
Abstract
Objectives This study evaluated the incidence of late

cardiotoxicity after dose-dense and -intense adjuvant

sequential doxorubicin (A), paclitaxel (T), and cyclo-

phosphamide (C) for breast cancer (BC) with ‡ 4

involved ipsilateral axillary lymph nodes.

Methods Patients were enrolled from 1994 to 2001

after definitive BC surgery if ‡4 axillary nodes were

involved. Planned treatment was A 90 mg/m2

q 14 days · 3, T 250 mg/m2 q 14 days · 3, C 3 g/m2 q

14 days · 3 with filgrastim (G) support. Left ventricular

ejection fraction (LVEF) was monitored using

equilibrium radionuclide angiography (ERNA) before

the initiation of chemotherapy, and after three cycles

of each chemotherapeutic agent. At a median follow-

up of 7 years, we obtained ERNA scans on 32 patients

to evaluate the long-term cardiotoxicity of this regi-

men.

Results Eighty-five eligible patients enrolled on the

treatment protocol. Clinical heart failure developed in

one patient. Seven (8%) patients had LVEF < 50% at

the end of therapy. No cardiac-related deaths occurred.

Thirty-two (46%) of 69 surviving patients have con-

sented to late cardiac imaging. At a median follow-up

of 7 years, the median absolute change in LVEF from

baseline was -5.5%; [range (–8%) to (+36%)], and

from the end of chemotherapy was –2.0%; [range

(–25%) to (+16%)]. Four patients (12%) had a

LVEF < 50%; two of these four patients had an LVEF

of < 50% at the end of chemotherapy.

Conclusions Late development of asymptomatic

decline in cardiac function may occur after dose-dense

and -intense adjuvant therapy, but is uncommon.
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Introduction

Anthracycline cardiomyopathy has been a recognized

side effect of this class of drugs since its introduction in

the 1960s. In 1973, Lefrak et al. reported a 30% inci-

dence of congestive heart failure (CHF) in patients
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who received >550 mg/m2 of doxorubicin [1]. Von Hoff

et al. later demonstrated a continuum of increasing risk

as the cumulative amount of administered drug

increased [2]. They reported an overall incidence of

drug-induced CHF of 2.2% in patients who received a

median total dose of 390 mg/m2 of doxorubicin. Simi-

larly, Swain et al. reported an estimated incidence of

CHF of 5% for patients receiving 400 mg/m2 of

doxorubicin, with an increasing risk of CHF with

increasing doxorubicin dose [3].

Delayed cardiotoxicity is subclassified as early sub-

acute cardiotoxicity occurring <1 year after the com-

pletion of treatment, or late cardiotoxicity occurring

>1 year after the cessation of chemotherapy [4].

Delayed cardiotoxicity has been reported in approxi-

mately 5% of patients treated with doxorubicin [5, 6].

The majority of patients who develop late cardiotox-

icity are those patients who had previously developed

early subacute cardiotoxicity [4]. Late cardiotoxicity

may not be apparent until years to decades after the

administration of anthracyclines [7–10, 30, 35]. Risk

factors for late-onset cardiotoxicity include age £18 or

‡65 at time of treatment, increasing cumulative dose or

dose intensity of anthracyclines, mediastinal radiation

therapy (RT), and female gender [3, 11, 12, 29, 34].

Typically patients with late-onset cardiotoxicity have

reduced left ventricular (LV) mass, mass index, and

compliance, increasing susceptibility to cardiac stres-

sors [12–14, 42]. Numerous studies have reported the

long-term effect of anthracyclines on cardiac function

with childhood exposure, but long-term cardiotoxicity

of anthracyclines in adults has not been extensively

studied [8, 9, 40, 42].

Paclitaxel only rarely causes cardiomyopathy when

administered as a single agent [15]. However, paclit-

axel may enhance the cardiotoxicity of doxorubicin

when given in combination [16]. Cyclophosphamide is

not cardiotoxic at conventional doses, but myocardial

damage has been reported at myeloablative doses as

given in transplantation [17–22]. Rose and coworkers

treated 52 metastatic breast cancer (BC) patients with

sequential high dose alkylating agents and stem cell

rescue. Use of paclitaxel for stem cell mobilization was

associated with a mean absolute decrease in left ven-

tricular ejection fraction (LVEF) of 3.4% (P = 0.032),

which was relative to no significant change in LVEF

(–1.3%, P = 0.23) in patients who only received high

dose cyclophosphamide for mobilization, but mobili-

zation with sequential paclitaxel and cyclophospha-

mide resulted in a mean absolute drop of 4.9% in

LVEF (P = 0.008) [23].

Due to the quantitative nature and high reproduc-

ibility, equilibrium radionuclide angiography (ERNA)

is an excellent noninvasive method for monitoring

LVEF during the course of doxorubicin chemotherapy.

ERNA reproducibly detects relatively small changes,

and ERNA monitoring cost effectively permits doxo-

rubicin administration with a low risk of clinical heart

failure [24–26, 28]. A comparison between radionu-

cleotide and echocardiographic LVEF showed better

intra- and inter-observer reproducibility with the

radionucleotide LVEF [27]. Repeat ERNA assess-

ments of LVEF vary between 2 and 4%, while repeat

echocardiogram assessments of LVEF vary between 13

and 17% range [27]. Therefore, when a precisely

reproducible measurement is required for clinical trial

monitoring or patient management decisions, the

authors recommended ERNA as the method of choice.

Schwartz et al. have proposed guidelines for LVEF

monitoring with serial ERNA scans during treatment

with doxorubicin [28]. For patients with normal cardiac

function, they recommend an ERNA at baseline,

follow-up ERNA scans after cumulative doses of

240–300 mg/m [2] and 400–450 mg/m [2], and then

before each subsequent dose of doxorubicin. More

frequent studies are recommended for patients with

impaired cardiac function, known heart disease, radi-

ation exposure or simultaneous exposure to other

cardiotoxic agents.

Eighty-five BC patients with ‡4 involved axillary

nodes enrolled in a clinical trial of adjuvant dose-dense

and -intense sequential doxorubicin (A), paclitaxel (T),

and cyclophosphamide (C) [29]. Because of the dose-

dense and -intense anthracycline therapy investigated

in the trial, rigorous cardiac testing with ERNA scans

was implemented to monitor patients’ LVEF during

this trial. Patients underwent ERNA before the initi-

ation of chemotherapy and after three cycles of each

chemotherapeutic agent. The low rate of clinical or

subclinical acute cardiotoxicity has been previously

published. In the current study, the long-term cardio-

toxicity of chemotherapy as manifested by clinical

and/or radiographic impairment of cardiac ejection

fraction (EF) was evaluated. We report this long-term

evaluation of cardiac function at a median of 7 years

follow-up.

Patients and methods

Eighty-five women with primary BC, histologic

involvement of at least four axillary lymph nodes and

no evidence of distant metastases were enrolled in a

clinical trial of dose-dense and -intense adjuvant

chemotherapy between March 1994 and April 2001.

Eligibility criteria and pre-study evaluation have been
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previously published [29]. Patients were ineligible if

the LVEF was <50%.

Treatment plan

Patients received doxorubicin 90 mg/m2 intravenously

on days 1, 15, and 29. ERNA was repeated after three

doses of doxorubicin. Patients who had an absolute

decrease in LVEF of ‡25% or a LVEF <50%, were

removed from study. Paclitaxel 250 mg/m2 were

administered by continuous infusion over 24 h on days

43, 57, and 71. ERNA was repeated after three doses of

paclitaxel. The same cardiac function guidelines were

applied. Cyclophosphamide 3 g/m2 were administered

intravenously on days 85, 99, and 113, with 24 h of

hyperhydration and ERNA was repeated. Supportive

and adjunctive measures have been previously pub-

lished [29]. After completing chemotherapy, patients

received RT at the discretion of their medical and

radiation oncologists. Separate internal mammary

lymph node fields were not used in an attempt to

minimize exposure of the heart to RT.

Follow-up ERNA scans

The current study which investigates whether patients

who participated in the clinical trial of dose-dense and -

intense adjuvant therapy had suffered late cardiac

dysfunction was reviewed and approved by the Yale

University Human Investigation Committee. Begin-

ning in February 2004, the 69 surviving patients were

contacted by mail and their participation in the current

study was requested. Thirty-two patients wished to

enroll and gave written informed consent. A physician

or physician extender performed a history and physical

examination. ERNA was performed at Yale New-

Haven Hospital (YNHH) in the Department of

Nuclear Cardiology. Patients who had a recent ERNA

scan or an echocardiogram ordered by their local

oncologist, cardiologist, or primary care physician as

part of their standard medical care, gave consent to

collection of the results of these studies and related

medical records, and did not undergo repeat scanning

for this study.

Results

Thirty-two of 69 surviving patients enrolled in this

follow-up study. Twenty-eight of the 32 patients had an

ERNA performed at YNHH, and data were collected

on an additional 4 patients who had recent cardiac

evaluation as part of their standard medical care. Two

of these four patients had echocardiography rather

than ERNA. The median age of patients enrolling

for this study was 56.7 years, with a range of

41.1–70.9 years. The median age of all 69 surviving

patients is 55.0 years (range, 40.9–77.2 years). The

median absolute change in cardiac EF between a

pre-chemotherapy baseline and the current assessment

of EF was –5.5% (range –8% to +36%) (Fig. 1). The

median absolute change between baseline and the

post-chemotherapy cardiac EF was –5.0% (range –28%

to +15%) (Fig. 1). The mean absolute change between

post-chemotherapy and the current cardiac EF was

–2.0% (range –25% to +16%) (Fig. 1). Ten of the

32 patients had an absolute drop of >10% in EF at the

end of chemotherapy, while 7 of the 32 patients had an

absolute drop of >10% in EF at a median of 8.3 years

follow-up when compared with the post-chemotherapy

EF. For the majority of patients, the largest drop in

LVEF occurred between the baseline and immediately

post-ATC chemotherapy cardiac EF. However, a

comparison of the changes in EF between pre- and

post-chemotherapy with changes in EF between post-

chemotherapy and current time was not statistically

significant (P = 0.257, two-tailed distribution).

Equilibrium radionuclide angiography data for pre-

and post-chemotherapy were available on all 85

patients who had enrolled in the ATC study. The

median absolute change in EF between pre- and post-

chemotherapy for the remaining 53 of original 89

patients who did not enroll in this ERNA follow-up

study was –2.0%. A comparison of the changes

Median change in 
EF -5.0%

Median Change in EF(Range -28% to 
+15%) -2.0%

(Range -25% to +16%)
Post ATC 

chemo
Baseline Current Time

Median change in EF
-5.5%

(Range -8% to +36%)

Fig. 1 Changes in EF
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between pre- and post-chemotherapy EF for patients

who enrolled in the follow-up ERNA study and

patients who did not enroll in the follow-up ERNA

study did not reveal a significant difference in change

in EF (P = 0.165, two-tailed distribution). The changes

in the EF of all patients enrolled in this follow-up

ERNA study are illustrated below in Figs. 2, 3.

Of the 32 patients that followed up in this study, 14

patients received left-sided post-chemotherapy RT, 16

received right-sided post-chemotherapy RT, and 2

patients received no RT. Of the 37 patients who were

alive and did not participate in this study, 11 patients

received left-sided, 21 received right-sided, and 5

patients received no post-chemotherapy RT. There

was no significant difference in the absolute change in

EF from pre-chemotherapy to current time in patients

who received left- (median –5.5%) versus right-sided

(median –7.0%) RT (P = 0.175). Similarly, patients

who received left- (median –3.5%) versus right-sided

(median –2.0%) RT had no significant difference in

change in EF from post-chemotherapy to the current

time (P = 0.152).

Four patients had a measured EF of £50% in this

current study. These patients are described in Table 1.

All four of these patients had Class I symptoms

according to the Functional Classification of New York

Heart Association (NYHA). The drop in EF to <50%

in patients 3 and 4 is possibly related to chemotherapy.

Patient 3 had an EF of 43%, and was evaluated by a

cardiologist (F.L.) who found the patient without signs

or symptoms of CHF. An echocardiogram showed an

EF of 65% and no valvular lesions or left ventricular

hypertophy (LVH). She was treated for previously

undiagnosed hypertension and received an ACE

inhibitor and a diuretic, and remained asymptomatic.

Patient 4 had a drop in EF from a pre-chemotherapy

baseline of 65% to a post-chemotherapy value of 37%.

Following her last dose of cyclophosphamide, she had

symptoms of dyspnea on exertion. She was seen by a

cardiologist and managed with digoxin, a diuretic, and

an ACE inhibitor. She was then asymptomatic for

2 years, but then developed digoxin toxicity. Digoxin

was discontinued and the patient remained asymp-

tomatic on an ACE inhibitor and diuretic. On her

study visit in December 2005, she remained asymp-

tomatic with a normal physical examination. However,

EF by ERNA was 45%. She was referred to a cardi-

ologist (F.L.); echocardiogram showed an EF of 55%

and no valvular lesions or LVH. No further treatment

was recommended.
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Discussion

Anthracycline cardiomyopathy has been reported to

occur five or more years after completion of therapy

[7–10, 10–10, 32–10, 34, 35, 39]. Myocyte damage or

death leading to decreased ventricular contractility is

thought to be responsible for early anthracycline

cardiotoxicity, while late anthracycline cardiotoxicity is

thought to be due to chronically increased ventricular

wall stress resulting from depressed ventricular con-

tractility and an inappropriately thin ventricular wall

[12, 30].

The relationship between peak chemotherapy dose

and immediate cardiotoxicity has been examined by

Hudis et al. who published results of short-term change

in LVEF in 42 women who were treated with ATC and

followed by a similar ERNA surveillance during the

study [31]. Of these 42 patients, 2 evaluable patients

had >10% decrease in LVEF, and both of these

patients recovered to a <10% decrease from baseline

prior to receiving paclitaxel. After completing the

sequence of doxorubicin and paclitaxel, there were

three evaluable patients with >10% decrease in LVEF,

and one of these three patients had recovery of LVEF

prior to cyclophosphamide. Finally, after completing

high dose cyclophosphamide, four evaluable patients

had >10% decrease in LVEF [31]. Long-term cardio-

toxicity from this study has not been reported.

The relationship between cumulative anthracycline

dose and long-term effects on cardiac toxicity has been

explored in various studies. In a study where two

cohorts of adult patients received 225 or 450 mg/m2 of

doxorubicin along with 500 mg/m2 of cyclophospha-

mide for BC, the estimated risk per 100 patient years of

a cardiac event was 3.4 times higher than the low dose

cohort [32]. Bonneterre et al. followed 150 BC patients

treated with six cycles of adjuvant FEC. At a median

follow-up of 102 months, of the 85 patients treated

with epirubicin 100 mg/m2; 2 patients experienced

symptomatic CHF, and 18 patients experienced grade 1

and 2 clinically asymptomatic left ventricular dysfunc-

tion (LVD). Of the 65 patients treated with epirubicin

50 mg/m2, there was one case of grade 1 LVD [33]. In a

larger French retrospective review of eight trials in

which 2,553 patients were treated with adjuvant epi-

rubicin, a 0.7% incidence of LVD was found at a

median of 84 months of follow-up [34]. Other studies

with adjuvant epirubicin have found an incidence of

CHF of 0–2% at median follow-up ranging from 39 to

74 months [35–39].

Long-term doxorubicin cardiotoxicity has been

more extensively studied in children than adults [8, 9,

27, 30, 32]. The most significant predictors of abnormal

cardiac function were the cumulative dose of doxoru-

bicin, receiving cardiac RT or mediastinal RT and

length of follow-up [40–43].

Two patients in this study had long-term cardio-

toxicity without evidence of a mechanism other than

prior chemotherapy. Both patients were treated with

standard CHF therapy and improved by LV function

and clinical assessment to essentially an asymptomatic

status. Thus, the mechanism of their LVD was

reversible and quite possibly unrelated to prior

anthracycline therapy. Both of these patients had

ERNA scans that documented an EF <50%, but both

had a follow-up echocardiogram that showed an

EF >50%. ERNA scan remains the principal diagnos-

tic modality for diagnosing CHF and provides a more

accurate and reproducible measurement of LVEF than

echocardiogram [27]. Echocardiograms were per-

formed on these patients to add additional clinical

information that would bear on treatment. Echocar-

diogram provides a visual estimate of LVEF, and also

provides important information on cardiac chamber

sizes, integrity of cardiac valvular function, and the

presence or absence of hypertrophy.

There is concern that both paclitaxel and cyclo-

phosphamide may augment the cardiotoxicity of

doxorubicin. There is pharmacokinetic evidence that

the administration of paclitaxel shortly after doxoru-

bicin may potentiate the cardiotoxic potential of

doxorubicin [44]. The elimination of doxorubicin is

slowed by paclitaxel, resulting in prolonged exposure

to doxorubicin. In a study of neoadjuvant doxorubicin

followed directly by a 3-h infusion of paclitaxel, 4 of 31

patients had a decrease in LVEF below 40% and 3 of

Table 1 Patients with LVEF of £50%

Pre chemo
ERNA (%)

Post chemo
ERNA (%)

Most
recent EF (%)

Known precipitating event Radiation
side

Patient 1 61 60 40 (echo) Trastuzumab-induced cardiomyopathy
(asymptomatic without cardiac medications)

L

Patient 2 63 52 28 (echo) MI L
Patient 3 67 49 43 (ERNA) Possibly chemotherapy related L
Patient 4 65 37 45 (ERNA) Possibly chemotherapy related R

Breast Cancer Res Treat (2007) 104:341–349 345

123



31 patients had a decrease in LVEF >20% from their

baseline values [45]. In a larger study that reported

the incidence of cardiac toxicity in 657 patients

with metastatic BC treated by a combination of

concomitant doxorubicin (50–60 mg/m2) and paclitaxel

(175–220 mg/m2), the cardiac toxicity rate was 25%

when the total doxorubicin dose was >440 mg/m2,

whereas it was <5% when the amount was <380 mg/m2

[46]. Because the chemotherapeutic agents in our study

were given sequentially and every 2 weeks, a phar-

macokinetic interaction between the paclitaxel and

doxorubicin is an unlikely cause of the reported short-

or long-term cardiotoxicity. Several studies have

demonstrated that the sequential administration of

paclitaxel after anthracyclines does not significantly

affect the EF of patients who have been pre-treated

with anthracyclines with a subsequent anthracycline-

related drop in EF.

Preclinical and clinical data have demonstrated that

high dose cyclophosphamide may be cardiotoxic. The

pathophysiology of high dose cyclophosphamide-asso-

ciated cardiac toxicity is thought to depend upon toxic

endothelial damage followed by extravasation of toxic

metabolites with subsequent myocyte damage and

interstitial hemorrhage and edema. These changes

usually occur during or within a few weeks after

administration [47]. The long-term cardiac effects of

high dose cyclophosphamide have not been well stud-

ied. High dose cyclophosphamide-associated cardiac

toxicity is thought to be related to the dose and sche-

dule of drug and it is not related to the cumulative drug

dose. No pharmacokinetic parameter has been consis-

tently associated with cardiotoxicity [47]. Several

studies have shown that there is no consistent rela-

tionship between previous anthracycline exposure and

development of cardiac toxicity following high dose

alkylating therapy [48–55]. We previously reported

that 76 of the 85 enrolled patients had evaluable post-

cyclophosphamide ERNA scans, and the median drop

in LVEF immediately after cyclophosphamide was

–2% (range, –18 to +15%), with 6 patients having a

drop in EF of ‡10%. In the current follow-up study, 3

of the 32 patients had a history of a >10% drop in

LVEF immediately after cyclophosphamide. One out

of these three patients (patient 4 as described in the

Results section) had a drop in LVEF that was sus-

tained in long-term follow-up, while the other two

patients had recovery of LVEF in this follow-up study

(patients 10 and 16 in Figs. 2, 3). Hudis et al. reported

that after completing high dose cyclophosphamide,

4 (11%) out of 37 evaluable patients had ‡10%

decrease in LVEF [31]. Although the cyclophospha-

mide dose in bone marrow transplant recipients may

be higher than those we used, or cyclophosphamide

may be given together with potentiating agents in

these patients, data on repeated use of high dose

cyclophosphamide that is not myeloablative are scarce

[56, 57]. The incidence of symptomatic cardiac failure

from high dose cyclophosphamide therapy has ranged

from 0 to 28% [58–61].

In our study an exploratory analysis did not reveal

significant differences in EF among patients with left-

or right-sided post-chemotherapy RT, but real differ-

ences may be obscured by the small sample size.

However, it is notable that three of four patients with

cardiac problems were radiated for left-sided lesions.

Review of the radiation ports indicated a small amount

of left ventricle in the radiation field. Although

numerous studies have indicated a minimal effect of

radiation on LV function with modern radiation tech-

niques, it is possible that subsets of patients such as

those treated in this study with more aggressive forms

of systemic therapy, are at higher risk and even small

volumes of heart, which may be in the tangential

radiation field, may further compromise cardiac func-

tion. Ongoing investigations using intensity-modulated

radiotherapy, respiratory gating, and other techniques,

are currently being evaluated in an effort to further

minimize cardiac radiation [62–66].

Radiation therapy may augment anthracycline tox-

icity by contributing to the loss of myocytes and

damaging coronary vessels and myocardial microvas-

culature [67]. In patients with Hodgkin’s disease

treated with mediastinal RT and in post-masectomy

BC patients treated with RT, there is an increase in

long-term cardiovascular mortality [68–71]. A retro-

spective analysis of 825 women treated with CMF

alone or with CMF and doxorubicin, reported acute

radiation-related cardiotoxicity. In this review, 61% of

women had received doxorubicin, and 44% of patients

had received breast RT, with 22% of women in the

case series receiving left-sided breast RT. Patients

were followed for a median of 80 months. In the

patients treated with doxorubicin, no cases of CHF

were reported in patients who had underwent right

breast RT, however, 3 of the 114 who had received

doxorubicin and left breast RT had CHF within

1 month after completing adjuvant treatment [72].

Late cardiac toxicity with anthracyclines and RT may

also manifest after several years. Shapiro et al.

reported that patients treated with ten cycles of

cyclophosphamide 500 mg/m2 and bolus doxorubicin

45 mg/m2 and who received left-sided RT with tan-

gential fields or anterior RT for internal mammary

nodes had a higher risk of CHF or myocardial

infarction (MI) at a median follow-up of 6.0 years [32].
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Pein et al. found that after 15 years of follow-up,

pediatric patients treated with anthracyclines and RT

had an increased risk of CHF when compared with

patients who received anthracyclines without RT [43].

However, newer techniques of RT delivery may lessen

the potential of cardiotoxicity. Poutanen et al. and

Sorensen et al. did not find any difference in echocar-

diographic parameters between patients receiving

anthracyclines alone versus anthracyclines in combi-

nation with RT [41, 73]. Bonneterre et al. did not find a

significant difference in left- versus right-sided RT BC

patients who had received adjuvant epirubicin based

regimens [33].

In conclusion, follow-up ERNA scans on 32 out of

69 surviving BC patients previously treated with dose-

dense and -intense ATC adjuvant chemotherapy

revealed evidence of an EF below 50% in 4 (12%) of

32 patients, of which two events were likely related to

chemotherapy administration. All four of these

patients had NYHA Functional Classification Class I

symptoms. Long-term cardiotoxicity of the ATC regi-

men does not appear to significantly contribute to the

morbidity or mortality of the regimen. The potential

for delayed cardiotoxicity should continue to be

explored in other BC adjuvant and neoadjuvant

trials, particularly in light of the recent advances

with dose-dense therapy as well as with adjuvant

trastuzumab.
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