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Summary

Purpose: With advancements in radiation oncology tech-
niques, the use of radiation therapy (RT) as a treatment
modality for cancer has been steadily increasing. Incidental
radiation exposure to surrounding tissue during breast can-
cer treatment has been known to cause myocardial damage,
the extent of which can be detected with single-photon emis-
sion computed tomography (SPECT) perfusion studies. We
undertook a systematic review and meta-analysis to inves-
tigate the impact of RT on myocardial perfusion.

Methods: A systematic review of the literature was con-
ducted to identify 17 studies, of which 4 were included in
this meta-analysis and 13 were included in the narrative
synthesis.

Introduction

In 2016, the American Cancer Society and the
National Cancer Institute estimated that there are
approximately 3.56 million breast cancer survi-
vors. In many instances, RT has become a stand-
ard of care in the management of breast cancer
[1]. Evidence has shown that breast-conserving
surgery followed by RT is an equivalent treatment
to mastectomy with regards to overall survival in
patients with early-stage breast cancer [2]. With
this information available, about two thirds of pa-
tients with invasive breast cancer undergo RT as
part of their treatment regimen [3]. The utilization

Results: The incidence of post-radiation cardiac perfusion
defects on SPECT was significantly higher in patients who
received RT for left-sided breast cancer compared to those
who had RT for right-sided breast cancer (OR=3.10, 95% CI
1.35-7.08, p=0.007).

Conclusion: In patients who undergo RT for left-sided
breast cancer, the incidence of post-radiation cardiac perfu-
sion defects on SPECT is higher compared to patients who
undergo RT for right-sided breast cancer.
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rate of RT is on the rise as RT reduces both recur-
rence and mortality rates of breast cancer in ad-
dition to being associated with a better quality of
life in comparison to mastectomy [4,5]. With its
increased use, a spotlight has been shed on RT and
its adverse effects, such as lymphedema, cutaneous
reactions, rib fractures and cardiotoxicity [6]. RT-
induced heart disease (RIHD) has been recognized
since the 1960s and is a term that encompasses
the structural changes produced by irradiation of
cardiac tissue as well as the clinical manifestations
of such changes [7,8].
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Clinical manifestations of RIHD do not typi-
cally reveal themselves until years after radiation
exposure. The clinical spectrum of RIHD includes,
but is not limited to, delayed acute pericarditis,
delayed pericardial effusion, diffuse myocardial fi-
brosis, coronary artery disease (CAD), conduction
defects and valvular defects [9]. The most severe
manifestation of RIHD is myocardial fibrosis, al-
though it is far less common than pericardial de-
fects. It usually presents with severe signs and
symptoms of restrictive heart disease leading to
heart failure, and typically after large doses of ra-
diation exposure to the whole, or at least the ma-
jority, of the heart-as previously described in the
treatment of Hodgkin’s lymphoma [10].

Radiation exposure of cardiac tissue has been
linked to a plethora of cardiovascular diseases:
congestive heart failure, valvular stenosis, con-
duction abnormality, CAD, and constrictive peri-
carditis [11]. Radiation-induced CAD is particularly
worrisome as it can result in sudden cardiac death
or myocardial infarction many decades after the
time of radiation exposure. The pathophysiology
underlying this late complication of RT remains
largely unknown. However, it has been postulated
that oxidative stress, vascular inflammation, and
accelerated cellular senescence precipitated by ra-
diation exposure are key players in the formation
of atherosclerotic plaque [12].

Many pioneering studies are underway to ex-
plore the somewhat novel association between car-
diac exposure to RT and cardiac perfusion defects.
SPECT is a widely used diagnostic tool for detec-
tion of cardiac perfusion defects. Due to its wide
availability and capacity to differentiate revers-
ible perfusion defects from irreversible perfusion
defects, SPECT is a commonly utilized diagnostic
modality in various type of studies [13]. Herein,
we conducted a systematic review of the litera-
ture with meta-analysis and narrative synthesis
to summarize the current body of knowledge on
cardiac perfusion defects caused by RT among
breast cancer survivors. Understanding the impact
of RT on cardiac tissue may contribute to the de-
velopment of evidence-based guidelines regarding
cardiovascular and preventive care of this patient
population. Evidence-based guidelines might help
determine the need of cardiovascular risk assess-
ment of patients prior to initiation of RT as well
as benefit of cardiovascular risk-based RT regimen
modification. Furthermore, the ability of SPECT
to detect reversibility of the perfusion defect is
valuable in understanding the pathophysiology
of RT-induced CAD, as reversible defects are sug-
gestive of chronic vasculopathies of inflammatory
etiology and endothelial dysfunction. Irreversible
perfusion defects, in contrast, would indicate myo-
cardial fibrosis or degeneration.

Appendix 1. List of search terms used in database searching

Database Search Term

MEDLINE “Radiation Therapy”[TIAB] or “Radiotherapy”[TIAB]) and “SPECT”[TIAB]
and Breast Cancer”[TIAB]

CINAHL AB breast cancer and AB SPECT

Web of Science TITLE: (breast cancer) and TITLE: (SPECT) and TOPIC: (radiation)

Refining filter: Document types: (Article)

CINAHL: Cumulative index of nursing and allied health. TI: title, AB: abstract.

Appendix 2. Random effects: Univariate regression analysis of multiple variables

Variables Regression coefficient (R?) Coefficient of determination (R2) p value

Age 0.1660 0.027559 0.694421
Follow-up period -0.5202 0.27060804 0.186303
Radiation dose 0.6554 0.42954916 0.077685
First year of study 04195 0.17598025 0.300845
Last year of study 04915 0.24157225 0.216097
Smoking -0.6451 0.41615401 0.16658
Hypertension 0.3997 0.15976009 0.432378
Diabetes mellitus, I or II 0.3899 0.15202201 0.444787
Hyperlipidemia 0.4973 0.24730729 0.315543
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Methods

Systematic review

The systematic review and meta-analysis were con-
ducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis for Protocols
(PRISMA-P) guideline. To minimize the risk of relevant
study omission, initial searches were performed using
three different databases: PubMed, Web of Science, and
CINAHL. Database queries were performed from Decem-

88 articles identified
through database searching:
PubMed (57), Web of
Science (35), CINAHL (31)

=|| 5 duplicates removed ‘

64 excluded from title
and abstract screening

»
>

\ 4
19 potentially relevant
articles

12 articles identified
< through cited reference
searching

\ 4

31 potentially relevant
articles

14 excluded from full
text assessment
Non-human subjects (1),
Abstracts (2),
Heterogenous cohort
group including
patients with and
without history of
radiotherapy (4),
Patients without history
of radiotherapy (1),
Review articles (4),

Case report (2)

A4

Y
17 articles included

Figure 1. Flow chart of the systematic literature review
process on radiation-induced heart disease. Two reviewers
independently performed study selection using inclusion
and exclusion criteria.

ber 13t%, 2017 to December 231, 2017. We searched the
databases using the search terms listed in Appendix 1.

To be included in our systematic review and meta-
analysis, studies had to meet specific inclusion criteria:
(1) patients had to have received RT for breast cancer; (2)
cardiac perfusion studies was performed using SPECT;
(3) availability of the full text of the study in English.
Exclusion criteria included the following: (1) a hetero-
geneous patient group; (2) patients without a history of
RT; (3) the use of non-human subjects; (4) case studies;
(5) review articles; (6) abstracts; and (7) editorials.

Two reviewers independently screened all titles
and abstracts, then rated each included study using the
systematic review tool Covidence (Covidence, Victoria,
Australia). Disagreement between the two reviewers
was resolved with discussion between them, or with a
third reviewer.

Quality appraisal

The Newcastle-Ottawa quality assessment scale for
case-control studies was utilized for quality appraisal
of the included studies. Quality appraisal was indepen-
dently conducted by two independent reviewers. Disa-
greement between the two reviewers was resolved with
discussion between them, or with a third reviewer.

Data extraction

Quality appraisal was independently conducted by
two independent reviewers. Disagreement between the
two reviewers was resolved with discussion between
them, or with a third reviewer included.

Meta-analysis and statistics

A random-effect meta-analysis was performed
on four different case-control studies. Heterogeneity
was determined using the I2 value. The funnel plot
method was utilized to assess potential publication
bias. All statistical tests were two-sided and a p-value
less than 0.05 was considered statistically significant.
All statistical analyses were performed using Review
Manager 5.3 (The Nordic Cochrane Centre, 2014) and
R programming (R foundation; Vienna, Austria). A to-
tal of 121 patients with left-sided RT and 92 patients
with right-sided RT were included in this meta-analysis.

Study or Left-Sided Right-Sided Odds Ratio Odds Ratio

Subgroup BEvents Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI

Gustavsson 4 34 2 33 17.4% 207[0.351213] 159949 —'7

Seddon 17 24 2 12 17.7% 1214 [2.10,70.22] 2002 —_—
Sioka 15 28 a 18  30.9% 1.44 [0.44, 4.74] 2011 —

Eftekhari 15 35 5 36 34.0% 375[1.24,11.300 2014 —

Total (95% CI) 121 99 100.0% 3.10 [1.35, 7.08] -

Total events a1 18

Heterogeneity: Tau*=0.21; Chi*= 423, df= 3 (P=0.24), F=28% 'EI.D1 Elf1 1-0 1II||:I'

Test for averall effect: £= 2.68 (P =0.007)

Favor Lefi-Sided Favor Right-Sided

Figure 2. Forest plot illustrating the individual and combined effect sizes for studies comparing the effect of radiation
therapy on myocardial perfusion in patients who received radiation therapy for left-sided breast cancer compared to
those who had RT for right-sided breast (odds ratio=3.10, 95% confidence interval 1.35-7.08, p value=0.007). Referenced
studies: Gustavsson [14], Seddon [15], Sioka [16], Eftekhari [31].
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Narrative synthesis

A narrative synthesis was conducted to analyze the
13 studies that were not included in the meta-analysis
due to different study design. These 13 studies were
grouped into two categories. One category included
those studies that employed breath holding techniques
and the other category included those studies that did
not employ breath holding techniques.

Results

Systematic review

A total of 88 articles from the initial search
were screened and 5 duplicate records were re-
moved. Using exclusion criteria, 64 articles were
excluded through title and abstract screening.
Twelve additional studies were found through
cited reference searching. The full text of 31 arti-
cles was critically appraised. Only 17 articles that
fully met the inclusion criteria were included in
our review. Appendix 1 shows the summary of 17
articles included in this review. Four articles were
case-control studies comparing the rate of perfu-
sion abnormalities in patients who received RT on
the left side of the chest compared to the right side
[14-17]. These 4 studies were included in our me-
ta-analysis, and their baseline characteristics are
described in Table 1. Thirteen other articles had
different compositions of case and control groups
or were single cohort group observations [18-30].
These 13 articles were included in the narrative
review section. The selection process is illustrated
in Figure 1.

Meta-analysis

A total of 4 studies were included in the meta-
analysis. As shown in Figure 2, women with his-
tory of RT for left-sided breast cancer were about

- SE(0GIORD
0.2t
D4t
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08T

o
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1 + t t {
0.01 o1 1 10 100

Figure 3. Funnel plot of included studies in the meta-
analysis demonstrates no significant asymmetry. The ab-
sence of significant asymmetry appearance on the funnel
plot indicates a low risk for publication bias.
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Table 2. Characteristics of studies on individuals who received radiation for left-sided breast cancer

Studies Number Age  Follow-up Radiation Start and Anthracycline- Hormone-  Smoking Hypertension Diabetes Hyperlipidemia Total perfusion reversible NOS
of (months) dose end year  based therapy based (%) (%) mellitus (%) abnormality  perfusion

patients (Gy) (%) therapy (%) (%) (%) defect (%)

Prosnitz, 44 55 36 46-50  1998-2006 47.72 86.36 36.36 47.72 4,54 13.63 68 NA 9/10

2007

Gyenes, 20 65.1 220.8 45 1971-1976 0 0 30 30 5 NA 25 15 9/10

1994

Cowen, 19 59 100.8 60 1987-1983 0 0 0 0 0 0 0 0 9/10

1998

Hojris, 10 63 94.8 50 1982-1990 0 50 20 10 0 20 444 33.33 8/10

2000

Gyenes, 12 57 13 46-50  1993-1994 25 67.16 33 25 NA 25 50 0 7/10

1996

Gyenes, 12 57 13 46-50 1993-1994 25 58.83 NA NA NA NA 50 0 7/10

1997

Marks, 114 57 6-24 62-68  1998-2001 NA NA 35.96 27.19 8.77 1491 27-42 NA 8/10

2005

Yu, 83 54 16 46-52 1998-2001 60.24 0 NA NA NA NA 37 NA 6/10

2003

Hardenbergh, 20 54 6 46-50  1995-2000 50 0 NA NA NA NA 60 NA 7/10

2001

Lind, 69 53 6-18 46-50 NA 59.42 82.59 23.21 33.3 6.15 20 1594 NA 7/10

2003

Zellars, 29 58.7 6 46-48  2006-2010 NA 69 NA NA NA NA NA NA 8/10

2014

Chung, 32 50 12 50-52.2  2006-2010 96.87 0 53.12 18.75 0 18.75 0 NA 7/10

2013

NA: not available; NOS: Newcastle-Ottawa Score

Table 3. Characteristics of studies on individuals who received radiation with active breath hold for left-sided breast cancer

Studies Number Age  Follow-up Radiation Start and Anthracycline- Hormone-  Smoking Hypertension Diabetes Hyperlipidemia Total perfusion Reversible NOS

of (months) dose end year  based therapy based (%) (%) mellitus (%) abnormality  perfusion

patients (Gy) (%) therapy (%) (%) (%) defect (%)

Zagar, 20 56 6 46-50 NA 35 0 0 45 10 30 0 0 8/10

2017

Zellars, 28 52.8 6 46-48  2006-2010 NA 67 NA NA NA NA NA NA 8/10

2014

NA: not available; NOS: Newcastle-Ottawa Score
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3.1 times more likely to develop a perfusion defect
abnormality compared to those who had RT for
right-sided breast cancer (OR=3.10, 95% CI 1.35-
7.08, p=0.007). A mild degree of heterogeneity
(I2=29%) was detected. The funnel plot (Figure 3)
for the studies did not show any significant publi-
cation bias. As shown in Appendix 2, smoking (R?=
0.41615401) and radiation dose (R2= 0.42954916)
showed moderate positive correlation, but the
other variables did not demonstrate any signifi-
cant correlation with incidence of cardiac perfu-
sion defects. The univariate regression analysis of
these variables failed to identify any statistically
significant associations with the incidence of car-
diac perfusion defects.

Narrative synthesis

A narrative synthesis was conducted to ana-
lyze the 13 studies that were not included in the
meta-analysis due to different study designs. Ta-
ble 2 illustrates the baseline characteristics of the
12 studies that did not use active breath holding
technique. Table 3 shows the baseline characteris-
tics of two studies whose participants used active
breathing technique.

Discussion

RIHD is characterized by diffuse interstitial
fibrosis typically limited to the myocardium of
the left ventricle. The extent and severity of left
ventricular fibrosis is highly variable but clearly
related to radiotherapy intensity. Diffuse fibrosis is
the aftermath of damaged microcirculation of the
myocardium, with subsequent ischemia [31]; this
suggests that cardiomyocytes are never directly
damaged by radiation. Fibrosis is more frequently
seen in the anterior and lateral walls of the left
ventricle than the posterior wall. Fibrosis of the
atria is rarely identified. The characteristic scar-
ring of a past myocardial infarction (MI) via coro-
nary artery occlusion is not seen in RIHD.

Diffuse myocardial fibrosis and arterial lumen
narrowing are well-known patho-histological fea-
tures of RIHD [32]. This study demonstrates that
endothelial cells of the capillaries are of greatest
radiobiological importance. Progressive endothe-
lial damage occurs in the myocardial capillaries,
which can lead to endothelial damage after only
a single dose of radiation. It appears that this de-
struction of the myocardial capillaries is followed
by compensatory proliferation of unaffected en-
dothelial cells [31,33].

Delayed lesions can be seen in irradiated
small and medium-sized arteries including coro-

nary arteries. The lesions can be seen as soon as
3-6 months post-radiation. Histologic evaluation
of these lesions includes fibrotic and foamy cell
plaques in the intima and throughout the full thick-
ness of the muscular wall [34]. Most frequently,
the pathogenic process begins as intimal fibrosis
followed by transmural necrosis with subsequent
healing.

Evidence has shown that patients who have
had the mediastinum irradiated (for Hodgkin’s
lymphoma or breast cancer) have a relative risk
(RR) between 2.6 and 3.8 for the development of
CAD. The RR is much higher if irradiated before
20 years of age [35-38]. The morphology, clinical
manifestations and treatment of RI-CAD are no dif-
ferent than those of CAD by atherosclerosis [39,40].
A retrospective population-based study by Darby
et al. analyzed 2168 patients from Nordic cancer
registries. They found the relative risk for ischem-
ic heart disease increased by 7.4% for every 1 Gy
increase in the mean heart dose [41].

In response to a growing body of evidence sup-
porting the association between RT and breast can-
cer, deep inspiration breath-hold (DIBH) and posi-
tional techniques have been developed to minimize
the impact of radiation on myocardial tissues. The
DIBH, which involves the patient inspiring deeply
and holding the breath during the delivery of a ra-
diation dose, can decrease the radiation dose deliv-
ered to the heart. The two most common methods
for applying DIBH are the spirometry-based active
breathing coordinator (ABC) and video-based real-
time position management (RPM). Currently, com-
parative studies between techniques are sparse,
thus the method of choice is mostly center-based.
These techniques lower the radiation dose to the
heart without compromising coverage to breast
or chest wall tissue [42-44]. Studies have demon-
strated mean heart dose reductions in radiation
ranging from 26.2% [45] to as high as 75.0% [40]
using the techniques mentioned. Therapy admin-
istration protocols like the DIBH also allow for the
use of additional techniques such as wide-angled
tangents which allow for good radiation coverage
of the internal mammary chain while delivering a
reduced dose of radiation to cardiac tissue.

One major issue with DIBH techniques is pa-
tient compliance. DIBH requires the patient to
actively breathe and hold. Although high compli-
ance rates have been reported, one must take into
account the differences in the ability of patients to
consistently and repetitively hold breaths, espe-
cially if there are comorbidities that prevent pa-
tients from comfortably doing so [47].

It seems that it would be quite beneficial for
RT candidates to undergo pre-treatment SPECT

JBUON 2018; 23(4): 915
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screening for cardiac disease, although several
concerns must be addressed. Given the high cost of
SPECT analysis, it is uncertain whether it would be
cost-effective to screen all breast cancer patients
who are candidates for RT. This is unlikely to be
a minimal healthcare cost to any health system
considering that approximately 3.56 million breast
cancer survivors were living in 2016 [1]. Other
questions arise, such as whether (1) all breast can-
cer RT candidates should be screened by SPECT or
only those that are high-risk for cardiac complica-
tions; (2) an age limit for SPECT screening should
be imposed given that RIHD typically takes over
a decade to develop; (3) the relatively low risk of
RIHD would change the RT regimen administered
by the radiation-oncologist. Tolerance doses are
already in place and recognized by radiation-on-
cology societies, so it is unknown whether SPECT
screening would change the approach to treat-
ment. These are all issues that need to be explored
before routine SPECT screening is implemented
for breast cancer patients receiving RT.

Limitations

The limitations of our study stem from the
poor specificity of SPECT, lack of large-scale stud-
ies, and a mild degree of heterogeneity. SPECT has
limited specificity (85%) and sensitivity (92%) [48],
and this technical limitation may have affected

References

1. Yang TJ, Ho AY. Radiation therapy in the management
of breast cancer. Surg Clin N Am 2013;93:455-41.

2. Mittmann N, Seung SJ, Liu N et al. Population-based
utilization of radiation therapy by a Canadian breast
cancer cohort. Curr Oncol 2014;21:e715-7.

3. Taylor CW, Kirby AM. Cardiac Side-effects From
Breast Cancer Radiotherapy. Clin Oncol (R Coll Radiol)
2015;27:621-9.

4. Cao JQ, Olson RA, Tyldesley SK. Comparison of re-
currence and survival rates after breast-conserving
therapy and mastectomy in young women with breast
cancer. Curr Oncol 2013;20:e593-e601.

5. McGale P, Taylor C, Correa C et al. Effect of radiother-
apy after mastectomy and axillary surgery on 10-year
recurrence and 20-year breast cancer mortality: meta-
analysis of individual patient data for 8135 women in
22 randomised trials. Lancet 2014;383:2127-35.

6. Odle TG. Adverse effects of breast cancer treatment.
Radiol Technol 2014;85:297M-323.

7. Davis M, Witteles RM. Radiation-induced heart dis-
ease: an under-recognized entity? Current Treatment
Options in Cardiovascular Medicine 2014;16:317.

JBUON 2018; 23(4): 916

the data. Obtaining individual patient data from
all studies was not feasible due to low response
rates from corresponding authors of the studies.
As a result, our study was performed using the ag-
gregate data reported rather than individual par-
ticipant data. We could not evaluate the impact of
confounding factors other than those reported in
the studies.

Conclusion

A conclusion that can be drawn from this study
is that RT is a significant risk factor for myocardial
damage and perfusion defects. Active screening
and modification of traditional cardiovascular risk
factors, such as obesity, smoking, or recreational
drug use, may benefit cancer survivors with a his-
tory of RT. Radiotherapy techniques such as DIBH
can be implemented to reduce radiation related
myocardial damage. Breast cancer patients may
benefit from SPECT screening prior to and during
RT for monitoring of myocardial damage and risk
factors. Many questions are still left unanswered
and further studies on SPECT monitoring for myo-
cardial damage and radiotherapy are warranted.

Conflict of interests

The authors declare no conflict of interests.

8. Boerma M. Experimental radiation-induced heart dis-
ease: past, present, and future. Radiation Research.
2012;178:1-6.

9. Taunk NK, Haffty BG, Kostis JB, Goyal S. Radiation-
Induced Heart Disease: Pathologic Abnormalities and
Putative Mechanisms. Front Oncol 2015;5:39.

10. Filopei ], Frishman W. Radiation-induced heart dis-

ease. Cardiology in Review. 2012;20:184-8.

11. Raghunathan D, Khilji MI, Hassan SA, Yusuf SW. Ra-
diation-Induced Cardiovascular Disease. Curr Athero-
scler Rep 2017;19:22.

Tapio S. Pathology and biology of radiation-induced
cardiac disease. ] Radiat Res 2016;57:439-48.

Notghi A, Low CS. Myocardial perfusion scintigraphy:
past, present and future. Br ] Radiol 2011;84 (Spec No
3):5229-30.

Gustavsson A, Bendahl PO, Cwikiel M, Eskilsson ],
Thapper KL, Pahlm O. No serious late cardiac effects
after adjuvant radiotherapy following mastectomy in
premenopausal women with early breast cancer. Int J
Radiat Oncol Biol Phys 1999;43:745-54.

12.

13.

14.



Myocardial damage due to radiation for left-sided breast cancer

917

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

206.

27.

28.

29.

Seddon B, Cook A, Gothard L et al. Detection of defects
in myocardial perfusion imaging in patients with early
breast cancer treated with radiotherapy. Radiother On-
col 2002;64:53-63.

Sioka C, Exarchopoulos T, Tasiou I et al. Myocardial
perfusion imaging with (99 m)Tc-tetrofosmin SPECT
in breast cancer patients that received postopera-
tive radiotherapy: a case-control study. Radiat Oncol
2011;6:151.

Eftekhari M, Anbiaei R, Zamani H et al. Radiation-
induced myocardial perfusion abnormalities in breast
cancer patients following external beam radiation
therapy. Asia Ocean ] Nucl Med Biol 2015;3:3-9.

Gyenes G, Fornander T, Carlens P, Rutqvist LE. Mor-
bidity of ischemic heart disease in early breast cancer
15-20 years after adjuvant radiotherapy. Int ] Radiat
Oncol Biol Phys 1994;28:1235-41.

Gyenes G, Fornander T, Carlens P, Glas U, Rutqvist LE.
Myocardial damage in breast cancer patients treated
with adjuvant radiotherapy: a prospective study. Int J
Radiat Oncol Biol Phys 1996;36:899-905.

Gyenes G, Fornander T, Carlens P, Glas U, Rutqvist LE.
Detection of radiation-induced myocardial damage by
technetium-99m sestamibi scintigraphy. Eur J Nucl
Med 1997;24:2806-92.

Cowen D, Gonzague-Casabianca L, Brenot-Rossi I et al.
Thallium-201 perfusion scintigraphy in the evaluation
of late myocardial damage in left-side breast cancer
treated with adjuvant radiotherapy. Int ] Radiat Oncol
Biol Phys 1998;41:809-15.

Hojris I, Sand NP, Andersen J, Rehling M, Overgaard
M. Myocardial perfusion imaging in breast cancer pa-
tients treated with or without post-mastectomy radio-
therapy. Radiother Oncol 2000;55:163-72.

Hardenbergh PH, Munley MT, Bentel GC et al. Cardiac
perfusion changes in patients treated for breast cancer
with radiation therapy and doxorubicin: preliminary
results. Int ] Radiat Oncol Biol Phys 2001;49:1023-8.

Lind PA, Pagnanelli R, Marks LB et al. Myocardial
perfusion changes in patients irradiated for left-sided
breast cancer and correlation with coronary artery
distribution. Int J Radiat Oncol Biol Phys 2003;55:
914-20.

Yu X, Prosnitz RR, Zhou S et al. Symptomatic cardiac
events following radiation therapy for left-sided breast
cancer: possible association with radiation therapy-in-
duced changes in regional perfusion. Clin Breast Can-
cer 2003;4:193-7.

Marks LB, Yu X, Prosnitz RG et al. The incidence
and functional consequences of RT-associated car-
diac perfusion defects. Int ] Radiat Oncol Biol Phys
2005;63:214-23.

Prosnitz RG, Hubbs JL, Evans ES et al. Prospective as-
sessment of radiotherapy-associated cardiac toxicity
in breast cancer patients: analysis of data 3 to 6 years
after treatment. Cancer 2007;110:1840-50.

Chung E, Corbett JR, Moran JM et al. Is there a dose-
response relationship for heart disease with low-
dose radiation therapy? Int J Radiat Oncol Biol Phys
2013;85:959-64.

Zellars R, Bravo PE, Tryggestad E et al. SPECT analysis

30.

31.

32.

33.

34,

35.

306.

37.

38.

39.

40.

41.

42.

43.

44,

of cardiac perfusion changes after whole-breast/chest
wall radiation therapy with or without active breath-
ing coordinator: results of a randomized phase 3 trial.
Int J Radiat Oncol Biol Phys 2014;88:778-85.

Zagar TM, Kaidar-Person O, Tang X et al. Utility of
Deep Inspiration Breath Hold for Left-Sided Breast Ra-
diation Therapy in Preventing Early Cardiac Perfusion
Defects: A Prospective Study. Int J Radiat Oncol Biol
Phys 2017;97:903-9.

Eftekhari M, Anbiaei R, Zamani H et al. Radiation-
induced myocardial perfusion abnormalities in breast
cancer patients following external beam radiation
therapy. Asia Oneania Journal of Nuclear Medicine
and Biology 2015;3;3-9.

Jaworski C, Mariani JA, Wheeler G, Kaye DM. Cardiac
Complications of Thoracic Irradiation. Journal of the
American College of Cardiology. 2013;61:2319-2328.

Patties I, Haagen J, Dorr W et al. Late inflammatory and
thrombotic changes in irradiated hearts of C57BL/6
wild-type and atherosclerosis-prine ApoE-dieficient
mice. Strahlentherapie und Onkologie 2015;191:172-
9.

Boivin JF, Hutchinson GB, Lubin JH, Mauch P. Coro-
nary artery disease mortality in patients treated for
Hodgkin’s disease. Cancer 1992;69:1241-7.

van Nimwegen FA, Schaapveld M, Janus CP et al.
Cardiovascular disease after Hodgkin lymphoma
treatment: 40-year disease risk. JAMA Intern Med
2015;175:1007-17.

Hancock SL, Tucker MA, Hoppe RT. Factors affecting
late mortality from heart disease after treatment of
Hodgkin's disease. JAMA 1993;270:1949-55.

King V, Constine LS, Clark D et al. Symptomatic coro-
nary artery disease after mantle irradiation for Hodg-
kin’s disease. Int Radiat Oncol Biol Phys 1996;36: 881-
9.

Rutqvist LE, Lax I, Fornader T, Johansson H. Cardio-
vascular mortality in a randomized trial of adjuvant
radiation therapy vs. surgery alone in primary breast
cancer. Int Radiat Oncol Biol Phys1992;22:887-96.

Hicks GL. Coronary artery operation in radiation-as-
sociated atherosclerosis. Ann Thor Surg 1992;53:670-
4.

Santoro F, Ferraretti A, Centola A et al. Early clinical
presentation of diffuse, severe, multi-district athero-
sclerosis after radiation therapy for Hodgkin lympho-
ma. Int J Cardiol 2012;165:373-4.

Darby SC, Cutter DJ, Boerma M et al. Radiation-related
heart disease: Current knowledge and future prospects.
Int J Radiat Oncol Biol Phys 2010;76:656-65.

Lu HM, Cash E, Chen MH. Reduction of cardiac vol-
ume in left-breast treatment fields by respiratory
maneuevrs: a CT study. Int J Radiat Oncol Biol Phys
2000;47:895-904.

Sixel KE, Aznar MC, Ung YC. Deep inspiration breath
hold to reduce irradiated heart volume in breast can-
cer patients. Int ] Radiat Oncol Biol Phys 2001;49:199-
204.

Remouchamps VM, Vicini FA, Sharpe MB et al. Sig-
nificant reductions in heart and lung doses using deep
inspiration breath hold with active breathing control

JBUON 2018; 23(4): 917



918

Myocardial damage due to radiation for left-sided breast cancer

45.

46.

and intensity-modulated radiation therapy for patients
with locoregional breast irradiation. Int J Radiat Oncol
Biol Phys 2003;55:392-400.

Bruzzaniti V, Abate A, Pinnaro P et al. Dosimetric and
clinical advantages of deep inspiration breath-hold
(DIBH) during radiotherapy of breast cancer. ] Exp Clin
Cancer Res 2013;108:248-53.

Comsa D, Barnett E, Le K et al. Introduction of moder-

ate deep inspiration breath hold for radiation therapy
of left breast: initial experience of a regional cancer

JBUON 2018; 23(4): 918

47.

48.

center. Prac Radiat Oncol 2014;4:298-305.

Cervino LI, Gupta S, Rose MA et al. Using surface im-
aging and visual coaching to improve the reproduc-
ibility and stability of deep-inspiration breath hold
for left-breast-cancer radiotherapy. Phys Med Biol
2009;54:6853-65.

Kiran RN, Ben AD, Asim FC, Sirisha RN, Priya R, Ruth
CC. Diagnostic performance of positron emission to-

mography in the detection of coronary artery disease:
a meta-analysis. Acad Radiol 2008;15:444-51.



