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ABSTRACT

Objective: Radio-toxicity hazard in breast cancer patients becomes a large-scale concern, proportional to the epide-
miological figures and the growing population of breast cancer survivors. The present study compared the dosimetric
efficacy of Deep Inspiration Breath Hold (DIBH) using Active Breathing Coordinator (ABC) with Free-Breathing
(FB) in left-sided breast cancer patients and explored patient-related factors associated with ABC efficacy. Methods:
We reviewed the treatment plans for 17 women with left-sided breast cancer, who were treated with external beam
radiotherapy using the ABC system, between 2018-2020. CT-simulation images were compared between the two treat-
ment plans including FB and ABC-DIBH. The compared dose-volume parameters included Left Lung V20 (%), Left
Lung V5 (%), mean and maximum left lung doses, Heart V25 (%) and Heart V5 (%), and heart mean and maximum
lung doses. The effect of body mass index was assessed. Results: The mean (SD) age of the participants was 45.29
(10.14) years, 6 (35.3%) were overweight and 6 (35.3%) were obese. ABC-DIBH was associated with significant
relative decrease in all heart parameters including mean (40.9%, p=0.001) and maximum (14.4%, p=0.015) doses,
and V25 (68.9%, p<0.001) and V5 (46.4%, p<0.001). However, no significant difference between the two techniques
was observed in any of the lung parameters, including left lung mean (p=0.185) and maximum (p=0484) doses, or
Left Lung V20 (p=0.122) or V5 (p=0.797). Left Lung V20 (R?=0.28, B=0.43, p=0.029) and Both Lung 20 (R’=0.28,
B=0.21, p=0.028) were linearly correlated with BMI under ABC-DIBH, but not FB. Conclusion: The incorporation
of DIBH with the ABC system improved heart sparing, which would reduce the radiation-induced cardiac morbidity
and mortality; while, on other hand, it may increase lung radio-toxicity in obese patients.
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INTRODUCTION

Breast cancer continues to be the leading female cancer in Saudi Arabia and worldwide, representing nearly one-third
of newly diagnosed cancers in Saudi women [1-3]. External Beam Radiation Therapy (EBRT) has a major place in the
management of breast cancer, aiming to improve both local tumour control and patient survival [4,5].

However, the use of EBRT in breast cancer is associated with an increased risk of radiotoxicity to critical organs
and structures located near the RT field such as the lungs and the heart [6-9]. Additionally, the recent advances in
other cancer control strategies including early detection and improved diagnosis, along with enhanced therapeutic
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effectiveness, notably the introduction of green therapy by curcumin and nanomaterial-based photo-thermal and
photodynamic therapies, enabled a considerable increase of life expectancy notably among young, early diagnosed
women [10-14]. This resulted in a growing population of breast cancer survivors, which makes the radio-toxicity issue
become a larger-scale concern.

Long-term follow-up studies of patients who underwent left-sided breast RT showed a high incidence of cardiac radio-
toxicity, which is associated with increased mortality and morbidity, notably the development of cardiac diseases;
whereas such side-effects were less observed in right-sided breast RT [15-17]. A study by Darby, et al., among 2,168
irradiated patients, revealed that the relative risk for ischemic heart disease increased by 7.4% for every 1 Gray (Gy)
increment in mean heart dose, the mean radiation dose received by the heart tissue [18]. Such observations highlight
the sensitive balance in irradiated breast cancer patients, between achieving effective doses in the target volumes and
reducing doses to the heart and critical organs to mitigate the risk of radiotoxicity and the associated morbidity.

To this end, Deep Inspiration Breath-Hold (DIBH) techniques, have been proposed while irradiating left-sided breast
cancers to keep the heart away from the breast radiation field, thereby sparing healthy tissues and reducing the mean
heart dose. Early clinical experiences with DIBH indicated a significant decrease in irradiated myocardium volume,
projecting a reduction of the radiation-induced cardiac morbidity and the associated mortality [19-23]. In our country,
however, DIBH is not routinely used either due to lack of resources or the oncologist preference [24].

The present study compared the dosimetric efficacy of DIBH to Free-Breathing (FB) in left-sided breast cancer patients.
Findings would provide further evidence on the effectiveness of DIBH in reducing the volume of the irradiated critical
organs and to investigate eventual factors that may impact the interindividual feasibility and efficacy of applying this
method in our practice and patient population. Ultimately, the study aimed at determining the patient profile that is
associated with dosimetrist benefit from the use of DIBH RT.

METHODOLOGY
Design and Population

This was a retrospective dosimetric study that reviewed the treatment plans of all women with left-sided breast cancer,
who were treated with external beam radiotherapy using the ABC system, between September 2018 and September
2020 at the Radiation Oncology Unit.

Routine Procedure for ABC at our Centre

At the consultation visit, each patient is given a brief overview of the ABC procedure with clarification of its potential
benefits. Instructions are given to encourage patients to reach a constant breathing pattern. Patients are requested to
practice breath-holding until they maintain a breath-hold for at least 20 seconds and reach a steady breathing pattern.
At the time of CT simulation, patients are re-educated on the benefits of the Active Breathing Coordinator (ABC) and
with instructions on the DIBH technique. Patients are tested 3 times to hold their breath for at least 20 seconds before
proceeding with CT Simulation.

Of note, patients who have difficulty holding their breath for more than 10 seconds are not eligible for this technique.
Eligibility criteria for ABC in our centre include all patients with an Eastern Cooperative Oncology Group (ECOG)
performance status 0 or 1, no hearing impairments, no previous RT to the breast, and no comorbidities, such as cardiac
or pulmonary comorbidities.

CT Simulation for ABC

Patients are simulated in the supine position on the breast board, with arms positioned above the head. Two CT-
simulation procedures are performed. The first CT-simulation is performed in FB, and the other is acquired in DIBH,
using the Elekta ABC device for monitoring respiratory breath-hold. CT images of 3 mm slice thickness for each
patient are obtained and transferred to Monaco treatment planning system version 5.11.

Delineation of Target and Organs at Risks (OARs)

The delineation of the Clinical Target Volume (CTV) is based on the RTOG guidelines, which include the left chest
wall and the supraclavicular and axillary level I-III nodes. Planning Target Volume (PTV) includes CTV with a 5 mm
margin, in the superior-inferior, anterior-posterior, and left-right directions [25]. The volumes outside the body and
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inside the lung are excluded from the PTV. CTV, PTV, and the heart volume are delineated by a radiation oncologist,
while the ipsilateral and contralateral lung and spinal cord are contoured by a dosimetrist. Treatment planning images
for a patient in the axial and coronal plane with ABC and FB are shown in Figure 1, Al and A2 and B1 and B2,
respectively.

Figure 1 Treatment planning images for a patient in the axial (A1) and coronal plane (A2) with ABC; Treatment planning
images for a patient in the axial (B1) and coronal plane (B2) with FB

Dose-Volume Parameters for this Study

A dosimetric comparison was made between the two treatment plans, ABC and FB, by using Dose-Volume Histograms
(DVH). Measurements documented for the two treatment plans included:

* Left Lung V20 (%) and Left Lung V5 (%) corresponding to the percentage of left lung volume receiving 20Gy
or more and percentage of left lung volume receiving 5Gy or more radiation, respectively;

* Mean and maximum lung doses;

» Heart V25 (%) and Heart V5 (%) corresponding to the percentage of heart volume receiving 25Gy or more and
percentage of heart volume receiving 5Gy or more, respectively;

* Mean and maximum lung doses

Additionally, we measured the Cardiac Contact Distance (CCD) in both the axial (CCDax) and parasagittal (CCDps)
planes in only FB CT. CCDax and CCDps measures were defined by Rochet N, et al. [26].
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Statistical Methods

Data were coded, cleaned, and analyzed using the Statistical Package for Social Sciences version 21.0 for Windows
(SPSS Inc., Chicago, IL, USA). Descriptive statistics were used to calculate means and Standard Deviations (SD)
on continuous variables, and frequencies and percentages on categorical variables. The dosimetric efficacy of ABC
was analyzed by comparing the outcome dosimetric parameters between ABC and FB simulations using paired t-test;
results are presented as mean paired difference in the given parameter with the corresponding level of significance.
Additionally, the correlation between FB and ABC measurements was analyzed by calculation of Pearson’s coefficient.
Linear regression was used to analyze the association of body mass index with the relative change in critical dosimetry
parameters including heart mean dose, left lung V20, and both lungs V20. A p-value of <0.05 was considered to reject
the null hypothesis.

RESULTS
Participants’ Characteristics

17 Cases were planned. The mean (SD) age of the participants was 45.29 (10.14) years, 6 (35.3%) were overweight
and 6 (35.3%) were obese. All patients received hypofractionated RT, and the majority received a total dose of 40 Gy
(12/17) in 15 fractions (14/17) (Table 1).

Table 1 Participants’ characteristics (N=17)

Parameter Mean SD
Age (years) 45.29 10.14
Weight (Kg) 71.53 20.31
Height (cm) 146.82 38.84
BMI (kg/m?) 29.10 7.55
Cardiac Contact Distance (CCD, cm)
Axial plane 4.49 1.59
Parasagittal plane 7.19 1.95
Frequency Percentage
Weight category
Underweight 1 59
Normal 4 23.5
Overweight 6 353
Obese 6 353
Dose (Gy)

40,05 12 70.6

42,40 1 59

45 3 17.6

50 1 5.9

No. of fractions

15 14 82.4

16 1 5.9

25 2 11.8

Dosimetric Efficacy of ABC

Although no significant difference was observed in the heart volume between the two treatment plans (p=0.433),
ABC was associated with 1.8 Gy (40.9%) decrease in heart mean dose (p=0.001), 6.1 Gy (14.4%) decrease in heart
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maximum dose (p=0.015), and 4.2% (relative decrease=68.9%) and 6.5% (relative decrease=46.4%) decrease in
Heart V25 (p<0.001) and V5 (p<0.001), respectively. On the other hand, no significant difference between the two
techniques was observed in lung parameters including left lung mean (p=0.185) and maximum (p=0484) doses, or
Left Lung V20 (p=0.122) or V5 (p=0.797) (Table 2).

Table 2 Dose-volume parameters acquired from free-breathing and deep inspiration breath-hold radiation treatment
plans with mean and % change, in left-sided breast cancer patients

Parameter Unit i ABC Me.an paired o p-value
Mean SD Mean SD difference | change

Heart volume cm’ 522.4 107.8 508.3 77.8 14.1 -2.70% 0.433
Heart mean dose Gy 4.4 2.1 2.6 0.9 1.8 -40.90% | 0.001*
Heart maximum dose Gy 424 4.8 36.4 11.0 6.1 -14.40% .015*

Heart V25 % 6.1 43 1.9 1.7 4.2 -68.90% | <0.001*

Heart V5 % 14.0 6.5 7.5 39 6.5 -46.40% | <0.001*

Left lung volume cm? 935.2 253.4 1822.1 386.1 -886.9 94.80% | <0.001*
Left lung mean dose Gy 11.4 3.7 10.5 2.4 0.8 -7.00% 0.185
Left lung maximum dose Gy 434 4.2 441 5.1 -0.7 1.60% 0.484
Left lung V20 % 259 10.2 233 6.2 2.6 -10.00% = 0.122
Left lung V5 % 41.7 11.7 41.3 9.1 0.5 -1.20% 0.797
Both Iungs V20 % 11.8 4.6 11.0 3.0 0.8 -6.80% 0.254
Both lungs V5 % 18.9 5.5 19.3 4.3 -0.4 2.10% 0.603

*: Statistically significant

Apart from Heart V25, all dosimetry parameters were positively intercorrelated between FB and ABC treatment plans,
which was more notable in left lung volume (r=0.909) and left lung and both lungs V20 and V5 (r>0.750), in addition
to heart volume (r=0.742) (Table 3).

Table 3 Correlations of dosimetric parameters between free-breathing and active breathing control

Parameter r p-value
Heart volume 0.742 0.001*
Heart mean dose 0.535 0.027*
Heart maximum dose 0.564 0.018*
Heart V25 0.431 0.084
Heart V5 0.575 0.016*
Left lung volume 0.909 <0.001*
Left lung mean dose 0.749 0.001*
Left lung maximum dose 0.601 0.011*
Left lung V20 0.779 <0.001%*
Left lung V5 0.767 <0.001*
Both lungs V20 0.788 <0.001*
Both lungs V5 0.772 <0.001*

1: Pearson’s correlation coefficient, *: Statistically significant
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Effect of BMI on Dosimetry Parameters in Either Treatment Plan and the Relative Performance of ABC

Left Lung V20 (R*=0.28, B=0.43, p=0.029) and Both Lung 20 (R?>=0.28, B=0.21, p=0.028) were linearly correlated
with BMI using ABC but not FB. Otherwise, there was no association of BMI with the absolute or relative changes
in heart mean dose, Left Lung V20 or both Lungs V20, between FB and ABC. Likewise, there was no correlation of
BMI with heart mean dose using FB (Pearson’s correlation coefficient r=0.18, p=0.488) or ABC (r=0.368, p=0.146)
separately (Table 4).

Table 4 Correlation of body mass index with the relative change in critical dosimetry parameters

Dosimetry Parameter R? B 95%CI p-value
Free-breathing
Heart mean dose 0.03 0.05 -0.10 0.20 0.488
Left lung V20 0.17 0.56 -0.12 1.24 0.099
Both lungs V20 0.16 0.25 -0.06 0.56 0.107
ABC
Heart mean dose 0.14 0.04 -0.02 0.12 0.146
Left lung V20 0.28 0.43 0.05 0.82 0.029*
Both lungs V20 0.28 0.21 0.03 0.39 0.028*
Absolute FB-to-ABC change (Gy) §
Heart mean dose 0.00 -0.01 -0.14 0.12 0.924
Left lung V20 0.02 -0.13 -0.61 0.35 0.584
Both lungs V20 0.01 -0.04 -0.25 0.17 0.701
Percent FB-to-ABC change (%) I
Heart mean dose 0.03 0.05 -0.11 0.22 0.515
Left lung V20 0.05 -0.06 -0.19 0.08 0.397
Both lungs V20 0.02 -0.04 -0.18 0.10 0.563

R% Squared correlation coefficient; B: linear regression coefficient; CI: confidence interval; § Absolute change in the given
parameter is calculated as ABC-FB; I Percent change in the given parameter is calculated as 100*(ABC-FB)/FB

DISCUSSION
Summary of Findings

The increasing prevalence of breast cancer along with the improved awareness, screening, and treatment have resulted
in a growing number of cancer survivors with relatively young age, who are exposed to long-term cardiac radiotoxicity.
Therefore, radiation oncologists are increasingly required to enhance accuracy in RT, by reducing radiation dose
and volume to healthy organs, while delivering effective doses to target volumes. Consensus guidelines recommend
that the volume of heart receiving radiation should be minimized as much as possible without compromising target
coverage [27].

Considering these issues, this study was carried out to assess the effectiveness of implementing DIBH, using an
ABC, in reducing dose and volume radiation received by the myocardium and lung tissues in patients with left-sided
breast cancer. In comparison to FB, ABC induced a substantial relative decrease in heart mean (40.9%) and maximum
(14.4%) doses as well as in Heart V25 (68.9%) and V5 (46.4%). The FB and ABC measurements were significantly
correlated for all parameters. We have noticed that an elevated BMI may be associated with increased lung dose which
may reduce the benefit of DIBH but this is to be explored and clinically correlated in future studies.

Dosimetric Efficacy of DIBH in Literature

Findings from the present study add to the growing evidence suggesting that the adoption of breathing maneuvers and
RT techniques for left-sided breast cancer patients improve treatment precision, organ sparing, and dosimetric results
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[28-36]. Two Turkish studies used a comparable design to the present study and showed similar findings regarding
the effectiveness of DIBH in reducing cardiac dose and volume. The first one, by Dincoglan, et al., compared DIBH
with FB in 27 post-mastectomy patients with locally advanced left-sided breast cancer and showed a mean relative
decrease in heart V30 (72.9%), V5 (51.8%), and mean dose (40.9%) [28]. The second study, by Sager, et al., was
conducted among 25 patients with early-stage breast cancer after breast-conserving surgery and showed a mean relative
decrease in heart V30 (76.3%), V5 (61.0%), and mean dose (51.8%) [29]. However, contrary to our findings, both
previous studies showed a significant effect of DIBH in reducing lung volume and dose including ipsilateral lung V20
(16.6% and 27.0%), and mean dose on ipsilateral (19% and 22.9%) and both (21.1% and 24.0%) lungs, respectively.
Furthermore, the two studies assessed the relative decrease in mean doses received by other critical organs including
the Left Anterior Descending artery (LAD, 69.3% and 53.1%) and the spinal cord (20.3% and 54.0%) [28,29]. Another
study from Canada, by Lin, et al., used the same design to measure the relative decrease in heart and LAD dose-
volume parameters using both locoregional irradiation for 15 patients with breast-conserving surgery, and whole
breast RT for 17 postmastectomy patients. Authors reported a 94% decrease in heart V25, 65% decrease in heart V5,
and 44% decrease in mean heart dose, along with a 65% decrease in LAD mean dose [30]. In Qatar, Al-Hammadi, et
al. assessed the dosimetric efficacy of voluntary DIBH among a selection of 54 patients operated for left-sided breast
cancer, who showed heart V25 > 5% at FB. The authors reported a significant reduction in mean heart V25 (62.4%),
heart V10 (65.3%), and heart mean dose (47.5%); in addition to a significant decrease in mean LAD dose (35.7%).
However, similar to our finding, no significant change in left lung V20 and mean dose was observed [35].

Clinical Benefits of DIBH

It is worth noting that the clinical benefits of DIBH on cardiac morbidity and mortality have not been evidenced to
date, given the prolonged latency of cardiac radiotoxicity. Hence, the only evidence comprises surrogate outcomes
including the previously exposed dosimetric parameters or derived predictive models of cardiac morbidity and
mortality. Simonetto, et al. modeled the expected Years of Life Lost (YLL) associated with the estimated risk of
radiation-induced Ischemic Heart Disease (IHD) under DIBH versus FB. The model showed a 0.04 reduction in mean
YLL under DIBH, and this was more remarkable in patients with high baseline risk, low tumor grade, or high mean
heart dose under FB [22]. Chatterjee, et al. estimated the DIBH-associated reduction in YLL and the related resource
utilization, after estimating the risk reduction of radiation-induced IHD and the associated mortality, by reference to
YLL due to IHD in the reference population. The model predicted a mean 0.95 reduction of YLL for every 100 patients
treated with DIBH, which represents approximately 13 hours of life saved per 1 hour of work required to implement
DIBH [23]. The two previous models provide mathematical estimates of the survival and cost-effectiveness benefits
of DIBH by reference to FB. However, further prospective cohorts are warranted to confirm such benefits and balance
the indication of DIBH with regards to the patient-specific factors that may impact this benefit. Regarding morbidity,
some authors probed into the effect of DIBH in reducing radiation-induced myocardial perfusion defects, which
would constitute a more tangible indicator for cardiac radiotoxicity. Unfortunately, a randomized controlled trial by
Zellars, et al. failed to demonstrate any difference in the incidence of myocardial perfusion defects between the two
treatment plans [37].

Patient Selection for ABC-DIBH and Effect of BMI

Findings from the present study showed that left and both lung V20 increased proportionally with BMI in ABC-DIBH
but not in FB, which suggests that the implementation of an ABC may increase lung radiotoxicity in obese patients.
In literature, several patient-specific factors have been explored to predict the benefit of DIBH, but to our knowledge
no mention of the effect of BMI. Among these factors is the maximum heart distance, which was demonstrated to
be positively correlated with the mean heart dose [33]. Other authors found that both axial and parasagittal CCDs
were strongly correlated with the heart dose, with greater distances associated with higher doses [38-40]. In the
present study, the FB axial, but not the parasagittal, CCD was positively correlated with the mean heart dose in
ABC (R*=0.322, B=0.26, p=0.018); however, considering our limited resources, it may not be useful as a screening
method to select which patient should be for ABC. Other anatomical factors that may impact the heart doses are the
pendulous breast and posterior tumour location; it may be of interest to assess the correlation of either factor with
the effectiveness of DIBH in reducing heart doses [33]. Interestingly, Lin, et al. demonstrated that patients who had
mastectomy exhibited more benefit from DIBH in terms of heart volume and dose reduction [30].

Other patient-specific factors that may hypothetically limit the indication or cost-effectiveness of DIBH include
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claustrophobia and reduced lung function. Yet, many research efforts are needed to determine the relevant patient-
specific factors that would enable accurate selection of patients with the best-expected benefit, thus optimizing the
effectiveness and cost-effectiveness of using DIBH. These criteria are to be considered in combination with the patient’s
compliance and tolerance to the DIBH technique, and further interventions and or innovations may be required to
improve the treatment convenience for the target patients or to enhance the effectiveness in those with low efficacy
profiles. Other factors that need to be considered are inherent to the limitations of the technique itself, including
increased CT simulation time (estimated 45-55 minutes), and a 25-minute increase in daily treatment time per patient,
on average, which may increase the clinical workload. Besides, the ABC device is onerous, and its implementation
requires specialized training for physicians and radiation therapists to optimize the use of the DIBH in routine clinical
practice.

Limitations

The present cohort is limited by the small sample size and the retrospective nature of the study.

CONCLUSION

The incorporation of DIBH with the ABC system improved critical organ sparing, notably concerning the heart dose
and volume, with subsequent reduction in radiation-induced cardiac morbidity and mortality. The present study
failed to demonstrate any significant beneficial effect of ABC-DIBH on lung-sparing, and further findings suggest
an increased lung irradiated volume proportional to patient’s BMI, which indicates the necessity to consider BMI in
patient selection for DIBH. Further long-term prospective studies are warranted to confirm the clinical benefits of
DIBH and to determine the significant predictors for DIBH effectiveness and cost-effectiveness.
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