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Dosimetric Considerations in
Respiratory-Gated Deep Inspiration
Breath-Hold for Left Breast Irradiation
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Abstract
Purpose: To present our clinical workflow of incorporating AlignRT for left breast deep inspiration breath-hold treatments and
the dosimetric considerations with the deep inspiration breath-hold protocol. Material and Methods: Patients with stage I to III
left-sided breast cancer who underwent lumpectomy or mastectomy were considered candidates for deep inspiration breath-
hold technique for their external beam radiation therapy. Treatment plans were created on both free-breathing and deep
inspiration breath-hold computed tomography for each patient to determine whether deep inspiration breath-hold was beneficial
based on dosimetric comparison. The AlignRT system was used for patient setup and monitoring. Dosimetric measurements and
their correlation with chest wall excursion and increase in left lung volume were studied for free-breathing and deep inspiration
breath-hold plans. Results: Deep inspiration breath-hold plans had significantly increased chest wall excursion when compared
with free breathing. This change in geometry resulted in reduced mean and maximum heart dose but did not impact lung V20 or
mean dose. The correlation between chest wall excursion and absolute reduction in heart or lung dose was found to be non-
significant, but correlation between left lung volume and heart dose showed a linear association. It was also identified that higher
levels of chest wall excursion may paradoxically increase heart or lung dose. Conclusion: Reduction in heart dose can be
achieved for many left-sided breast and chest wall patients using deep inspiration breath-hold. Chest wall excursion as well as left
lung volume did not correlate with reduction in heart dose, and it remains to be determined what metric will provide the most
optimal and reliable dosimetric advantage.
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Introduction

The current paradigm of breast cancer therapy commonly

includes adjuvant radiation therapy (RT) following lumpect-

omy or mastectomy. Several randomized trials and a large

meta-analysis consisting of 42 000 women with breast cancer

and 78 treatment comparisons have proven that the addition of

radiation to appropriately selected patients results in significant

improvement in local control as well as cancer-specific sur-

vival and overall survival (OS).1-4 Further studies continue to

define which patients have the highest risk for disease
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recurrence, and therefore, the greatest benefit from adjuvant

RT; however, due to these clear advantages, the use of RT

adjuvant to breast conservation surgery (BCS) and mastectomy

remains the standard of care for many patients.

Several studies have demonstrated that radiation exposure to

the heart and lungs can increase the risk for late cardiac and lung

toxicity including ischemic heart disease and radiation pneumo-

nitis or lung cancer, respectively.5-9 The risk of pneumonitis is

thought to be less significant as these rates remain very low even

when treating internal mammary (IM) and supraclavicular

lymph nodes.6 Furthermore, studies have shown a 2.04 relative

increased risk of ipsilateral lung cancer�10 years following RT

for breast cancer in patients who are smokers.7,10 Potential risks

from heart exposure could include angina, pericarditis, valvular

heart disease, or vascular disease, which could result in

increased cardiac-associated mortality, and a 1.5- to 2-fold

increased risk has been demonstrated for left-sided breast cancer

when compared to right-sided breast cancer.5,7-9,11 Currently,

there are no heart doses that are declared safe, and therefore,

strategies are used to reduce heart dose as much as possible.

One strategy to minimize heart dose is by using a deep

inspiration breath-hold (DIBH) technique, which increases the

distance from the target volume to the heart, resulting in

reduced heart volume receiving a significant radiation

dose.11-15 This can be accomplished by using one of two dif-

ferent methods. Voluntary DIBH is a process where the

patient’s breathing is verbally coached and is simultaneously

tracked by an external surrogate (ie, Real-Time Position Man-

agement [RPM] system from Varian Medical Systems, Palo

Alto, California).15-17 The RPM system uses the vertical dis-

placement of the 6-dot infrared tracker placed on the patient (ie,

sternum or abdomen) and provides a relative position value

with respect to the patient’s breathing cycle.18 The alternate

method, termed moderate DIBH, includes limiting the patient’s

inspiration to a predefined lung volume determined by the user

(usually 75% of the maximum inspiration). This is accom-

plished by using an active breathing control (ABC) device

(Elekta Oncology Systems, Stockholm, Sweden) that moder-

ates the breathing cycle by controlling the lung volume.13,19

Neither strategy is able to monitor or gate the dose delivery

based on the position of the target volume (breast or chest wall

[CW]), which may introduce some ambiguity in actual dose

delivered to the target. Using a surrogate that more clearly

defines the target volume, such as an active surface monitoring

system, coupled with respiratory gating may resolve this issue.

The AlignRT system (Vision RT Ltd, London, United King-

dom) is an optical tracking system that reconstructs and pre-

sents 3-dimensional (3D) surface anatomy through 2 or 3 pairs

of ceiling-mounted cameras. Data from each pair of cameras

are analyzed and triangulated by a computer vision algorithm

to derive 3D surface information from the corresponding per-

spective. Different perspectives from the cameras construct a

real-time reconstructed surface image that can be compared to

body contour outlined from the computed tomography (CT)

image, which serves as a reference surface model (RSM).

Therefore, it can be used for patient positioning prior to

treatment, real-time target monitoring, and respiratory track-

ing. Studies have been published regarding the feasibility and

accuracy of using the AlignRT system on the brain, thorax, and

breast.20-23 Furthermore, 3D surface imaging has been shown

to improve position errors when compared to skin marks for

clinical setup and to reduce interfraction setup.24 We recently

published our data suggesting that AlignRT can result in more

accurate treatment delivery than RPM alone during DIBH.25 In

the current study, we hypothesized that the CW excursion from

DIBH would be quantitatively associated with reductions in

cardiac and lung doses, and the use of AlignRT would help

ensure treatment accuracy. The detailed clinical protocol of

incorporating AlignRT for left breast DIBH treatments and the

dosimetric considerations with the DIBH protocol are pre-

sented in this study.

Materials and Methods

Patient Selection and Treatment Planning

We retrospectively reviewed 15 patients with left-sided breast

cancer who underwent either lumpectomy or mastectomy fol-

lowed by irradiation to the whole breast (n ¼ 7) or CW (n ¼ 8)

with or without regional nodes (supraclavicular, undissected

axillary, and IM). Patient and tumor characteristics were col-

lected for all patients and evaluated. Target volumes and nor-

mal structures were contoured in reference to the Radiation

Therapy Oncology Group (RTOG) breast-contouring atlas

guidelines. Dose prescriptions for target volumes also followed

the RTOG guidelines (Table 1). These volumes were separately

delineated on the free-breathing (FB) CT and the DIBH CT,

and optimized plans were created using Eclipse treatment plan-

ning software (Varian Medical Systems, Palo Alto, CA). All

treatment plans used conformal planning with tangential fields

to the breast or CW. Field-in-field or electronic compensator

techniques were applied to improve dose homogeneity, and

conformal field arrangements were used for regional nodal

targets. To achieve a fair comparison, a single dosimetrist was

assigned to generate both FB and DIBH plans for each patient.

Optimal coverage of the breast or CW target was attempted on

FB and DIBH CT. The decision to use DIBH for treatment was

determined by the physician based on the lowest mean heart

dose.

Deep Inspiration Breath-Hold Treatment Workflow

Figure 1 shows the clinical workflow for DIBH treatment.

Prior to treatment, the reference respiratory curve from the

RPM taken at CT simulation is imported into the TrueBEAM

(Varian Medical Systems, Palo Alto, CA) console to establish

a 5-mm treatment gate window (RPM reference +2.5 mm).

The RSMs from both FB and DIBH CTs are imported into

AlignRT, and the breast/CW regions of interest are defined.

On the day of verification simulation, patients are aligned

using skin tattoos placed at simulation with FB, which is

followed by positioning adjustment based on the registration
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of the FB RSM using AlignRT. After that, patients are audi-

bly coached on deep inspiration, while alignment is moni-

tored by the RPM system and fine-tuned using the DIBH

RSM. The setup and positioning are verified with 2-

dimensional (2D) kV orthogonal imaging, which are subse-

quently taken on a weekly basis. For patients with significant

shifts based on 2D imaging, a new surface image (marked as

‘‘VRT’’ in the system) is taken by AlignRT and set as a new

RSM during breath-hold, and new skin marks are placed.

During daily treatment, AlignRT is used to report the real-

time deltas (RTDs) for 3 translational and 3 rotational direc-

tions. The vector of all 3 translational RTDs is also reported

and named ‘‘MAG.’’ The RTDs are obtained by comparing

the surface position at the time of treatment with the refer-

ence surface from the planning CT (DIBH CT). A threshold

of +5 mm for MAG and +3� for rotations was established

based on our previous study.25 The RTDs should reach

threshold as soon as the patient’s surface at breath-hold

matches the RSM and the target is in the treatment position,

as shown in Figure 2. At the same time, the RPM trace should

reside in the gating window, which triggers the radiation

beam. The beam gating is then controlled using both the

RPM trace and the AlignRT DIBH RSM.

Dosimetric Comparison

In addition to the DIBH and FB plans generated for each

patient, a verification plan was created by applying the DIBH

plan to the FB CT, keeping the same plan isocenter. Target

coverage and normal tissue dosimetry were analyzed on all 3

plans for each patient. Dosimetric analysis for the normal tis-

sues included maximum heart dose, mean heart dose, left lung

V20, total lung V20, and mean lung dose. The CW excursion

was measured on the central axial slices (Z ¼ 0) for each study

and was defined as the distance from the left heart border to the

inner CW, as shown in Figure 3. Our definition of CW excur-

sion was selected because it represents a surrogate for lung

inflation and also is a measurement of the displacement of the

target from the heart on a representative CT slice that is com-

parable across plans. The CW excursion was measured and

recorded for FB and DIBH CTs, and this difference was com-

puted for each patient, and its correlation to heart and lung dose

reduction was evaluated. Figure 3 shows examples of obtaining

CW excursion measurements from both FB and DIBH CTs for

a breast (Figure 3A) and a CW patient (Figure 3B). As noted in

the figure, by taking a deep breath, the CW excursion increased

by 2.31 cm for the breast patient and 2.02 cm for the CW

Table 1. Dose Prescription Guidelines for All Targets.

Volume

Whole Breast Irradiation

With No Boost Whole Breast Irradiation With Boost

Chest Wall or Breast and

Regional Nodes

Target breast volume (TBV)

Ideal 95% TBV receives �47.5

Gy (95% of 50 Gy)

95% TBV receives �47.5 Gy (95% of 50 Gy) 95% TBV receives �47.5 Gy (95%
of 50 Gy)

Acceptable 90% TBV receives �45 Gy

(90% of 50 Gy)

90% TBV receives �45 Gy (90% of 50 Gy) 90% TBV receives �45 Gy (90% of

50 Gy)

Lumpectomy cavity PTV

Ideal 100% of 50 Gy covers

lumpectomy PTV

Final boost dose covers 100% lumpectomy PTV Final boost dose covers 100%
lumpectomy PTV

Acceptable Final boost dose covers 95% of lumpectomy PTV Final boost dose covers 95% of

lumpectomy PTV

Breast (ipsilateral) Hotspot (<3 cm3) � 108% Hotspot (<3 cm3) � 108% of final boost dose, V54

< 50%, V(breast at final boost dose) � 30%
Target chest wall

volume (TCV)

NA NA Same constraints as with TBV only

using the chest wall volume

Mastectomy scar

(PTV)

NA NA

Supraclavicular

nodes (SCN)

NA NA 95% receives �47.5 Gy (95% of 50

Gy)

Axillary nodal

volume (Ax)

NA NA 95% receives �45 Gy

Internal mammary nodes (IMN)

Ideal NA NA 95% receives �45 Gy

Acceptable NA NA 90% receives �40 Gy

Lung

Ideal V20 ipsilateral lung � 10% V20 ipsilateral lung � 10% V20 ipsilateral lung � 25%
Heart

Ideal V25 < 5%, mean heart dose

<3 Gy

V25 < 5%, mean heart dose <3 Gy V25 < 5%, mean heart dose <3 Gy

Acceptable V25 < 9%, mean heart dose <5 Gy

Abbreviations: NA, not available; PTV, planning target volume.
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patient. Lung volume measurements were completed using the

volume measurement tools included in Eclipse. The mean and

standard deviation were calculated for the FB and DIBH

patients in both the breast and CW groups. These mean values

were then compared using the Student t test, with a P value of

<.05 representing statistically significant differences. Pearson

correlation coefficient was generated to evaluate association

between CW excursion or lung inflation and changes in lung

or heart doses. All statistical analyses were completed using

SPSS version 20 (SPSS Inc, Chicago, Illinois).

Results

Patient Characteristics

The median age for the BCS cohort was 60 years and 14% was

premenopausal, whereas the median age for the mastectomy

group was 44 years with 88% being premenopausal. All

patients in the BCS cohort received a dose of 50 Gy in 25

fractions, and 86% received a boost to the lumpectomy site.

For the mastectomy cohort, 63% (n¼ 5) of patients received 50

Gy in 25 fractions and 37% (n¼ 3) of patients received 50.4 Gy

in 28 fractions, with 75% (n ¼ 6) of patients receiving an

electron boost consisting of 10 Gy in 5 fractions to the mas-

tectomy scar. Regional nodal irradiation was delivered in 88%
(n¼ 7) of mastectomy patients and in 0% of BCS patients. The

boost dose was not included in the dosimetric evaluation for

either group.

Dosimetric Comparison

A total of 15 patients were reviewed for dosimetric comparison

between FB and DIBH. A detailed dosimetric comparison is

tabulated in Table 2. Average CW excursion was 1.36- and

1.42-fold higher in the breast group and the CW group, respec-

tively. In both the breast and CW groups, DIBH provided a

significant volume increase in the left lung (P < .001) and total

lungs (P < .001), averaging 874 cm3 for the left lung and 1779

cm3 for total lungs. Even with this difference in volume, the left

lung and total lung mean dose and V20 were comparable

(P > .05). The significant differences in CW excursion resulted

in a 0.4 Gy absolute reduction (P ¼ .067) in the mean heart

dose and a 22.2 Gy absolute reduction (P ¼ .0002) in the

maximum heart dose for the breast group. Furthermore, the

CW group experienced a 3.3 Gy absolute reduction (P ¼ .014)

Figure 1. Treatment workflow for left breast patients treated with deep inspiration breath-hold (DIBH) technique.
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Figure 2. Screen capture of AlignRT for real-time monitoring of patient’s breath-hold accuracy.

Figure 3. Chest wall excursion comparisons between free breathing (FB) and deep inspiration breath-hold (DIBH) computed tomography (CT)

for a intact breast (A) and a postmastectomy patient (B).
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in the mean heart dose and 8.1 Gy absolute reduction (P¼ .069)

in the maximum heart dose.

Importance of DIBH Positioning Accuracy

As shown in Table 3, both the FB and DIBH plans for the breast

group were normalized to 100% of the dose delivered to 95% of

the clinical target volume (CTV). These generated plans also

had homogenous dose delivery as demonstrated by the very

similar dose to 2% and 98% of the CTV as well as consistency

between treatment plans as evidenced by the small standard

deviations. The verification plan, generated by overlaying the

DIBH plan on the FB CT, highlights a possible situation

whereby the plan was created using DIBH but was not deliv-

ered correctly due to insufficient breath holding. It is evident

that the verification plan generated has less homogeneity and

appears to be missing the target as denoted by the significantly

reduced values of the dose to 98% and 95% of the CTV for

breast and 98% of the CTV for CW. Furthermore, the individ-

ual plans have reduced homogeneity and target coverage by

very wide and unpredictable values as shown by the large

standard deviation, indicating that there may be large dose

misses if breath-holds are not performed correctly. The result

of large variations in dose coverage from the verification plans

indicates the importance of target positioning at the time of

breath-hold. Clearly, when patients do not take an adequate

breath, there can be misses in dose delivery and large and

unpredictable variations in how much dose is missed.

Optimal CW Excursion Change

To determine the optimal CW excursion that provides maxi-

mum normal tissue sparing while still delivering acceptable

target dose, the difference in CW excursion between DIBH and

FB was plotted against heart (Figure 4) and lung (Figure 5)

doses. Neither mean nor maximum heart dose correlated with

CW excursion difference for breast or CW patients (Figure 4A

and B). All breast patients exhibited a difference of approxi-

mately 1 Gy or less in the mean heart dose. Interestingly, half of

the CW patients had a mean heart reduction between 3 and 5

Gy, whereas the other half had very little reduction in the mean

heart dose. When evaluating maximum heart dose reduction

(Figure 4B), all breast patients with excursion difference from

1 to 2.5 cm exhibited a reduction between 10 and 30 Gy, and

the patient achieving the greatest CW excursion had a maxi-

mum reduction of about 35 Gy. Similarly, for CW patients,

there was a reduction in maximum heart dose for a CW excur-

sion between 1 and 1.5 cm, but as the chest excursion continued

from 1.5 to 2.5 cm, there appeared to be less dose reduction,

and actually in 1 patient, there was an increase in maximum

heart dose (Figure 4B). Although no significant correlation was

appreciated, it appeared that both the breast and CW patients

followed a similar trend when comparing left lung V20 or total

lung V20 to CW excursion (Figure 5). Specifically, with CW

excursion between 1 and 1.5 cm, 5 (83%) of 6 patients had

reduction in V20, whereas between 1.5 and 2.5 cm, only 3

(33%) of 9 had V20 improvement.

We also analyzed the percentage increase in left lung vol-

ume and compared this value with absolute reduction in max-

imum heart dose and mean heart dose. This method improved

our ability to correlate a measurement with reduction in heart

dose. The intact breast patients exhibited a moderate positive

correlation between percentage left lung increase and maxi-

mum heart dose (r ¼ .54) as well as mean heart dose (r ¼
.57; Figure 6). Percentage left lung volume increase displayed

a high positive correlation with absolute reduction in the mean

heart dose (r ¼ .80) in CW patients but did not correlate well

with the maximum heart dose (r ¼ �.0009; Figure 6).

Discussion

Numerous studies have confirmed an improvement in locore-

gional disease recurrence, disease-specific survival, and OS

with the addition of RT following breast conservation therapy

or mastectomy in properly selected patients.1,3,4 However, this

benefit originally established with several older trials has been

associated with cardiac and lung toxicity.5-9,26 It is difficult to

determine the absolute risk of long-term toxicity for several

heart and lung end points as they do not mature until about the

Table 2. Dosimetric Comparisons of Regions of Interests Between FB and DIBH Plans for Breast and CW Patients.

Breast CW with nodes

DIBH FB P DIBH FB P

CW excursion, cm 6.26 + 0.93 4.60 + 1.09 .0097a 5.10 + 0.80 3.60 + 1.10 .0043a

Heart mean, Gy 0.90 + 0.18 1.30 + 0.49 .0672 1.90 + 0.90 5.20 + 2.00 .0143a

Heart maximum, Gy 9.96 + 3.88 32.16 + 10.45 .0002a 39.50 + 10.50 47.60 + 4.80 .0686

Left lung V20, % 11.20 + 4.21 11.11 + 4.87 .9725 28.10 + 3.10 28.30 + 6.70 .9404

Left lung volume, cm3 2055.39 + 384.70 1181.34 + 279.21 .0004a 1803.1 + 355.50 1117.1 + 300.80 .0010a

Left lung mean dose, Gy 6.61 + 1.75 6.58 + 2.19 .975 13.94 + 1.88 15.31 + 1.85 .164

Total lung V20, % 5.10 + 1.90 4.89 + 2.27 .8513 13.20 + 1.20 12.70 + 2.90 .6703

Total lung volume, cm3 4490.14 + 723.07 2711.06 + 541.93 .0001a 3833.8 + 695.00 2471.8 + 603.60 .0009a

Total lung mean dose, Gy 3.05 + 0.80 2.90 + 1.04 .771 6.67 + 0.82 7.03 + 0.78 .376

Abbreviations: CW, chest wall; DIBH, deep inspiration breath-hold; FB, free breathing.
a P < .05. Two samples being significantly different (Student t test, 2 tailed, 2-sample equal variance).
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second decade following treatment.5,7,8,10,27,28 Therefore, these

risk assessments are established from outdated techniques and

are not necessarily applicable to current practice.5,7,8,10,27,28

Not only are these older techniques obsolete, but in most cases,

the doses delivered to normal tissues are retrospectively esti-

mated without the ability to evaluate 3D CT scans.5,29 Further-

more, the risk of cardiac mortality is multifactorial, and having

a diagnosis of cardiac ischemia prior to receiving radiation for

left-sided breast cancer results in a significantly higher risk

than for those without a prior diagnosis.5,8 Awareness of this

long-term and potentially lethal toxicity has spurred the devel-

opment of several techniques to maximize the therapeutic

ratio.11-15,30,31 Here, we report our strategy treating left-sided

breast and CW using DIBH treatment monitored with RPM and

patient coaching as well as experimentally using AlignRT.

It is clear that RT using outdated RT techniques contributes

a nontrivial risk to the development of cardiac disease.5,29 The

less established aspects include the absolute risk when using

Table 3. Dosimetric Comparisons of Target Coverage for FB Versus DIBH Plans and DIBH Versus Verification Plans for Breast and CW

Patients.

DIBH FB P (DIBH Versus FB) Verification P (DIBH Versus Verification)

Breast group

CTV D98%, Gy 48.1 48.2 .916 27.9 .005

Std 1.9 1.0 – 15.5 –

CTV D2%, Gy 54.3 54.5 .586 54.6 .856

Std 1.0 1.0 – 2.7 –

CTV D95%, Gy 50.00 50.00 0.99 37.8 .026

Std 0.00 0.00 – 12.8 –

CW group

CTV D98%, Gy 40.5 42.9 .303 32.2 .035

Std 4.6 4.6 – 9.0 –

CTV D2%, Gy 54.0 53.8 .837 71.6 .732

Std 4.6 4.4 – 11.5 –

CTV D95%, Gy 44.8 45.2 .751 42.4 .324

Std 2.4 3.0 – 6.0 –

Nodes D98%, Gy 41.6 39.5 .743 35.3 .290

Std 6.7 15.4 – 16.2 –

Nodes D2%, Gy 51.7 54.4 .973 51.7 .313

Std 2.2 2.4 – 6.5 –

Nodes D95%, Gy 45.0 46.0 .516 44.5 .846

Std 3.5 2.5 – 5.5 –

Abbreviations: CTV, clinical target volume; CW, chest wall; DIBH, deep inspiration breath-hold; FB, free breathing; Std, standard deviation.

Figure 4. The correlation between chest wall excursion and (A) mean heart dose reduction and (B) maximum heart dose reduction from free

breathing (FB) to deep inspiration breath-hold (DIBH).
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current RT planning and delivery techniques, whether a thresh-

old for safe cardiac dose exists, which dosimetric factors most

closely correlate with cardiac toxicity, and what functional

metrics best measure cardiac toxicity. One study examining

radiation treatment of over 2000 patients from 1958 to 2001

in Sweden and Denmark evaluated an association with major

coronary events (myocardial infarction, coronary revasculari-

zation, or death from ischemic heart disease).5 The authors

calculated the mean heart dose at 4.9 Gy, and they suggested

that there was actually no safe dose threshold that did not

increase future cardiac events.5 Not surprisingly, they also

detected an association with preexisting cardiac risk factors

and greater absolute increases in risk from RT. It should be

noted that this study is hampered by the retrospective design

and difficulty measuring cardiac dose accurately from outdated

techniques.5 A prospective study evaluated percentage of the

left ventricle included in the radiation field and correlated per-

fusion defects as well as corresponding wall motion abnorm-

alities as a surrogate for RT-induced cardiac toxicity.32

Although this group did conclude significant differences if

>5% of the left ventricle was included in the radiation field

as opposed to <5%, suggesting a volume relationship, new

defects were still detected in 10% to 20% of patients receiving

<5%, and therefore, no safe volume threshold was detected.32

Figure 6. The correlation between percentage increase in left lung volume and maximum heart dose (A) and mean heart dose (B) for intact

breast patients.

Figure 5. The correlation between chest wall excursion and (A) left lung V20 dose reduction and (B) total lung V20 dose reduction from free

breathing (FB) to deep inspiration breath-hold (DIBH).
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Conversely, in a prospective study evaluating cardiac perfusion

changes with single-photon emission computed tomography

(SPECT)–CT in 32 patients, there were no changes in cardiac

perfusion noted when average cardiac dose was below 5 Gy,

suggesting that a safe threshold from mean cardiac dose may

exist.31 However, one consideration with these results is that

the end point was cardiac perfusion or function changes at 1

year, which may be premature for the development of RT-

induced perfusion defects. A similar study was conducted that

randomized patients to DIBH with an ABC device versus FB

and showed that although the use of ABC significantly reduced

the mean heart dose, there were no differences in perfusion on

SPECT at 6 months following RT.30 The authors concluded

that even very small doses of radiation can potentially induce

cardiac toxicity, suggesting no safe dose. Admittedly, this

study has a short end point time interval, low patient numbers,

and also imperfect sensitivity of SPECT imaging.30 Although

current guidelines provide some recommendations on appro-

priate cardiac dose, such as mean heart dose less than 5 Gy,

reduction in heart dose as low as reasonably achievable may

result in the lowest risk of cardiac toxicity.

The results from our cohort suggest that the CW excursion

from DIBH in both intact breast and postmastectomy patients

resulted in heart dose reductions. Several groups have evalu-

ated heart dose to particular regions including the left anterior

descending artery, but this has not been widely accepted and is

not integrated in current practice. However, the mean heart

dose has been proven to be an important surrogate for late heart

complications in many studies and therefore was selected for a

heart dose surrogate in our study.5,29,31 Since the CW is not in

the target volume for intact breast, the prescription isodose line

is further from the heart than in the postmastectomy setting,

which is likely the underlying reason for the less significant

decrease in mean heart dose for our breast cohort. However,

this group did exhibit a decrease in maximum heart dose of

22.2 Gy, since a small fraction of the heart can actually be

within the treatment fields during FB, therefore receiving direct

high dose. The significance of this remains unknown, but the-

oretically, if critical vascular structures are exposed to this high

dose, it could result in vascular damage and stenosis. As dis-

cussed previously, a study by Marks et al supports this concept

by showing that even when <5% of the left ventricle was

included in the radiation field, there was a 10% to 20% inci-

dence of new perfusion defects and associated cardiac wall

motion abnormalities within the first 2 years.32 The differences

in mean heart dose and maximum heart dose in the CW group

were each significant in the CW group likely because the target

is in closer proximity to the heart, and therefore, the increase in

distance with DIBH provides a more significant reduction. In

summary, there is a significant reduction in mean heart dose

and maximum heart dose for the CW patients and a significant

decrease in maximum heart dose for the intact breast patients

with DIBH.

The connection with breast or CW radiation and lung toxi-

city has been established with outdated techniques, but these

data are less robust than that for cardiac toxicity. Our findings

suggest that there are insignificant differences in total or ipsi-

lateral lung mean dose or V20. The rates of pneumonitis are

low, and generally, all dose constraint recommendations are

easily met with or without DIBH. In one study including 540

patients, no radiation pneumonitis was observed for 64 patients

who received a mean lung dose up to 8 Gy, whereas 8 (10%) of

81 patients developed radiation pneumonitis those exposed to a

mean lung dose of 8 to 12 Gy.27 We observed a mean dose for

the total lung of 2.9 Gy (FB) and 3.0 Gy (DIBH) for the breast

patients and 7 Gy (FB) and 6.7 Gy (DIBH) for the CW patients,

with insignificant differences between the groups. Graham et al

showed that total lung V20 was the only significant factor to

predict �grade II pneumonitis and a V20 < 22% resulted in no

pneumonitis.33 Again, this was easily met in our patients with

an average total lung V20 of 4.9% (FB) and 5.1% (DIBH) for

the breast patients and 12.7% (FB) and 13.2% (DIBH) for the

CW patients. Our data indicate that DIBH does not signifi-

cantly reduce V20 or mean dose for the ipsilateral or total lung

volume. This finding was expected, and a likely explanation is

that as the lung volume expands, a similar relative volume is

included in the radiation dose, and therefore, the percentage

volume of lung receiving a particular dose remains largely

unchanged. It is plausible that the modest benefits observed

in the CW group would have been statistically significant with

more patient numbers, but it remains questionable whether a 1

to 2 Gy decrease in V20 or mean lung dose is clinically signif-

icant. As the true purpose for DIBH treatment is to avoid heart

dose, it was important to show that this technique does not

result in a detriment to lung dose.

The most desirable CW excursion for the minimization of

normal tissue toxicity remains unknown. We did not find any

reliable correlation with mean heart dose, maximum heart dose,

or lung V20 with difference in CW excursion. Furthermore, our

data support the notion that more CW expansion does not

necessarily mean more normal tissue sparing and in some cases

can paradoxically increase normal tissue dose. It should be

noted that an increase in heart dose only occurred in one CW

treatment and that all other patients either had similar or

decreased heart dose. Our patient population had a minimum

and maximum CW excursion of 1 and 2.5 cm, respectively.

This would suggest that a 1 cm expansion of the CW using our

measurement definition could be enough to significantly

reduce cardiac dose. Since reliable correlation between

increased CW expansion and dosimetric advantage was not

determined, we would recommend evaluating each treatment

plan on all patients prior to determining which is most bene-

ficial. It should also be noted that our definition of CW excur-

sion is a surrogate for increased lung inflation selected for ease

of measurement and comparison among plans, but a different

definition such as CW expansion as measured from the heart to

the point perpendicular to the tangential radiation beams could

show a correlation with normal tissue dose. There was a much

better correlation with percentage increase in left lung volume

and reduction in mean and maximum heart dose in breast

patients and in mean heart dose in CW patients. This value is

likely more accurate because it essentially evaluates a change
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that is integrated across all CT slices and better encapsulates

the increased distance of the target from the heart than a mea-

surement on 1 slice. Although it appears that further increase in

lung volume leads to increased heart avoidance, this also must

be reproducible and tolerable. Enhanced patient comfort likely

results in more reliable positioning and reproducibility of treat-

ment leading to decreased chances of marginal misses, which

are possible as determined by our previous work and the ver-

ification CT in our current study.25 The large variation in dose

coverage in the verification plans in Table 3 demonstrates this

reduced dose coverage and emphasizes the benefit of using

AlignRT for target setup and monitoring during DIBH treat-

ments. The most apparent limitation of our work is that we had

reduced power to detect any reliable correlation between CW

excursion and dosimetric advantage, and even very few outliers

could affect our results. Furthermore, a more complete under-

standing of what heart dose reductions are clinically meaning-

ful would be helpful, but until then, a prudent approach is to

limit heart dose to as low as reasonably achievable, which for

many patients would include utilization of DIBH. Future stud-

ies are warranted to establish possible correlations with more

patient data points.

In conclusion, we showed that using DIBH in left-sided

intact breast radiation, the maximum heart dose is significantly

reduced and the mean heart dose is reduced to a lesser degree.

Furthermore, this technique for postmastectomy left-sided CW

radiation resulted in significantly reduced mean heart dose and

maximum heart dose with a paradoxical increase in maximum

heart dose for 1 patient. This was achieved while resulting in

the same total lung V20 and left lung V20. Percentage left lung

volume increase allowed for better correlation with reduced

mean and maximum heart dose than CW excursion as defined

in our study, however, it is possible that other metrics will

allow better correlation of heart avoidance.
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