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Abstract: Adjuvant radiation therapy is a critical component of breast cancer management. However, when breast cancer patients
receive incidental radiation to the heart, there is an increased risk of cardiac disease and mortality. This is most common for patients
with left-sided breast cancers and those receiving nodal irradiation as part of treatment. The overall risk of cardiac toxicity increases 4—
16% with each Gray increase in mean heart radiation dose, with data suggesting that no lower limit exists which would eliminate
cardiac risk entirely. Radiation techniques have improved over time, leading to lower cardiac radiation exposure than in the past. This
decline is expected to reduce the incidence of radiation-induced heart dysfunction in patients. Deep inspiration breath hold (DIBH) is
one such technique that was developed to reduce the risk of cardiac death and coronary events. DIBH is a non-invasive approach that
capitalizes on the natural physiology of the respiratory cycle to increase the distance between the heart and the therapeutic target
throughout the course of radiation therapy. DIBH has been shown to decrease the mean incidental radiation doses to the heart and left
anterior descending coronary artery by approximately 20-70%. In this review, we summarize different techniques for DIBH and
discuss recent data on this technique.
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Introduction and Background
While adjuvant radiation therapy (RT) has been shown to improve local control and breast cancer-specific survival,
previous studies have demonstrated that RT using older techniques resulted in increased all-cause mortality rates.'™
Specifically, several studies demonstrated that exposure of cardiac tissue to radiation increases the risk of cardiovascular
disease and cardiac mortality.*> In fact, there was a 4-16% increase in risk of major coronary events per Gray (Gy) of
mean heart dose (MHD).®® For patients with left-sided breast cancer or those receiving regional nodal irradiation this is
of special concern due to the proximity of the heart to the target(s).*'' More recent data suggests that dose to the left
anterior descending (LAD) artery is a much better predictor than MHD alone.'> ' Minimizing both the LAD artery dose
and the MHD is particularly important when including the regional lymph nodes (in particular the internal mammary
chain (IMC) nodes). When the IMC nodes are included as part of the target, the dose to the coronary artery branches on
the left-anterior surface of the heart can increase significantly when compared to whole breast or chest wall radiation
alone.'® Given the recent data to support the inclusion of regional lymph nodes, it is essential to incorporate treatment
methods that reduce the cardiac dose and associated toxicities in standard practice.'”'®

Much of the radiation-induced cardiac toxicity data is from studies prior to routine use of three-dimensional
conformal RT (3DCRT).>'""'#1%-2% However, since 3DCRT has been adopted, there have also been further advances in
radiation practices leading to more precise, conformal treatments. As the risk of cardiac toxicity is linearly associated
with heart doses received, it is logical to hypothesize that treatments that highly conform to targets are important in
limiting high doses to the left-anterior surface of the heart, which may be at the expense of added low-dose

. 13.15.21 . . . . . .
regions.'*'>?! Indeed, studies have illustrated decreases in the incidence of major cardiac events based upon the era
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of radiation treatment, with recent time periods having significantly less cardiac toxicity.”*' > Forward planned
intensity-modulated radiation therapy (FP-IMRT) for whole breast radiotherapy has been shown to improve dose
homogeneity and reduce acute radiation dermatitis with improved cosmetic outcomes.”®*” Inverse planned IMRT (IP-
IMRT) for tangent whole breast radiation provides little to no benefit when compared to FP-IMRT, given the simple
geometry and ability to achieve similar plan quality with either technique.”® However, the inclusion of loco-regional
lymph node treatment, and most notably IMC lymph nodes, makes IP-IMRT a potentially more attractive option given
the complex shape and the ability of IP-IMRT to create concave dose distributions.””>* Volumetric modulated arc
therapy (VMAT) is an IP-IMRT technique that can be delivered in much less time and has shown similar benefits as static
gantry IP-IMRT for locoregional left-sided breast radiotherapy.® >’

The use of modern photon techniques, like IP-IMRT and VMAT, should be considered carefully, as their high-dose
conformality and organ at risk sparing comes at the cost of low-dose scatter. Previously reported data suggests that there is no
minimum dose below which no RT induced cardiac toxicity exists.® **® However, the inclusion of IMC nodes in the
radiation target increases the risk of high doses to portions of the heart, making IP-IMRT and VMAT techniques more
favorable in these situations. Thus, utilizing techniques that produce a decrease in heart and coronary artery doses,
particularly the left-anterior aspect of the heart, are critical to minimizing the risk of radiation-induced cardiac dysfunction.
In addition to different RT delivery techniques, treating patients in the prone position,***" lateral decubitus position,*" with
deep inspiration breath hold (DIBH),**** or a combination of these techniques,* can also aid in decreasing cardiac doses.
Another example of advanced radiation techniques is proton therapy, which has unique physical properties which drastically
decrease the exit dose when compared to photon-based radiation. This type of radiation comes with a tradeoff, as it is very
sensitive to the density of the substances it passes through making the dose distribution less predictable.*®

In this review we will summarize the use of DIBH in more detail. DIBH can be used for tangent-only breast plans or
for plans that also include treatment of the regional lymph nodes. DIBH has been demonstrated to decrease doses to the
heart and LAD by 25-67% and 20~73%, respectively.***~**470 DIBH can also be used with techniques such as prone
positioning and IMRT/VMAT. The use of DIBH with 3DCRT or with the highly conformal and sharp dose gradients of
IP-IMRT can be important techniques to decrease high cardiac doses in patients receiving loco-regional nodal irradiation
with left breast/chest wall treatment.>**'~* DIBH with IP-IMRT is preferentially delivered with VMAT or an aperture-
based approach given the reduced treatment times and improved target coverage, dose homogeneity, and sparing of the
heart and LAD when compared to 3DCRT.®?

DIBH Methods

DIBH capitalizes on the physiology of the heart and chest wall during the natural respiratory cycle to decrease cardiac
dose. During the inspiratory phase, the flattening of the diaphragm and the expansion of the lungs pulls the heart away
from the chest wall (Figure 1). This action increases the distance between the heart and chest wall, which decreases the
volume of the heart being irradiated, and often yields significant decreases in LAD doses.*> When treating a patient with
DIBH, the patient takes a deep breath and holds the deep inspiration while radiation therapy is delivered. For a typical
breast cancer treatment session, a patient would have a number of deep inspiration breath holds to complete the full
treatment. Inspiratory breath hold techniques can be broken down into voluntary DIBH (vDIBH) and involuntary DIBH
(iDIBH). vDIBH does not necessarily require additional equipment and can be performed using the light field or the
distance between lateral skin marks or anterior chest displacement from room lasers or other devices to monitor DIBH.
However, computer monitoring systems are often used, which include optical surface monitoring devices to monitor lung
expansion or spirometers to monitor air flow throughout the respiratory cycle. For example, a spirometer can be used to
provide feedback using an open airway audio-visual system, whereby a “target zone” is projected on a screen or through
video goggles and the patient is instructed to inhale to reach a certain signal position on the screen (SDX System; Dyn’R
Medical Systems, Provence-Alpes-Cote dAzur, France).**® In contrast, involuntary DIBH relies on active breathing
control (ABC) devices that stop airflow at preset threshold volumes, thereby resulting in an involuntary breath hold®® ®®
(Active Breathing Coordinator System; Elekta, Stockholm, Sweden). Studies have shown that ABC devices are
consistently reproducible, with low inter- and intrafraction variability, and that these systems can reduce heart and
LAD artery dose.32:43-4547-60.69
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Figure | Cardiac position and proximity to the left breast target volume for a patient simulated in both free-breathing and DIBH positions. Position of the heart in free-
breathing (A), demonstrating the proximity of the heart to the left breast and nodal target volume. Position of the heart in DIBH (B), demonstrating that the heart is
positioned further away from the target volume. When the free-breathing (purple) and DIBH (green) images are fused based on the left breast target volume, the significant
difference in cardiac position in the axial (C) and sagittal (D) planes can be appreciated. The position of the heart is contoured in white (solid white, DIBH; dashed white,
FB). With DIBH, the heart is displaced inferiorly and medially, further away from the left lateral chest wall.

Monitoring the respiratory cycle during vDIBH can be accomplished via many different methods. For example, the
Varian real-time position management (RPM) system (Varian Medical Systems, Palo Alto, CA, USA) involves placing
a device on the patient’s chest which measures vertical displacement throughout the respiratory cycle, creating
a tracing of the patient’s breathing. Using the tracing as a guide, the patient is instructed when to hold their breath,
which they do voluntarily. The radiation beam can also be programmed to stop when the breathing signal falls outside
a predefined threshold. In contrast to traditional respiratory gating, in which the patient is breathing freely, and the
beam is repeatedly turned off during a predetermined portion of the respiratory cycle, the treatment beam during
respiratory gated vDIBH only turns off when the breath hold is outside of the target range. Respiratory gating during
free breathing is an ineffective method for cardiac sparing because the peak inspiratory volume of the natural
respiratory cycle does not move the heart as far away from the target as deep inspiration. Studies comparing vDIBH
to iDIBH demonstrate that both methods provide comparable improvements in mean heart dose.”” However, vDIBH
has shorter daily treatment times, higher patient and therapist satisfaction, and a better cost profile when compared to
iDIBH.”""

There are also more advanced methods of tracking a patient’s respiratory cycle during vDIBH, such as optical
tracking. Developed due to concerns that previous methods such as RPM did not correlate well with the actual patient
position,”>”* optical tracking systems rely on stereovision to reconstruct the 3D surface of the patient allowing medical
providers to visualize the alignment of the reference surface to the reconstructed surface in real-time.”>’® This method of
RPM during vDIBH is associated with high patient setup accuracy and reliable chest wall geometry.®>"’ It is also
possible to improve upon the consistency of the optical tracking system by using it in conjunction with other manual
checkpoints (ie, tattoo markings and image guidance).’®**”" Despite studies of multiple DIBH techniques, there is not
a gold standard for DIBH procedures or other cardiac-sparing techniques.”>’® Within the United States, one survey of
practicing radiation oncologists found that DIBH is one of the most utilized cardiac-sparing technique with 83% of
physicians treating with prone positioning and/or DIBH.”® It is also important to note that heart sparing techniques
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utilized by physicians depends upon what is available at individual radiation treatment centers. Most physicians who do

not use DIBH cite lack of facilities as the reason.”®

Patient Selection

DIBH is a relatively simple and non-invasive approach to reduce radiation-induced cardiac toxicities associated with
adjuvant breast RT. However, not every patient is able to tolerate DIBH, and not every patient necessarily benefits
dosimetrically from DIBH.”® In one study, 29% of 72 women could not adequately complete a DIBH CT scan despite
meeting pre-selection criteria and undergoing training.”” Among the patients that underwent successful CT simulation,
only two were unable to tolerate DIBH treatment. While this suggests that completion of DIBH at the time of simulation
is a positive predictor of treatment completion with DIBH, it also emphasizes the point that women must continue to
perform DIBH for 1 to 6 weeks of breast or chestwall radiation therapy. Supporting this, another study found that 20 of
112 patients receiving adjuvant RT using the DIBH technique were unable to tolerate the ABC system.*® Therefore, it is
important to deploy DIBH techniques on a case-by-case basis, keeping in mind a patient’s ability to tolerate the
technique, the cost, patient convenience, tumor characteristics (ie, laterality, size, location, histology), and whether the
patient may benefit from in-advance respiratory training.*** Regardless of the technique used, DIBH results in a longer
simulation and treatment time compared to free breathing, and patients should be able to lie comfortably in the supine or
prone position for the duration of the therapy delivery.

Though evidence suggests that patients with left-sided malignancies derive the most benefit from cardiac sparing
techniques due to the proximity of the heart to the left chest wall, patients with right-sided disease may also benefit,
especially those receiving regional nodal irradiation.**° Regardless of laterality, including the IMC lymph nodes in
a patient’s treatment plan is associated with worse cardiac toxicities, largely due to the increased heart dose when compared
to breast or chest wall alone treatment.'® In addition to the cardiac benefits of DIBH in right-sided breast cancer patients,
there can also be a decline in the dose to the ipsilateral lung and liver.”” ™ Therefore, patients with right-sided disease who
have pre-existing conditions necessitating the lowest feasible dose to either the lungs or liver, and those whose plan include
the IMC lymph nodes, should be considered for DIBH in addition to those with left-sided disease.

In addition to the factors mentioned above, anatomical variations can also be used determine which patients who would
receive a benefit from DIBH. Specifically, studies have shown that the maximum heart distance (defined as the maximum
distance within the radiation field between the anterior border of the heart contour and the posterior edge of the tangent field),
parasagittal cardiac contact distance, and axial contact distance can be used as predictive factors for DIBH selection.'%!%8
Regardless of what the estimated benefit may be, it is estimated that 75% of patients who undergo DIBH derive some benefit,
defined as a decrease in mean heart dose compared to free breathing.”’ Other anatomical differences that are independent of the
heart’s distance from the target and that increase the likelihood a patient would benefit from DIBH include pendulous breasts and
a more posteriorly positioned tumor bed.** For patients with pendulous breasts treated in the supine position, the tangential fields
tend to extend more inferiorly than they do for patients without this characteristic, thus increasing the radiation dose to the heart.
The cardiac dose may also rise for patients with posterior tumor beds, as the boost fields can contribute to cardiac doses due to
their proximity to the heart. It is also possible to utilize a rapid planning method to generate a free breathing plan that can calculate
the dose to the heart and categorize patients as having favorable or unfavorable cardiac anatomy.*?

Because cardiac toxicity is a late sequelae of radiation therapy in patients with breast cancer, there is no direct clinical
evidence that quantifies the effect DIBH has on cardiac morbidity and mortality. However, dosimetric analysis of DIBH
plans have shown significant improvements in both mean cardiac (25-67%) and mean LAD doses (20-73%) when
compared to traditional free breathing plans.****~*>*7-%% There have been studies that demonstrate that perfusion defects
are seen in breast cancer patients who receive RT, and these defects also correlate with the radiation fields used during
treatment.'>® Additionally, these defects were not seen in patients who were treated with fields that excluded the heart
entirely.?'*° In contrast, Zellars et al analyzed the perfusion defects seen in patients treated with DIBH and free breathing
techniques and found no difference in the rate of perfusion defects.®” Despite conflicting data, it is not unjustified to

suggest that DIBH has the potential to reduce radiation-induced cardiac toxicity.
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DIBH Treatment Planning

Much like the free breathing technique, DIBH can be used in 3DCRT, IMRT, and arc therapy.*®*** The key to selecting
the appropriate modality is determining how to best minimize dosimetric variability when intrafraction alterations occur.
A more robust plan can lead to a more stable, predictable dose distribution.”® By creating robust DIBH plans, confidence
that prescribed and delivered doses correlate increases regardless of changes in patient setup or breast anatomy
throughout treatment.”® Examples of free breathing (FB) and DIBH plans for a single patient are shown in Figure 2,
with values for the organs at risk for these studies shown in Figure 3. In this patient, significant decreases in doses to the
heart and lungs were obtained using the DIBH VMAT plan (Figure 3F). The ability of VMAT to create more robust plans
is an attribute noted in prior studies.*

Using a wide tangent method in conjunction with DIBH has been shown to reduce cardiac dose even further than
other methods and achieves superior IMC dose coverage compared to the traditional photon-electron technique. These
factors have made the wide tangent in conjunction with DIBH technique the preferred approach when creating plans that
include the IMC lymph nodes.**®' It is important to note that if using the wide tangent with DIBH technique for
a patient where therapeutic dose to the level | axillae is desired, delineating the axillary region as a separate target and
designing fields that appropriately cover this target is recommended. Not doing so can result in up to a 10% reduction in
mean dose to the axillary nodes because the movement of the axillary nodes differs significantly from the tumor bed and
breast.”?

It has been recommended that a planning organ at risk volume (PRV) with a margin of 0.5 cm be applied to the LAD
due to the potential implications of dose to the structure.”®> While the inter- and intrafraction variability of the breast
during DIBH is minimal when aligning to bony anatomy,®>** LAD displacement can be more variable during DIBH
when compared to free breathing.®® Incorrect prediction of the LAD position can lead to a discrepancy between the
predicted and actual cardiac doses. For example, if treatment fields were set up too posteriorly there would be
a significant increase in the heart dose compared to what was projected. Conversely, if treatment fields are too anterior
there would be a small decrease in the anticipated cardiac dose.

Lastly, creating a PRV for the left ventricle (LV) may also be beneficial. Prior studies have shown that if >5% of the
LV were within the radiation field, the incidence of cardiac perfusion defects rises from 10-20% to 50-60%°>°® and that

A

Figure 2 Axial sections with isodose lines for a patient planned for left chestwall and regional nodal treatment (including the internal mammary chain lymph nodes) using
four different techniques. (A) Free breathing (FB) 3DCRT, (B) DIBH 3DCRT, (C) FB VMAT, (D) DIBH VMAT.
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Figure 3 Dosimetric comparison for the heart and left lung, using free-breathing (FB) 3DCRT, DIBH 3DCRT, FB VMAT and DIBH VMAT for the patient shown in Figure 2.
(A) Comparison of dose to PTV (cyan), left lung (green), and heart (red) for FB 3DCRT (closed circles) and DIBH 3DCRT (open circles). (B) Comparison of dose to PTV
(cyan), left lung (green), and heart (red) for FB VMAT (triangles) and DIBH VMAT (squares). (C) DVH for the heart with all four planning techniques: FB 3DCRT (closed
circles), DIBH 3DCRT (open circles), FB VMAT (triangles), and DIBH VMAT (squares). (D) DVH for the left lung with all four planning techniques: FB 3DCRT (closed
circles), DIBH 3DCRT (open circles), FB VMAT (triangles), and DIBH VMAT (squares). (E) DVH for the left anterior descending coronary artery (LAD) with all four planning
techniques: FB 3DCRT (closed circles), DIBH 3DCRT (open circles), FB VMAT (squares), and DIBH VMAT (triangles). (F) Comparison of doses to the heart, left lung, and
LAD with FB 3DCRT, DIBH 3DCRT, FB VMAT, and DIBH VMAT plans. Note in this patient that DIBH vs FB reduced the percentage of higher doses received by the left lung,
heart, and LAD, and that DIBH VMAT showed greater reductions than DIBH 3DCRT and FB VMAT.

reducing the mean dose to this structure leads to preservation of LV function.®> These perfusion defects correlate with
abnormalities in regional wall motion but not with changes in ejection fraction even after long-term follow-up.”> %
An important consideration is selecting plans that minimize dosimetric variability when intrafraction alterations

occur, ie, selecting a more “robust” plan, which can lead to a more stable and predictable dose distribution. By optimizing
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DIBH plans in this manner, confidence that prescribed and delivered doses correlate increases regardless of changes in
patient setup or breast anatomy throughout treatment.?®

Additional Heart Sparing Techniques
As noted above, multiple techniques exist for sparing cardiac dose, including prone positioning, proton therapy, and
lateral decubitus positioning.*' Each of these methods can be used independently or in conjunction with DIBH. When
selecting the appropriate cardiac sparing procedure for a patient, it is important to know the differences between each
option. Treating a patient in the prone position uses gravity to pull the breast away from the chest wall allowing
treatment with shallow tangent beams. In most cases, the heart dose is lower in the prone position than free breathing
patients treated in the supine position;****'% however, for a select group of patients, the heart can also be pulled
forward by gravity, minimizing the cardiac-sparing impact desired from treating in the prone position.'®" Because of
this variation treating regional lymph nodes, including the IMC nodes can at times cause increased heart doses using
prone positioning.** However, if treating the regional lymph nodes without inclusion of the IMC, cardiac sparing can
still be seen using the prone technique.'®*'*> When comparing patients treated with free breathing in the prone
position to DIBH and supine positioning, the lung dose was noted to be lower in the prone position and heart dose
was lower in the supine position.**:”! There is early evidence from a group in Belgium to suggest that combining
these two techniques and treating a patient in a prone position with DIBH yields lower lung and heart doses.*
Left-sided breast cancer patients receiving IMC nodal radiation are typically at the highest risk of developing late
radiation-induced cardiotoxicity compared to other breast cancer patients due to the increased cardiac doses received.
This is especially relevant to young patients who have the highest lifetime cumulative risk of cardiac disease. In
younger women, proton therapy may provide additional dosimetric advantages for cardiac radiation exposure, both
with and without DIBH.'* In prior studies comparing free breathing passive scatter*® and free breathing intensity
modulated'® proton plans to DIBH photon plans, the proton plans yielded lower heart and LAD doses. In a recent
study comparing VMAT and IMPT in women with left-sided breast cancer requiring complex planning (IMC nodal
radiation, boost) that did not meet normal organ at risk constraints based on 3DCRT planning, IMPT reduced LAD
and LV dose relative to photons when combined with and without DIBH.'® For women receiving whole breast
irradiation and regional lymph node irradiation, dosimetric analysis demonstrated that DIBH significantly decreased
cardiac dose for protons and photons.'®* While DIBH reduced the lung dose in photon plans compared to proton free
breathing treatment, DIBH increased lung dose in IMPT plans versus free breathing IMPT because the retracted heart
was displaced by low-density lung tissue. However, the lung doses with IMPT were still significantly less than those
using photons.'® For other organs-at-risk, DIBH resulted in significant dose reductions versus free breathing when
using photons, but only led to minor differences in dose deposition between DIBH and shallow breathing with
protons. In women with high risk for cardiac and lung cancer mortality, the average thirty-year mortality rates from
radiotherapy-related cardiac injury and lung cancer were estimated at 3.1% (photon DIBH), 4.0% (photon shallow
breathing), 1.8% (proton DIBH), and 1.7% (proton shallow breathing).'®* Other studies have reported similar benefits
when combining DIBH and IMPT in left-sided cancers requiring supraclavicular and IMC nodal irradiation.'”'%®
Other factors should be taken into consideration when combining DIBH with protons. For example, a major
advantage of combining DIBH with IMPT is that DIBH will minimize the dose variation from the interplay effect,
which is defined as the difference between the absorbed dose volume during motion and when stationary.'®* While
protons may reduce cardiac dose, is also important to note that due to the physical properties of protons, range
uncertainty and variations of RBE and LTE remain a challenge that can lead to increased toxicity.'® Robust planning
techniques help reduce uncertainties, but it may limit plan quality and clinical implementation can vary significantly
across institutions. Lastly, the availability of proton therapy remains limited and socioeconomic factors play

a significant role in proton therapy use.''®'"!

Conclusions
RT has been proven to be an important part of the breast cancer treatment paradigm due to the improvements in local
control and survival radiation provides. However, radiation-induced cardiac toxicity from cardiac exposure is a known
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side effect of RT that can potentially diminish the positive impact radiation has in this population. Modern improvements
in technology and delivery have led to significant decreases in the cardiac doses received by breast cancer patients over
time. An important mainstay for cardiac sparing is DIBH, which very often reduces the mean heart and LAD doses in
breast cancer patients being treated with RT, especially in patients with left-sided disease and those whose treatment plan
includes the IMC lymph nodes. In addition to the cardiac benefits of DIBH, this technique can also result in a decline in
ipsilateral lung exposure. Ongoing trials exist that seek to further delineate patient selection and improve upon the current
DIBH technique.
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