
Screening Adult Survivors of Childhood Cancer for
Cardiomyopathy: Comparison of Echocardiography and
Cardiac Magnetic Resonance Imaging
Gregory T. Armstrong, Juan Carlos Plana, Nan Zhang, Deokumar Srivastava, Daniel M. Green,
Kirsten K. Ness, F. Daniel Donovan, Monika L. Metzger, Alejandro Arevalo, Jean-Bernard Durand,
Vijaya Joshi, Melissa M. Hudson, Leslie L. Robison, and Scott D. Flamm

Gregory T. Armstrong, Nan Zhang,
Deokumar Srivastava, Daniel M. Green,
Kirsten K. Ness, Monika L. Metzger,
Melissa M. Hudson, and Leslie L.
Robison, St. Jude Children’s Research
Hospital; F. Daniel Donovan, Methodist
Hospitals of Memphis; Alejandro
Arevalo and Vijaya Joshi, The University
of Tennessee Health Science Center,
Memphis, TN; Juan Carlos Plana and
Scott D. Flamm, The Cleveland Clinic,
Cleveland, OH; and Jean-Bernard
Durand, The University of Texas MD
Anderson Cancer Center, Houston, TX.

Submitted November 2, 2011; accepted
May 16, 2012; published online ahead
of print at www.jco.org on July 16,
2012.

Supported by American Society of Clini-
cal Oncology Career Development
Award (G.T.A.), by Cancer Center
Support (CORE) Grant No. CA 21765 to
St. Jude Children’s Research Hospital,
and by the American Lebanese-Syrian
Associated Charities.

Authors’ disclosures of potential con-
flicts of interest and author contribu-
tions are found at the end of this
article.

Corresponding author: Gregory T.
Armstrong, MD, MSCE, Department of
Epidemiology and Cancer Control, St.
Jude Children’s Research Hospital, 262
Danny Thomas Place, Mailstop 735,
Memphis, TN 38105; e-mail: greg
.armstrong@stjude.org.

© 2012 by American Society of Clinical
Oncology

0732-183X/12/3023-2876/$20.00

DOI: 10.1200/JCO.2011.40.3584

A B S T R A C T

Purpose
To compare two-dimensional (2D) echocardiography, the current method of screening for
treatment-related cardiomyopathy recommended by the Children’s Oncology Group Guide-
lines, to cardiac magnetic resonance (CMR) imaging, the reference standard for left ventricular
(LV) function.

Patients and Methods
Cross-sectional, contemporaneous evaluation of LV structure and function by 2D and three-
dimensional (3D) echocardiography and CMR imaging in 114 adult survivors of childhood cancer
currently median age 39 years (range, 22 to 53 years) exposed to anthracycline chemotherapy
and/or chest-directed radiation therapy.

Results
In this survivor population, 14% (n � 16) had an ejection fraction (EF) less than 50% by CMR.
Survivors previously undiagnosed with cardiotoxicity (n � 108) had a high prevalence of EF (32%)
and cardiac mass (48%) that were more than two standard deviations below the mean of
normative CMR data. 2D echocardiography overestimated the mean EF of this population by 5%.
Compared with CMR, 2D echocardiography (biplane method) had a sensitivity of 25% and a
false-negative rate of 75% for detection of EF less than 50%, although 3D echocardiography had
53% and 47%, respectively. Twelve survivors (11%) had an EF less than 50% by CMR but were
misclassified as � 50% (range, 50% to 68%) by 2D echocardiography (biplane method). Detection
of cardiomyopathy was improved (sensitivity, 75%) by using a higher 2D echocardiography cutoff
(EF � 60%) to detect an EF less than 50% by the reference standard CMR.

Conclusion
CMR identified a high prevalence of cardiomyopathy among adult survivors previously undiag-
nosed with cardiac disease. 2D echocardiography demonstrated limited screening performance. In
this high-risk population, survivors with an EF 50% to 59% by 2D echocardiography should be
considered for comprehensive cardiac assessment, which may include CMR.

J Clin Oncol 30:2876-2884. © 2012 by American Society of Clinical Oncology

INTRODUCTION

More than 80% of children diagnosed with a malig-
nancy will become 5-year survivors of their cancer,1

the majority of whom will survive into adulthood.2

As a result, the National Cancer Institute’s Office of
Cancer Survivorship projected that, as of 2005, there
were 328,600 survivors of childhood cancer in the
United States.3 Thus, improved survival has led to a
new and growing population of adult survivors of
childhood cancer that did not exist just a few decades
ago. However, treatment for childhood cancer may
include chemotherapeutic agents, such as the an-
thracycline class of drugs, and/or chest-directed ra-

diation therapy (RT). Both have been documented
to have an adverse impact on cardiac function in the
immediate treatment period and to increase the risk
for reduced left ventricular (LV) function later on in
adolescence and young adulthood.4-8

Guidelines for screening and early detection of
cardiomyopathy, developed by the Children’s On-
cology Group, recommend transthoracic two-
dimensional (2D) echocardiography because it is a
noninvasive and widely available technique.9

However, 2D echocardiography is dependent on
the quality of the acoustic windows obtained and
on geometric assumptions that may not be valid
in patients with dilated or remodeled ventricles.10
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Three-dimensional (3D) echocardiography may improve on some of
the limitations imposed by 2D echocardiography. Cardiac magnetic
resonance (CMR) imaging is considered the reference standard to
which alternative cardiac imaging techniques are compared for mea-
surement of cardiac structure and function.11-13 CMR imaging has
demonstrated superior intraobserver and interobserver reproducibil-
ity and accuracy compared with echocardiography in both normal
and remodeled ventricles as a result of its large field of view with data
acquisition that encompasses the entire heart, lack of limitation by
acoustic windows, and absence of geometric assumption bias through
its use of the disc-summation volumetric calculation technique.10,14

We evaluated the ability of transthoracic 2D and 3D echocardiography
to identify cancer survivors with decreased ejection fraction (EF) com-
pared with CMR imaging.

PATIENTS AND METHODS

Study Participants

The St. Jude Lifetime Cohort Study (SJLIFE) is a longitudinal cohort of
adult survivors of cancer diagnosed before reaching age 21 years, treated at St.
Jude Children’s Research Hospital (SJCRH), now 10 or more years from their
original cancer diagnosis, and age � 18 years.15 Participation involved com-
pletion of questionnaires and a risk-based medical evaluation as recom-

mended by the Long-Term Follow-Up Guidelines for Survivors of Childhood,
Adolescent, and Young Adult Cancers9 developed by the Children’s Oncology
Group. Details of eligibility, recruitment methods, and study design were
published previously.15

This study is an analysis of data from five pilot studies, convenience
sampled from the larger SJLIFE cohort (Fig 1), that used contemporaneous
evaluation by echocardiography and CMR. Recruitment was discontinued for
each study when the accrual target was met. Survivors were treated with
chest-directed RT and/or anthracycline chemotherapy. Patients with an im-
planted medical device or a history of congenital heart disease were excluded.
Of 134 who agreed to participate in the study, 114 completed the evaluation.
Of those, 108 were previously undiagnosed with cardiac dysfunction (ie, my-
ocardial infarction, acute coronary syndrome, coronary artery bypass grafting,
or percutaneous coronary intervention, or they were previously told by a
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(N = 956)

Not exposed to anthracyclines
and/or chest RT

(n = 264)

Not selected for recruitment
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Refused participation
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   achieved prior to
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(n = 80)
(n = 149)

Could not complete 
   CMR
      Claustrophobia
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      Obesity
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      Other
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(n = 6)
(n = 3)
(n = 2)
(n = 2)
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Fig 1. Study recruitment flow diagram. CMR, cardiac magnetic resonance
imaging; RT, radiotherapy; SJLIFE, St Jude Lifetime Cohort Study.

Table 1. Demographic and Treatment Characteristics (n � 114)

Characteristic No. % Mean SD

Current age, years 38.3 6.3
Median 38.5
Range 22.7-53.7

Age at diagnosis, years 10.5 5.8
Median 11.3
Range 0.02-19.0

Time since diagnosis, years 27.74 4.6
Median 27.8
Range 18.4-38.3

Sex
Male 47 41
Female 67 59

Race
White 103 90
Black 11 10

Diagnosis
Acute lymphoblastic leukemia 44 39
Hodgkin’s lymphoma 37 32
Osteosarcoma 11 9
Non-Hodgkin’s lymphoma 8 7
Acute myeloid leukemia 6 5
Neuroblastoma 3 3
Ewing sarcoma 2 2
Wilms tumor 2 2
Soft tissue sarcomas 1 1

Anthracycline cumulative dose
exposure, mg/m2 186 173

Median 117
Range 0-803
� 350 29 25
� 150-350 16 14
1-150 52 46
None 17 15

RT dose to chest, Gy
None 77 68
1-30 16 14
� 30 21 18

Cardiovascular risk factors
Hypertension 29 25.4
Diabetes 8 7.0
Dyslipidemia 60 52.6
Chronic renal insufficiency 0 0.0
Overweight (BMI 25-� 30) 35 30.7
Obese (BMI � 30) 38 33.3

Abbreviations: BMI, body mass index; RT, radiotherapy; SD, stand-
ard deviation.

Screening Adult Survivors of Childhood Cancer for Cardiomyopathy

www.jco.org © 2012 by American Society of Clinical Oncology 2877



physician that they had cardiac disease or LV dysfunction). This investigation
was approved by the institutional review board at SJCRH.

Outcome Measures

Participants were evaluated with 2D and 3D echocardiography and CMR
within a 48-hour period. Noninvasive assessment of cardiac function by CMR
was performed on a commercially available 3.0 Tesla GE TwinSpeed system
(General Electric, Milwaukee, WI) equipped with parallel imaging methods,
electrocardiographic gating, and an 8-channel cardiac phased-array coil.
LVEF, volumes, and mass measurements were obtained by using breath hold
ECG-gated 2D cine steady-state free-precession sequences in the 2-chamber,
3-chamber, 4-chamber, and contiguous short-axis orientations. Imaging pa-
rameters were repetition time, 3.4 ms; echo time, 1.5 ms; flip angle of 30
degrees; slice thickness, 10 mm; field of view, 240 to 320 mm; matrix, 256 � 192;
and acquired typical in-plane spatial resolution, 1.5 � 1.2 mm. Computation of
end-diastolic volumes, end-systolic volumes, stroke volume, cardiac output, and
LV mass were performed in standard fashion.16 CMR analysis was supervised
and/or performed by a single investigator (S.D.F.) at a cardiovascular magnetic
resonance core laboratory by using the commercially available software package
cmr42 (Circle Cardiovascular Imaging, Calgary, Ontario, Canada).

All echocardiograms were performed by using a General Electric Vivid-7
echocardiography machine (General Electric) and a standardized imaging
protocol. A complete 3D as well as a 2D echocardiogram with Doppler and
time-motion mode (M-mode) were performed and reported by following the

Intersocietal Commission for the Accreditation of Echocardiography Labora-
tories (ICAEL) guidelines. LV volumes, function, and mass were calculated by
using the recommendations of the American Society of Echocardiography.17

For 3D echocardiographic assessment, a full-volume acquisition of the left
ventricle was obtained. The end-diastolic and end-systolic volumes, as well as
the EF were calculated by using the 4D left ventricular quantification algorithm
on a commercially available EchoPAC Workstation (General Electric). Echo-
cardiographic analysis was performed by a single investigator (J.C.P.) at an
echocardiography core laboratory.

Demographic and Exposure Variables

Cumulative dose of anthracycline exposure and maximum dose of chest-
directed RT exposure were quantified by medical record abstraction. Patients
included in this analysis completed the SJLIFE questionnaire and a physi-
cal examination.

Statistical Analyses

For the 114 survivors evaluated, descriptive statistics quantified cardiac
volumes, function, and demographic and diagnosis-related variables. Paired t
tests compared cardiac parameters measured by echocardiography with those
measured by CMR. Comparisons of EF, stroke volume, and cardiac output
were based on the raw scores, whereas raw scores indexed for body-surface
area were used for comparisons of LV end-diastolic volumes, end-systolic
volumes, and cardiac mass. Pearson’s correlation was calculated between

Table 2. Comparison of Measures of Cardiac Structure and Function Obtained by CMR and Echocardiogram

Variable No. of Patients� Mean Range SD P†

Ejection fraction (%)
CMR 114 55.9 38.4-68.5 5.8 —
3D echocardiography 113 54.7 42.3-73.0 5.9 .08
2D echocardiography

Biplane 113 61.0 45.0-83.2 6.9 � .001
Apical 4-chamber 114 61.2 26.2-80.2 8.6 � .001
Teichholz 108 59.3 13.4-89.0 13.4 .01

Left ventricular end-diastolic volume/body-surface area (mL/m2)
CMR 114 70.5 34.7-112.8 14.2 —
3D echocardiography 113 58.1 29.9-95.6 11.9 � .001
2D echocardiography

Biplane 97 48.6 22.9-100.2 13.4 � .001
Apical 4-chamber 114 46.9 22.8-104.4 13.1 � .001

Left ventricular end-systolic volume/body-surface area (mL/m2)
CMR 114 31.5 16.7-60.2 9.1 —
3D echocardiography 113 26.2 12.6-45.5 6.4 � .001
2D echocardiography

Biplane 97 18.9 6.4-49.7 7.0 � .001
Apical 4-chamber 114 18.3 6.3-49.2 7.1 � .001

Stroke volume (mL)
CMR 114 75.4 32.6-121.1 17.9 —
3D echocardiography 113 61.1 22.1-128.5 17.6 � .001
2D echocardiography

Biplane 97 56.9 20.3-115.8 17.6 � .001
Apical 4-chamber 98 55.4 20.3-139.4 20.2 � .001

Cardiac output (mL/min)
CMR 114 5.5 3-10 1.3 —
3D echocardiography 113 4.3 1.9-8.2 1.2 � .001

Cardiac mass/body-surface area (g/m2)
CMR 114 44.9 29.3-73.3 8.8 —
2D echocardiography (Teichholz) 74 61.1 26.3-138.6 18.1 � .001

Fractional shortening (%)
2D echocardiography 97 33.8 17.0-57.3 7.4 —

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CMR, cardiac magnetic resonance �imaging�; SD, standard deviation.
�No. of patients with sufficient image quality for evaluation.
†P for comparison of specific echocardiography modality with CMR.
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echocardiography and CMR measurements. Sensitivity, specificity, false-
negative rate, and false-positive rate for echocardiography were calculated to
assess the validity of echocardiography for detection of abnormal EF compared
with CMR. Because reduced LV function on screening should result in referral for
further evaluation, misclassification of LV function by echocardiography com-
pared with CMR was assessed at a 50% cut point. Bland-Altman plots evaluated
agreement (bias) between echocardiography and CMR assessment of EF. To
determine the prevalence of cardiomyopathy among the 108 survivors previously
undiagnosed with cardiomyopathy, detailed descriptive statistics for cardiac pa-
rameters measured by CMR were computed by stratifying the population by their
radiation and anthracycline exposure status. Expected means for the survivor
population were calculated by using normative values corresponding to each
survivor’s age and sex group from published normative data.16

RESULTS

Of 134 patients recruited onto the study, 114 patients (85%) completed
evaluations. Twenty were unable to complete the CMR (Fig 1). The

median age at evaluation was 39 years (range, 22 to 53 years; Table 1), and
survivors were a median of 28 years (range, 18 to 38 years) from cancer
diagnosis. Acute lymphoblastic leukemia (n � 44) and Hodgkin’s lym-
phoma(n�37)were themostcommondiagnoses.TheprevalenceofEF
less than 50% was 14% (n � 16; CMR), 19% (n � 22; 3D echocardiog-
raphy), 5% (n � 6; 2D biplane echocardiography), 7% (n � 8; 2D apical
4-chamber echocardiography), and 21% (n � 24; Teichholz method).

The mean EF by 3D echocardiography (54.7%) did not differ
from that by CMR (55.9%; P � .08). The mean EF on all 2D echocar-
diographic methods (area-length using biplane or apical 4-chamber
and Teichholz M-mode) were 5% higher than with CMR (P � .01;
Table 2). In addition, 2D echocardiographic methods had wider
ranges and standard deviations (SD) than CMR. Measures of volume
were consistently lower with both 2D and 3D echocardiography than
with CMR, but cardiac mass was overestimated by 2D echocardiogra-
phy compared with CMR (P � .01).

-40

-20

0

20

40

-40

-20

0

20

40

-40

-20

0

20

40

-40

-20

0

20

40

45

40 50 60 70

50 55 6560 7055

FE )enalpib( OHCE D2 dna FE RM fo egarevAFE OHCE D3 dna FE RM fo egarevA

60 655045 0704

55 60 655045 0704

+1.96 SD

13.98

Mean

1.08

-1.96 SD

-11.82

+1.96 SD

11.43

Mean

-5.35

-1.96 SD

-22.13

+1.96 SD

22.11

Mean

-3.11

-1.96 SD

-28.33

+1.96 SD

8.69

Mean

-5.16

-1.96 SD

-19.01

M
RI

 E
F–

3D
 E

CH
O 

EF

M
RI

 E
F–

2D
 E

CH
O 

(b
ip

la
ne

) E
F

Average of MR EF and 2D ECHO (A4C) EF Average of MR EF and 2D ECHO (Teichholz) EF

M
RI

 E
F–

3D
 E

CH
O 

(A
4C

) E
F

M
RI

 E
F–

2D
 E

CH
O 

(T
ei

ch
ho

lz)
 E

F

BA

C D

Fig 2. Bland-Altman plots for agreement of cardiac magnetic resonance imaging (MRI) with (A) three-dimensional (3D) echocardiography (ECHO), (B) two-dimensional
(2D) biplane echocardiography, (C) 2D apical 4-chamber (A4C), and (D) Teichholz method for assessment of ejection fraction (EF). SD, standard deviation.

Screening Adult Survivors of Childhood Cancer for Cardiomyopathy

www.jco.org © 2012 by American Society of Clinical Oncology 2879



All echocardiographic methods correlated poorly with CMR
(Teichholz, r � .29; apical 4-chamber view, r � .34; biplane echocar-
diography, r � .39; 3D echocardiography, r � 0.37; Appendix Table
A1, online only). Bland-Altman measures of agreement with CMR
(Fig 2) demonstrated wide ranges of agreement for both 2D and 3D
echocardiography, although a smaller bias (mean difference) was
noted for 3D echocardiography (bias, 1%; Bland-Altman limits of
agreement [� 1.96 standard deviation], �11.8% to 14.0%); for CMR
and 2D echocardiography: 2D biplane (bias, �5.2%; �19.0% to
8.69%), 2D apical 4-chamber (bias, �5.4%; �22.1% to 11.4%), and
Teichholz M-mode (bias, �3.1%; �28.3% to 22.1%).

Compared with a CMR-determined cutoff of less than 50% for
EF, 2D echocardiographic methods demonstrated reduced sensitivity
(25% to 29%; Table 3) with improvement by using 3D echocardiog-
raphy (sensitivity 53%). High false-negative rates were observed with
echocardiography (3D, 47%; 2D, 71% to 75%). Survivors with an EF
less than 50% by CMR (n � 16; Fig 3) but identified as � 50% by
echocardiography were identified (3D echocardiography: seven pa-
tients, 6%; 2D biplane echocardiography: 12 patients, 11%).

Among 108 participants previously undiagnosed with cardio-
myopathy, 32% had an EF by CMR more than 2 SD below estab-
lished age- and sex-stratified normal values (Table 4),16 with the
highest prevalence among those who received both anthracyclines
and chest-directed RT (42%). The mean EF by CMR was 56%
(expected mean, 64%). Few survivors had evidence of dilated
cardiomyopathy (prevalence, 1%), yet almost half (48%) had re-
duced cardiac mass (� 2 SD below normal). Notably, even patients
who received less than 150 mg/m2 of anthracyclines had a high
prevalence of reduced (� 2 SD below normal) EF (27%), stroke
volume (29%), or cardiac mass (56%).

DISCUSSION

Echocardiography is the recommended instrument for noninvasive
screening of childhood cancer survivors for detecting reduced LV
function.9 The American Society of Echocardiography specifically
identifies 2D echocardiography assessment using the biplane method
of disks (modified Simpson’s rule) as the echocardiographic method
of choice by consensus for both screening and monitoring of func-
tion.17 However, the validity of 2D echocardiogram to detect abnor-
mal LV function in this population has not been tested. More recently,

3D echocardiography based on volumetric measurement rather than
estimation may better approximate true LV function, but it is not
routinely available for clinical use.

CMR is the reference standard measure of cardiac structure (vol-
ume, mass) and function (EF).11,12,18 Unlike 2D echocardiographic
techniques, CMR does not rely on geometric assumptions or calcula-
tions based on incomplete sampling of cardiac volumes.19 It is nonin-
vasive and does not require exposure to ionizing radiation as does
radionuclide ventriculography or cardiac computed tomography. De-
spite these advantages, CMR is not currently the recommended
screening tool for evaluation of cardiac function among adult survi-
vors of childhood cancer exposed to cardiotoxic therapies, primarily
because of the higher cost of CMR as well as limited availability. On the
basis of exposure rates from the Childhood Cancer Survivor Study,20

we estimate that 47% of all survivors were exposed to anthracyclines
and/or chest-directed RT. When estimates of numbers of survivors in
the population are carried forward to 2011,3 it is likely that there are
more than 172,000 survivors in the United States previously exposed
to cardiotoxic therapy. Thus, understanding the strengths and limita-
tions of echocardiography compared with CMR as a screening tool for
detection of reduced cardiac function is essential.

Although an EF between 50% and 55% is considered to be in the
mildly abnormal range,17 adult survivors exposed to cardiotoxic ther-
apy who develop an EF less than 50% should certainly be referred for
further cardiology assessment and for consideration of medical inter-
vention (angiotensin-converting enzyme inhibitors or beta blockade).
The ideal screening test for detection of treatment-induced cardiomy-
opathy should be readily available at reasonably low cost. It should also
have a high sensitivity such that patients with an EF less than 50%
would be correctly identified and referred to a cardiologist for addi-
tional evaluation. Further, this screening test should have a low false-
negative rate so that, among survivors screened and identified to have
an EF � 50%, the number of patients with true cardiac dysfunction
would be minimized. Although our findings are limited by the small
number of patients with an EF less than 50%, they suggest that 2D
echocardiographic screening (using the biplane method) may not
achieve the desired level of accuracy (sensitivity of 25% and
false-negative rate of 75%) required for an ideal screening test. Use of
3D echocardiography may improve sensitivity (53%) as well as the
false-negative rate (47%), yet it fails to reproduce the performance of
CMR in individual patients.

Table 3. Screening Performance of Echocardiogram Compared With CMR for Detection of an EF � 50%

Variable

3D
Echocardiography

2D Echocardiography

Biplane Apical 4-Chamber Teichholz

No. % No. % No. % No. %

Patients with EF � 50%� 22 6 8 24
Sensitivity 53 25 25 29
Specificity 86 98 96 79
False-negative rate 47 75 75 71
False-positive rate 14 2 4 21
Positive predictive value 36 67 50 17
Negative predictive value 92 89 89 88

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CMR, cardiac magnetic resonance �imaging�; EF, ejection fraction.
�Frequency of patients for a given modality with an EF � 50% (n � 16 for CMR).
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Despite these poor screening characteristics, we identified no
difference in the mean EF between CMR and 3D echocardiography.
This suggests that despite variability between these two modalities on
any given individual, 3D echocardiography may provide meaningful
estimates of EF across a large population that approach those obtained
by CMR. By contrast, 2D echocardiographic methods report a mean
EF 5% higher than CMR. In addition, 2D echocardiographic methods
have a wider range of values (increased variability) compared with
CMR as seen in the increased SD, the low correlation with CMR
values, and the wide Bland-Altman limits of agreement. Although
this analysis focused on EF as the primary screening end point, it is
worth noting that both end-systolic and end-diastolic ventricular
volumes were generally underestimated by 2D echocardiography, a

finding documented in previous studies that have compared
these modalities.10

Perhaps the most clinically relevant approach to assessing echo-
cardiography as a screening device is to identify the number of patients
within our study population who would have been misclassified by
routine 2D echocardiography screening (ie, identified to have an
abnormal EF by CMR but a normal EF by echocardiography). Fortu-
nately, this number is relatively low (11%) when using an EF cutoff of
50% (2D biplane method), primarily because only 16 survivors had an
EF less than 50% by CMR.

To the best of our knowledge, we present the first CMR assess-
ment of prevalence of cardiotoxicity in a population of survivors
previously undiagnosed with cardiac disease. We identified a mean EF
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of 56% and also that one third of these previously undiagnosed survi-
vors had a CMR EF more than 2 SD below the expected mean when
using age- and sex-stratified normal CMR data. Notably, despite pre-
vious reports that anthracycline-mediated injury results in a dilated
cardiomyopathy,21 few adult survivors have increased ventricular vol-
umes. Nearly half of all survivors in our study have reduced cardiac
mass indicative of therapy-related injury. Of greatest concern, among
patients who received doses of anthracyclines lower than 150 mg/m2

(traditionally thought to be a safe dose range) and who are currently
healthy (ie, not previously diagnosed with cardiac compromise), 27%
were found to have reduced EF and 56% had reduced cardiac mass.

Limitations of this analysis should be considered in the interpre-
tation of the results. Despite being the largest direct comparison of
CMR and echocardiography to date, the analysis of the screening
parameters of echocardiography is limited by the low absolute num-
ber (n � 16) of patients with an EF less than 50% by CMR. Thus,
although we report the direct comparison by assessing sensitivity,
false-negative rate, and misclassification, these findings should be
interpreted in light of this study’s limited sample size. In addition,
since the primary aim of this analysis was comparison of multiple
screening modalities, the sample was selected by convenience from the
larger SJLIFE population. Thus, even among survivors previously
undiagnosed with cardiotoxicity, there is the possibility that our prev-
alence rates of abnormalities in structure and function may not be
representative of the entire SJLIFE population. However, we clearly

describe key demographic variables (current age, cumulative dose of
anthracyclines, and chest RT exposure), allowing clinicians to assess
the generalizability of these results relative to their specific population.

Two factors—the cost differential and the reduced availability of
CMR compared with echocardiography—have previously resulted in
use of echocardiography as the front-line imaging modality. National
Medicare figures22 for global reimbursement rates for CMR ($449)
and echocardiography ($232) suggest an absolute differential of only
$217 per examination. Although a full accounting of downstream and
other costs is not included in this study, considering a misclassification
of 11% for 2D echocardiography, the additional cost of a CMR-only
screening strategy per case of cardiotoxicity identified is $1,973 ($217/
11%), a cost low enough to warrant further consideration and inves-
tigation. At present, however, the limited availability of CMR
compared with echocardiography is real and may prevent use of CMR
in the broad population of cancer survivors at risk for cardiomyopa-
thy. Finally, 15% of our population was unable to complete CMR
evaluation for a variety of reasons. On the basis of the limited ability of
echocardiography to identify survivors with an EF less than 50%,
future studies of larger cohorts are needed to conduct cost-benefit
analyses that take into account the high rate of patients unable to
complete a CMR evaluation.

Considering that 2D echocardiography remains the screening
modality of choice, the most important contribution of this analysis is
to better define how to most effectively use echocardiography as a

Table 4. CMR Results in Survivors Who Received Low-Dose (� 150 mg/m2) or High-Dose (� 350 mg/m2) Anthracyclines, RT Only, or RT Plus Anthracyclines
Among Patients Previously Undiagnosed With Cardiotoxicity

Variable
No. of Evaluable

Patients Median Range Mean SD
Expected

Mean�

Prevalence
Beyond 2

SD of
Normal

No. %

Ejection fraction (%)
� 150 mg/m2 anthracycline, no RT 45 58.5 50.6-67.0 58.1 4.1 63.9 12 27
� 350 mg/m2 anthracycline, no RT 26 55.9 42.4-66.1 55.5 5.7 64.1 9 35
RT only 18 57.2 40.8-68.5 55.3 7.1 64.1 6 33
RT plus anthracycline 19 55.1 41.3-65.5 54.5 5.5 64.1 8 42
Total 108 57.2 40.8-68.5 56.3 5.5 64.0 35 32

End-diastolic volume/body-surface area (mL/m2)
� 150 mg/m2 anthracycline, no RT 45 67.9 34.7-100.7 66.0 14.3 83.0 0 0
� 350 mg/m2 anthracycline, no RT 26 80.4 53.5-102.5 77.6 13.5 79.9 1 4
RT only 18 62.8 43.9-88.0 63.7 11.3 78.8 0 0
RT plus anthracycline 19 70.4 52.6-86.9 68.7 8.74 80.7 0 0
Total 108 70.2 34.7-102.5 69.7 13.5 81.2 1 1

Stroke volume, mL
� 150 mg/m2 anthracycline, no RT 45 75.1 40.5-121.1 77.5 19.2 96.6 13 29
� 350 mg/m2 anthracycline, no RT 26 85.1 45.6-116.7 81.5 16.8 95.3 4 15
RT only 18 69.0 32.6-105.4 67.8 16.1 96.6 6 33
RT plus anthracycline 19 70.6 44.4-113.1 73.1 16.1 95.3 6 32
Total 108 74.1 32.6-121.1 76.06 18.0 96.1 29 27

Cardiac mass/body-surface area (g/m2)
� 150 mg/m2 anthracycline, no RT 45 41.2 29.3-61.9 42.6 8.1 55.5 25 56
� 350 mg/m2 anthracycline, no RT 26 45.7 32.8-73.3 46.2 9.1 59.8 11 43
RT only 18 44.6 32.4-68.9 45.0 10.3 61.4 12 67
RT plus anthracycline 19 43.4 34.4-57.6 45.5 6.5 58.6 4 21
Total 108 43.5 29.3-73.3 44.4 8.5 58.0 52 48

Abbreviations: CMR, cardiac magnetic resonance �imaging�; RT, radiotherapy; SD, standard deviation.
�Based on normative, age- and sex-stratified CMR data.
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screening evaluation. On the basis of our data, survivors with 2D
echocardiography (biplane method) EF values greater than 60% can
be reasonably certain to have normal cardiac function. In addition, use
of a 2D echocardiography cutoff for referral to less than 60% EF (as
opposed to � 50% with the biplane method) improved sensitivity
(75% sensitive) for detection of a CMR EF of less than 50%. Thus, for
this high-risk population, previously exposed to cardiotoxic therapy,
consideration should be given to referring survivors with an EF of 50%
to 59% by 2D echocardiography for comprehensive cardiology assess-
ment that includes cardiac history, symptom index and examination,
biomarker assessment, consideration of CMR, functional assessment
by treadmill testing, and possibly medical therapy to prevent progres-
sion of disease. Future studies should consider the use of intravenous
contrast with echocardiography, a technique that may provide better
definition of ventricular volumes, perhaps improving sensitivity as
well, although there would be additional cost and the need for intra-
vascular access. Evidence from the general population indicating that
intervention with angiotensin-converting enzyme inhibitors signifi-
cantly decreases the progression of heart failure (Studies of Left Ven-
tricular Dysfunction [SOLVD] trial,23 risk reduction 29%; P � .001)
among patients with asymptomatic ventricular dysfunction suggests
that early identification of asymptomatic cardiotoxicity in survivors
may be important. However, randomized trials of medical interven-
tions among survivors of childhood cancer are needed.

In conclusion, we showed that 2D echocardiography demon-
strates limited performance for detection of reduced EF among survi-
vors of childhood cancer treated with chemotherapy or RT. CMR
identifies that even previously undiagnosed survivors who received
low-dose anthracycline exposure have significant rates of subclinical
dysfunction. These findings should inform clinical use of echocardi-
ography for screening by suggesting a lower threshold for additional
cardiology referral in this population exposed to cardiotoxic therapy.
In addition, future evaluation of this study population is needed to
assess for cardiac events, hospitalizations, and cardiac mortality that
will identify whether survivors within this low normal range for EF by

2D echocardiography may eventually develop heart failure. The de-
sign of the SJLIFE study, to provide lifetime follow-up, including
screening evaluations, for these aging survivors will allow future iden-
tification of the development of cardiotoxicity in this population.
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