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IMPORTANCE Anthracyclines are part of many effective pediatric cancer treatment protocols.
Most pediatric oncology treatment groups assume that the hematologic toxicity of
anthracycline agents is equivalent to their cardiotoxicity; for example, Children’s Oncology
Group substitution rules consider daunorubicin and epirubicin isoequivalent to doxorubicin,
whereas mitoxantrone and idarubicin are considered 4 to 5 times as toxic as doxorubicin.

OBJECTIVE To determine optimal dose equivalence ratios for late-onset cardiomyopathy
between doxorubicin and other anthracyclines or the anthraquinone mitoxantrone.

DESIGN, SETTING, AND PARTICIPANTS This multicenter cohort study of childhood cancer
survivors who survived 5 or more years analyzed data pooled from 20 367 participants in the
Childhood Cancer Survivor Study treated from 1970 to 1999, 5741 participants in the Dutch
Childhood Oncology Group LATER study diagnosed between 1963 and 2001, and 2315
participants in the St Jude Lifetime study treated from 1962 to 2005.

EXPOSURES Cumulative doses of each agent (the anthracyclines doxorubicin, daunorubicin,
epirubicin, and idarubicin; and the anthraquinone mitoxantrone) along with chest
radiotherapy exposure were abstracted from medical records.

MAIN OUTCOMES AND MEASURES Cardiomyopathy (severe, life-threatening, or fatal) by 40
years of age. Agent-specific Cox proportional hazards models evaluated cardiomyopathy risk,
adjusting for chest radiotherapy, age at cancer diagnosis, sex, and exposure to anthracyclines
or to an anthraquinone. An agent-specific cardiomyopathy equivalence ratio (relative to
doxorubicin) was estimated for each dose category as a ratio of the hazard ratios, and then a
weighted mean determined the overall agent-specific equivalence ratio across all dose
categories.

RESULTS Of 28 423 survivors (46.4% female; median age at cancer diagnosis 6.1 years [range,
0.0-22.7 years]), 9330 patients received doxorubicin, 4433 received daunorubicin, 342
received epirubicin, 241 received idarubicin, and 265 received mitoxantrone. After a median
follow-up of 20.0 years (range, 5.0-40.0 years) following receipt of a cancer diagnosis, 399
cardiomyopathy cases were observed. Relative to doxorubicin, the equivalence ratios were
0.6 (95% CI, 0.4-1.0) for daunorubicin, 0.8 (95% CI, 0.5-2.8) for epirubicin, and 10.5 (95% CI,
6.2-19.1) for mitoxantrone. Outcomes were too rare to generate idarubicin-specific estimates.
Ratios based on a continuous linear dose-response relationship were similar for daunorubicin
(0.5 [95% CI, 0.4-0.7]) and epirubicin (0.8 [95% CI, 0.3-1.4]). The relationship between
mitoxantrone and doxorubicin appeared better characterized by a linear exponential model.

CONCLUSIONS AND RELEVANCE In a large data set assembled to examine long-term
cardiomyopathy risk in childhood cancer survivors, daunorubicin was associated with
decreased cardiomyopathy risk vs doxorubicin, whereas epirubicin was approximately
isoequivalent. By contrast, the current hematologic-based doxorubicin dose equivalency of
mitoxantrone (4:1) appeared to significantly underestimate the association of mitoxantrone
with long-term cardiomyopathy risk.
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I t is estimated that half of children with cancer are currently
treated with anthracyclines (doxorubicin, daunorubicin, epi-
rubicin,andidarubicin)orananthraquinone(mitoxantrone).1

These agents have well-established associations with both acute
andchroniccardiomyopathy.2 Dependingonthecumulativedose
and other risk factors, such as concurrent chest radiation expo-
sure, age at exposure, and in some studies, female sex, the cu-
mulative incidence of clinical cardiomyopathy by 40 or 50 years
of age among survivors of childhood cancer can exceed 10% to
25%.3,4 Rates of subclinical cardiomyopathy may be substantially
greater, portending further risk as survivors age.5-7

With 5-year survival of childhood cancer now reaching
nearly 85%,8 balancing the potential long-term adverse ef-
fects of otherwise effective cancer treatments is an impor-
tant consideration. The design of cancer treatment protocols
is informed by both the anti-tumor efficacy and toxicity pro-
file of an agent. For many treatments, the traditional assump-
tion has been that the antileukemia potency of an agent is pro-
portional to its acute hematologic toxicity, and by extension,
proportional to toxicity in other organ systems.9 However, data
in both pediatric and medical oncology supporting this as-
sumption in relation to cardiotoxicity are limited.10,11 Never-
theless, many of the cardiotoxicity conversion ratios for agents
featured in the recommendations of various professional so-
cieties or clinical trials groups are based on these assump-
tions (eTable 1 in the Supplement).

In our recent work,12 we investigated the assumption that
daunorubicin was approximately isoequivalent to doxorubicin,
the most widely used anthracycline agent. Using a large pooled
international cohort of long-term childhood cancer survivors, we
found that daunorubicin was only half as cardiotoxic as doxo-
rubicin in relation to late (occurring after 5 years) severe, life-
threatening, or fatal cardiomyopathy. At the time, we had insuf-
ficient numbers of survivors exposed to other less commonly
used anthracyclines and mitoxantrone to examine their cardio-
toxicity equivalence to doxorubicin. However, with the recent
expansions of the Childhood Cancer Survivor Study (CCSS), the
Dutch Children’s Oncology Group’s (DCOG) LATER study, and the
St Jude Lifetime (SJLIFE) study, we now have access to long-term
cardiac outcomes among nearly 30 000 survivors of childhood
cancer, double the sample size of our prior analysis. Providing
more accurate estimates of late cardiotoxicity profiles of these
agents is important as treatment for childhood cancer continues
to be refined with the goal of reducing late adverse effects.
Increased accuracy of cardiotoxicity estimates may also inform
cardiomyopathy surveillance strategies.

Methods
Study Population
ChildhoodcancersurvivorcohortsfromtheCCSS,DCOG-LATER,
and SJLIFE studies have been described in detail previously.13-15

In brief, the CCSS cohort included patients younger than 21 years
at diagnosis, with the most common types of childhood cancer
that were treated at 1 of 27 institutions in North America from
1970 to 1999 and who survived at least 5 years following diag-
nosis. Those CCSS participants who were also members of SJLIFE

wereonlycountedonce(intheSJLIFEcohort).TheDCOG-LATER
cohort was a nationwide cohort of 5-year survivors of cancer di-
agnosed before 18 years of age recruited from all Dutch pediat-
ric oncology or hematology centers. Eligible diagnosis years
ranged from 1963 to 2001. Eligible cancers included those cat-
egorized by the International Classification of Childhood Can-
cer (third edition), plus selected low-grade central nervous sys-
tem tumors (astrocytoma and ependymoma) and systemic
multifocal/polyostotic Langerhans cell histiocytosis. The SJLIFE
study enrolled participants who had received a diagnosis of ma-
lignancy in childhood and were treated, irrespective of age, at
St Jude Children’s Research Hospital located in Memphis, Ten-
nessee, from 1962 to 2005 (at the time of the present analysis).
Forthepresentanalysis,SJLIFEcohortmemberssurvivedatleast
10 years from diagnosis and were at least 18 years of age at co-
hort entry. The protocols for CCSS, DCOG-LATER, and SJLIFE
were approved by the institutional review boards at all partici-
pating institutions. All participants (or their legal guardians) pro-
vided informed consent.

For all 3 cohorts, the original medical records were ab-
stracted to obtain the cumulative doses (in units of milli-
grams per square meter) of each anthracycline or the anthra-
quinone used to treat the original childhood cancer (and for
CCSS, any second cancers that presented within 5 years of origi-
nal cancer diagnosis). For all 3 cohorts, radiotherapy records
were also centrally reviewed, and field-specific maximum total
doses were calculated for the chest.4,16 Chest fields included
any abdominal fields that extended to the lower part of the
chest (ie, above the diaphragm) and also fields that included
the thorax (eg, shoulders, ribs, or supraclavicular areas), even
if the central chest was not a target.

Cardiomyopathy Assessment
For all 3 cohorts, we restricted cardiomyopathy cases to those oc-
curring after cohort entry and by 40 years of age and defined by
the Common Terminology Criteria for Adverse Events (version
4.03)17 as either severe or disabling (grade 3: requiring medical
treatment), life-threatening (grade 4), or fatal (grade 5). The CCSS
relied on patient or family self-report if corroborated by concur-
rent use of appropriate cardiac medications, supplemented by

Key Points
Question Can evidence-based equivalence ratios for late-onset
cardiomyopathy be determined between doxorubicin and other
anthracyclines or an anthraquinone agent among childhood cancer
survivors?

Findings This large cohort study of 28 423 childhood cancer
survivors with detailed cancer treatment exposures found that
compared with doxorubicin, the anthraquinone mitoxantrone was
associated with more cardiotoxic risk than current guidelines
would suggest, whereas the anthracycline daunorubicin was
associated with less cardiotoxic risk. The anthracycline epirubicin
appeared isoequivalent to doxorubicin.

Meaning The cardiotoxicity equivalence ratios determined in the
present study for the most commonly used cancer treatment
agents may influence the choice of agents when designing new
protocols.
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death certificates. The DCOG-LATER and SJLIFE studies ascer-
tained cardiomyopathy using medical records, death certificates,
and prospective clinical cardiac assessment. Case ascertainment
for the present analysis was censored at 40 years of age because
follow-up became sparse after that time point.

Statistical Analysis
Cumulative incidence of cardiomyopathy was first estimated as
a function of age with staggered entry to account for left trun-
cation, with death from other causes treated as a competing risk.
A separate Cox proportional hazards model with age as the time
scale was used to determine the dose-response relationships for
eachdrug(daunorubicin,epirubicin,idarubicin,ormitoxantrone)
relative to doxorubicin. Because most clinical groups have con-
sidered daunorubicin and epirubicin doses to be nearly equiva-
lent to doxorubicin (eTable 1 in the Supplement), the dose ranges
(in units of milligrams per square meter) for these drugs were
fairly similar to doxorubicin. Therefore, daunorubicin and epi-
rubicin were compared using their original dose values. Because
most clinical groups consider idarubicin and mitoxantrone to
have much greater hematologic toxicity at isoequivalent doses
to doxorubicin, the dose ranges for these drugs (in units of mil-
ligrams per square meter) were much lower than doxorubicin.
Thus, to facilitate comparability on the same therapeutically ad-
ministered dose scale (in units of milligrams per square meter)
asdoxorubicin,wemultipliedidarubicinandmitoxantronedoses
by a factor of 5 and 4, respectively (eTable 1 in the Supplement).
Forall4drugmodels,150-mg/m2 dosecategories(ie,0,<150,150-
299, and ≥300 mg/m2) were used. For each model, doxorubicin
and the respective comparative agent were adjusted for each
other, along with sex, age at cancer diagnosis, chest radiotherapy
exposure (0, <5, 5-14.9, 15-34.9, or ≥35 Gy), and an indicator for
exposure to another anthracycline or anthraquinone (besides the
2 being directly compared in the current model). To account for
the possibility of any cohort-specific effect, models were strati-
fied by cohort.

If a childhood cancer survivor developed a subsequent can-
cer before achieving survival for 5 (CCSS and DCOG-LATER)
or 10 (SJLIFE) years, the patient was either excluded from the
analysis (DCOG-LATER) or the treatment was taken into ac-
count (CCSS and SJLIFE). Individuals’ follow-up time began
at the age at which they entered the cohort and ended at the
time of reported grades 3 through 5 cardiomyopathy (event),
40 years of age, death, subsequent cancer, or the end of co-
hort follow-up, whichever occurred first. To account for the
intentional undersampling of survivors of acute lymphoblas-
tic leukemia who had received a diagnosis from 1987 to 1999,
sampling weights were used for CCSS participants, with table
percentages and model results reflecting these weights. In each
model, interactions of each drug with age at diagnosis, chest
radiotherapy dose, and sex were also assessed.

For each drug model, the equivalence ratio of the hazard ra-
tios (HRs) in each dose category was calculated in relation to
doxorubicin and then averaged to obtain an equivalence ratio
across all dose categories. Bootstrap with replacement from the
data with 1000 replications was used to calculate the 95% CIs.
The ratios were recomputed from each of these data sets, and the
CI was presented based on the 2.5th and 97.5th percentiles of the

bootstraps. For each drug, dose-response curves were also mod-
eled for each agent using linear relative rate models, which al-
lowed for the dose contribution to risk to be additive rather than
multiplicative. Models were weighted as before and included a
log-linear term to adjust for cohort, current age, sex, age at di-
agnosis, chest radiotherapy category, and exposure to any an-
thracycline or anthraquinone other than the 2 being compared.
A log-linear model with categorical anthracycline doses was first
fit because it paralleled the structure of the Cox model most
closely. Because it was possible that the relationship between an-
thracycline dose and cardiomyopathy risk was not linear, a lin-
ear exponential model assessed departure from linearity, with
the Akaike information criterion and likelihood ratio tests (for
nested models) used for model comparisons.

Finally, given concerns that changes in radiotherapy tech-
nique over time and lack of heart-specific dosimetry may con-
tribute to our findings, and separately, that survivors with
Down syndrome may be more susceptible to cardiotoxicity,18-21

separate sensitivity analyses were conducted excluding
participants with any chest radiotherapy and those with
Down syndrome. Data were analyzed using R (version 2.15,
The R Foundation) and SAS (version 9.4, SAS Institute Inc).
A 2-sided P < .05 was considered statistically significant.

Results
The pooled study population included 28 423 survivors (46.4%
female; Table 1 and Table 2) with a median age at cancer diag-
nosis of 6.1 years (range, 0.0-22.7 years) and a median follow-up
after cancer diagnosis of 20.0 years (5.0-40.0 years). In total,
9330 patients (34.8%) received doxorubicin with a median dose
of 181 mg/m2 (interquartile range [IQR], 119-320 mg/m2),
whereas 4433 patients (18.0%) received daunorubicin with a
median dose of 120 mg/m2 (IQR, 99-208 mg/m2). Other drugs
were less common: 342 patients received epirubicin (median
dose, 300 mg/m2; IQR, 240-400 mg/m2), 241 received idaru-
bicin (median dose, 36 mg/m2; IQR, 20-40 mg/m2; and 265 re-
ceived mitoxantrone (median dose, 40 mg/m2; IQR, 26-72 mg/
m2). Overall 1857 patients (7.4%) received more than 1 type of
anthracycline or anthraquinone (eTable 2 in the Supple-
ment), and 87 patients (0.4%) received more than 2 types.

The cumulative incidence of grade 3 to 5 cardiomyo-
pathy (n = 399) by 40 years of age was 3.4% (95% CI, 3.1%-
3.8%). Of these cases, 229 (56.2%) received only doxorubi-
cin, whereas 81 of the remaining cases were exposed to other
anthracyclines or mitoxantrone (Table 3). Forty-five cases re-
ceived chest radiotherapy without known anthracycline or mi-
toxantrone exposure, and 44 cases had no known history of
chest radiotherapy or cardiotoxic chemotherapy.

After multivariable adjustment, the mean equivalence ra-
tio between the HRs of daunorubicin and doxorubicin, in 150
mg/m2 increments, was 0.6 (95% CI, 0.4-1.0) and 0.5 (95% CI,
0.4-0.7) when a linear dose-response model was used (Table 3).
The performance of the linear and linear exponential dose-
response models was fairly similar in terms of Akaike infor-
mation criterion and log-likelihood values and appeared to be
a better fit than the log-linear model (Table 4).
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The mean equivalence ratio between the HRs of epirubicin
and doxorubicin was 0.8 (95% CI, 0.5-2.8) (Table 3) with simi-
lar findings from a linear dose-response model (0.8; 95% CI,
0.3-1.4) (Figure). The linear dose-response model performed bet-
ter than the less parsimonious log-linear model, whereas the lin-
ear exponential model was not estimable (Table 4).

Data for idarubicin were too sparse to generate a mean ra-
tio across the entire dose spectrum, with no cardiomyopathy
cases seen in the dose categories of less than 150 mg/m2 or of

300 mg/m2 or greater. For the 150 to 299 mg/m2 dose cat-
egory, idarubicin (after being multiplied by a factor of 5), ap-
peared to be equivalent to doxorubicin, with a mean ratio of
0.9 (95% CI, 0.2-2.3) (Table 3).

Mitoxantrone, even after multiplying doses by a factor of 4
to account for differences in therapeutic doses, was still associ-
ated with a greater risk of cardiomyopathy compared with doxo-
rubicin, with a mean equivalence ratio of 10.5 (95% CI, 6.2-19.1),
or approximately 2.6 times more cardiotoxic than what the con-

Table 2. Distribution of Anthracycline, Mitoxantrone, and Chest Radiotherapy Exposures by Cancer Diagnosis

Diagnosis

Participants, No. (%)a

Doxorubicin
(n = 9330)

Daunorubicin
(n = 4433)

Epirubicin
(n = 342)

Idarubicin
(n = 241)

Mitoxantrone
(n = 265)

Chest Radiotherapy
(n = 6240)

Leukemia 2498 (28.6) 3865 (44.2) 41 (0.5) 233 (2.7) 210 (2.4) 1126 (12.9)

Lymphoma 2637 (48.1) 545 (10.0) 96 (1.8) 5 (0.1) 54 (1.0) 2547 (46.5)

Brain tumor 25 (0.5) 1 (0.0) 1 (0.0) 3 (0.1) NA 1156 (23.9)

Neuroblastoma 737 (36.4) 7 (0.3) 41 (0.2) NA NA 325 (16.1)

Kidney tumor 945 (37.1) 3 (0.1) 125 (4.9) NA 1 (0.1) 567 (22.3)

Soft-tissue sarcoma 700 (34.9) 3 (0.1) 67 (3.3) NA NA 187 (9.3)

Bone tumor 1729 (80.4) 4 (0.2) 1 (0.0) NA NA 269 (12.5)

Other malignant neoplasm 59 (9.3) 5 (0.8) 7 (1.1) NA NA 63 (9.9)

Abbreviation: NA, not applicable.
a Percentages shown are the proportions of exposures across each row (ie, by diagnosis).

Table 1. Demographic and Clinical Characteristics of the Study Population

Characteristic

Participants, No. (%)
CCSS
(n = 20 367)a

DCOG-LATER
(n = 5741)

SJLIFE
(n = 2315)

Total
(N = 28 423)

Female sex 9570 (46.8) 2541 (44.3) 1104 (47.7) 13 215 (46.4)

Age at diagnosis, median (range), y 6.3 (0.0-21.0) 5.5 (0.0-17.9) 6.3 (0.0-22.7) 6.1 (0.0-22.7)

Primary childhood cancer diagnosis

Leukemia 5881 (37.3) 2012 (35.0) 847 (36.6) 8740 (36.3)

Lymphoma 4097 (18.0) 1004 (17.5) 376 (16.2) 5477 (17.7)

Brain tumor 3820 (16.7) 731 (12.7) 292 (12.6) 4843 (15.7)

Neuroblastoma 1600 (7.0) 302 (5.3) 121 (5.2) 2023 (6.6)

Kidney tumor 1814 (8.0) 566 (9.9) 167 (7.2) 2547 (8.3)

Soft-tissue sarcoma 1451 (6.4) 413 (7.2) 142 (6.1) 2006 (6.5)

Bone tumor 1704 (7.5) 326 (5.7) 121 (5.3) 2151 (7.0)

Other malignant neoplasm 0 387 (6.7) 249(10.8) 636 (2.1)

Treatment exposures

Doxorubicin 6686 (35.4) 1805 (31.8) 839 (36.3) 9330 (34.8)

Dose, median (IQR), mg/m2 198 (114-331) 150 (100-300) 185 (151-278) 181 (119-320)

Daunorubicin 2697 (16.7) 1084 (19.0) 652 (28.2) 4433 (18.0)

Dose, median (IQR), mg/m2 108 (98-265) 126 (120-175) 100 (50-105) 120 (99-208)

Epirubicin 1 (0.1) 340 (5.9) 1 (0.1) 342 (1.1)

Dose, median (IQR), mg/m2 175 300 (240-400) 270 300 (240-400)

Idarubicin 153 (1.1) 61 (1.1) 27 (1.2) 241 (1.1)

Dose, median (IQR), mg/m2 30 (20-41) 36 (35-36) 20 (11-36) 36 (20-40)

Mitoxantrone 99 (0.5) 139 (2.4) 27 (1.2) 265 (0.9)

Dose, median (IQR), mg/m2 47 (32-80) 40 (20-60) 50 (36-51) 40 (26-72)

Chest radiotherapy 4896 (22.9) 771 (13.4) 573 (24.8) 6240 (21.2)

Dose, median (IQR), Gy 26 (15-37) 24 (16-35) 25 (15-30) 25 (15-36)

Attained age, median (range), y 27.1 (5.6-40.0) 27.3 (5.1-40.0) 31.6 (18.9-40.0) 27.5 (5.1-40.0)

Cardiomyopathy casesb 270 (1.4) 106 (1.8) 23 (1.0) 399 (1.4)

Abbreviations: CCSS, Childhood
Cancer Survivor Study; DCOG-LATER,
Dutch Children’s Oncology Group
LATER cohort; IQR, interquartile
range; SJLIFE, St Jude Lifetime
Cohort Study.
a Percentages may not match

numbers because percentages
reflect weighting used in the CCSS
for patients with acute
lymphoblastic leukemia; reported
median values and IQR also reflect
weighting.

b Defined using Common
Terminology Criteria for Adverse
Events, grade 3 or higher, requiring
medical treatment, life-threatening,
or fatal.
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ventional 4-fold multiplier would suggest (Table 3). Whereas the
mitoxantrone to doxorubicin linear dose-response model sug-
gested a ratio of 13.8 (95% CI, 8.0-21.6), there was evidence for
nonlinearity beyond the dose category of 300 mg/m2 or more be-
cause the exponential term for both drugs was significant in an
alternative linear exponential model (P < .05) (Table 4 and
Figure). However, even when the analysis was restricted to doxo-

rubicin doses of less than 300 mg/m2 and mitoxantrone doses
of less than 75 mg/m2, the linear dose-response ratio remained
high albeit imprecise at 8.1 (95% CI, 0.5-16.1).

Although radiotherapy to the chest was associated with the
development of grade 3 to 5 cardiomyopathy (15-34.9 Gy vs none,
HR 2.1 [95% CI, 1.6-2.8]; ≥35 Gy vs none, HR 3.5 [95% CI, 2.5-4.8],
based on a Cox model with daunorubicin), there was no evidence

Table 4. Dose-Response Models Examined and Corresponding Akaike Information Criterion
and Log-Likelihood Deviance

Description Modela
Akaike Information
Criterion

Log-Likelihood
Deviance

Daunorubicin vs
doxorubicin

Log-linear
modelb

Risk = exp (ΣαX) exp (0.56 doxoi1 + 1.51 doxoi2 + 2.52
doxoi3 + 0.34 dauni1 + 0.99 dauni2 + 1.76 dauni3)

6123.1 6089.1

Linear modelc Risk = exp (ΣαX) [1 + 0.02963 doxo_dose + 0.01571
daun_dose]

6098.8 6072.8

Linear
exponential
modelc

Risk = exp (ΣαX) [1 + 0.01674 doxo_dose × exp
(0.00157 doxo_dose) + 0.0129 daun_dose × exp
(0.000597 daun_dose)]

6092.4 6062.4

Epirubicin vs
doxorubicin

Log-linear
modelb

Risk = exp (ΣαX) exp (0.37 doxoi1 + 1.41 doxoi2 + 2.41
doxoi3 + 0.73 epii1 + 0.71 epii2 + 1.83 epii3)

6247.5 6213.5

Linear modelc Risk = exp (ΣαX) [1 + 0.02203 doxo_dose +0.01685
epi_dose]

6235.8 6209.8

Linear
exponential
modelc

Not estimable

Mitoxantrone vs
doxorubicind

Log-linear
modelb

Risk = exp (ΣαX) exp (0.43 doxoi1 + 1.46 doxoi2 + 2.44
doxoi3 + 1.51 mitoxi1 + 1.34 mitoxi2 + 3.89 mitoxi3)

6197.7 6163.7

Linear modelc Risk = exp (ΣαX) [1 + 0.02313 doxo_dose + 0.07966
mitox_dose]

6192.0 6166.0

Linear
exponential
modelc

Risk = exp (ΣαX) [1 + 0.01265 doxo_dose × exp
(0.0017 doxo_dose) + 0.02498 mitox_dose × exp
(0.0036 mitox_dose)]

6178.7 6148.7

Abbreviations: daun, daunorubicin;
doxo, doxorubicin; epi, epirubicin;
mitox, mitoxantrone.
a exp (ΣαX) contains these

covariates: sex, age at cancer
diagnosis, current age, chest
radiotherapy exposure, exposure to
another anthracycline or
anthraquinone, and cohort.

b Based on dose categories with no
dose as referent, where listed
covariates are indicators (i1 = 1-149;
i2 = 150-299; and i3 = �300
mg/m2).

c Based on continuous dose (in units
of milligrams per square meter).

d Mitoxantrone dose (in units of
milligrams per square meter) first
multiplied by 4 to facilitate
comparability to doxorubicin on the
same mg/m2 scale.

Table 3. Cardiomyopathy HRs and Mean Equivalence Ratios for Various Anthracyclines or Mitoxantrone Relative to Doxorubicin

Exposure

Participants, No. HR (95% CI)a Ratio (95% CI)
Clinical
Cardiomyopathy

Dose
Information <150 mg/m2 150-299 mg/m2 ≥300 mg/m2 Mean

Linear Dose-Response
Model

Daunorubicin 65 4328 1.4 (0.9-2.1) 2.8 (1.7-4.5) 6.0 (3.8-9.3)

Doxorubicin 1.8 (1.2-2.6) 4.6 (3.3-6.4) 12.6 (9.8-16.3)

Daunorubicin to
doxorubicin ratio

0.8 0.6 0.5 0.6 (0.4-1.0) 0.5 (0.4-0.7)

Epirubicin 9 342 1.9 (0.3-13.7) 2.4 (0.6-9.9) 6.0 (2.6-13.9)

Doxorubicin 1.5 (0.99-2.2) 4.2 (3.1-5.7) 11.3 (8.8-14.4)

Epirubicin to
doxorubicin ratio

1.3 0.6 0.5 0.8 (0.5-2.8) 0.8 (0.3-1.4)

Idarubicinb 5 238 0 3.8 (1.5-9.5) 0

Doxorubicin 1.4 (0.9-2.1) 4.1 (3.0-5.7) 11.1 (8.6-14.1)

Idarubicin to
doxorubicin ratio

0 0.9 0 NE NE

Mitoxantronec 19 261 4.2 (1.8-9.9) 4.2 (1.6-11.4) 48.3 (24.2-96.5)

Doxorubicin 1.5 (1.0-2.3) 4.4 (3.2-6.0) 11.6 (9.1-15.0)

Mitoxantrone to
doxorubicin ratio

2.8 1.0 4.2 10.5 (6.2-19.1)d 13.8 (8.0-21.6)d

Abbreviations: HRs, hazard ratios; NE, not estimable.
a Patient without exposure to the given anthracycline or anthraquinone as

referent; models were adjusted for sex, age at diagnosis, exposure to any
other anthracycline or mitoxantrone besides the 2 being compared,
and stratified by cohort.

b Idarubicin doses multiplied by a factor of 5 to facilitate comparability to

doxorubicin doses; at a level of less than 150 mg/m2, 82 patients had dose
information (none with cardiomyopathy); at a level of 300 mg/m2 or higher,
28 patients had dose information (none with cardiomyopathy).

c Mitoxantrone doses multiplied by a factor of 4 to facilitate comparability to
doxorubicin doses.

d Multiplied by a conversion factor of 4 (eg, mean ratio of 2.6 × 4 = 10.5).
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of an interaction between chest radiotherapy and doxorubicin
(P = .39), daunorubicin (P = .69) or mitoxantrone (P = .97). Ow-
ing to small numbers of cases, we could not estimate the inter-
action between chest radiotherapy and epirubicin or chest radio-
therapy and idarubicin. Given concerns that changes in radiation
technique and lack of heart-specific doses may contribute to our
findings, we conducted analyses excluding survivors with any
chest radiation exposure and generally found similar results
(eTable 3 in the Supplement).

In sensitivity analyses, when 208 survivors with Down syn-
dromewereexcluded(ofwhom7hadgrade3-5cardiomyopathy),
themeanequivalenceratiosbasedonmeanHRswerelargelysimi-
lar: daunorubicin (0.6; 95% CI, 0.4-0.9), epirubicin (0.8; 95% CI,
0.5-2.9)andmitoxantrone(8.8;95%CI,4.7-18.5).Estimatesbased
on linear dose-response models were also similar to the initial
analyses: daunorubicin (0.5; 95% CI, 0.3-0.7), epirubicin (0.8;
95% CI, 0.3-1.3), and mitoxantrone (10.8; 95% CI, 5.7-17.8).

Discussion
Among nearly 30 000 long-term survivors of childhood can-
cer, we found that by 40 years of age, mitoxantrone was 10
times as cardiotoxic (or more) when compared with the same
dose of doxorubicin. By contrast, daunorubicin was approxi-
mately half as cardiotoxic when compared with doxorubicin,
consistent with our prior finding.12 Epirubicin appeared to be
approximately isoequivalent to doxorubicin although the
bounds of the 95% CIs ranged from approximately 0.5 to 3.

The discovery and application of mitoxantrone and epiru-
bicin were motivated by the desire to identify effective but less
toxic alternatives to doxorubicin. Both agents began to be incor-
poratedintotreatmentprotocolsapproximately40yearsago.22-24

Initial reports, primarily from breast cancer studies, suggested
that mitoxantrone (at one-fifth the mg/m2 dose of doxorubicin)
was associated with less acute toxicity, including cardiotoxicity,

than doxorubicin.25 A cardiotoxicity equivalence ratio of around
2 has been commonly cited.26 In children, a doxorubicin to mi-
toxantrone substitution rule of 4:1 has been commonly accepted
for both anti-tumor efficacy and toxicity.9,27 Nevertheless, ro-
bust data supporting this ratio in terms of long-term cardiotox-
icityhavebeenlacking.11,28 Althoughmitoxantronehasbeenused
much less frequently than doxorubicin or daunorubicin (eTable 2
in the Supplement), mitoxantrone remains an integral compo-
nent of frontline treatment of acute myeloid leukemia29-32 and
is often used in relapsed acute lymphoblastic leukemia.33

Similar to mitoxantrone, early studies of patients with breast
cancer suggested that epirubicin may be less cardiotoxic than
doxorubicin,34,35 andacardiotoxicityequivalenceratioof0.5was
commonly cited.26 More recent analyses pooling breast cancer
treatmentcohortssuggestedthatepirubicintrendedtowardbeing
less cardiotoxic than doxorubicin, although the CIs were wide
(pooled odds ratio, 0.6; 95% CI, 0.3-1.3).36 In pediatrics, a con-
version factor of 0.67 has been commonly adopted,9,27 although
evidence supporting this ratio with regard to cardiotoxicity is
lacking.11 Compared with mitoxantrone, current use of epirubi-
cin in pediatrics is more limited; it is used occasionally as part
of therapy for relapsed sarcoma.37

A recent systematic review and harmonization effort of the
cardiomyopathy screening guidelines for survivors of childhood
cancer established a high-risk cumulative anthracycline dose
threshold of 250 mg/m2.11 Although our data were not based on
randomizedcomparisonsofchildrentreatedwithvariousanthra-
cyclines or anthraquinones, our findings would suggest that the
commonly used doxorubicin conversion ratios for daunorubi-
cin (approximately 1.0) and mitoxantrone (approximately 4.0)
should be reconsidered (eTable 1 in the Supplement) and perhaps
revised (downward and upward, respectively). Insufficient data
exist to recommend the revision of the epirubicin to doxorubi-
cin equivalence ratio (typically 0.5 to 1.0). The present results
might inform the selection of future anthracyclines in treatment
protocols and prompt consideration of potentially less cardio-

Figure. Risk of Cardiomyopathy Associated With Epirubicin (A) and With Mitoxantrone (B) Relative to Doxorubicin
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toxicliposomalformulationsorconcurrentadministrationofcar-
dioprotectants, such as dexrazoxane. The adult data suggest that
these strategies can be effective,10,38,39 but pediatric data remain
limited.11 Finally, our findings may also allow for better person-
alization of care, when regimens with equivalent anticancer ef-
ficacy may be evaluated more accurately with respect to their
long-term cardiotoxicity risk.

Limitations
In pediatric cancer survivorship, the relative rarity of signifi-
cant cardiomyopathy among children and the long latency be-
tween exposure and development of cardiac disease makes re-
liance on randomized clinical trial data difficult. In illustration
of this, although our analysis featured one of the largest ag-
gregations of childhood cancer survivors and clinical cardio-
myopathy cases ever published, to our knowledge, even after
a median follow-up of 20 years following a cancer diagnosis,
the number of cardiomyopathy cases associated with epiru-
bicin, idarubicin, and mitoxantrone remained small (<20 per
drug). Therefore, it is important to continue follow-up as par-
ticipants age and the risk of cardiovascular disease increases
further. It is also possible that the conversion ratios between
different agents may change with further follow-up.

Another potential limitation of our analysis is that the larg-
est proportion of our study participants came from the CCSS,
which relies on self-report supplemented with death records.
However, prediction models for grade 3-5 cardiomyopathy based
on CCSS data worked similarly in other cohorts that ascertained
theiroutcomesviamedicalrecordsandclinicalassessment.3 Con-
sistentwithourfindings,priordatafromtheNetherlands(includ-
ing approximately 500 patients in this analysis) found that when

examined by echocardiography, there was a suggestion that pa-
tients treated with daunorubicin were more likely to have pre-
served left ventricular systolic function vs those treated with
doxorubicin, whereas epirubicin-associated changes were simi-
lar in magnitude to doxorubicin, albeit after exposure to higher
mean epirubicin doses.5

Conclusions
In summary, even as there is growing interest and development
of more targeted therapies that rely on activating the immune
system,fortheforeseeablefuture,conventionalcytotoxicagents,
such as anthracyclines and mitoxantrone, will remain an inte-
gral part of treatment of many childhood cancers (eg, leukemia,
lymphoma, sarcoma, neuroblastoma, and more advanced stage
Wilms tumor). Although cardiac mortality among survivors of
childhood cancer has decreased in recent decades,40 overall car-
diac morbidity, including the incidence of heart failure, has not
changed significantly from the 1970s to the 1990s.41 To reduce
morbidity in future generations of long-term survivors, we will
need to continue to test the efficacy of combination chemo-
therapy that incorporates less cardiotoxic agents as well as
investigate new formulations and other cardioprotective
strategies.42 Among contemporary agents, in relation to doxo-
rubicin, our estimates for mitoxantrone suggest that a conver-
sion ratio of 4 may substantially underestimate its long-term car-
diotoxicity risk in children, whereas a daunorubicin ratio of 1 may
overestimate cardiotoxicity. A better understanding of the long-
term effects of these agents may enhance long-term overall sur-
vival without necessarily compromising cancer-free survival.
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