue and/or seroma interspersed
among them. The planned tumor volume (PGT Vtb)
is defined as a 1 cm extension of GTVtb, while the
CTYV encompasses the entirety of the affected breast.
The planned target volume (PTV) is an exterior
extension of 0.5 cm from the CTV, restricted to

0.5 cm beneath the skin, and the posterior margin
does not encompass lung tissue. OAR includes

the heart, left anterior descending coronary artery
(LADCA) [17], affected lung, contralateral lung,
liver, spinal cord, etc. The design uses a volumetric
rotation intensity modulated plan (PlanCT for
short) [18, 19]. The beam arrangement is divided
into four 60°arc segments in both clockwise and
counterclockwise directions (290°-350°and 100°-
160°for the left breast, 10°-70 °and 200°-260°for the
right breast), as shown in Fig. 2, the dose calculation
grid is 2.5 mm, and the dose calculation algorithm
used is the Monte Carlo algorithm. The prescribed
dose for 25 fractions is PTV dose 50 Gy and PGT Vtb
dose 60 Gy [20]. The prescribed dose is normalized
to PGT Vtb 95% volume reaching 60 Gy. The medical
physicist designs the treatment plan, Doctors and
physicists evaluate the PlanCT, Treatment can only
be carried out after the doctor’s final approval. The
target area evaluation index is PGTV D95 =60 Gy,
PTV D95 250 Gy. The limits of OAR include

heart V5<30%, Dmean <5 Gy, and lung V5 <48%,
V20<28%, and Dmean <15 Gy. Before treatment,

RFMUG— ® MTFREA

N (%) : () s (7)

Fig. 2 Plan Information: Dose Distribution, DVH, Arc Segment Information
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the PlanCT was validated using a 3D dose validation
instrument MatriXX Evolution (IBA, Belgium), with
a 3%3 mm pass rate of 99.23% + 0.69%. At the same
time, an in vivo 2D dose reference image based on
PlanCT calculations, is produced.Plan information is
detailed in Fig. 2.

(2) Patient Treatment: The linear accelerator system

receives the PlanCT and treat the patient .Before
and every week after the first treatment, patients
need to use FBCT for image guidance in a state of
free breathing, during which FBCT images can be
obtained.Patients may have had position correction
before treatment when they had a more than 5-mm
shift according to our clinical protocol. For each
therapy session, EPID was used to acquire doses

in real-time. The criteria for the 2D y-pass rate
approach include a dose difference and distance to
agreement (DTA) of 3% and 3 mm, respectively.
The Gamma analysis threshold was set at 10%,

with points below 10% of the maximum dose
excluded. During the treatment, computed images
from the planning system were compared with
measured images obtained by EPID. The comparison
utilized the in vivo 2D function, concentrating on
user-selected arcs, to ascertain the 2Dy-pass rate
outcomes for the current arc.

(3) 3D Dose Reconstruction: In the retrospective
analysis phase, 3D dose reconstruction is conducted.
In our study, FBCT images used for IGRT were
delineated by a senior radiotherapist for both the
target area and OAR. Maintaining the parameters

SSD{cm)
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of the PlanCT (such as shot field arc segment,
monitor units, subfields, etc.), the PlanCT data
was transferred to the FBCT images to generate
an FBCT image-based plan (referred to as the
PlanFBCT ). Then, using the in vivo 2D function,
measured images based on FBCT were produced
and contrasted with the reference images. Using the
in vivo 3D capability, 3D dose reconstruction was
performed on both the PlanCT images and FBCT
images to compare 3D y-pass rates and examine
dosimetric differences.

Organs at Risk relative change and target area deformation
analysis

Both CT images and FBCT images are based on the exist-
ing rigid registration relationship, and the overall contour
is re drawn on the FBCT image to analyze the ROI and
target deformation in more detail. Because in the OAR
of breast cancer patients, the changes of heart and lung
movement may be more obvious to the target area and
the overall dose distribution. So these two organs were
chosen as evaluation indicators.

Relative change in ROI (region of interest): We com-
pared the ROIs designated for important organs (mainly
the lungs and heart) on the FBCT images to those on the
PlanCT images. The calculation used Eq. 1, which pro-
duced relative error values for the ROIs. A relative error
value close to 0 indicates that the affected side lung and
heart ROIs on the FBCT image closely match the PlanCT
image.

Relative error of VRor = % x 100 (1)
0

where Vi refers to the ROI volume of the split FBCT
images of the day; VO refers to the ROI volume of the
PlanCT images.

Target-area deformation evaluate: Drawing on the con-
formal index concept, we have proposed a deformation
index for the Planning Target Volume (PTV) to charac-
terize the disparity between the PTV of the FBCT image
and that of the PlanCT image. In the current investiga-
tion, the PTV from the PlanCT image was replicated onto
the FBCT image, and their intersection was generated
utilizing a functional approach, as delineated in Eq. 2.
The PTV deformation index is computed. The proxim-
ity of the PTV deformation index of the target area to 1
indicates that the FBCT picture closely approximates the
volume of the target area in the intended image.

(PTVCT n PTVFBCT)2
PTVFBCT X PTVCT

(2)

Deformation index of PTVer =
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Where PTV-CT refers to the PTV outlined on the
PlanCT image, and PTV-FBCT refers to the PTV copied
on the FBCT image.

Comparison of in vivo dose validation pass rates

In the TG218 report, the planned pre-treatment valida-
tion evaluation was based on the gamma pass rate, which
we also used for analysis. The 2D/3D y-pass rate findings
for all treatment fractions were consolidated into the
ALL category. Treatment fractions without IGRT were
classified into the N-IGRT group, while those with IGRT
were assigned to the IGRT group. The ALL group, IGRT
group, and N-IGRT group are analyzed and compared
based on the reference images generated by PlanCT
and the measured images generated by EPID. The refer-
ence images generated by PlanFBCT and the measured
images generated by EPID are analyzed and compared
to determine the FBCT group. The criteria for compar-
ing the 2D/3Dy-pass rates across these groups were set at
3%3 mm and 5%3 mm .

Comparison of dose distribution

Using the 2D in vivo measurement images obtained from
EPID, a flux map is first reconstructed. Based on the
flux map and the FBCT image of the day, the dose field
received by the patient in vivo is reconstructed so that
the actual dose distribution absorbed by the patient can
be determined using in vivo 3D functionality. This pro-
cedure produces the patient’s dose distribution based
on the day’s FBCT images, termed FBCT in vivo. Subse-
quently, this distribution was compared with the patient’s
PlanCT and the dose distribution of the PlanFBCT,
respectively. For target areas, we counted PGTV D95,
PGTV D2, PTV D95, and PTV D90; for critical organs,
we counted Heart Dmean, V5, lung Dmean, V20, V5.

Statistical analysis

SPSS 19. 0 software was used to test all data for nor-
mality. In vivo, dose validation 2D/3Dypass rate data is
represented as the median and quartile values, denoted
by [M (P25, P75)]. The Wilcoxon rank sum test was uti-
lized for non-normally distributed data. A paired-design
signed rank sum test was performed for data with identi-
cal sample sizes, but a grouped-design two-sample rank
sum test was employed for data with varying sample
sizes. A p-value of less than 0.05 was deemed statistically
significant.

Results

IGRT could not completely correct the effect of posing
errors on dose distribution

Both breast cancer patients experienced considerable
displacement of the breast and diaphragm even after
normal IGRT, shown in Fig. 3 (A, B, and C). The ensuing
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Fig. 3 Forright breast cancer, the top row of images shows the positional deviation of the FBCT image and CT image fusion in coronal (A), transverse (B),

and sagittal (C) planes on the same day, respectively
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Fig. 4 Panel A displays the relative errors and PTV deformation indices of lung and heart volumes on the affected side for all IGRT subsets in patients with
left breast cancer. Panel B presents the relative errors and PTV deformation indices of lung and heart volumes on the affected side for all IGRT subsets in

patients with right breast cancer

under-dosage of dose in certain regions (highlighted in
red boxes) due to positional aberrations can also be seen
in Fig. 3(D, E).

The dosage distribution is depicted in the bottom row
of photos, where D shows the dose distribution under the
first planned CT scan, and E shows the actual dose distri-
bution under FBCT imaging. The green area in the dose
distribution pictures shows the 50 Gy-covered region.

The relative change of organs at Risk and target area
deformation

PTV, lung, and heart analyses were conducted on FBCT
images of breast cancer patients who underwent IGRT
fractions, comprising 80 IGRT fractions for the left and
49 for the right. The relative errors of the lung and heart

volumes on the affected side were computed for all IGRT-
fractional FBCT images in left and right breast cancer
cases utilizing Eq. 1. The deformation index of the PTV
target area was calculated for all IGRT-fractional FBCT
images in left/right breast cancer cases utilizing Eq. 2.
Figure 4A presents the results for left breast cancer: the
mean relative error of lung volume on the affected side
was 0.57% * 8.26%, with a maximum deviation of 42%;
the mean relative error of heart volume was -5.20% +
11.44%, with a maximum deviation of 31.27%; the mean
deformation index of the PTV target area was 0.80 + 0.09,
with a minimum value of 0.45. Figure 4B similarly pres-
ents the findings for right breast cancer: the mean rela-
tive error for lung volume on the affected side was 3.16%
+ 7.72%, with a maximum deviation of -21.53%; the mean
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relative error for heart volume was —4.49% + 7.95%, with
a maximum deviation of -22.64%; the mean deformation
index of the PTV target area was 0.82 + 0.09, with a mini-
mum value of 0.52.

In vivo dose verification y pass rate results

There were 16 cases of left breast cancer, comprising 396
in vivo dose validations and 80 IGRT fractions during
treatment. Among these, due to machine malfunction
causing interruption during treatment, it is impossible
to fully record the data of the day, the remaining 391 in
vivo data points and 75 IGRT fractions were available for
3D analysis. Furthermore, there were 10 incidences of
right breast cancer, accompanied by 247 occurrences of
in vivo dose validation and 49 IGRT fractions through-
out the treatment. For 3D analysis, the treatment range of
a patient exceeded the monitoring range of in vivo dose,
the remaining 223 in vivo data points and 44 IGRT frac-
tions were available. The in vivo 2D/3D y-pass rates were
assessed using the PlanCT as the reference image and the
same-day FBCT as the comparative image. The specific
results are shown in Table 1.

Table 1 2D/ 3Dy pass rates at different left and right breast
cancer thresholds [M(P25, P75)]

N-IGRT IGRT FBCT All
group(%) group(%) group(%) group(%)
left 2D 88.51 92.99 9332 89.66
breast 3%/3 mm (83.04, (90.86, (8861, (84.28,
cancer 92.41) 95.15) 97.46) 93.51)
2D 93.87 96.96 98.02 9477
5%/3 mm  (88.93, (95.29, (94.86, (90.03,
96.31) 98.22) 99.38) 97.04)
3D 89.53 92.53 93.93 90.35
3%/3 mm  (84.34, (88.34, (88.22, (85.08,
93.18) 96.64) 96.80) 94.00)
3D 9538 98.31 98.84 95.93
5%/3 mm  (91.16, (94.15, (95.53, (91.84,
97.81) 99.33) 99.54) 98.36)
right 2D 87.49 91.52 9203 88.60
breast 3%/3mm (80.22, (86.00, (97.37, (82.46,
cancer 91.86) 95.02) 96.13) 93.26)
2D 92.69 96.19 97.35 93.62
5%/3 mm (87.94, (92.88, (95.75, (89.13,
96.33) 98.19) 98.68) 96.64)
3D 85.39% 89.33 92.21 86.41
3%/3mm  (81.23, (86.44, (86.55, (82.02,
90.44) 95.97) 96.49) 90.89)
3D 9226 96.10 98.54 9342
5%/3 mm  (88.36, (93.87, (96.36, (89.66,
96.23) 99.23) 99.41) 96.93)

Note: The N-IGRT group refers to the subset in which no image guidance was
performed, Analyze theypass rate of EPID and PlanCT; The IGRT group refers to
the subset in which image guidance was performed, Analyze theypass rate of
EPID and PlanCT; The FBCT group refers to the subset in which the FBCT image
of the same day was used as the reference image for comparison, Analyze
theypass rate of EPID and PlanFBCT, The All group:ypass rate analysis of N-IGRT
group and IGRT group after integrating all data
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As depicted in Fig. 5A and B in left breast cancer cases,
the median of 3%3 mm 2D/3D and 5%3 mm 2D/3D in
the IGRT group was higher than that of the correspond-
ing N-IGRT group, and this difference was statistically
significant (p<0.05). Similarly, only 5%3 mm 2D/3D
demonstrated statistical significance (p<0.05), with the
median of 3%3 mm 2D/3D and 5%3 mm 2D/3D in the
FBCT group being greater than that of the matching
IGRT group. Furthermore, there was a statistically sig-
nificant difference (p<0.05) between the IGRT group’s
median of 3%3 mm 2D/3D and 5%3 mm 2D/3D and the
equivalent All group. The results of statistical analysis for
right breast cancer cases (5 C and 5D)were consistent
with those of left breast cancer cases.

In vivo dose validation dose distribution results

The dose distribution results of left and right breast
PlanCT, PlanFBCT, and FBCT in vivo are shown in the
Table (2).

Table 1 provides a detailed representation of PlanCT
DVH, PlanFBCT DVH and FBCT in vivo DVH. In
Tables 2 and 3, ADx /AVx1 represents the DVH dif-
ference between the PlanFBCT and PlanCT, primar-
ily reflecting the dose distribution difference caused by
inter-fractional differences. On the other hand, ADx
/AVx2 signifies the DVH difference between the in vivo
dose in vivo 3D and the PlanFBCT, predominantly indi-
cating the dose distribution difference due to intra-frac-
tional differences [14]. Tables 3 and 4 demonstrate that
breast cancer radiation performed during free breath-
ing displays inter- and intra-fractional variations, with
intra-fractional variations having a more significant
effect. As shown in Table 3, inter-fractional differences
mainly affected the target area (PGTV D95, PGTV D2,
PTV D95, PTV D90), heart (Dmean, V5), lung V5, with
no significant differences observed for lung Dmean
and V20; with the greatest effect on the heart at 8.21%
+ 16.93%. Intra-fractional differences, except for heart
Dmean, were significant for all the parameters; the actual
heart V5 was biased by as much as 5%, and the target-
area undershoot was relatively large at 3.39%. Taking the
PTV D95 prescription dose of 50 Gy in the target area
as an example, the inter-fractional difference resulted
in an average underdose of 0.94 Gy. The intra-fractional
difference resulted in an average underdose of 1.70 Gy.
As depicted in Table 4, the inter-fractional difference
in the target area mainly affected the target area, heart,
and lungs V5, and there was no significant difference in
lungs Dmean and V20. The maximum difference in the
heart Dmean was 2.99% + 7.26%. Intra-fractional dis-
crepancies considerably affect all parameters in the target
region, heart, and lungs, with the target area demonstrat-
ing a notable underdose of 3.66%, leading to varied levels
of underdose for the other parameters (except V5). For
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Fig.5 Panels A and B display the results of in vivo dose-validated y-pass rates for left breast cancer. Panel A represents in vivo 2D, while Panel B represents
in vivo 3D. Similarly, Panels C and D depict the results of in vivo dose-validated y-pass rates for right breast cancer. Panel C represents in vivo 2D, while
Panel D represents in vivo 3D. The N-IGRT group refers to the subset in which no image guidance was performed, Analyze theypass rate of EPID and
PlanCT; The IGRT group refers to the subset in which image guidance was performed, Analyze theypass rate of EPID and PlanCT; The FBCT group refers to
the subset in which the FBCT image of the same day was used as the reference image for comparison, Analyze theypass rate of EPID and PlanFBCT, The
All group: ypass rate analysis of N-IGRT group and IGRT group after integrating all data

Table 2 DVH of left and right breast PlanCT, PlanFBCT, and FBCT in vivo

PlanCT PlanFBCT FBCT in vivo PlanCT PlanFBCT FBCT in vivo
Left PGTVD95(Gy)  59.69+047 59.95+0.823 5752+138  right PGTVD95(Gy) 59.73+0.30 60.01+0.60 5794+1.11
PGTV D2(Gy) 63.89+0.56 64.10+£0.78 63.65+1.80 PGTVD2(Gy)  6347+0.53 63.85+0.88 6345+ 146
PTV D95(Gy) 50.78+0.50 49.82+1.12 48.13+1.56 PTV D95(Gy) 50.75+0.28 49.94+0.99 48.15+1.27
PTV D90(Gy) 51424053 51.02+0.78 49224141 PTV D90(Gy) 5146+0.29 51.09+0.76 49.22+1.19
Heart Dmean 428+158 458+1.65 457+1.57 Heart Dmean 0.87+0.25 0.89+0.24 0.86+£0.24
@y) Gy)
Heart V5 19.45%+8.06% 20.64%+8.09%  21.36%+7.58% Heart V5 1.04%+8128%  0.86%+1.13%  0.89%=+1.13%
Lung Dmean 10.28+1.21 1042+1.32 10.16+1.20 Lung Dmean  10.27£091 10.39+1.15 9.96+1.02
(Gy) Gy)
Lung V20 18.70%+2.78% 1897%+2.70%  18.72%+2.62% Lung V20 19.89%+2.24% 20.11%+2.72% 19.43%+2.45%
Lung V5 36.31%+4.16% 37.13%+4.897%  37.54%+4.53% Lung V5 37.30%+335% 37.92%+3.97% 38.05%+3.86%
Note: PlanCT: DVH of PlanCT PlanFBCT: DVH of PlanFBCT
FBCT in vivo: in vivo DVH based on FBCT image reconstruction
example, considering the target area PTV D95 prescrip-  Discussion

tion dose of 50 Gy, inter-fractional differences lead to a
mean underdose of 0.81 Gy. In comparison, Intra-frac-
tional differences result in a mean underdose of 1.83 Gy.

The breast tissue is near the lungs, and the chest wall
experiences changes due to respiratory movement. This
study revealed significant displacement of the breast, dia-
phragm, and other positions in 26 breast cancer patients
undergoing radiotherapy after breast-conserving sur-
gery despite the use of imaging guidance. This caused
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Table 3 Results of PlanCT, PlanFBCT and in vivo DVH distribution in the left breast cance

Target & OAR ADx /BVx1 ADx /AVX2 p-value
PlanCT vs. PlanFBCT PlanFBCT vs. FBCT in vivo
Target PGTV D95 0.45% + 1.62 -4.04% £ 2.32% <0.05 (Z=-3.132¢) <0.05 (Z=-7324b)
PGTV D2 0.32% £ 091% -0.70% £2.61% <0.05 (Z=-2973b) <0.05 (Z=-2.171c)
PTV D95 -1.88%=+ 1.96 -3.39%+2.46% <0.05 (Z=-6.355¢) <0.05 (Z=-6.894c)
PTV D90 -0.78% +1.33 -3.53% + 2.39% <0.05 (Z=-4.349¢) <0.05 (Z=-7.081c)
Heart Dmean 8.21%=+ 16.93% 057% +4.51% <0.05 (Z=-3.659%b) =0.342(Z=-0951c)
V5 8.15%+16.37% 5.08%=5.60% <0.05 (Z=-3.784Db) <0.05 (Z=-5.170b)
Lung Dmean 1.67% + 8.74% -2.32% + 3.59% =0.235(Z=-1.188b) <0.05 (Z=-5.407c)
V5 2.21% + 6.39% 1.27% + 2.84% <0.05 (Z=-2.780b) <0.05 (Z=-3.712b)
V20 2.19%+11.01% -1.24% + 3.46% =0.329(Z=-0977b) <0.05 (Z=-4.924c)

Note: 1 denotes the variation in dose-volume histograms (DVH) between the current day’s PlanFBCT and the PlanCT, reflecting inter-fractional variation; 2 denotes
the variation in DVH between the on-treatment in vivo reconstruction dose and the current day’s PlanFBCT, reflecting intra-fractional variation

Table 4 Results of PlanCT, PlanFBCT and in vivo DVH distribution in the right breast cancer

Target & OAR ADx /AVx1 ADx /AVx2 p-value
PlanCT vs. PlanFBCT PlanFBCT vs. FBCT in vivo

Target PGTV D95 0.49% + 0.95 -3.52% £1.59% <0.05 (Z=-3.700c ) <0.05 (Z=-5.754b)

PGTV D2 0.60% + 0.91% -0.69% =+ 1.64% <0.05 (Z=-2973b) <0.05 (Z=-2.282b)

PTV D95 -1.62%+ 1.79 -3.66%+1.47% <0.05 (Z=-4.843b) <0.05 (Z=-5.777b)

PTV D90 -0.73%+1.20 -3.74% £+ 1.52% <0.05 (Z=-3.565¢) <005 (Z=-5.777b)
Heart Dmean 2.99% + 7.26% -4.24%+5.17% <0.05 (Z=-2.002¢) <0.05 (Z=-4.079b)
Lung Dmean 1.27% + 6.49% -4.08% + 2.74% =0419 (Z=-0.809c) <0.05 (Z=-5322b)

V5 1.67% £ 3.72% 0.36% + 1.84% <0.05 (Z=-32.597¢) <0.05 (Z=-2.790c )

V20 1.24% + 7.38% -3.26% + 2.97% =0.397 (Z=-0.846¢) <0.05 (Z=-5310b)

Note: 1 represents the disparity in DVH between the current day’s PlanFBCT and the PlanCT, signifying inter-fractional variation; 2 indicates the disparity in DVH
between the on-treatment in vivo reconstruction dose and the current day’s PlanFBCT, signifying intra-fractional variation

a disparity between the administered dose to the target
region and the intended dose. This specifically mani-
fested as a reduction in the y-pass rate and underdose
noted in the dosage distribution map. Literature reports
suggest that respiratory movement can lead to a calcu-
lation error of 0.1% in the average cardiac dose, while
errors due to positioning discrepancies can cause a 1.3%
error in the calculated average cardiac dose [21]. Numer-
ous factors, including the fixation mode [22, 23], arm
posture [24], BMI [25], changes in psychological factors
[26], and respiratory movement, can affect the morphol-
ogy of the patient’s body surface contour or organs dur-
ing the entire radiation therapy process for breast cancer
patients. Maintaining the same state as during localiza-
tion is, therefore, complex. Thus, relying solely on image
guidance is insufficient to correct this discrepancy. This
study quantified the volumetric changes in the ROI
across various inter-fractions using the relative error of
the ROI volume change. The results showed that the mul-
tiple inter-fractions had notable variations in heart and
lung volumes. In particular, the lungs’ volume change
was mostly within +20%. Because there is no respiratory
motion management, photographs are acquired while
breathing freely, capturing images with varying respira-
tory temporal phases over various fractions.

Consequently, this led to substantial changes in lung
volume due to artifacts and other factors [27]. Further-
more, the volume of the heart exhibits more variabil-
ity across different fractions than the lungs. In some
instances, the volume of the heart is smaller during frac-
tions than during localization. This phenomenon primar-
ily arises from the rapid rhythmic movement of the heart
and respiratory motion, which impacts the degree of vol-
ume change in the heart more significantly than in the
lungs. Furthermore, if the first localization scan aligns
with a specific cardiac motion phase, it may yield a bigger
or smaller volume. Consequently, replicating this phase
in successive fractions may prove challenging. Due to the
unpredictable nature of the heart’s rhythmic activity, it is
prudent to contemplate relocation when the heart vol-
ume substantially exceeds that recorded during localiza-
tion in several successive treatment sessions.

A related study [9] confirmed that errors in treatment
could be identified through in vivo dose verification
and the standardized utilization of this function could
enhance its accuracy. Another study [28] indicated that
errors in pendulum settings can significantly contribute
to bias in y-pass rates. In this investigation, the median
of 3%3 mm and 5%3 mm 2D/3D in the IGRT group
exceeded that of the corresponding N-IGRT group with
statistical significance, suggesting that employing IGRT
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can enhance the y-pass rate of in vivo dose validation,
consistent with the findings of Fen et al. [14]. Further-
more, the IGRT group’s median 3%3 mm and 5%3 mm
2D/3D values were statistically significantly higher
than those of the comparable ALL group, suggesting
that improving the accuracy of the y-pass rate can be
achieved by altering the present weekly dose validation
technique. This statistically significant difference implies
that the y-pass rate of in vivo dose verification in breast
cancer cases can be improved by changing the current
weekly image guiding mode and increasing the frequency
of IGRT [20]. Thus, using the same day FBCT as the ref-
erence image can improve the 3%3 mm, 5%3 mm 2D/3D
y-pass rate for both right and left breast cancer, although
only the 5%3 mm 2D/3D y was statistically significant.
The 3%3 mm threshold criterion may be excessively rig-
orous and could fail to identify substantial outcomes.
Consequently, determining whether the decrease of the
threshold criterion for y analysis using FBCT images to
implement the 5%3 mm criterion is more appropriate for
clinical requirements necessitates further examination
with a larger sample size [18, 29].

Some researchers [30] have suggested that 2D strat-
egies have an advantage in rapid monitoring without
requiring comprehensive data from all angles, but 3D
methods give more specificity. However, the difficulty of
2D approaches to integrate with dose-volume histograms
(DVH) is a limitation. The current study indicates a cor-
relation between 2D/3D y-pass rates, where a high 2D
y-pass rate corresponds to a high 3D y-pass rate. Still,
the correlation with the DVH of the 3D reconstruction is
not robust, consistent with findings by Ma et al. [31]. The
study found that the 3%3 mm y-pass rate setting of 95% is
too severe, as reported in the literature. The median 2D
Y-pass rates were 92% for 3%3 mm y-pass rates 97.2% for
5%3 mm y-pass rates at IGRT, 89.2% for 3%3 mm y-pass
rates, and 94.5% for 5%3 mm y-pass rates ungrouped
[32]. Fewer research articles on EPID for Shanghai
United Imaging Healthcare are present, even though the
AAPM Task Group Report 307 [33] covers studies on in
vivo dosage validation threshold settings for EPID cur-
rently used in the market [12.13.15].

Owing to the restricted data available, conclusive val-
ues cannot be ascertained, and additional research is
necessary to enhance our comprehension of this domain.
The ROI deformation data revealed a notable variance in
the volumes of the lungs and heart across various frac-
tions, indicating possible structural alterations that could
affect the target area. These structural modifications
may subsequently affect the dosage distribution within
the target region. By comparing the dose distribution on
the same-day FBCT for both left and right breast cancer
cases with the planned initial dose distribution, it was
observed that differences between fractions could affect
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parameters such as PGTV D95, PGTV D2, PTV D95, and
PTV D90.

The present study observed small mean differences but
large degrees of dispersion when comparing the dose
distribution to the lungs for left and right breast cancer
cases. Specifically, the standard deviations of affected
side lungs Dmean, V5, and V20 were higher for left breast
cancer (8.74%, 6.39%, and 11.01%, respectively) com-
pared to right breast cancer (6.49%, 3.72%, and 7.38%,
respectively). For the dose distribution of the heart, inter-
fractional differences primarily affected the heart Dmean.
The left breast cancer heart Dmean had the largest effect,
with an overall deviation of 8.21% and an individual
variation of 16.93%. In comparison, right breast cancer
showed smaller variations within 3%, with an individual
variation of 7.26%. This indicates that inter-fractional
image discrepancies in the lungs and heart affect dose
calculation results, as demonstrated by the greater dose
variation in the affected lung side for left breast cancer
relative to right breast cancer and the more significant
dose difference for the heart in both right and left breast
cancer compared to the lungs. This mismatch may be
ascribed to the heart’s main positioning on the left side
of the chest, with its pulse influencing the volume of the
left lung more significantly than that of the right lung in
inter-fractional images [34].

Furthermore, differences in heart illumination and dose
between right and left breast cancer cases contribute
to smaller differences in heart Dmean on the right side.
Considering the significant variation in heart and lung
volume changes observed in this study, there appears to
be some correlation between organ deformation and dose
changes. Furthermore, increasing dosage dispersion indi-
cates heightened randomness in the program outcomes,
which may lead to misleading or overly optimistic expec-
tations in program design and treatment evaluation. One
study [35] demonstrated a 7.4% rise in the incidence of
coronary heart disease for each 1 Gy increment in mean
cardiac exposure [30]. The discrepancies in dose distribu-
tion between the heart and lungs in the original plan and
the same-day FBCT indicate that IGRT alone is unable to
fully rectify the dose variation received by mobile organs
in different subsets of left/right breast cancer cases. This
insight also guides the implementation of adaptive radio-
therapy for breast cancer [36, 37].

To eliminate the influence of inter-fractional ana-
tomical differences, we compared the results of in-vivo
dose reconstruction with the PlanFBCT from the same
day. In-vivo dose represents the actual dose received
by the patient in real-time during treatment, focusing
on analyzing the impact of intra-fractional anatomical
variations on the dose distribution. Our findings, when
examining cases of left and right breast cancers, revealed
that intra-fractional differences significantly affected the
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dose distribution within the target area, leading to an
intra-target underdose (mean underdose of 3.39% for
the left breast PTV D95 and 3.66% for the right breast
PTV D95). Interestingly, intra-fractional differences had
a more substantial impact on dose underdose in the tar-
get area compared to inter-fractional differences [12, 13]
(left breast PTV D95 mean underdose 1.88%, right breast
PTV D95 mean underdose 1.62%). Hence, the influ-
ence of intra-fractional organ motion on the actual dose
should not be overlooked in clinical practice.

Intra-fractional differences also notably impact the
dose distribution within the lungs and heart. Specifically,
we observed elevated levels of low-dose regions, partic-
ularly evident in parameters such as V5 in the affected
side lung (1.27% higher on average for left breast cancer
and 0.36% higher on average for right breast cancer),
V5 in the heart (5.08% higher on average). Dmean was
0.57% + 4.51% higher in the heart for left breast cancer.
Conversely, other parameters of the at-risk organs dem-
onstrated varying degrees of reduction. Compared to
inter-fractional data, intra-fractional differences in these
parameters exhibited less variability across breast cancer
cases. Additionally, while inter-fractional structural dif-
ferences in lung and heart images significantly influenced
dose alterations, intra-fractional organ motion had a
comparatively lesser impact on these changes.

In summary, inter-fractional differences in breast can-
cer radiotherapy patients primarily manifest as changes
in lung and heart volumes and their corresponding dose
distributions. While IGRT can correct posing errors to
some extent, it may not fully address these differences,
highlighting the potential need for adaptive radiotherapy
in breast cancer treatment. Intra-fractional variation,
leading to inadequate coverage of the target area during
treatment and reduced dose calculation accuracy for the
lungs and heart, is primarily attributable to the absence
of respiratory motion management in conventional
breast cancer radiotherapy. Furthermore, related studies
[38, 39] indicate that implementing respiratory exercises,
including deep inhalation and breath-holding, can effec-
tively displace the heart from the chest wall and enhance
lung volume, consequently reducing radiation exposure
to critical organs such as the heart and lungs. Incorpo-
rating radiotherapy techniques such as deep inhalation
breath-holding may reduce intra-fraction variability and
improve dose precision for patients undergoing breast-
conserving radiotherapy.

There are some limitations in this study. One of the
purposes of this study is to investigate the impact of
inter- and intra-fractional variations on dose distribution.
The relatively small size of the study sample restricts the
extent to which the results can be generalized. Therefore,
future research could involve larger cohorts, increasing
the number of patients, and incorporating techniques
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such as deep inspiratory breath holding (DIBH) or adap-
tive radiotherapy to improve the accuracy and effective-
ness of treatment and reduce potential adverse reactions.

Conclusion

The use of EPID-based in vivo dose validation in breast
radiotherapy provides a practical approach for identi-
fying and mitigating dose errors. By inter- and intra-
fractional analysis, giving us a clearer understanding of
the importance of inter- and intra-fractional variabil-
ity. Strategies such as increasing the frequency of image
guidance can identify and correct some of the problems
in a timely manner, these measures enhance the accu-
racy of in vivo dose validation outcomes, ensuring that
patients receive the prescribed radiation dose with preci-
sion. In conclusion, EPID-based in vivo dosage validation
provides a precise real-time dose delivery evaluation for
patients undergoing radiation therapy for breast cancer,
Helping to enhance accuracy of radiotherapy and reduce
the likelihood of side effects.

Abbreviations

IGRT Image-guided radiotherapy
N-IGRT Non-IGRT

FBCT Fan beam CT

PTV Planning target volume

cTv Clinical target volume

GTVtb Gross target volume tumor bed

PGTVtb Planning gross target volume tumor bed

EPID Electronic portal imaging device

IMRT Intensity-modulated radiation therapy

ROI Region of interest

DVH Dose-volume histograms

BMI Body Mass Index

DIBH Deep inspiration breath-holding

DBCG Danish Breast Cancer Cooperative Group

PGTV D95 Prescription dose covered by 95% of the volume of
PGTV

PTV D95 The prescription dose covered by 95% of the PTV
volume

D2 Maximum dose received within 2% PGTV volume

Heart V5 The percentage of volume contained in the heart
receiving a 5 Gy dose

Lung V20 The percentage of volume contained in the lung
receiving a dose of 20 Gy

Lung V5 The percentage of volume contained in the lung
receiving a dose of 5 Gy

Dmean Dose mean

PGTV D95 > 60 Gy The prescription dose of PGTV with 95% volume is
>60 Gy

PTV D95 =50 Gy 95% volume of PTV prescription dose > 50 Gy

Heart V5 <30% Volume percentage of heart receiving 5 Gy

dose <30%

Heart Dmean <5 Gy Heart dose mean <5 Gy

Lung V20 < 28% Volume percentage of lung receiving 20 Gy
dose < 28%

Lung V5 <48% Volume percentage of lungs receiving 5 Gy
dose <48%

Lung Dmean<15Gy  Lung dose mean<15 Gy

PTV D90 The prescription dose covered by 90% of the PTV
volume

LADCA Left anterior descending coronary artery

OAR Organs at risk

UIH United Imaging Healthcare

ASTRO American Society for Radiation Oncology
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