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Abstract

Objectives The purpose of this study was to explore the influence of individual patient factors, such as volume of
the planning target volume (PTV) (Vpp), cardiothoracic ratio (CTR), central lung distance (CLD), and maximal heart
distance (MHD), on the design of treatment plans in terms of target dose coverage, integral dose, and dose to organs
at risk (OAR) in early breast cancer.

Methods Ninety-six patients were selected for this study. Radiation doses of 50 Gy and a simultaneous dose of 60 Gy
in 25 fractions were administered to the whole breast and tumor bed, respectively. The intensity modulation plan
(IMRT) of each patient uses both physical parameters and an equivalent uniform dose (EUD) to optimize the target
function. Univariate and multivariate linear regression were used to analyze the relationship between predictive
impact factors and OAR percent dose volume, conformity index (Cl), and homogeneity index (HI).

Results The average Cl and Hl values of the left breast cancer plan were 0.595£0.071 (0.3-0.72) and 1.09540.023
(1.06-1.18), respectively. The CTR (8=0.21, P=10.045), Vo1, (B=0.63, P=0.000), volume of the lung (\/mg) (B= —0.29,
P=0.005), and MHD (B=0.22, P=10.041) were identified as factors influencing the Cl index of the left breast can-

cer intensity modulation plan. Vpp, (B=1.087, P=0.022) was identified as the influencing factor of the Hl index

of the left breast cancer intensity modulation plan. volume of the heart (V) (B= —0.43, P=0.001) and CLD
(B=0.28, P=0.008) were influencing factors of the volume of lung (angzo) of the lung. The prediction formu-

las for left-sided breast cancer are noted as follows: Cl=0.459+-0.19CTR-0.16CLD, V; ;.10 =35.5-0.02V,,.,,,;; and
Viung20=21.48 +2.8CLD-0.018V, .

Conclusions CTR, CLD, and MHD can predict the rationality of the parameters of the left breast cancer IMRT. The cal-
culation formula generated based on this information can help the physicist choose the optimal radiation field setting
method and improve the quality of the treatment plan.

Keywords Breast cancer, Radiation therapy, Cardiothoracic ratio, Lung center distance, Maximum distance of the
heart
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approximately 304,000 new breast cancer cases are diag-
nosed in our country every year. With the improvement
of breast cancer diagnosis and treatment, the 5-year sur-
vival rate has reached 83.2% [1]. Given the improvement
of medical standards, the early detection rate of breast
cancer has further increased, and the breast-conserving
rate of breast cancer patients has also further increased
[2]. Therefore, postoperative adjuvant whole breast radia-
tion therapy (WBRT) is an important part of the current
standard treatment for early breast cancer, which can
bring long-term local control and survival [3, 4].

The side effects of long-term radiotherapy are a prob-
lem that cannot be ignored with the prolonged survival of
breast cancer patients. Given the special anatomical rela-
tionship between the breast and heart, long-term heart
damage caused by radiotherapy has also received increas-
ing attention [5]. RP is one of the most common and poor
prognostic complications of postoperative radiotherapy
for breast cancer. Previous studies have confirmed that
radiotherapy doses, lung exposure, and other indicators
are high-risk factors for radiation pneumonitis [6]. At
present, inverse intensity-modulated radiotherapy tech-
nology has been widely used in whole breast radiotherapy
and is able to deliver conformal and tumoricidal doses to
the target [7]; thus, the target area has a higher coverage
rate and less OAR exposure. However, the design of the
IMRT plan is affected not only by the angle of the field
and the multileaf grating but also by the patient’s own
factors. Vivekanandan [8] performed a more detailed
study on the design of the static intensity modulation
plan from the angle of the frame and the multileaf col-
limator and applied it in script mode. Although the effi-
ciency of the plan is improved, the patient’s target area
and the anatomical spatial structure of the OAR occa-
sionally need to be re-established and optimized, which
wastes considerable time and energy and reduces the effi-
ciency of work.

This study adopts the commonly used static inverse
intensity modulation plan and expects to generate the
corresponding formula through the analysis of the dose
volume of Vppy, CTR, CLD, MHD and CI, HI, OAR,
and the bivariate correlation analysis with OAR. This
can predict whether the intensity modulation plan for
breast cancer patients can meet clinical requirements for
physicists.

Methods and materials

Patients

Ninety-six patients were selected for this study. All
specimens were released by the patients upon signing
informed consent forms. Thea analysis of human mate-
rial was approved by the local ethics committee.
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Computed tomography (CT) images

The positioning technician instructed the patients to
lie in a supine position with their arms raised above
their head and to hold the arm support. After 5 min
of free breathing, the patient was marked with a cross
line according to the position of the laser line, and a CT
scan was performed with a thickness of 5 mm. The scan
range was from the upper edge of the throat to 10 cm
below the breast fold. The image is transmitted to Pin-
nacle Treatment Planning System (TPS).

Contouring

All contours were performed by clinicians using Eclipse
(version 15.5) according to the Radiation Therapy
Oncology Group (RTOG) Breast Cancer Atlas for Radi-
ation Therapy Planning: Consensus Definitions [9].

The clinical target volume (CTV) consisted of the
breast glands and the lymphatic drainage area of the
chest wall under the breast. Levels II-III of the axial
and supraclavicular lymph node areas are needed if the
patient has axillary lymph node metastasis. The tumor
bed was also delineated by preoperative physical exam-
ination, surgical marks, and surgical wounds. The PTV
was obtained by expanding the CTV by 7 mm, but the
front boundary was 5 mm below the skin surface. The
spinal cord, ipsilateral lung, contralateral lung, con-
tralateral breast, heart, and left anterior descending
artery were delineated as OARs.

The HI and CI formulas of PTV [10] are noted below:

HI = Dsy/Dosy (1)

CI = PTVog59/PTV x PTVos59/Vosy (2)

In Formula (1), Dgy, is the dose received by 5% of the
PTV, and Dy, is the dose received by the volume of 95%
of the PTV. In Formula (2), PT Vs is 95% of PTV, and
V5o indicates the volume included in the 95% isodose
line. The closer the values of CI and HI are to 1, the better
the conformity and uniformity of the dose distribution.

Prescriptions and planning

Radiation doses of 50 Gy and a simultaneous dose of
60 Gy in 25 fractions were administered to the whole
breast and tumor bed, respectively. The three paired tan-
gential beams were adopted, which had an average of
6 ~ 8 subfields (Fig. 1). The minimum subfield area must
be>10 cm? and the minimum subfield jump number
must be>10 MU. A 10-15° difference is between the gan-
try angles in the same direction. The physical dose limit
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Fig. 1 Representative of left breast intensity-modulated radiotherapy program

and EUD were both applied to optimize the objective
function.

Measurement of predictive factors and evaluation

of indicators

CTR

The ratio of the maximum transverse diameter of the
heart measured on the CT coronal image and the dis-
tance between the inner wall of the thorax measured
across the top of the diaphragm (Fig. 2a).

CLD

A vertical line is drawn based on the layer closest to
the midline of the target area of the inscribed field, and
a horizontal line is made on the layer on the backmost
side of the target area of the outer incisal field on the CT
cross-sectional image. To move to the same level to con-
struct a right-angled triangle by system software, a verti-
cal line was drawn on the hypotenuse to the inside of the
chest wall, and the vertical line with the longest distance
was selected (Fig. 2b).

MHD

To draw a straight line connecting the inner boundary
of the incisor field and the inner boundary of the outer
incisor field on the CT cross-section where the apex is
located, which is the maximum distance from the top of
the apex to the line (Fig. 2c).

Treatment plan evaluation

The dosimetric study of the treatment plan was based
on the following parameters extracted from the dose-
volume histogram (DVH): HL; CI; Vpr; heart V30, V10,

of the left anterior
of

V5, and D, and MHD, the D, .,
descending (LAD), and the V20, V10, V5, and D
ipsilateral lungs.

mean

Statistical analysis

The correlation was determined through the univari-
ate linear regression analysis, and then, the multiple lin-
ear regression analysis is carried out. The index with a p
value <0.05 was selected, and the corresponding predic-
tion formula was generated according to the coefficient
of the index. All statistical analyses were performed using
SPSS 22 software.

Results

The impacts on Cl and Hli

The average CI and HI values of the Breast Cancer Pro-
gram were CI=0.595+£0.071 (0.3—0.72).

Univariate linear regression showed that CTR (B=0.21,
P=0.045), Vppy (B=0.63, P=0.000), V},,, (B=—0.29,
P=0.005), CLD (B=-0.21, P=0.047), and MHD
(B=0.22, P=0.041) were all influencing factors of the CI
index of the left breast cancer intensity modulation plan.
However, multivariate linear regression showed that CLD
(B=—0.16, P=0.048), CTR (B=0.19, P=0.015), and
Vpry (B=0.00, P=0.000) were independent influencing
factors of the left CI (Table 1).

Both univariate and multivariate linear regression
showed that Vppy (B=1.087, P=0.022) was a factor
influencing the HI index of the left breast cancer intensity
modulation plan, but CLD (B=0.001, P=0.224) was not
(Table 2).
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Fig. 2 a Schematic diagram of measurement of cardiothoracic ratio in breast cancer patients. b Schematic diagram of the maximum vertical
distance of the lungs of breast cancer patients. ¢ Schematic diagram of the maximum vertical distance to the heart of breast cancer patients
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Table 1 Univariate and multiple linear regression analysis of Cl

Variables Structures al
R? 95%Cl B P
Unary linear regression
CLD 0.044 —0.06-0 —0.21 0.047
CTR 0.045 0.007-0.607  0.21 0.045
Vory 039 0-0 063 0.000
MHD 0.047 0.001-0.051 022 0.041
Viung 0.085 0-0 —029  0.005
Multiple linear regression
CLD 0459 —0.046-0 —016 0048
CTR 0459 0.057-0.515 0.19 0.015
Verv 0459  0-0 0 0.000

Table 2 Univariate and multiple linear regression analysis of HI

Variables  Structures  HI/
R? 95%C! B P
Unary linear regression
CLD 0.017 —0.001-0.003  0.001 0224
CTR 0027  —0.172-0.02 —0076  0.119
Vory 0058  0-0 1.087 0022
MHD 0007  —0.004-0.01 0.003 0440
Multiple linear regression
Verv 0058 0-0 1.087 0.022

The relationship between OAR volume and CLD, MHD,

and OAR percent dose

For the dosimetry studies of the lung, we analyzed
some common factors, such as V.5 Vigngior Viung2or
and Dy,cuniung, Which are related to radiation pneumo-
nitis. The univariate linear regression showed that V,,,,
(B=0.29, P=0.006), Vpry (B=0.22, P=0.037), Vyoun
(B= —0.43, P=0.001), CTR (B= — 0.3, P=0.005), and
CLD (B=0.28, P=0.008) were the influencing factors
of Viyngoo- However, only Vi, (B= —0.41, P=0.001)
and CLD (B=0.28, P=0.018) achieved significant dif-
ferences in the multiple linear regression (Table 3).

In addition, we also explored the impact of the
above variables on cardiac-related monitoring indi-
cators. Regarding the V,, of the heart, single-factor
analysis suggests that MHD (B=0.48, P=0.000),
CTR (B=0.436, P=0.000), and V,,, (B=—052,
P=0.000) were the influencing factors. Multifactor
analysis suggested that MHD (B=0.37, P=0.000) and
Viung (B= —0.42, P=0.000) were influencing factors,
whereas CTR was not. Regarding the Dmean of the
heart, the multivariate analysis also obtained similar
results with V5,. Both MHD (B=0.28, P=0.005) and
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Viung (B= —0.33, P=0.001) were influencing factors
(Table 4).

In addition, we also performed a variable analysis on
LAD. Single-factor analysis suggested that the Dmean
of LAD was affected by MHD (B=0.36, P=0.000), V ;.
(B= —0.37, P=0.000), Vppy (B= —0.36, P=0.001), and
Vheart B=0.31, P=0.019), whereas multivariate analysis
only suggests that V,,,,, (B=0.31, P=0.019) is the influ-
encing factor of the Dmean (Table 4).

The prediction formula

HI : consant(1.087)
CI: 0459 + 0.19CTR — 0.16CLD

Lung

Dinean © 207.5 + 0.89Vjyng
Viung10 : 35.5 — 0.02Vheart
Viung20 : 2148 + 2.8CLD — 0.018Vpeqrt

Heart

LADpmean = 3829 — 1.59Viyng
Dinean = 889.56 + 105.76MHD — 0.32Viyng
Dpnax = 4699 + 274.31MHD

Vheart30 = 9.4 + 2.3MHD — 0.007Vyng

Discussion

Adjuvant radiotherapy after breast-conserving breast
cancer surgery can effectively improve the local control
rate [10], reduce the risk of tumor recurrence [11], and
prolong patient survival [12]. However, with the pro-
longed survival period, the long-term adverse reactions
caused by radiotherapy are obvious. How to reduce the
incidence of adverse reactions by optimizing radio-
therapy techniques and methods is a current research
hotspot. The CI, HI value, and OAR dose volume of the
intensity modulation plan are important indicators for
the evaluation of the treatment plan. In the course of
clinical practice, the optimal dose is not reached, and
the indicators are compromised. The CI and HI values
of the intensity modulation plan are affected not only
by the angle of the gantry and MLC but also by the OAR
dose limitation and spatial distance. The increase in the
number of OARs and the limitation of dose volume com-
plicate planning optimization. To reduce the repeated
modification and optimization of parameters by physi-
cists and improve the efficiency of planning design, this
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Table 3 Unary and multiple linear regression analysis of the relationship between predictive factors MHD, CTR, Vppy, CLD, and lung

dose volume

Variables  Structures Lungs
Vyo Vio Dmean
Unary linear regression  Multiple Unary linear regression  Multiple Unary linear Multiple
linear linear regression linear
regression regression regression
Vigng R? 0.08 0.09 0.05 0.05
95%Cl —0.002-0.009 0-0.01 0.04-1.74 0.04-1.74
P 0.006 0.003 0.040 0.040
B 0.29 0.31 0.22 0.22
Vpry R? 0.05 0.05
95%Cl 0-0.01 0-0.01
P 0.037 0.032
B 0.22 0.23
Vieart R? 0.18 0.26 0.19 0.19
95%(Cl —0.03-0.009 —0.03-0.01 —0.03-0.01 —0.03-0.01
P 0.001 0.001 0.001 0.001
B —043 —041 —044 —044
CTR R 0.09 0.08
95%(Cl —43.51-8.12 51.83—-9.56
P 0.005 0.005
B —-03 —0.29
CLD R? 008 026
95%Cl 0.67-4.26 0.5-5.1
P 0.008 0.018
B 0.28 0.28

study uses PTV and OAR as the objective functions to
explore patient factors that affect plan design.

To ensure the reliability of the research results, stud-
ies should try to exclude the influence of nonpatient fac-
tors on the research results. CI is affected by the number
of firing fields, the number of subfields and the angle of
the gantry. Previous studies [13] on radiotherapy dosim-
etry of different intensity modulation methods after
breast-conserving surgery showed that nonpatient fac-
tors, such as increasing the number of subfields, verti-
cal incidence, and other methods, can increase the CI
value of the intensity modulation plan but simultane-
ously increase the OAR low-dose exposure volume.
Therefore, all patients in this study used full tangent field
irradiation with the same gantry conditions, number
of fields, and number of subfields. The heart and lungs
are important OARs in the design of radiotherapy after
breast-conserving breast cancer surgery. The indica-
tors related to the heart and lungs are important factors
influencing the design of the plan, and previous studies
have not conducted further studies on these OARs. This
study enrolled 96 patients with left-side breast cancer
after breast-conserving radiotherapy and explored the

influence of heart- and lung-related patient factors, such
as CLD, CTR, MHD, and Vpy, on the design of radio-
therapy plans.

The CI and HI values are important indicators of the
intensity modulation plan. The average CI and HI values
of the intensity modulation plan for left-side breast can-
cer patients in the supine position were similar to those
previously reported in the literature [14]. In this study,
the relationship between the predictive impact factors of
breast cancer IMRT and the CI and HI values identified
through univariate linear regression analysis showed that
Vpryvs MHD, and CTR were the influencing factors of the
CI value of left-side breast cancer. Multiple linear regres-
sion analysis showed that CTR, CLD, and Vppy were
independent influencing factors of CI, and measuring the
CTR value of patients can quickly predict the CI value
of patients with left breast cancer. Both univariate linear
regression and multiple linear regression show that V1,
is the only factor impacting HI. HI was mainly affected by
the patient’s own breast volume, which differs from the
results regarding CI. From another aspect, this finding
also verifies the importance of individualized treatment
plans.
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Cardiovascular disease is the number one cause of
death in elderly breast cancer survivors. Studies [15] have
found that left breast radiotherapy can cause damage to
the entire length of the left coronary artery, including the
proximal and middle and distal ends. Given the increas-
ing number of breast cancer survivors with a history of
breast radiotherapy, more attention should be given to
these patients in clinical practice. The risk of severe coro-
nary stenosis may occur during the period. When formu-
lating a radiotherapy plan, how to control the radiation
dose to the heart is also difficult to address and serves
as the focus of the plan. The heart is an important dose-
limiting organ in the treatment of left-side breast cancer
with radiotherapy. The characteristics of the heart as a
parallel organ determine that the radiation damage of
the heart is related to its radiation dose or volume [16]
(especially V...« 30, D, heart). The univariate linear
regression analysis of this study found that MHD, CTR,
and V), were the influencing factors of cardiac Vi, 30,
and the results of multivariate linear regression analysis
showed that MHD and V,,, were independent influenc-
ing factors of left breast cancer Vy.,,. 30 The prediction
formula was Vj, 30=9.4+2.3MHD-0.007 V.. De
Almeida [17] used ECG gating technology to control the
volume of apical tissue in breast cancer IMRT to demon-
strate that MHD can predict the amount of cardiac tis-
sue, and their methodology is similar to ours.

The CTR of 96 female breast cancer patients in this
group was 0.51+0.05, which was consistent with the
adult CTR [14]. This study performed linear regression
analysis on the predictors and dose volume of OARs.
Univariate linear regression analysis showed that MHD,
CTR, and V,,, were influencing factors of D, ear-
Multiple linear regression showed that MHD was an
independent influencing factor of D, tearre MHD and
D haxteart Were positively correlated. The prediction for-
mula was D, reart =4699 +274.31 MHD, which rep-
resents the first use of MHD in a prediction formula.
Chest radiotherapy has an important influence on the
cause of heart-related diseases [18, 19]. Another study
[15] found that left breast radiotherapy can cause dam-
age to the entire length of the left coronary artery,
including the proximal and middle and distal ends,
and LAD is one of the main monitoring indicators. The
univariate regression equation in this study suggested
that MHD is the impact factor of the Dmean of the
LAD, whereas the multiple regression equation sug-
gests that only V1 is its impact factor. Vees et al. [9]
studied left breast tangent field irradiation of the heart,
and the results showed that the Vi, 30 of the heart
is affected by Vpry. The results of the univariate linear
regression analysis of this study showed that the heart
volume of patients with left-side breast cancer and the
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dose volume of each gradient were not correlated, and
the results suggest that V,py cannot predict the value
of each parameter of the heart in the reverse intensity
modulation plan.

RP is one of the main complications that affect the
prognosis and quality of life of patients [20]. Effective
assessment and management of RP can improve the
quality of life of patients [21]. Studies have reported that
the incidence of RP for breast cancer patients receiving
intensity-modulated radiotherapy is 10.6% [22]. Previous
literature has shown that V,,,, 20, V), 10, and Vi, 5
are predictors of RP, and controlling for Vi, 20, V},,, 10,
and V), 5 is effective in reducing the risk of RP [23]. The
linear regression analysis in this study found that CLD
was an influencing factor and an independent influencing
factor of Vy,,, 20 for left breast cancer. Therefore, for the
plan design of left-side breast cancer combined with clin-
ical guidance, V),,,, 20 is used as the primary objective
function to limit the dose and generate the prediction
formula. Vy,,, 20 =21.48 +2.8CLD-0.018V}, ¢y Viyng 20 is
positively correlated with CLD and V... The greater the
patient’s CLD, the greater the V), 20. The measurement
of CLD can predict the value of V), 20 in the ipsilateral
lung of left-side breast cancer. Multivariate regression
analysis showed that V1, was not an influencing factor
of each limit index of the lung, but it was an influenc-
ing factor of D,,.,,. This study shows that the total vol-
ume of the two lungs and the volume of the affected side
lung are not related to the dose volume of each gradient
of the affected side lung and the CLD. Univariate linear
regression analysis of the V1 and cardiac indicators of
96 patients with left breast cancer after breast-conserving
radiotherapy showed that V1 is an influencing factor
of Vycare 30 in patients with left-side breast cancer. Mul-
tiple linear regression analysis showed that Vpy is not
an independent influencing factor of Vi, 30 Studies
have shown that if the breast volume is greater than 750,
Vppy will have a significant effect on the dose volume of
the heart and lungs when the tangent field is irradiated
in the supine position [24, 25]. This study only observed
a weak correlation between Vpry and Vy,,, and did not
find any correlation between V1 and other indicators,
which may be related to the relatively small breast vol-
ume of the enrolled patients. A retrospective analysis of
breast cancer plans using the same irradiation technology
by Johnsen et al. [26] showed that the cardiac irradiation
dose and volume are greatly affected by the individual
anatomy, and approximately 10% of patients experience
a cardiac overdose. In this study, under the premise of
meeting the clinical requirements, we appropriately
reduced the CI value of the target area and strictly con-
trolled the dose volume of the heart and lungs. No over-
dose of the OAR dose volume was noted.
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As a study which explores the influence of individ-
ual patient factors on IMRT, it still has some limita-
tions, including a single institution, a small sample size,
unevaluated affect factors and a lack of available infor-
mation on clinical specimens. Besides, the CT scan was
performed under free breathing in our study, there are
actually techniques that allow to improve the dosimet-
ric calculations of IMRT reducing the interplay effect
as well as the protection of organs at risk such as the
breath-hold technique. What is more, we will continue
to focus on and improve these limitations in the future.

Conclusion

MHD, CTR, and CLD were identified as factors influ-
encing the results of left breast cancer IMRT. A for-
mula that included the influencing factors MHD, CTR,
and CLD can predict the results of the left breast can-
cer IMRT treatment plan. However, due to the limited
number of cases, it is necessary to add more cases to
test its reliability. When the result calculated based on
the predictive factor deviates too much from the tar-
get, the treatment position and technique need to be
carefully selected in combination with guidance from
clinicians.
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