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A B S T R A C T

Purpose
We aimed to determine the prevalence of left ventricular systolic dysfunction (LVSD), including
symptomatic (ie, heart failure [HF]) and asymptomatic LVSD in adult lymphoma survivors (LSs)
after autologous hematopoietic stem-cell transplantation (auto-HCT) and to identify risk factors for
LVSD in this population.

Patients and Methods
All LSs treated with auto-HCT as adults in Norway from 1987 to 2008 were eligible for this national
cross-sectional study. Asymptomatic LVSD was defined as left ventricular ejection fraction less
than 50% by echocardiography, and HF was defined according to current recommendations. The
results in LSs were compared with those found in an age- and sex-matched (1:1) control group.

Results
We examined 274 LSs (69% of all eligible survivors); 62% were men, the mean (� standard
deviation) age was 56 � 12 years, and mean follow-up time from lymphoma diagnosis was 13 �
6 years. The mean cumulative doxorubicin dose was 316 � 111 mg/m2, and 35% of LSs had
received additional radiation therapy involving the heart. We found LVSD in 15.7% of the LSs, of
whom 5.1% were asymptomatic. HF patients were symptomatically mildly affected, with 8.8% of
all LSs classified as New York Heart Association class II, whereas more severe HF was rare
(1.8%). Compared with controls, LSs had a substantially increased LVSD risk (odds ratio, 6.6; 95%
CI, 2.5 to 17.6; P � .001). A doxorubicin dose � 300 mg/m2 and cardiac radiation therapy dose
greater than 30 Gy were independent risk factors for LVSD.

Conclusion
LVSD was frequent and HF more prevalent than previously reported in LSs after auto-HCT. Our
results may help to identify LSs at increased LVSD risk and can serve as a basis for targeted
surveillance strategies.

J Clin Oncol 33:2683-2691. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Since the mid-1980s, high-dose chemotherapy with
autologous hematopoietic stem-cell transplantation
(auto-HCT) has been offered to patients with re-
lapsed or refractory lymphomas and selected, previ-
ously untreated patients at particularly high risk for
relapse.1-4 Transplantation strategies and supportive
care have evolved since the start of the HCT era,
resulting in improved survival.5 Lymphoma survi-
vors (LSs) who are in complete remission for more
than 2 years after auto-HCT have a favorable long-

term prognosis, with 10-year survival rates exceed-
ing 80% for some subgroups.6 Consequently, there
is an increasing interest in treatment-related late ef-
fects. Compared with age-matched controls, HCT
survivors have a close to three-fold increased risk of
cardiovascular complications,7 and cardiovascular
diseases are the leading nonmalignant cause of death
in this population.8,9

Heart failure (HF) is a serious complication of
lymphoma treatment and can occur many years af-
ter completed therapy.10 Anthracyclines and radia-
tion therapy involving the heart (cardiac-RT),

JOURNAL OF CLINICAL ONCOLOGY O R I G I N A L R E P O R T

VOLUME 33 � NUMBER 24 � AUGUST 20 2015

© 2015 by American Society of Clinical Oncology 2683

Downloaded from ascopubs.org by UIO BIBLIOTEK MEDISIN OG on December 4, 2016 from 091.186.070.020
Copyright © 2016 American Society of Clinical Oncology. All rights reserved.

http://www.jco.org
mailto:sbmurk@ous-hf.no
http://dx.doi.org/10.1200/JCO.2015.60.8125


including direct and/or scattered irradiation, are important determi-
nants for the development of HF.11,12 In addition, female sex, hyper-
tension, diabetes mellitus type 2, and more cycles of chemotherapy
before HCT have been identified as risk factors for the subsequent
development of HF.10,13,14 The different conditioning regimens have
not been shown to be associated with the risk of subsequent HF.10,13

However, these latter findings have been made in heterogeneous pa-
tient populations receiving both autologous and allogeneic HCT and
may not be valid in adult LSs after auto-HCT.

Depending on the observation period from auto-HCT, the re-
ported prevalence of HF in LSs has ranged from 2% to 9%,9,10,13 but
the prevalence of asymptomatic left ventricular systolic dysfunction
(LVSD) is unknown. Asymptomatic LVSD is found to be more
prevalent than HF in the general population,15,16 to precede the
development of overt HF, and to be associated with increased
cardiac morbidity and mortality.17 Echocardiography may be sen-
sitive to detect LVSD, and identification and early treatment of
asymptomatic LVSD may prevent the development of HF. To our
knowledge, no study has assessed the prevalence of LVSD, includ-
ing both HF and asymptomatic LVSD, in LSs after auto-HCT.
Consequently, we aimed to assess the prevalence of LVSD in this
population compared with controls and to identify risk factors for
LVSD in adult LSs after auto-HCT.

PATIENTS AND METHODS

Study Design, Participant Eligibility, and Recruitment

The patients were recruited as part of a cross-sectional Norwegian mul-
ticenter study.18 Eligibility criteria were as follows: treatment with auto-HCT
for Hodgkin lymphoma (HL) or non-Hodgkin lymphoma (NHL) in Norway
from 1987 to 2008; age � 18 years at auto-HCT; and being alive at time of
survey. The only exclusion criterion was current treatment for relapsed lym-
phoma. The LSs were identified through medical records and registries at each
university hospital and cross-checked against reports from HCT meetings, the
clinical quality registry for lymphomas at Oslo University Hospital, and radio-
therapy registries. All eligible LSs were contacted by mail, and those who did
not respond within 6 weeks received a reminder; further approaches were not
performed. The survey included self-reported questionnaires and a compre-
hensive medical examination including echocardiography and exercise capac-
ity testing. The medical examinations were performed between March 2012
and March 2014, usually at the same university hospital where the LSs received
their auto-HCT (Fig 1). The study was approved by the South East Regional
Committee for Medical and Health Research Ethics. Written informed con-
sent was provided by all participants.

Treatment

Details on treatment were obtained retrospectively from medical re-
cords, the lymphoma registry at the Oslo University Hospital, and radiother-
apy registries. The use of anthracyclines (ie, doxorubicin and daunorubicin),
cyclophosphamide, cisplatin, and bleomycin was registered, and the total
cumulative dose was calculated for doxorubicin and cyclophosphamide. Cu-
mulative daunorubicin doses were converted to doxorubicin isotoxic doses
using a conversion factor of 0.83.19 We registered the total number of treat-
ment lines of chemotherapy given before auto-HCT. Some patients received
reduced-intensity allogeneic stem-cell transplantation after auto-HCT as a
result of relapse, and this was also registered.

Conditioning regimens consisted of total-body irradiation (TBI) and
high-dose cyclophosphamide from 1987 to 1995. Thereafter, patients re-
ceived chemotherapy only, including carmustine, etoposide, cytarabine,
and melphalan.18

Subgroups received radiation therapy, and for the purpose of the this
study, cardiac-RT was registered (mediastinal fields, mantle fields, and TBI;

total dose, 13 Gy as 10 fractions in 5 days; estimated cardiac-RT dose equiva-
lent to approximately 20 Gy). All mediastinal radiation fields were re-
evaluated to confirm cardiac involvement, and the cumulative cardiac-RT
dose for each LS was registered. On the basis of the median cumulative
anthracycline dose and a previously reported cutoff for high-dose cardiac-
RT,20 the LSs were categorized into the following four groups: low-dose an-
thracyclines (� 300 mg/m2), higher dose anthracyclines (� 300 mg/m2),
anthracyclines and low-dose cardiac-RT (equivalent to � 30Gy), and anthra-
cyclines and high-dose cardiac-RT (� 30 Gy).

Control Group

Controls were recruited from the third wave of the Nord-Trøndelag
Health Study,21 which includes an echocardiographic database consisting of
1,266 participants without known cardiovascular disease, hypertension, or
diabetes mellitus.22 The controls were matched 1:1 based on age, sex, systolic
blood pressure, and body mass index.

Echocardiography

Left ventricular systolic function was reported as left ventricular ejection
fraction (LVEF) by Simpson’s biplane rule.23 We defined LVSD (asymptom-
atic [stage B HF]24 and symptomatic [ie, HF]) as an LVEF less than 50%,16 and
HF was defined as recommended by the American College of Cardiology and
the American Heart Association (corresponding to stage C or D HF).24 Images
in controls were reassessed, and all data analyses in patients and controls were
performed by the same investigator (K.M.), who was also blinded to the
lymphoma treatment. On the basis of reassessment of images in 25 randomly
chosen LSs, the intraobserver variability for LVEF (mean difference � stan-
dard deviation) was 3.9% � 2.9%, and the intraclass correlation coefficient
was 0.94.

Measurement of Peak Oxygen Consumption

Maximal, upright, symptom-limited exercise testing was performed in
participants in Oslo and Trondheim. The bicycle test was performed as previ-
ously recommended, with an individualized, stepwise protocol where the

Auto-HCT for lymphoma 1987–2008
(N = 728)

Patients alive at survey (2012)
(n = 407)

Survivors invited to participate
(n = 399)

Excluded (n = 8)
  No address (n = 3)
  Emigrated (n = 1)
  Relapsed disease (n = 4)

Declined/no response /did not attend (n = 124)
Died prior to examination (n = 1)

Completed examinations (n = 274)
)881 = n( olsO nI  
)14 = n( miehdnorT nI  
)42 = n( negreB nI  
)12 = n( eosmorT nI  

Deceased*
(n = 321)

Fig 1. Chart of recruitment of eligible lymphoma survivors after autologous
hematopoietic stem-cell transplantation (auto-HCT) in Norway. (*) Twelve pa-
tients (3.7%) died as a result of cardiac disease.
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workload was increased every minute to reach the age-, sex-, and weight-
adjusted expected maximum load after approximately 10 minutes.25

Simultaneous hemodynamic monitoring and gas exchange analysis were
performed. We calculated the oxygen consumption per kilogram per minute,
and then expressed the peak result as a percentage of the age-, weight-, and
sex-adjusted reference values.25-27

Clinical Assessments

All participants underwent a medical examination and blood sampling.
Experienced clinicians performed a standardized interview and documented
comorbidities, whether participants could perform physical activity with/
without dyspnea, and current cardiovascular medications. Blood pressure was
measured repeatedly, and the mean of the three most consistent measures was
used for analysis. We defined hypertension as either systolic blood pressure �
140 mmHg, diastolic blood pressure � 90 mmHg, or current treatment with
antihypertensive agents.

Blood samples were collected at 8:00 am after an overnight fast. The
blood was analyzed for lipids, creatinine, glucose, glycated hemoglobin (he-
moglobin A1c), hemoglobin, and N-terminal pro-B-type natriuretic peptide.
Hypercholesterolemia was defined as low-density lipoprotein � 4.1 mmol/L
(160 mg/dL) or the use of lipid-lowering agents in individuals without known
cardiovascular disease. Thyroid disease was defined as abnormal thyroid func-
tion tests or the use of thyroid hormone replacement therapy. Diabetes melli-
tus (type 1 or 2) was defined as hemoglobin A1c � 6.5% or fasting glucose �
7.0 mmol/L and/or the current use of antidiabetic medication.

Statistical Analysis

Data are presented as means � standard deviations, median and ranges,
or numbers and percentages. Independent t test and one-way analysis of
variance were used to compare normally distributed data. Mann-Whitney U
and Kruskal-Wallis tests were used to compare skewed data. �2 test or Fisher’s
exact test was used for categorical data.

We used logistic regression analysis to estimate the overall risk for LVSD
in LSs compared with controls. Multivariable logistic regression analysis, ad-
justed for age and sex, was used to estimate the relative risk for LVSD in
treatment groups compared with controls. Because of the inclusion of only
healthy controls without known cardiovascular disease, hypertension, and
diabetes, we applied the same criteria in the LSs for methodologic reasons.
Therefore, we excluded 52 LSs who had already been diagnosed with any of
these comorbidities before the survey in all regression analyses concerning
comparisons with controls.

Multivariable logistic regression was used to identify variables associated
with LVSD (dependent variable) in all LSs. Univariable regression analysis was
performed on a predefined set of variables including number of cardiovascular
risk factors (diabetes mellitus, hypertension, hypercholesterolemia, thyroid
disease, and current smoking), treatment-related variables, and patient char-
acteristics. Doxorubicin and cyclophosphamide were both dichotomized ac-
cording to median cumulative dose, and the number of lines of chemotherapy
before auto-HCT was entered as an ordinal variable. In the multivariable
model, we included explanatory variables that were associated with the depen-
dent variable in univariable regression analysis with a P � .15. Tests to exclude
colinearity were performed, and the assumptions for logistic regression anal-
ysis were met. Statistical analyses were performed using SPSS version 21.0
(SPSS, Chicago, IL). P � .05 was considered statistically significant.

RESULTS

In total, 274 LSs (69% of all eligible survivors) participated in the
survey. Among the patients who died before the survey, 12 patients
(3.7% of all those who died) died from cardiovascular disease (Fig 1).
The primary diagnosis (NHL or HL), sex, mean cumulative doxoru-
bicin dose, proportion receiving cardiac-RT, age at survey, and time
from auto-HCT did not differ from nonparticipants (data not
shown). Among the participants, the median age at survey was 56

years (range, 25 to 77 years), 62% were men, and 78% had NHL as
primary diagnosis. The median observation time from primary diag-
nosis was 13 years (range, 4 to 34 years). TBI and high-dose cyclophos-
phamide were used as conditioning regimen in 38 patients (14%),
whereas the remaining received carmustine, etoposide, cytarabine,
and melphalan. The mean cumulative doxorubicin dose was 316 �
111 mg/m2, 95% had received � 450 mg/m2, and one LS was doxo-
rubicin naive. Ten LSs received daunorubicin in addition to doxoru-
bicin. A total of 35% of LSs (n � 97) had been treated with cardiac-RT
(median total dose, 29.75 Gy; range, 19 to 67 Gy). Table 1 lists clinical
and demographic characteristics by treatment groups. One LS had
known LVSD before auto-HCT.

LVEF

LSs with HF and asymptomatic LVSD had median LVEFs of 43%
(range, 27% to 53%) and 47% (range, 36% to 49%), respectively. The
overall distribution of LVEF is illustrated in Figure 2. One patient
previously diagnosed with overt HF (LVEF, 37%) had an LVEF �
50% at survey.

Prevalence and Risk of LVSD

The prevalence of LVSD in the LSs was 15.7% (95% CI, 11% to
20%; Fig 3; 18.2% in men v 11.5% in women; P � .17 for sex differ-
ence). Twenty-nine patients (10.6%) had overt HF, whereas 14 pa-
tients (5.1%) had asymptomatic LVSD. The LSs had a significantly
increased risk for LVSD compared with the controls (odds ratio [OR],
6.6; 95% CI, 2.5 to 17.6; P � .001; Fig 3). Apart from the low-
anthracycline group (� 300 mg/m2), all treatment groups had in-
creased risk of LVSD compared with controls. The highest risk was
observed in LSs treated with anthracyclines and high-dose cardiac-RT
(� 30 Gy) (Fig 3).

LVSD and Associated Risk Factors

Table 2 lists clinical data in the LSs with and without LVSD. In
univariable regression analyses, younger age at lymphoma diagnosis,
longer observation time since the primary diagnosis, a doxorubicin
dose � 300 mg/m2, cardiac-RT more than 30 Gy, and three or more
lines of chemotherapy before auto-HCT were all significantly associ-
ated with LVSD (Table 3). There was an association of borderline
significance between LVSD and having two or more cardiovascular
risk factors.

In the multivariable analysis, only doxorubicin � 300 mg/m2

(OR, 3.3; 95% CI, 1.2 to 8.9; P � .02) and cardiac-RT more than 30 Gy
(OR, 4.3; 95% CI, 1.7 to 11.4; P � .003) remained significantly asso-
ciated with LVSD (Table 3). A borderline significance remained to-
ward an association between LVSD and having two or more
cardiovascular risk factors (P � .08).

Symptom Severity in Patients With HF

The majority of the LSs with HF were mildly affected and classi-
fied as New York Heart Association (NYHA) class II (n � 24, 8.8% of
all LSs). Severe HF (NYHA class III) was observed in five LSs (1.8% of
all LSs), all of whom had received cardiac-RT in addition to anthracy-
clines. None of the LSs were classified as NYHA class IV.

Peak Oxygen Uptake

Peak oxygen uptake was measured in 221 participants (81%),
including 38 LSs with LVSD (88% of LSs with LVSD). The mean peak
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Table 1. Patient Demographic and Clinical Characteristics According to Treatment Groups at Time of Survey

Characteristic
Anthracyclines �

300 mg/m2 (n � 65)
Anthracyclines �

300 mg/m2 (n � 112)

Anthracyclines and
Cardiac-RT � 30

Gy (n � 59)

Anthracyclines and
Cardiac-RT � 30

Gy (n � 38) P�

Age at diagnosis, years � .001
Mean 42 46 35 31
SD 13 13 11 10

Observation since diagnosis, years � .001
Mean 10 12 18 15
SD 4 5 7 5

Time from diagnosis to auto-HCT, years � .001
Median 0.4 1.7 1.2 1.7
Range 0.2-10.6 0.3-21.4 0.2-17.2 0.6-22.7

Non-Hodgkin lymphoma, % 95 87 71 32 � .001
Men, % 69 62 59 58 .60
Body mass index, kg/m2 .52

Mean 27 26 26 26
SD 3 4 4 5

Systolic blood pressure, mmHg � .001
Mean 137 132 129 121
SD 20 20 17 20

Diastolic blood pressure, mmHg .006
Mean 80 77 75 74
SD 10 10 9 11

Smoking, % .80
Current 20 19 19 16
Ever 43 44 44 32
Never 37 37 37 53

Cancer treatment
Doxorubicin, mg/m2 � .001

Median 215 400 300 400
Range 0-275 300-520 150-775 80-729

Cyclophosphamide, g/m2 � .001
Median 3.6 6.0 5.8 3.0
Range 0-4.4 0-10.7 0-12.3 0-8.0

Cardiac-RT, Gy � .001
Median — — 20 40
Range — — 19-30 31-67

Lines of chemotherapy before auto-HCT, % � .001
1 61 17 36 5
2 37 64 52 69
� 3 2 19 12 26

Cisplatin, % 3 5 3 3 .82
Bleomycin, % 5 9 20 24 .005
Allogeneic HCT after auto-HCT, % 0 14 2 3 .001

Comorbidities, %
Hypertension 35 37 39 21 .28
Diabetes mellitus 6 10 19 5 .08
Hypercholesterolemia 39 38 49 42 .55
Thyroid disease 9 9 15 34 .001

Laboratory parameters
Hemoglobin, g/dL .83

Mean 14.0 13.9 14.0 14.1
SD 1.2 1.4 1.3 1.1

Creatinine, �mol/L .38
Mean 80 85 81 79
SD 16 28 18 18

N-terminal pro-B-type natriuretic peptide, pmol/L .08
Median 17 16 14 35
Range 2-303 1-538 2-321 2-379

Glycated hemoglobin, % .04
Mean 5.7 5.8 6.0 5.6
SD 0.5 0.7 1.0 0.5

(continued on following page)
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oxygen consumption in all LSs was 27.1 � 7.4 mL/kg/min corre-
sponding to 102% � 21% of the age-, weight-, and sex-adjusted
expected values. The mean peak oxygen consumption in LSs with
asymptomatic LVSD (103% � 20%) was similar to that measured in
LSs without LVSD (Table 2). In contrast, the mean peak oxygen
consumption in LSs with HF was lower (87% � 18%, P � .02 v LSs
with asymptomatic LVSD).

DISCUSSION

To our knowledge, this study is the first to systematically examine the
prevalence of LVSD, including asymptomatic LVSD, in LSs after auto-
HCT. LVSD was identified in 15.7% of the LSs. Every third LS with
LVSD was asymptomatic, and these patients had similar peak oxygen
consumption as those without LVSD and comparable peak oxygen
consumption to those in a normal population. The LSs with HF were

predominantly mildly affected but had a significantly reduced exercise
capacity compared with those with asymptomatic LVSD. Severe
symptomatic HF was rare. Compared with controls, the risk of LVSD
in LSs was six- to seven-fold increased. Cumulative doses of doxoru-
bicin � 300 mg/m2 and cardiac-RT greater than 30 Gy were indepen-
dent risk factors for LVSD in this cohort of LSs.

In the general population, asymptomatic LVSD, defined as LVEF
� 50%, was found in 3.3% using comparable methods as in the
present survey,16 whereas in a heterogenous cancer population, 34%
had LVEF less than 50% (by magnetic resonance imaging) 6 months

Table 1. Patient Demographic and Clinical Characteristics According to Treatment Groups at Time of Survey (continued)

Characteristic
Anthracyclines �

300 mg/m2 (n � 65)
Anthracyclines �

300 mg/m2 (n � 112)

Anthracyclines and
Cardiac-RT � 30

Gy (n � 59)

Anthracyclines and
Cardiac-RT � 30

Gy (n � 38) P�

Total cholesterol, mmol/L .52
Mean 5.4 5.5 5.4 5.2
SD 1.1 1.2 1.1 1.2

Low-density lipoprotein cholesterol, mmol/L .73
Mean 3.4 3.5 3.4 3.3
SD 1.0 1.0 1.1 1.2

Current medication, %
Cardioactive medication 11 16 29 11 .03
Statin 12 8 24 18 .04
�-blocker 6 10 7 5 .73
ACEI/ARB 9 6 25 8 .002
Calcium channel blockers 2 4 10 0 .04

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; auto-HCT, autologous hematopoietic stem-cell transplantation;
cardiac-RT, radiation therapy involving the heart; SD, standard deviation.

�P values are derived from one-way analysis of variance and Kruskal-Wallis test.
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Fig 2. Distribution of left ventricular ejection fraction (LVEF) in lymphoma
survivors (LSs). Bars (blue, patients with left ventricular systolic dysfunction
[LVSD]; gold, patients without LVSD) indicate number of patients within each
designated LVEF interval.
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Fig 3. Odds ratios (ORs) for estimated risk of left ventricular systolic dysfunc-
tion (LVSD) in cancer-related treatment groups compared with controls, adjusted
for age and sex. Controls are used as reference. Bars indicate OR. AC,
anthracycline (in mg/m2); RT, radiation therapy involving the heart (in Gy). (*) P �
.01 compared with controls. Lymphoma survivors already diagnosed with cardio-
vascular disease (ie, heart failure, myocardial infarction, or valvular replacement),
hypertension, or diabetes mellitus at time of survey are excluded from the
comparisons with controls.
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Table 2. Characteristics and Clinical Data in LSs With LVSD and Without LVSD

Characteristic LSs With LVSD (n � 43) LSs Without LVSD (n � 231) P�

Age at lymphoma diagnosis, years .03
Mean 38 43
SD 13 14

Observation time since lymphoma diagnosis, years .001
Mean 16 12
SD 6 6

Body mass index, kg/m2 .52
Mean 26 26
SD 5 4

Heart rate, beats/min .001
Mean 72 66
SD 11 10

Smokers, % .12
Current 11 19
Ever 33 42
Never 56 39

Comorbidities, %
Hypertension 33 35 .75
Diabetes mellitus 16 9 .14
Hypercholesterolemia 44 41 .67
Thyroid disease 29 14 .02

Cancer treatment
Doxorubicin, mg/m2 .003

Median 400 300
Range 200-600 0-775

Cyclophosphamide, mg/m2 .14
Median 6.0 4.5
Range 0-11.5 0-12.3

Lines of chemotherapy before auto-HCT, % .01
1 14 33
2 60 55
� 3 26 12

Conditioning therapy, % .06
TBI 23 12
BEAM 77 88

Cisplatin, % 7 6 .82
Cardiac-RT, % � .001

None 40 69
� 30 Gy 25 21
� 30 Gy 35 10

Cardiopulmonary exercise testing
Peak load, watts .71

Mean 163 168
SD 68 57

Peak oxygen consumption, mL/kg/min .25
Mean 25.4 27.3
SD 9.3 7.2

Peak oxygen consumption, % of reference .002
Mean 92 104
SD 20 21

Laboratory parameters
Creatinine, �mol/L .60

Mean 84 82
SD 21 22

N-terminal pro-B-type natriuretic peptide, pmol/L .006
Median 34 15
Range 3-379 1-538

Abbreviations: ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin-II receptor blocker; auto-HCT, autologous hematopoietic stem cell transplantation;
BEAM, carmustine, etoposide, cytarabine, and melphalan; cardiac-RT, radiation therapy involving the heart; LSs, lymphoma survivors; LVSD, left ventricular systolic
dysfunction; SD, standard deviation; TBI, total-body irradiation.

�P values were derived from the t test for continuous variables, Mann-Whitney U test for skewed data, and �2 test for categorical data.
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after low or moderate doses of anthracyclines.28 Our long-term obser-
vation of asymptomatic LVSD in LSs was considerably lower, al-
though higher than in the general population. This probably reflects
the fact that asymptomatic LVSD represents a subclinical phase of
doxorubicin-induced HF, where some LSs will develop overt HF
whereas others will remain asymptomatic.

The reported prevalence of HF in LSs treated with HCT or con-
ventional lymphoma therapy varies between studies, partly because of
differences in methodology, cardiotoxic exposure, and observation
time.9,10,13,29 Our participants did not seem to differ from those in
previous reports with regard to cumulative doxorubicin doses, but
35% of our patients had also received cardiac-RT, which is a higher
proportion than reported in previous studies.10,13 In addition to dif-
ferences in methodology and a longer follow-up time, this may partly
explain why we observed a somewhat higher prevalence of HF in our
population. Armenian et al13 found that LSs after HCT had a 5.5-fold
increased risk of developing HF compared with the age- and sex-
matched general population. Comparable estimates from the present
survey were similar, but importantly, we included asymptomatic
LVSD in our risk estimates.

The cardiotoxic effect of doxorubicin is dose dependent,11-13 and
in a report using modern imaging techniques, the estimated cumula-
tive HF incidences were 5% and 26% after doxorubicin doses of 400
and 550 mg/m2, respectively.12 This dose-related difference and the
timely difference in the development of HF after doxorubicin expo-
sure10 suggest that humans have a large biologic variation in the
vulnerability for doxorubicin-induced cardiotoxicity. Despite a low to
moderate lifetime doxorubicin exposure, LVSD was still considerably
prevalent in our participants. In a series of experimental studies in
mice, Zhang et al30 showed that topoisomerase-II�, a mitochondrial
enzyme important for DNA metabolism, played an essential role in
the doxorubicin-induced cascade of reactions leading to cellular apo-
ptosis. The huge variation observed in the cardiotoxic effect of doxo-
rubicin may thus be related to the natural biologic variation of
topoisomerase-II� expression in humans.

Further, there seems to be a threshold of doxorubicin exposure
below which HF rarely occurs. Armenian et al10 found that doxorubi-
cin � 250 mg/m2 was associated with a greater than three-fold in-
creased risk of development of HF after HCT for hematologic
malignancies compared with lower doses. We found a similar risk of
LVSD in patients receiving � 300 mg/m2 of doxorubicin. In concor-
dance with previous reports,12 we propose that a cumulative dose of
300 mg/m2 seems to be a useful threshold when estimating the risk of
LVSD in LSs after auto-HCT.

In HL survivors, the combination of cardiac-RT and anthra-
cyclines increased the risk of HF31 and was associated with a more
pronounced reduction in left ventricular systolic function com-
pared with cardiac-RT alone.32 We identified cardiac-RT as a risk
factor for LVSD but for doses more than 30 Gy only. After a
mean follow-up of 18 years, we did not observe any association
between low-dose cardiac-RT (� 30 Gy) and subsequent develop-
ment of LVSD.

Traditional risk factors for cardiovascular disease, such as
hypertension and diabetes mellitus, could be important contribu-
tors for the development of HF after doxorubicin treatment13 and
could partly explain the differences in when HF is diagnosed after
doxorubicin exposure. We observed only a weak association be-
tween having at least two risk factors and the risk of LVSD. This
might be a result of the use of slightly different sets of diagnostic
definitions than previously applied.13 Moreover, for these risk
factors to influence the risk of HF, they would have to be present
for several years.9

All eligible LSs are accounted for, and despite a comprehen-
sive survey, 69% of all eligible LSs participated in this nationwide
study. In addition, participants did not differ from nonpartici-
pants, strengthening the validity of our findings. We could also
assess the consequences of having HF or asymptomatic LVSD
through objective exercise tests, adding to the clinical value. Nev-
ertheless, our results cannot automatically be extrapolated to adult

Table 3. Univariable and Multivariable Logistic Regression Analyses for Identification of Risk Factors Associated With Left Ventricular Systolic Dysfunction

Variable

Univariable Multivariable

OR 95% CI P OR 95% CI P

Male sex (reference, female) 1.7 0.8 to 3.5 .17
Age at survey (years) 0.99 0.96 to 1.02 .42
Age at primary lymphoma diagnosis, years 0.97 0.95 to 0.99 .03 0.99 0.96 to 1.03 .71
Time since primary lymphoma diagnosis, years 1.09 1.03 to 1.14 .001 1.03 0.96 to 1.11 .36
Body mass index, kg/m2 0.97 0.90 to 1.06 .49
No. of cardiovascular risk factors (reference, � 2) 1.9 1.0 to 3.8 .06 2.0 0.9 to 4.4 .08
Lines of chemotherapy before auto-HCT (reference, 1)

2 2.6 1.0 to 6.6 .05 1.4 0.5 to 3.9 .53
� 3 5.0 1.7 to 14.7 .004 2.1 0.6 to 7.5 .24

Doxorubicin (reference, � 300 mg/m2) 3.8 1.5 to 9.4 .004 3.3 1.2 to 8.9 .02
Cyclophosphamide (reference, � 4.5 mg/m2) 1.5 0.8 to 3.0 .20
Cardiac-RT (reference, none)

� 30 Gy 2.2 0.9 to 4.9 .07 1.5 0.5 to 4.2 .44
� 30 Gy 6.1 2.7 to 13.9 � .001 4.3 1.7 to 11.4 .003

NOTE. The cardiovascular risk factors included diabetes mellitus, hypertension, hypercholesterolemia, thyroid disease, or current smoking. Doxorubicin and
cyclophosphamide were dichotomized in the multivariable model according to median cumulative dose received. Cardiac-RT was trichotomized into none, � 30 Gy,
and more than 30 Gy, a previously used cutoff for high-dose cardiac-RT.
Abbreviations: auto-HCT, autologous hematopoietic stem-cell transplantation; cardiac-RT, radiation therapy involving the heart; OR, odds ratio.
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LSs not treated with auto-HCT because of differences in the total
burden of chemotherapy received.

To overcome a possible bias in the selection criteria, comparisons
with controls were performed after excluding LSs already diagnosed
with cardiovascular disease, hypertension, or diabetes at survey. Fur-
thermore, by applying the same exclusion criteria in the LSs as in the
matched control group, we present a more reliable result. However,
this adjustment may actually have led to an underestimation of the
reported risk of LVSD in the LSs.

At present, LVEF still remains the most commonly used mea-
sure of left ventricular systolic function, and we defined asymp-
tomatic LVSD as an LVEF less than 50%, a definition also used by
others.16 This was further supported by our data from the control
population in whom the lower limit of normal LVEF was 51%
(mean minus two standard deviations). Furthermore, the intraob-
server reproducibility for LVEF by echocardiography was good in
the this study.

The prevalence of HF in LSs after auto-HCT was 10.6%, and
5.1% had asymptomatic LVSD, a patient group previously not ac-
counted for in this setting. Cardiac-RT greater than 30 Gy and a
cumulative doxorubicin dose � 300 mg/m2 were identified as inde-
pendent risk factors for LVSD. Our findings may help identify LSs at

increased risk of LVSD after auto-HCT and can serve as a basis for
developing intensified surveillance strategies for these patients.
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