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Abstract

Background/purpose: Although inverse-planned intensity-modulated radiotherapy (IMRT) and 

deep inspiration breath hold (DIBH) may allow for more conformal dose distributions, it is 

unknown whether using these technologies reduces cardiac or pulmonary toxicity of breast 

radiotherapy.

Methods: A randomized controlled trial compared IMRT-DIBH versus standard, free-breathing, 

forward-planned, three-dimensional conformal radiotherapy in patients with left-sided, node-

positive breast cancer in whom the internal mammary nodal region was targeted. Endpoints 

included dosimetric parameters and changes in pulmonary and cardiac perfusion and function, 

measured by single photon emission computed tomography (SPECT) scans and pulmonary 

function testing performed at baseline and one-year post-treatment.

Results: Of 62 patients randomized, 54 who completed all follow-up procedures were analyzed. 

Mean doses to the ipsilateral lung, left ventricle, whole heart, and left anterior descending 

coronary artery (LAD) were lower with IMRT-DIBH; the percent of left ventricle receiving ≥5 Gy 

(V5) averaged 15.8% with standard radiotherapy and 5.6% with IMRT-DIBH (p<0.001). SPECT 

revealed no differences in perfusion defects in the left anterior descending coronary artery 

territory, the study’s primary endpoint, but did reveal statistically significant differences (p=0.02) 

in left ventricular ejection fraction (LVEF), a secondary endpoint. No differences were found for 

lung perfusion or function.
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Conclusion: The small but statistically significant benefit in preservation of cardiac LVEF 

observed here should motivate future studies that include LVEF as a potentially meaningful 

endpoint. Future studies should disaggregate the impact of IMRT from that of DIBH. Clinical 

practice should recognize the importance of minimizing cardiac dose, even when already low in 

comparison to historical levels.

INTRODUCTION

Both tumor control and normal tissue complication probabilities depend on the dose of 

radiotherapy. Radiation oncologists are therefore driven to explore technologies that may 

allow an improvement in the therapeutic index. IMRT is a promising technology that allows 

the development of complex, conformal dose distributions that may be dosimetrically 

superior to conventional plans. This may yield improved tumor control due to increased 

target doses and/or reduced toxicity due to lower doses to adjacent normal tissues and 

improved dose homogeneity.

In the case of breast cancer treatment, standard radiation doses have been adequate for 

controlling microscopic disease in the routine adjuvant setting, and the goal of utilizing 

IMRT has largely been directed at minimizing treatment-related toxicities. Although 

radiotherapy is now firmly established as an integral part of the management of early stage 

breast cancer, both for patients undergoing breast-conserving therapy and for select patients 

after mastectomy, concerns remain regarding its potential long-term toxicities.1

Randomized controlled trials (RCTs) have compared simple forward-planned intensity 

modulation to 2-dimensional treatment planning and delivery, revealing benefits in skin and 

soft tissue toxicity within the breast due to improved dose homogeneity.2,3 However, modern 

technology now allows for considerably more complex IMRT plans than of the sort 

evaluated on those early RCTs.

Concerns about cardiac and pulmonary toxicity from breast radiotherapy, particularly when 

the targets of treatment include the regional lymph nodes, have motivated interest in 

evaluating the potential benefits of the more highly conformal plans that can be generated 

with inverse-planned, beamlet IMRT. Beamlet techniques have been developed that maintain 

target volume coverage with reduction in high doses to the lung, heart, and important 

substructures such as the left anterior descending coronary artery,4 without increasing 

contralateral breast dose.5 Given observational analyses that have suggested a linear dose-

response relationship between mean heart dose and cardiac mortality risk,6 dosimetric 

improvements to minimize heart dose with IMRT have been hypothesized to result in 

improved clinical outcomes.

The additional geometrical advantages afforded by deep inspiration breath hold (DIBH) and 

the desire to limit motion in the context of the greater dose conformality with beamlet IMRT 

have encouraged investigation to determine whether the dosimetric improvements that can 

be obtained with IMRT in conjunction with DIBH yield the hypothesized improvements in 

clinical outcomes. Therefore, we conducted an RCT comparing inverse-planned beamlet 

IMRT with DIBH versus free-breathing forward-planned three-dimensional conformal 
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radiotherapy (3DCRT) in patients with left-sided node-positive breast cancer in whom the 

internal mammary nodal region was targeted.

METHODS AND MATERIALS

Sample

After IRB-approval, we recruited patients who presented to the University of Michigan with 

node-positive breast cancer in whom radiotherapy was indicated to treat the left breast or 

chest-wall, as well as the internal mammary, infraclavicular, and supraclavicular nodal 

regions. The sample size for the randomized design was selected after considering the 

feasibility of patient accrual, the desire to yield unbiased estimates of the treatment effect for 

use in future research, and the hypothesis that IMRT-DIBH would be superior to 3DCRT.

Between May 2006 and June 2012, 62 patients were randomized 1:1 (see Figure 1) between 

IMRT with DIBH and 3D-CRT using blocks of size 4 and 6. Treatment assignment lists 

were held confidentially by the study statistician and reported to clinical personnel only after 

a prospective patient was determined eligible and signed informed consent. Of these, 54 

completed all follow-up procedures and were eligible for analysis.

Treatment Planning

The treating physician approved contours of the targets (breast/chestwall, regional lymph 

nodes, including supraclavicular, infraclavicular, and internal mammary nodes in interspaces 

1–3) and critical normal tissues and created with two separate dosimetrists two plans on two 

different datasets for each patient enrolled: one using forward-planned 3D-CRT on a free-

breathing scan, and one using inverse-planned beamlet IMRT on a DIBH scan.

Dose calculations used an inhomogeneity-corrected convolution/superposition algorithm. 

All patients treated on the standard arm received either 50 Gy in 2 Gy/fraction or 50.4 Gy in 

1.8 Gy/fraction to the entire target volume once daily, five fractions per week (excluding 

holidays). A boost (10 Gy in 2 Gy fractions to the tumor bed or mastectomy scar) was then 

sequentially delivered, using electron beams of energies up to 12MeV or oblique photon 

beams when the tumor bed was too deep to cover with electrons. All patients treated with 

IMRT-DIBH were treated to the entire target volume to 52.2 Gy in 1.74 Gy/fraction 

(biologically equivalent to 50 Gy in 2 Gy/fraction). This allowed the 10 Gy boost to be 

incorporated and delivered simultaneously with the treatment to the volume such that the 

total dose to the tumor bed or mastectomy scar was biologically equivalent to 60 Gy in 2 Gy 

fractions. “

More specifically, for the 3D-CRT arm, treatment planning followed standard clinical 

practice at our institution at the time. PTVs were not generated for any structures; rather, 

dosimetrist and physician review of isodose distributions, field shapes, and flash were used 

to judge target coverage qualitatively. Approximately half (14/26) of the 3D-plans used 

electrons to simultaneously treat the internal mammary nodes and a portion of the medial 

breast tissue when a tangential only plan would have led to what the treating physician and 

dosimetrist viewed as excessive dose to the heart and lungs; the remainder of the plans 

encompassed the breast tissue and internal mammary region within the tangential beams.
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The IMRT arm utilized restricted beam angles as described in our prior research, as nine-

field equidistant beams had yielded unacceptable doses to contralateral structures.4 As 

shown in that prior research, coverage of the internal mammary nodes would be expected to 

be lower with the 3D-CRT technique than with the IMRT technique we used.4 For IMRT 

plans, an initial optimization was done with photon only beams. Electrons were added if 

deemed beneficial for balancing tradeoffs between target doses and doses to the heart and 

lungs, and not exclusively for the integrated boost portion of the IMRT plans.

For the IMRT arm, the left anterior descending coronary artery and brachial plexus were 

contoured as dose-limiting structures for the optimization; these structures were deliberately 

not contoured on the free-breathing dataset because it was not standard practice to contour 

those structures for standard 3D-CRT during the era of the study. There was no formal 

evaluation of LAD dose during plan review by treating physicians for patients treated on the 

3D-CRT arm.

Endpoints/Measures

Pulmonary dosimetric parameters included mean dose to the ipsilateral lung and volume of 

the ipsilateral lung (in percent) receiving at least a certain dose (with the dose levels 

specified starting at 5Gy and increasing by 5Gy up to 60Gy). Cardiac dosimetric parameters 

included mean dose to the left ventricle and volume of the left ventricle (in percent) 

receiving at least a certain dose (again with the dose levels specified starting at 5Gy and 

increasing by 5Gy up to 60Gy).7 We also evaluated mean doses to the heart and the left 

anterior descending coronary artery.

The primary endpoint was the percentage decrease in attenuation corrected single photon 

emission computed tomography (SPECT/CT)-based perfusion of the heart, as evaluated one 

year post-treatment and compared to baseline pre-treatment SPECT. As described 

previously,8 SPECT image quantification was performed using Corridor4DM (INVIA 

Medical Imaging Solutions, Ann Arbor, MI) software. To evaluate changes in cardiac 

perfusion and function, one specialist blinded to treatment arm performed quantitative 

comparisons of one-year post-RT SPECT/CT scans with baseline scans. Perfusion defects 

were quantitatively assessed by comparing the normalized perfusion distribution for each 

subject’s scan without user intervention against normal polarmap databases using thresholds 

of 2.5 and 1.5 SD below the normal mean. On the basis of inter-test variability, perfusion 

defect increases greater than 5% and 10% were considered significant for 2.5- and 1.5-SD 

thresholds, respectively. Measurements of summed stress scores were performed 

automatically with the Corridor4DM algorithm.

Other key measures of cardiac function included changes in left ventricular ejection fraction 

(LVEF), summed stress scores, and peak filling rate, as measured with EKG-gated SPECT. 

LVEF was automatically calculated using the standard Corridor4DM algorithm. In brief, LV 

endocardial surface estimates throughout the cardiac cycle were used, with LV volumes 

calculated as the sum of the voxels within the contours for each frame. The end-diastolic and 

end-systolic volumes were determined from LV volume curves to derive LVEFs. 

Quantification of LVEFs for this study was conducted blinded to treatment arm. Baseline 

and follow-up studies were quantified side-by-side with both studies aligned and quantified 
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in exactly the same way as was the perfusion quantified (above) with Corridor4DM but 

without attenuation correction, i.e., although perfusion data was obtained from the same 

gated SPECT/CT data sets and attenuation corrected, attenuation correction was not 

available for processing gated SPECT image reconstructions.

Measures of pulmonary outcomes included changes in SPECT perfusion of the left lung and 

pulmonary function testing, between baseline and one year. Lung perfusion SPECT/CT 

techniques have been described elsewhere.9 All lung perfusion SPECT/CT scans were read 

by the same expert nuclear medicine physician, with scans compared for each patient and 

qualitative perfusion changes recorded. Pulmonary function testing conformed to standard 

approaches used in clinical care.

Statistical analysis

We compared dosimetric measures, along with cardiac and pulmonary outcomes measures, 

by treatment arm. Fisher’s exact test and the Wilcoxon rank-sum test were used to compare 

treatment arms for categorical and continuous data, respectively. P-values ≤5% were 

considered evidence for significant difference.

RESULTS

Table 1 depicts the characteristics of the patients analyzed. Mean age was 50 years and 89% 

of the sample was white. Most characteristics were balanced between the arms. Although 

not significantly different (p=0.075), hypertension appeared more common on the standard 

arm. Also, while not significantly different, a numerically higher proportion of standard arm 

patients received doxorubicin (92% vs 86%, p=0.67) and trastuzumab.(31% vs 18%, 

p=0.35).

Table 2 shows that the treatment plans for the two study arms differed significantly for 

numerous dosimetric parameters. Multiple metrics of pulmonary and cardiac doses were 

lower among patients on the IMRT-DIBH arm, including mean doses to the ipsilateral lung, 

left ventricle, whole heart, and left anterior descending coronary artery. The left ventricle V5 

(volume receiving at least 5 Gy) averaged 15.8% among patients on the 3D arm and 5.6% 

among those on the IMRT-DIBH arm (p<0.001).

SPECT testing of the heart revealed no differences in perfusion defects in the left anterior 

descending coronary artery territory, regardless of threshold, and no difference in summed 

stress score or peak filling rates (Table 3). However, there were significant differences in 

LVEF. As detailed in Figure 2, six patients had changes >5% from baseline pre-treatment on 

the standard arm; those changes were 12% (88% to 76%), 15% (68% to 53%), 6% (75% to 

69%), 6% (71% to 65%), 12% (57% to 45%), and 13% (83% to 70%). One patient in the 

IMRT arm had a change >5%; that change was 9% (78% to 69%). End-diastolic heart 

volumes were not different between the study arms (p=0.71), nor were baseline LVEFs 

(p=0.52). No differences were found for lung metrics on either SPECT or pulmonary 

function testing.
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DISCUSSION

In this RCT comparing 3D-CRT designed by experienced dosimetrists to inverse-planned, 

beamlet IMRT with DIBH, we found that doses to the lung and heart differed by technique; 

although we observed no differences between arms on pulmonary testing, we observed a 

statistically significant difference in LVEF change between baseline and one year. Although 

the observation of lower cardiac doses with IMRT-DIBH could be anticipated given the 

weighting of cardiac limits in the cost function for IMRT planning, this study is important in 

demonstrating that the reduction in cardiac dose with this technique might be associated 

with a potentially clinically meaningful outcome, i.e., better preservation of cardiac LV 

function. Comparative evaluation of outcomes and the impact of advances in radiation 

treatment planning and delivery is essential to inform clinical practice and policy.

The current study adds intriguing findings supporting the importance of restricting radiation 

dose to the heart. Several prior studies have suggested that the increased risk of heart disease 

associated with radiotherapy has decreased over time, coincident with the shift away from 

techniques that deliver substantial incidental cardiac doses.1011 Yet recent studies have still 

found a significant increase in post-treatment development of ischemic cardiac disease in 

patients treated to the left side as compared with those treated to the right, even in series that 

included only patients treated with a contemporary tangential radiotherapy technique.12,13 

Although contemporary radiotherapy exposes substantially less heart volume to radiation, 

CT-based studies have still shown delivery of high doses to small regions of the heart in 

some patients, including the left coronary vasculature. Although the results identified in the 

current study should be confirmed by others, they suggest a degree of short-term ventricular 

dysfunction following modest dose exposure. Since there are no known “safe” levels of 

radiation to the heart—especially in patients also exposed to potentially cardiotoxic systemic 

therapies—techniques that further minimize cardiac exposure to RT are important subjects 

for evaluation.

In a prior report, we noted that there were no significant perfusion deficits seen upon 

preliminary analysis of the cardiac SPECT scans performed in the first half of the patients 

enrolled on this trial. Those findings suggested that we would not ultimately observe a 

difference in perfusion by study arm. Indeed, we did not find any such difference in the 

present analysis. However, the prior study did not compare patients across arms (because 

only half of the subjects had been enrolled at the time and the comparative analysis was only 

appropriate after trial completion). Therefore, that prior study was unable to provide the 

detailed comparison that is provided in this primary outcomes analysis of the trial, including 

the analysis that revealed the difference in LVEF between the two arms.

Our observations of generally preserved myocardial perfusion after treatment contrasts with 

other studies, which have demonstrated significant defects within a year of radiotherapy.14 

Although the clinical significance of perfusion defects remains unclear, and perfusion 

deficits can be artifacts when attenuation correction is not used,15 it is reassuring that in this 

study that did utilize attenuation correction, no new cardiac perfusion defects were observed. 

Nevertheless, the observation of differences in the change in LVEF, with slight improvement 

by one year in patients treated with IMRT and slight decline in those treated with standard 
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therapy, even in the absence of perfusion defects, suggests that other mechanisms of 

radiation-induced cardiotoxicity, including microvascular compromise, merit further 

investigation.

The technique of SPECT scanning utilized in the current study is a well-established and 

valid approach to measurement of LVEF. The normal range for LVEF in women using the 

Corridor4DM software is 0.72±0.6.16 The vast majority of the ejection fractions measured in 

this study were technically within the normal range both before and after treatment, and the 

LV function assessments in this study are very similar to the normal range for LVEF using 

other imaging modalities including bi-plane and single plane contrast ventriculography17,18 

and MRI.19–23 Still, it is noteworthy that within the IMRT-DIBH arm, most patients 

experienced stable or improved ejection fractions by one year (which may represent 

recovery of transient mild depression of ejection fraction at the time of the baseline scan, at 

which time patients had just completed chemotherapy24). By contrast, patients treated with 

standard therapy on the whole actually experienced a slight decline in ejection fraction by 

one year post-treatment. The difference observed was small and might represent variability 

in measurements or a chance spurious finding. Analyses have suggested that the 95% limits 

of agreement for EF by repeated Tc-99m-MIBI gated SPECT testing is 5.5%,25 but we 

minimized variability in measurement to the best of our abilities by reprocessing the studies 

from raw data projections, with motion correction and reconstructions side-by-side, followed 

by quantitative processing side-by-side by a single expert cardiologist to ensure precise 

reorientation and alignment of the two studies to ensure as precisely comparable 

quantification of the two studies as is possible.

Recent data have suggested that heart failure with “normal” ejection fraction is more 

common among those treated with radiotherapy.26 The observation in the current study that 

patients in the standard arm were more likely to experience a decline in ejection fraction 

supports further investigation of the mechanisms by which radiotherapy may contribute, 

particularly in combination with cardiotoxic systemic agents like anthracyclines and 

trastuzumab, to compromise heart function. After all, although a small decline in ejection 

fraction, especially if the ejection fraction remains within normal ranges, may not result in 

any signs, symptoms, or other experiences of clinical significance for a particular patient, the 

general observation of even small differences in ejection fraction on a population level may 

be meaningful to guide cardioprotective strategies.

The pulmonary toxicity of radiotherapy is another important concern. The overall risk of 

pneumonitis following breast radiotherapy increases with increasing lung volume irradiated.
27 While most cases are self-limited or resolve with steroid therapy, some do develop 

chronic fibrosis.28 Of note, relatively few patients treated on modern trials of breast and 

regional radiotherapy have been found to experience radiation pneumonitis or pulmonary 

fibrosis.29,30 Our study results are similarly reassuring, demonstrating no patients with 

clinically significant pneumonitis and few patients with changes in perfusion or pulmonary 

function testing.

Most studies of IMRT and DIBH have been limited by primarily focusing on dosimetric 

differences, so this trial is important in providing the first data to our knowledge directly 
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comparing outcomes on detailed cardiac and pulmonary function assessments of inverse-

planned beamlet IMRT with DIBH versus best standard (forward-planned, 3D) therapy. 

Nevertheless, it has limitations that merit discussion. At the time of the trial, both IMRT and 

the use of breathing control for motion management were relatively uncommon, so our goal 

was to compare the most sophisticated form of treatment (adding both IMRT and DIBH) to 

standard therapy (3D). Since that time, many centers, including our own, have embraced 

breath-hold as a simple tool with which to reduce cardiac dose. Future studies will be 

necessary to evaluate whether the benefits observed in this trial can be replicated in other 

samples and whether they were primarily attributable to the treatment planning and delivery 

technique of IMRT itself, or whether similar outcomes can be achieved with the potentially 

less costly combination of 3D treatment with breath-hold techniques.31 Future research 

should also investigate whether simple mindfulness of LAD dose (thanks to contouring) or 

small differences in dose per treatment fraction might have meaningful impact on the cardiac 

toxicity of breast radiotherapy.

Other limitations include study size. Given the extent of effort associated with developing 

two complete plans for each enrolled patient and the costs of the extensive testing to evaluate 

pulmonary and cardiac status at baseline and in follow-up, it was not possible to conduct a 

larger study, which might have detected small differences in other outcomes between the two 

arms or allowed for us to stratify or control in the analyses for other risk factors that were 

not evenly balanced despite randomization. Therefore, further confirmatory research is 

essential in larger patient samples now that this initial study has suggested that there may be 

benefit. It is also important to note that the standard arm of this study included treatment 

planning by experienced dosimetrists in a specialized academic setting who were trained to 

minimize dose to the heart and lungs. These findings should not necessarily be generalized 

to settings in which care is not taken to optimize forward plans in this way; the benefits of 

advanced technology might be even greater than observed in the current study in such 

situations.

Finally, due to resource constraints, we conducted only one follow-up SPECT scan, at one 

year after treatment. It is possible that scans timed differently, for example at 6 months after 

treatment, might have detected larger differences. Also due to resource constraints, each 

scan was read by a single expert in nuclear medicine. However, we took great care to 

standardize the processing and used the highest standards of analysis. The cardiac SPECT 

scans were reconstructed side-by-side from the original raw data with motion correction and 

attenuation correction (for perfusion) by the same highly experienced research technologist 

using exactly the same reconstruction parameters and filters. Blinded study pairs were then 

processed by one highly experienced physician specialist with study pairs reoriented side-

by-side within the same 4DM workflow from transverse space to cardiac long-axis and 

short-axis images to ensure precise alignment and then quantified automatically by the exact 

same 4DM algorithm. The quantitative results were automatically determined without user 

intervention. Only quantitative comparisons are reported. The only user intervention was to 

ensure that all studies were processed and aligned in exactly the same way. The expert 

physician who interpreted the results was blinded to study arm.
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At the time the trial was conducted, IMRT-DIBH was considerably more costly than the 

standard alternative. Based on the Current Procedural Terminology codes and associated 

charges (derived from the 2009 Medicare Physician Fee Schedule from the Centers for 

Medicare and Medicaid Services, using the locality of the study, 0095399 Rest of Michigan, 

including global, professional, and technical fees, the total charges estimated for the typical 

IMRT-DIBH patient were $19,470 versus $9,397 in the typical 3D-planned radiotherapy 

patient. The difference was driven primarily by the difference in the daily rate of technical 

delivery ($478 versus $192). However, changes in fee schedules in more recent years have 

narrowed the difference in the Medicare schedule considerably, and the estimated difference 

using 2016 fee schedules is on the order of $2000 rather than $10,000, although some 

private insurers continue to provide more substantially different reimbursements by 

technique.

Taken together, this information is useful to guide the resource allocation decisions our 

society must make regarding the utilization of sophisticated forms of IMRT and the use of 

respiratory gating in treatment delivery. Although IMRT with DIBH is more costly than 

standard treatment, our study has suggested a potential benefit in terms of preservation of 

cardiac ejection fraction, among patients with left-sided disease in whom the internal 

mammary region was targeted. Still, the difference observed here was small, and the number 

of patients was insufficient to allow for us to stratify or control for potentially relevant other 

factors, so this finding should only be construed as hypothesis-generating. We hope that this 

work will motivate future studies to include rigorous measurements of LVEF as a potentially 

meaningful endpoint in an era of generally lower cardiac doses than historically delivered, in 

addition to the perfusion defects that have been the primary focus of studies to date. Gated 

perfusion studies with positron emission tomography (PET) or MRI might give more 

reproducible assessments of cardiac perfusion and function at significantly reduced radiation 

exposures for future studies. Future studies should also seek to disaggregate the impact of 

IMRT from that of breathing control. Finally, the findings support careful attention in 

clinical practice to the critical importance of minimizing cardiac dose, even when already 

low in comparison to historical levels.
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Figure 1: 
CONSORT diagram

*ABC=active breathing control, a device used for the deep inspiration breath hold required 

on the investigational arm of the trial.
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Figure 2: 
This figure depicts the change in ejection fraction observed in patients treated on each arm.
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Table 1:

Clinical Characteristics of the Study Sample By Arm in a Trial of Radiotherapy Techniques in Patients with 

Node-Positive, Left-Sided Breast Cancer

Characteristic: Total (N=54) Free-
breathing
3DCRT
(N=26)

IMRT with
DIBH
(N=28)

P-value

Age: Mean (SD) [Min.-Max] 50.43 (10.41) [25.0, 
74.0]

51.69 (11.86)[25.0, 74.0] 49.25 (8.91) [30.0, 
69.0]

0.38

Race: N (%) 0.67

 White 48 (88.89) 24 (92.31) 24 (85.71)

 Other 6 (11.11) 2 (7.69) 4 (14.29)

BMI: Mean (SD) [Min.-Max] 27.7 (5.0) [19.3, 38.9] 28.5 (5.8) [20.7, 38.9] 27.1 (4.2) [19.3, 35.3] 0.49

History of heart disease: N (%) 2 (3.70) 2 (7.69) 0 0.49

History of diabetes: N (%) 4 (7.41) 3 (11.54) 1 (3.57) 0.61

History of hypertension: N (%) 10 (18.52) 8 (30.77) 2 (7.14) 0.08

History of hypercholesterolemia: N (%) 7 (12.96) 3 (11.54) 4 (14.29) 0.99

Family history of heart disease: N (%) 30 (55.56) 16 (61.54) 14 (50.00) 0.77

Smoking history: N (%) 0.96

 Never 27 (50.00) 13 (50.00) 14 (50.00)

 Current 2 (3.70) 1 (3.85) 1 (3.57)

 Past year 5 (9.26) 3 (11.54) 2 (7.14)

 Ever 20 (37.04) 9 (34.62) 11 (39.29)

Lumpectomy: N (%) 28 (51.85) 11 (42.31) 17 (60.71) 0.28

Mastectomy: N (%) 26 (48.15) 15 (57.69) 11 (39.29)

Chemotherapy before RT: N (%) 52 (96.30) 25 (96.15) 27 (96.43) 0.99

doxorubicin-containing chemotherapy regimen: N 
(%)

48 (88.89) 24 (92.31) 24 (85.71) 0.67

Trastuzumab receipt: N (%) 13 (24.07) 8 (30.77) 5 (17.86) 0.35

Aromatase inhibitor receipt: N (%) 17 (31.48) 8 (30.77) 9 (32.14) 0.99

Tamoxifen receipt: N (%) 26 (48.15) 12 (46.15) 14 (50.00) 0.80
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Table 2:

Dosimetric Parameters by Arm

Mean (SD)

Overall Free-breathing
3DCRT (n=26)

IMRT with
DIBH (n=28)

P-value

Ipsilateral Lung:

Mean dose 14.02 (1.82) 14.44 (1.96) 13.62 (1.62) 0.035

V5 52.63 (7.06) 53.08 (6.99) 52.22 (7.23) 0.47

V10 40.53 (6.53) 40.03 (5.98) 41.00 (7.08) 0.97

V15 34.07 (5.15) 33.81 (5.43) 34.31 (4.96) 0.99

V20 29.40 (4.42) 29.55 (4.88) 29.26 (4.03) 0.51

V25 25.38 (4.06) 26.07 (4.44) 24.74 (3.63) 0.08

V30 21.30 (4.19) 22.73 (4.16) 19.96 (3.83) 0.003

V35 16.98 (4.56) 19.07 (3.99) 15.04 (4.23) <0.001

V40 11.82 (4.41) 13.83 (3.83) 9.95 (4.12) <0.001

V45 6.24 (3.46) 7.18 (3.39) 5.36 (3.35) 0.06

V50 2.06 (1.94) 2.19 (1.99) 1.95 (1.92) 0.68

V55 0.37 (0.70) 0.43 (0.83) 0.31 (0.56) 0.97

V60 0.06 (0.26) 0.11 (0.36) 0.02 (0.10) 0.60

Left Ventricle:

Mean dose 2.75 (0.99) 3.22 (0.77) 2.32 (0.98) <0.001

V5 10.53 (10.49) 15.81 (8.65) 5.62 (9.73) <0.001

V10 1.53 (2.47) 2.09 (2.24) 1.01 (2.60) <0.001

V15 0.39 (0.84) 0.51 (0.74) 0.28 (0.93) 0.003

V20 0.09 (0.24) 0.16 (0.32) 0.02 (0.06) 0.002

V25 0.03 (0.10) 0.06 (0.13) 0.00 (0.01) 0.006

V30 0.01 (0.03) 0.01 (0.04) 0.00 (0.00) 0.009

V35 0.00 (0.01) 0.00 (0.01) 0.00 (0.00) 0.03

V40 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.15

V45 (results were identical for V50, V55, and V60) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.32

Whole Heart:

Mean dose 2.77 (1.18) 3.22 (1.22) 2.35 (0.98) 0.006

Left anterior descending coronary artery:

Mean dose 7.05 (3.31) 8.95 (3.19) 5.29 (2.32) <0.001
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Table 3:

Cardiac and Pulmonary Test Results by Arm

Mean (SD)

Overall Free-
breathing
3DCRT
(n=26)

IMRT with
DIBH (n=28)

P-value

Change in LAD perfusion defect (stricter threshold*) −0.61 (5.85) −1.19 (7.75) −0.07 (3.31) 0.70

Change in LAD perfusion defect (less strict threshold*) −2.57 (14.43) −3.69 (16.59) −1.54 (12.32) 0.73

Change in summed stress score −0.61 (2.41) −0.58 (2.39) −0.64 (2.47) 0.56

Change in left ventricular ejection fraction percentage 1.13 (6.62) −1.46 (6.18) 3.54 (6.19) 0.016

Change in peak filling rate −0.03 (0.73) −0.13 (0.53) 0.05 (0.88) 0.40

N (%)

New lung perfusion deficit in post-RT scan

Missing 1 (1.85) 0 1 (3.57)

No 45 (83.33) 21 (80.77) 24 (85.71) 0.41†

Yes 8 (14.81) 5 (19.23) 3 (10.71)

Mean (SD) P-value

Change in percent predicted FVC −0.01 (0.06) −0.01 (0.06) −0.01 (0.05) 0.65

Change in percent predicted FEV1 −0.01 (0.06) −0.01 (0.07) −0.01 (0.05) 0.96

Change in percent predicted VC −0.00 (0.05) 0.00 (0.06) −0.01 (0.04) 0.53

Change in percent predicted IC 0.01 (0.12) 0.01 (0.12) 0.00 (0.12) 0.81

Change in percent predicted TLC −0.01 (0.05) −0.01 (0.06) −0.02 (0.05) 0.54

Change in percent predicted DLCO 0.07 (0.13) 0.07 (0.13) 0.08 (0.13) 0.46

*
Perfusion defects were assessed by comparing normalized perfusion distributions against normal polarmap databases using thresholds of 2.5 

(stricter threshold) and 1.5 SD (less strict threshold) below the normal mean. On the basis of inter-test variability, perfusion defect increases greater 
than 5% and 10% were considered significant for 2.5- and 1.5-SD thresholds, respectively.

†
Missing category excluded when calculating p-value.

Abbreviations: LAD=left anterior descending coronary artery; SD=standard deviation; FVC=forced vital capacity; FEV1=forced expiratory volume 
one second; VC=vital capacity; IC=inspiratory capacity; TLC=total lung capacity; DLCO=diffusing capacity of lungs for carbon monoxide
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