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Abstract
Purpose of Review This review article seeks to summarize the
existent literature regarding the use of anthracyclines (specif-
ically doxorubicin) in the treatment of early-stage breast can-
cers, reviewing the clinically significant side effects of said
therapy, and discussing new tools to risk stratify patients.
Recent Findings The 2010 Early Breast Cancer Trialists’
Cooperative Group meta-analysis again found anthracycline-
containing regimens to improve outcomes, while the ABC
Trials have shown the superiority of regimens including doxo-
rubicin versus regimens with docetaxel and cyclophospha-
mide alone in early-stage breast cancer. New risk stratification
tools—such as Oncotype DX®—are helping oncologists de-
cide which patients may be able to avoid chemotherapy.
Summary Sequential doxorubicin/cyclophosphamide thera-
py, followed by treatment with docetaxel, improves outcomes
in nearly all early-stage breast cancer, with the notable excep-
tion of Her2+ disease. Newer risk stratification tools allow
better risk/reward calculations in which patients may be able
to avoid anthracycline-based chemotherapy and its significant
side effects.

Keywords Anthracycline . Adjuvant therapy . Neoadjuvant
therapy . Risk stratification . Breast cancer

Introduction

Breast cancer is still the most common cancer diagnosed in the
USA, with an estimated 252,710 cases (15% of all cancer
cases) and an estimated 40,610 deaths (6.8% of total cancer
deaths) projected by the National Institute of Health’s (NIH)
National Cancer Institute for 2017 [1]. The incidence of breast
cancer is stably high at 130.6 per 100,000 in 2014 [1], with a
distribution of 61% localized disease (stage I and some stage
II), 32% regionally advanced disease (generally stage II and
III, depending on size and nodal involvement), 6% advanced
disease stage (some stage IIIc and all stage IV), and 2%
unstaged [2]. The stark difference between incidence and mor-
tality rate (declining by 1.8% each year from 2005 to 2014) [2]
has been attributed to multiple interventions, including im-
proved screening and systemic treatment modalities. The
problem in treatment, however, lies in the selection of treat-
ment modalities.

Treatment of breast cancer going back centuries involved
surgery of various degrees, supplemented by radiation as time
went on; however, with the publication of Sidney Farber’s
1948 report on the benefit of aminopterin and amethopterin
in childhood acute lymphoblastic leukemia, interest in chemo-
therapy began to grow [3]. The first successful demonstration
of chemotherapy in breast cancer occurred in 1951, with three
out of four patients with metastatic disease showing subjective
and objective signs of response to amethopterin (an additional
six breast cancer patients did not respond to other folate acid
antagonists) [4]. The first randomized trial showing benefit of
adjuvant chemotherapy in breast cancer was the National
Surgical Adjuvant Breast and Bowel Project (NSABP) B-01
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trial, reporting the benefit of thiotepa (an alkylating agent)
decreasing recurrence rate in premenopausal patients with
≥ 4 positive axillary nodes in 1968 [5].

Daunorubicin—the first of the antitumor anthracycline
class of antibiotics isolated from Streptomyces peucetius—
was discovered in 1963 independently by Italian [6] and
French [7] researchers; by 1966, it already showed significant
antitumor activity in acute lymphoblastic leukemia [8], as well
as the potential to produce fatal cardiotoxicity [9].
Doxorubicin—created by mutating S. peucetius with N-
nitroso-N-methyl urethane—showed better antitumor activity
and a higher therapeutic index, but still had significant
cardiotoxicity [10]. The search for less cardiotoxic com-
pounds eventually led to epirubicin, an epimer with a 4′-hy-
droxyl group on doxorubicin’s sugar molecule [11]. Early
studies seemed to indicate similar efficacy between the two
with lower rates of cardiotoxicity in epirubicin. For example,
one clinical trial looking at fluorouracil, cyclophosphamide,
and either doxorubicin (N available for analysis = 113) or
epirubicin (N available for analysis = 117) showed no statisti-
cal difference in overall response rate (ORR), time to re-
sponse, duration of response, or response rate according to
tumor site, while toxicity analysis showed three episodes of
heart failure in the doxorubicin group (N available for analy-
sis = 120) and none in the epirubicin group (N available for
analysis = 124) [12]. However, such differences were not al-
ways consistent (some authors wondered if the two were re-
ally being dosed equally for comparison), and epirubicin’s
patent protection up until 2007 (costing 22 times doxorubicin
by reports) likely precluded use in both trials and private prac-
tice [13]. This unclear cardiotoxicity benefit with real cost and
use experience differential is likely why epirubicin is not used
so often.

The first demonstration of the benefit of combination adju-
vant chemotherapy in breast cancer came with the cyclophos-
phamide, methotrexate, and 5-fluorouracil (CMF) regimen in
1976 [14]. A flurry of new combination therapies were then
formulated and tested against one another, including
doxorubicin/vincristine shown to be non-inferior to CMF in
1978 [15]. Eventually, in 1990, NSABP B-15 showed equiv-
alency between 6 months of CMF and four cycles of a com-
bination doxorubicin and cyclophosphamide (AC) given ev-
ery 3 weeks; due to faster completion time, fewer health care
provider visits (a third compared to conventional CMF), and
less need for nausea-control medication (12 on AC versus 84
on CMF), the NSABP group recommended AC [16].

After decades of research showing improved outcomes in
the treatment of all varieties of breast cancer—node-positive
[5] or node-negative [17], hormone receptor-positive [18] or
hormone receptor-negative, pre- [5] or postmenopausal—the
NIH issued a statement in 2001 stating “[b]ecause adjuvant
polychemotherapy improves survival, it should be recom-
mended to the majority of women with localized breast cancer

regardless of lymph node, menopausal, or hormone receptor
status,” and further stated that “[t]he inclusion of
anthracyclines in adjuvant chemotherapy regimens produces
a small but statistically significant improvement in survival
over nonanthracycline-containing regimens” [19]. This latter
addition was included due to the meta-analysis of 18,000
women in 47 trials by the Early Breast Cancer Trialists
Cooperative Group (EBCTCG), which stated a 4.2% relative
and 3% absolute 5-year mortality benefit for anthracycline-
containing regimens versus CMF in women 50–69 [20].
However, this benefit may have been influenced by the in-
creasing usage of taxanes, which initially emerged as a highly
effective therapy in the metastatic setting [21], but began find-
ing increasing use as an alternate standard adjuvant therapy
regimen. Indeed, by 2005, there was a sharp increase in
taxane-based therapy at the expense of anthracycline-based,
and by 2008, some Medicare cohorts were > 50% taxane-
based in response to concerns about anthracycline-associated
toxicities [22].

Toxicities

The fear of nondiscriminatory use of anthracyclines stems
from very real and valid concerns of heart failure and
therapy-related myelodysplastic syndrome (t-MDS)/therapy-
related acute myeloid leukemia (t-AML) development. The
main mechanism by which the antitumor effect of
anthracyclines is exerted is direct topoisomerase II inhibition
after DNA insertion [23]; multiple other effects of
anthracyclines are known to exist, including generation of
oxygen radicals [24], direct DNA damage, and depletion of
cardiac cytochrome c leading to apoptosis [25]. When these
latter mechanisms lead to the development of cardiac or he-
matologic side effects, treatment options are generally limited
andwith worse outcomes than non-anthracycline causes of the
same.

Cardiotoxicity

The exact reason why anthracyclines preferentially affect car-
diac tissue is still unclear, though the leading hypothesis is
some element of sensitivity to oxidant stress/damage caused
by the relative enrichment of mitochondria in cardiac tissue
[25]. Regardless, cardiotoxicity—in the form of arrhythmias
(persistent sinus tachycardia or transient rhythm abnormali-
ties), peri-/myocarditis, cardiomyopathies/scarring, myocardi-
al infarction, and congestive heart failure (CHF) [26]—is the
main feared side effect of anthracycline use. Although the
former elements of the prior list can occur any time, the med-
ication class is administered (mostly secondary to type I
cardiotoxicity from cardiomyocyte death) [27], CHF frequent-
ly occurs in a dose-dependent manner. Early studies indicated
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a sharp increase in prevalence at doxorubicin doses > 550 mg/
m2, but subsequent studies have shown heart failure at even
“low risk” doses [28]; in fact, one retrospective analysis of
three trials (N = 630 patients, 32 events) showed a cumulative
prevalence of CHF at 1.7% for doxorubicin at 300 mg/m2
(CHF cumulative prevalence of 15.7% at 500 mg/m2 and
32.4% at 600 mg/m2) [29].

There are a number of risk factors associated with
anthracycline-induced cardiotoxicity, including age > 65 (or
< 4), female gender, hypertension, pre-existing cardiac disease,
cumulative dose, high individual dose, and treatment with cy-
clophosphamide, paclitaxel, or trastuzumab [27]. Of these, the
onesmore critical to CHF development are increasing age (with
one retrospective analysis showing 11% in > 75, versus 6% in
65 to 74 and 1–2% in younger women) [30], cumulative dose,
and concurrent cardiotoxic medications. Though there may be
an element of type II cardiotoxicity (that is, cardiomyocyte
dysfunction) in anthracycline-induced heart failure and the pos-
sibility for rehabilitation, most of the damage in this case stems
from cardiomyocyte apoptosis and decrease in left ventricular
ejection fraction (type I cardiotoxicity) [31]. This fact likely
explains why rates of CHF continue to increase in such patients
over 10 years from therapy [32]. It may also explain the worse
prognosis of CHF due to anthracycline-based cardiomyopathy:
in a review of outcomes of 1230 patients with cardiomyopathy,
the hazard ratio for death in the 15 patients who were treated
with doxorubicin was 2.64 (95% confidence interval 1.35–
5.17), with over half studied dead well before 5 years [33].

To address the issue of monitoring and preventing cardiac
dysfunction, the American Society of Clinical Oncology
(ASCO) convened a multidisciplinary group that used a sys-
tematic review to identify 104 meta-analyses, randomized tri-
als, observational studies, and clinical experience gathered
from 1996 to 2016. The recommendations, put out in 2016
and endorsed by both ASCO and the American Heart
Association, recommend avoiding the use of cardiotoxic med-
ications when available, prescreening for cardiac risk factors
(as noted above), and performing an echocardiogram (or car-
diac MRI/MUGA if echocardiography not feasible) and
checking biomarkers (IE—troponin, natriuretic peptide) be-
fore starting potentially cardiotoxic therapy. For patients at
high risk or who have evidence of cardiac disease, referral to
Cardiology is appropriate. For low-risk patients, screening
recommendations after therapy completion include an echo-
cardiogram and biomarkers at 6 to 12months; due to a paucity
of evidence, no screening guidelines after 12 months exist
[34].

MDS/AML

Although first recognized in long-term survivors of Hodgkin
disease [35], the risk of developing t-AML/t-MDS is present
after treatment of all types of cancer. The exact classification is

difficult, but the two are thought to represent a single disease
entity most closely resembling acute myeloid leukemia with
multilineage dysplasia, and best distinguished by the percent-
age of blasts in the periphery and bone marrow (≥ 20%
representing t-AML) [36]. Incidence, as reported by the
NSABP experience, is 0.21% at 5 years for doxorubicin given
at 60 mg/m2 every 21 days for four cycles (cyclophosphamide
doses in these trials varied from 600 to 2400 mg/m2 every
21 days for two to four cycles) [37]; increasing doses, how-
ever, leads to higher incidence (0.37 versus 4.97% at 8 years
for standard versus greater than standard epirubicin dosing)
[38]. Median latency is about 5 years [39], peaking at 9 years
and usually decreasing after [35]. Unlike de novo AML, t-
AML/t-MDS is generally associated with poor-risk cytogenet-
ics (15–25 versus 50–70%, respectively), resistance to thera-
py, and a higher risk of organ failure; median survival is about
6–8 months, with allogenic stem cell transplantation the only
option for cure in most patients [40].

Anthracyclines are not a unique, nor even excessively po-
tent, risk factor for t-AML/t-MDS development. One case
control study of 182 stage I–III breast cancer patients and
534 controls in France found radiotherapy and granulocyte
colony-stimulating factor (G-CSF) administration to increase
t-AML/t-MDS development after controlling for chemothera-
py (odds ratio (OR) 3.9 and 6.3, respectively). The same study
showed mitoxantrone to be the worst risk factor for t-AML/t-
MDS (OR 16.35), with anthracyclines having some effect
(OR 2.84); epidophyllotoxins also had a positive effect
(though not enough to rigorously analyze in their model), with
alkylating agents, antimetabolites, and spindle inhibitors all
crossing the line of no effect [41]. The lack of effect from
alkylating agents is curious, as multiple other studies (includ-
ing the above NSABP retroactive analysis of six trials, varying
cyclophosphamide but keeping doxorubicin the same) [33]
implicate alkylating agents. While this could be explained
by a low effect size leading to type II error, the more relevant
issue is that, in the said study’s listed agents, only
anthracyclines are widely used and implicated first-line agents
for early-stage breast cancer.

Selection

The controversy over the use of anthracyclines lies in the
difficulty of patient risk stratification. Initially, breast cancers
were risk-stratified based off stage, as embodied by the classic
TNM system [42]. Within the last two decades, as hormone
and molecular targets were recognized, gene expression as-
says have been used to further subtype breast cancers into one
of five research categories: Her2/neu (represented by the
ERBB2 gene); luminal A (estrogen receptor (ER)+, Her2−);
luminal B (ER+, Her2+, or Her2−, and characterized by more
aggressive tumors than luminal A); normal-like (none of the
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prior markers, usually good prognosis); and basal (or triple-
negative disease, with poorer prognosis than any of the pre-
ceding) [43, 44]. In clinical practice, however, patients are
classified as hormone receptor (ER or PR)-positive, Her2-pos-
itive, or triple-negative. Although more genes being discov-
ered and greater tumor complexity allows for ever-more com-
plex sub-classifications [45], these categories have not yielded
any clinically meaningful treatment difference compared to
the ER/PR/Her2 paradigm.

Risk stratification of breast cancer patients drives two ques-
tions: giving chemotherapy or not; and, in patients receiving
chemotherapy, giving anthracycline-containing regimens or
not. Ideally, there would be tests or tools that would allow
medical oncologists to identify which breast cancers are re-
sponsive to non-chemotherapy/non-anthracycline treatments
(such as CDK-4/6 inhibitors or PARP inhibitors), identify pa-
tients at high-risk of recurrence, and identify patients at high
risk for chemotherapy-related (specifically anthracycline) tox-
icity. Of these three, the latter task is the least well developed.
Multiple methods have been studied for predicting
anthracycline toxicity (particularly cardiotoxicity), including
gene analysis [46], clinically relevant factors (e.g., cumulative
dose, extremes of age or body weight, severity of co-morbid-
ities) [47], and even imaging predictors (e.g., strain pattern or
speckle tracking in echocardiography) [48, 49]. However,
while all this work can inform individualization of care, no
standardized implementation of any, or a combination, of
these measures has become standard of care besides the use
of echocardiography.

In one relatively low-risk group, answering the other ques-
tions is more straightforward. For node-negative ER+ tumors,
the Oncotype DX® [50] test has been shown in retrospective
data from NSABP-20 to predict women unlikely to derive
benefit from chemotherapy (score < 18) [51], a result pro-
spectively validated (score ≤ 10) in ER+ node-negative tu-
mors in the TAILORx study [52•]. At appropriate cut-offs, it
can also predict benefit in giving chemotherapy (though not
advising which chemotherapies to give). In Her2+ and ER
and node+ tumors, decision-making is more difficult. ASCO
recently released biomarker guidelines by an expert panel
looking at relevant studies from 2006 to 2014. Among other
findings, these guidelines state that the 50-gene PAM50®
assay (shown to help determine 5-year risk of recurrence)
[53] should be restricted to ER+ node-negative tumors and
that there are no useful biomarkers for ER+ node+ tumors,
Her2+ tumors, or triple-negative tumors [54]. The guidelines
initially stated that there was no early-stage breast cancer
group suitable for the 70-gene MammaPrint® profile (contra-
dicting the 2013 RASTER study, which promoted its use in
patients with stage I or II disease) [55]; however, an update to
these guidelines published in July 2017 allows for the assay
in patients with ER+, Her2−, node− tumors and high clinical
risk [56].

As exact cut-off points for treatment are shifting and con-
troversial, answering the three questions above for other sub-
types of early-stage breast cancer is beyond the scope of this
review. Of note, however, is the 8th edition of the American
Joint Committee on Cancer Staging Manual, taking effect
January 1, 2018; this will include the above biomarkers,
multigene assays, and other factors known to affect outcomes
to yield a prognostic stage, separate from the anatomic stage
[57]. Potentially, such staging could guide anthracycline ver-
sus non-anthracycline therapy.

Regimens

Data continues to accumulate that anthracyclines are benefi-
cial to breast cancer patients. The EBCTCG’s 2000 meta-
analysis update—this time with 145,000 women from 194
trials—showed an absolute, clinically significant mortality
risk reduction of 3% at 5 years and 4% at 10 years between
anthracycline-based and CMF chemotherapies [58]. The
EBCTCG’s 2010 meta-analysis update—focusing only on
100,000 women in 123 trials to determine differences between
chemotherapy regimens—showed a breast cancer mortality
relative risk of 0.78 for anthracycline-based compared with
CMF therapy; this study further stated the risk reduction was
not affected by age, nodal status, tumor diameter or differen-
tiation, ER status, and tamoxifen usage (further underlining
the difficulty of risk-stratifying patients) [59]. Given the finer
segmentation of data offered by the 2010 analysis alongside
existing concerns of anthracycline toxicities, the following
question arises: if a patient is committed to an anthracycline-
based therapy, how does the literature recommend administer-
ing it?

Although daunorubicin, epirubicin, and idarubicin are all
anthracyclines, recent large-scale trials tend to focus on doxo-
rubicin (A); although this review will reference doxorubicin
frequently below, the recommendations are likely similar as
for epirubcin (E). The first issue to consider is cumulative
dose. Initial therapies using four cycles of A (60 mg/m2) com-
bined with cyclophosphamide (C) (600 mg/m2) given every
3 weeks showed superiority over no treatment (8% risk reduc-
tion and 6.5% breast cancer mortality reduction at 10 years by
the EBCTCG 2010 review); however, standard AC was not
shown to be superior against standard CMF therapy in
NSABP B-15 [16], confirmed in the 2010 EBCTCG meta-
analysis. Although six cycles of AC were not shown to be
superior to four cycles in the CALGB 40101 trial [60], the
2010 EBCTCGmeta-analysis reversed this finding: high-dose
(cumulative A > 240 mg/m2, E > 360 mg/m2) is superior to
standard-dose 4AC (cumulative A = 240 mg/m2), with an
absolute decrease in mortality of 3.9% compared to CMF at
10 years (standard 4AC had a non-significant 1.2% mortality
decrease).
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Newer chemotherapies, such as the taxane docetaxel (T),
complicate this picture. US Oncology 9735 compared four
cycles of TC versus AC; instead of the usual finding of non-
inferiority, TC was found to have superior disease-free surviv-
al (6%) and overall survival (5%) at 7 years independent of
age, Her2 status, and hormone status [61]. The comparison of
TAC versus TC was the next question to answer. Both US
Oncology Research (USOR) 06-090 and NSABP B-46-I/
USOR 07132 attempted to answer this independently, com-
paring six cycles TC (TC6) versus six cycles TAC (TAC6) but
did not meet prespecified patient accrual levels; meeting with
their data boards, the trial investigators decided to combine
efforts. Although the combination of the above two trials
might address superiority of TAC6, it would not address
non-inferiority of TC6. For this reason, NSABP B-49 was
created to supplement these numbers (the data steering com-
mittee asked investigators to allow choice of taxane plus AC
regimen). This conglomeration of trials—christened the ABC
trials—analyzed 4242 patients split about evenly between
TAC6 (in a variety of treatment protocols) and TC6. Interim
analysis at 4 years showed an invasive disease-free survival
(IDFS) of 90.7% for TAC6 versus 88.2% for TC6, with an
unplanned but significant test of interaction between positive
hormone receptor status and nodal status only. As the study
has not yet been completed, the current report of < 1% cardiac
events and no hematologic malignancies in both TAC6 and
TC6 (with otherwise similar general adverse events) is likely
to change, worsening for the former (TAC6 already has re-
ports of some heart failure events). Still, these results thus
demonstrate superiority of TAC6 versus TC6 in early-stage
breast cancers that are hormone receptor-negative (regardless
of nodal status) or are both hormone receptor- and node-
positive (hormone receptor-positive but node-negative can-
cers did not have improved IDFS) [62••].

After considering cumulative dose and the addition of
taxanes as part of standard therapy for high-risk patients, the
next question regards administration protocol. The ABC trial
performed a test of interaction by protocol (concurrent doce-
taxel administration, sequential paclitaxel administration,
dense dose AC with sequential paclitaxel 80 mg/m2, and
dense dose AC with sequential paclitaxel 175 mg/m2), not
finding a significant effect how T is given. The literature is
conflicted on this point, however. The final 10-year analysis of
BCIRG-005 (comparing a total of four cycles every 3 weeks
of AC followed by T versus the same for TAC) did not show
superiority in DFS or overall survival (OS) in early node-
positive breast cancer; of note, the concurrent arm had greater
cumulative (but lower per dose administration) of T compared
to the sequential arm [63•]. These findings contradict earlier
findings reported by the Breast International Group’s 02-98
trial (looking at sequential versus concurrent AT followed by
CMF, rather than TaxAC regimens, however), which showed
a 4% improvement in 5-year survival in the sequential

treatment arm, somewhat complicated by the higher dosing
of both doxorubicin and docetaxel in the sequential arm [64].
NSABP B-30 also looked at sequential versus concurrent do-
cetaxel in AC regimens in early-stage node-positive breast
cancer, finding a 14% non-significant (p = 0.09) reduction in
mortality and a 5% improvement in DFS at a median of
73 months; however, again, this trial had lower dosing (cumu-
lative and dose per cycle) administration of T and lower cu-
mulative dose of A (240 versus 200 mg/m2) in the concurrent
arm than the sequential arm [65]. NSABP B-30 made refer-
ence to these specific findings, postulating that total dose of
docetaxel may matter more than dose per cycle. Although the
matter may not be clear until such time as a trial directly
compares sequential AC-T versus concurrent ACTwith equal
doses of docetaxel, sequential AC-T appears to be the pre-
ferred regimen.

The above regimens give the preferred anthracycline regi-
men and administration for early-stage breast cancer, regard-
less of hormone receptor status, nodal status, and (in the case
of NSABP B-30) menopausal status. In terms of Her2 status,
the evidence is not as strongly in favor of anthracycline usage.
BCIRG-006—whose intent was to compare two trastuzumab-
containing regimens to a standard anthracycline-containing
regimen—looked at 3222 with early-stage Her2+ breast can-
cer patients at a median follow-up of 65 months and found
DFS to be 75% for AC-T, 84% for AC-T with added
trastuzumab (AC-TH), and 81% when receiving TCH.
Although the study concluded there was no statistically sig-
nificant difference between the trastuzumab-containing regi-
mens, the study was not powered to compare the latter two
regimens. Furthermore, the 3% improvement for the AC-TH
regimen versus non-anthracycline came at a statistically sig-
nificant five-fold increase in CHF and cardiac dysfunction in
AC-TH (2%) versus TCH (0.4%) [66]; these findings were
confirmed in the final 10-year analysis of BCIRG-006 pre-
sented in 2016 [67]. Given the cardiotoxicity of trastuzumab,
this may be the one high-risk early breast cancer group where
the current emphasis on sequential AC-T is not recommended.

Future Directions

The future of anthracycline therapy in early-stage breast can-
cer is rooted in risk stratification: determining which patients
have the best chance of response to anthracycline therapy,
which patients have the highest risk of recurrence, and which
patients have the highest risk of developing toxicities related
to therapy. A more concrete answer on sequential versus con-
current T in AC would also be useful. It is very possible that,
over time, newer targeted therapies will gain a foothold after
proving efficacy in the metastatic field. Meanwhile, for nearly
every high-risk patient group (except perhaps patients with
Her2+ disease), sequential AC-T should be given.
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