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Cardiotoxicity is a potential adverse effect of anthracycline (A) therapy. Radiotherapy (XRT) may also
cause a variety of cardiac complications. The purpose of the present study was to evaluate these cardiac
side-effects in children and adolescents treated for cancer. We assessed the cardiac status of 91 patients,
divided into three groups: Group A (n=53) had anthracyclines at a mean cumulative dose of 410
mg/m?, group A+XRT (12 =26) had both chest irradiation (XRT) and A (mean 360 mg/m?), and group
XRT (n=12) had XRT alone. The patients differed from the controls in both systolic and diastolic
indices of myocardial function. In echocardiography, the left ventricular (LV) contractility was abnor-
mal in 32% in group A, in 50% in group A+XRT, and in 8% in group XRT. In radionuclide cineangiogra-
phy, the LV ejection fraction was subnormal in 19% in group A, in 24% in group A+XRT, and in 1
patient in group XRT. A higher cumulative dose of A predicted decreased contractility. Treatment
with A and/or XRT often leads to cardiotoxicity. Although in most cases this cardiotoxicity seems to be
mild and subclinical, the long-term clinical sequelae merit further evaluation.
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INTRODUCTION that the severity of the changes is correlated with the dosage
WHILE AGGRESSIVE anticancer therapy in paediatric oncologyis  and the fractionation of the radiotherapy.
becoming more and more successful in terms of survival, Electrocardiography (ECG), systolic time intervals, chest

more emphasis should be placed on adverse effects and late  X-ray, echocardiography [8-10, 14], and radionuclide cinean-
complications of therapy. Anthracyclines are effective cytos- giography [14, 17-19] have all been used in cardiac evaluation
tatic drugs included in many intensive anticancer chemo- during and after cancer therapy. An optimal method for
therapy regimens. Their most feared adverse effect is cardi- cardiac evaluation should be non-invasive, repeatable and
omyopathy, the incidence and severity of which depend on independent of loading conditions.

the cumulative dose [1-9]. Tolerance of anthracyclines is The purpose of the present study was to evaluate the cardiac
individual [6, 7], and cardiomyopathy may progress for years side-effects of anthracyclines and chest irradiation therapy in
after discontinuation of therapy [8-10]. In addition, chest children and adolescents treated for cancer by utilising non-
irradiation may add to the cardiac side-effects of anthracy- invasive methods including chest X-ray, echocardiography
clines [4]. The major problem is in estimating a safe cumulat- and radionuclide cineangiography.

ive dose for the individual. In most studies, the incidence of

congestive heart failure (CHF) after anthracycline therapy PATIENTS AND METHODS
varies from 2 to 9% [6-8]. Parients
Multiple cardiac abnormalities, including decreased systolic At the Children’s Hospital, University of Helsinki, Finland,

left ventricular function, have been reported years after thera- from 1979 to 1990, 110 patients survived treatment with
peutic irradiation [11-16]. Previous studies have indicated anthracyclines exceeding 300 mg/m?, or chest irradiation with
or without the use of anthracyclines. Of these patients, 91
Correspondence to J. Pihkala. were examined in this follow-up study in 1990-1992. At
Revised 21 Jul. 1995; accepted 25 Jul. 1995. follow-up, the ages of the patients (58 males and 33 females)
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ranged from 5 to 24 years. Median follow-up after discontinu-
ation of anthracycline therapy and/or irradiation was 4 (range,
1-12.3) years. All patients were in remission, off anticancer
therapy, clinically asymptomatic (had no symptoms or signs
of congestive heart failure) and euthyroid, and had a haemo-
globin concentration of at least 10 g/dl.

The underlying diagnoses were as follows: acute lymphobl-
astic leukaemia (ALL) (n=27); non-Hodgkin lymphoma
(n=19); Hodgkin’s disease (n=13); soft tissue sarcoma
(n=12); Wilms’ tumour (nz = 9); osteosarcoma (z = 6); acute
myelogenous leukaemia (n = 1); Ewing’s sarcoma (n = 1); gli-
oma of the spinal cord (n=1); Askin tumour (z=1); and
hepatoblastoma (n = 1).

The anthracycline drug used was doxorubicin. Some pati-
ents with ALL and non-Hodgkin lymphoma also received
daunorubicin as part of their protocol. The cumulative dose
was calculated as the sum (mg) of doxorubicin and
daunorubicin/m?. The dose rates were variable during the
study period, ranging from slow intravenous (i.v.) bolus to 24-
h infusion.

The radiation therapy (XRT) consisted of upper mantle
irradiation for patients with Hodgkin’s disease (n=13),
irradiation of the upper mediastinal mass for patients with
NHL (n = 14), whole lung irradiation for pulmonary metast-
ases of Wilms’ tumour (n = 6) or soft tissue sarcoma (n = 2),
irradiation of the thoracic spinal area for spinal cord glioma
(n=1), whole chest irradiation for intrathoracic sarcoma
(n=1), and half-chest irradiation for a massive Askin tumour
(n=1). The heart was not protected during irradiation. Nor-
mal fractionation methods were employed. Radiotherapy was
administered once a day, 5 days a week, in 150-200 cGy
fractions. All patients were treated at the unit of Radiation
Oncology, University of Helsinki.

In order to examine the effect of anthracyclines and chest
irradiation on cardiac function, we divided the patients into
three groups (Table 1).

Group A consisted of 53 patients who had received anthra-
cyclines at a cumulative dose exceeding 300 mg/m?. The
median cumulative dose was 410 (range 300-750) mg/m?.

Group A+XRT consisted of 26 patients treated with anthra-
cyclines and chest irradiation. They had all received
irradiation of the mediastinum or the left lung, so that at least
part of the heart had been irradiated. In this group, the median
cumulative dose of anthracyclines was 360 (range 180-550)
mg/m?. The median dose of XRT for the thoracic area (left
lung, mediastinum) was 24 (range 11-51) Gy.

Group XRT consisted of 12 patients who had had chest
irradiation only. None had received any anthracyclines. The
median dose of XRT to the thoracic area (left lung,
mediastinum) was 40 (range 36-50) Gy.

Control subjects

The control group consisted of 38 children and young
adults, 10 of whom were healthy children and 28 who were
newly diagnosed, untreated cancer patients with no other
systemic abnormalities (i.e. normal haemoglobin concen-
tration, normal fluid and electrolyte balance, no evidence of
infection, no pericardial effusion, no tumour mass in the
thoracic area). The newly diagnosed cancer patients did not
differ at all from the healthy control children in echocardiogra-
phy, ECG or chest X-ray, and we therefore felt justified in
combining these into a single control group. The median age
of the controls was 10 (range 4—22) years. There were 20 boys
and 18 girls. The healthy children underwent echocardiogra-
phy only, whereas the newly diagnosed cancer patients had
both echocardiography and radionuclide cineangiography.

Methods of cardiac evaluation

Chest X-rays. Chest radiographs were obtained to allow
measurement of heart volume relative to body surface area
[20], and pulmonary venous congestion. The chest X-rays
were interpreted by a radiologist who was unaware of the
other data of cardiac evaluation.

Echocardiography. Each patient was studied by echocardi-
ography at a median of 4 (range 1-12.3) years after discon-
tinuation of therapy. All studies were carried out by the
same observer. M-mode recording was performed from the
parasternal short axis view on a level just below the anterior
mitral valve leaflet. An M-mode echocardiogram directed by
two-dimensional echocardiography was recorded simul-
taneously with a phonocardiogram showing the aortic compo-
nent of the second heart sound, an indirect carotid pulse
tracing, and an ECG. Blood pressure was measured with a
Dinamap automated vital-signs monitor (Criticon Inc.,
Tampa, Florida, U.S.A.).

Left ventricular end-diastolic (LVEDD) and end-systolic
(LVESD) dimensions and left ventricular posterior wall thick-
ness were measured. The relationship between LVEDD and
the cube root of the body surface area (BSA) has been shown
to be linear [21]. LVEDD was corrected for differences
in body surface area according to: LVEDD(., =
LVEDD /(BSA)'? [10, 21]. The relationship between the
thickness of the LV posterior wall in end-diastole (PW_4) and
the square root of the body surface area has been shown to be
linear [21]. The PW., was corrected for differences in BSA
according t0: PW oy icom = PW.q / (BSA)'2 [21]. These correc-
tions were only used in the estimation of the left ventricular
size and the thickness of the LV posterior wall in end-diastole
but not in further calculations (see below).

Overall, left ventricular performance reflects the interplay

Table 1. Characteristics of the subjects in the study groups

Follow-up after

discontinuation of therapy

Age at study (years)

Cumulative dose of

anthracyclines (mg/m?) XRT dose (Gy)

(years)

Group n fim median (range) median (range) median (range) median (range)
A 53 21/32 14 (6-24) 3.5 (1-12.3) 410 (300-750) 0

A+XRT 26 10/16 14 (8-23) 4.0 (1.0-8.0) 360 (180-550) 24 (11-51)
XRT 12 3/9 19 (6-24) 7.3 (1.0-10.8) 0 40 (36-50)
Controls 38 18/20 10 (4-22) — 0 0
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of preload, afterload, heart rate and contractility. In dilated
cardiomyopathy, the left ventricular systolic and diastolic
dimensions are increased and the left ventricular wall is thin.
This results in a much higher wall stress for the dilated
ventricle as compared to a normal ventricle. In addition,
contractility is decreased. The traditional indices of left ven-
tricular performance, such as left ventricular fractional short-
ening (FS) and ejection fraction (EF), do not detect these
changes at an early stage of dilated cardiomyopathy, neither
do they distinguish between changes in contractility and alter-
ations in loading conditions. Therefore, we chose to use a
method independent of preload and afterload for the echocar-
diographic evaluation of left ventricular systolic performance.
FS was calculated as the ratio of the difference between the
LVEDD and the LVESD to the LVEDD:
FS = (LVEDD -LVESD)/LVEDD. The rate-corrected velo-
city of fibre shortening (V) was calculated by dividing FS by
rate-corrected ejection time. As an index of afterload, we
calculated the left ventricular end-systolic wall stress [22].
This is directly proportional to the left ventricular end-systolic
pressure (P) and diameter (LVESD), and inversely pro-
portional to the thickness of the posterior wall in end-systole
(PW.):

(1.35)(P)(LVESD)
(4)(PW. ) (1+PW . /LVESD)

Wall stress =

According to Colan and coworkers, the relationship between
V. and the left ventricular end-systolic wall stress is a measure
of contractility independent of preload and afterload [23, 24].
We plotted our data on their published normal range [23],
and expressed the deviation from the mean curve in standard
deviation (8.D.) scores, using this as a unit of measurement in
the individual subjects.

Diastolic function reflects the relationships between the left
atrial and the left ventricular diastolic pressures and volumes.
Derangements in the diastolic properties of the left ventricle
contribute significantly to the clinical manifestations of con-
gestive heart failure. We estimated the left ventricular diastolic
function from the mitral inflow signal with Doppler. We
determined the ratio of early peak flow velocity (E) to atrial
peak flow velocity (A4) (E/A ratio), and measured the isovol-
umic relaxation time, the acceleration and deceleration times,
and the deceleration rate of the early diastolic flow [10, 25].

Radionuclide cineangiography. In total, 31 patients in group
A, 25 patients in group A+XRT, 9 patients in group XRT and
26 control children, all appropriate for body size and age, were
examined by radionuclide cineangiography, again by a single
observer. ECG-gated radionuclide cineangiography was per-
formed with the patient in the supine position at rest [17-
19, 26]. Red blood cells were labelled i vivo with 2 mCi/10 kg
ofi.v. injected °°™Technetium 20 min after i.v. administration
of 0.3 mg/kg of stannous chloride. All studies were performed
using an Elscint gamma camera interfaced with an Apex 415
ECT computer (Elscint, Haifa, Israel). In each study data
were obtained with the patient at rest for 5 min. The left
ventricular ejection fraction was measured [17, 18, 26]. The
result was considered abnormal if the ejection fraction was
below 50%. For diastolic function, the peak filling rate was
used.

Chest X-rays taken at the time of the study were compared
with those of the same patients taken before any treatment,

and at discontinuation of therapy. Echocardiographic studies
and radionuclide cineangiograms of the patients were com-
pared with those of the control group, since earlier data were
not available.

Risk factors

To examine the effects of different risk factors, we analysed
the influence upon myocardial systolic and diastolic function
of the cumulative dose of anthracyclines, the duration of
follow-up after completion of anthracycline therapy, and the
age at diagnosis, age at follow-up, dose of chest irradiation
and sex.

Staustical methods

Analyses were performed by means of Macintosh StatView
512+ software. We used Student’s z-test with two-tailed P
values. Multivariance analysis was used to determine the effect
of the different risk factors on myocardial function. Linear
regression analysis was used to study the correlation between
the cumulative dose of anthracyclines and the systolic indices
of myocardial function.

RESULTS

Chest X-ray

The relative heart volume measurements at diagnosis, at
discontinuation of therapy, and at follow-up all gave results
within normal limits. No patient had a pathologically large
cardiac volume at the time of the study, and none had pulmon-
ary congestion. At the last follow-up, the heart volume was
330+ 60 cm®/cm? in group A, 280 %50 cm®*/m? in group
A+XRT, and 310 £ 100 cm?*m? in group XRT.

Echocardiography

In echocardiography, the mean £ S.D. left ventricular end-
diastolic diameter, corrected for body surface area, was
42+ 3mm in group A (P=0.0001), 404 mm in group
A+XRT (ns), 38 =5 mm in group XRT (ns), and 39 £ 3 mm
in the control group. The mean * S.D. thickness of the left
ventricular posterior wall in end-diastole, corrected for body
surface area, was 6 + 1 mm in group A (P=0.0001),6 + 1 mm
in group A+ XRT (P=0.0001), 6+ 1 mm in group XRT
(P=0.01) and 7 £ 1 mm in the control group. Left ventricular
posterior wall thickness in end-diastole, plotted against body
surface area, in controls and in patient groups is shown in
Figure 1.

Our control subjects matched quite well with the material
published by Colan and associates [23], with a mean score of
the V.-end-systolic wall stress ratio of 0.3 S.D., and the
individual values were plotted reasonably well within + 2 S.D.
of Colan (Figure 2), particularly for the lower limit. The left
ventricular contractility was abnormal (<-2 S.D. according
to Colan’s curves based on a normal population) in 17/53
(32%) group A patients, in 13/26 (50%) group A+XRT pati-
ents, and in 1/12 (8%) group XRT patients, and in 1 patient
in our control group (Figure 2). In addition, although the
majority of the individual values were within normal limits,
the treatment groups differed significantly from the control
group; the mean S.D.-score was 0.3 in the control group, —1.3
in group A (P=0.0001), —2.0 in group A+XRT (P=0.0001)
and —1.1 in group XRT (P=0.005). The difference between
groups A and A+XRT was also significant (P = 0.04).

The LV wall stress was elevated, i.e. > 60 g/cm?, in 13/53
(25%) patients in group A, in 2/26 (8%) patients in group
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Figure 1. Thickness of the left ventricular posterior wall in end-diastole, plotted against body surface area, in controls and in
different patient groups. The linear regression line of the control group (r=0.79) is also shown for comparison of the patient
groups. ** P=0.0001, * P=0.01, as compared with the control group.

A+XRT, and in 1/12 (8%) patient in group XRT and in 4/38
(11%) in the control group (Figure 2). The mean + S.D. wall
stress was 52%12g/cm? in group A (P=0.001),
49 + 10 g/cm? in group A+XRT (ns), 44 + 10 g/cm? in group
XRT (ns), and 44 + 9 g/cm? in the control group.

Of the diastolic indices obtained from echocardiograms, the
isovolumic relaxation time was significantly longer in group
A (P<0.001) than in the control group (Figure 3), the
deceleration time of the early diastolic low was significantly
longer (P < 0.001 for groups A and A+XRT, P < 0.01 for
group XRT), and the deceleration rate of the early diastolic
flow was significantly slower (P < 0.001 for groups A and
A+XRT, P < 0.01 for group XRT; Figure 3) in all treatment
groups than in the control group. Other echocardiographic
parameters of diastolic function were normal in every group,
and no differences were observed between the groups.

Radionuclide cineangiography

The radionuclide LV ejection fraction correlated with the
echocardiographic parameters, i.e. with fractional shortening
(P<0.0001), the Vg -end-systolic wall stress ratio
(P < 0.0001) and end-systolic wall stress (P << 0.02).

In radionuclide cineangiography, the mean + S.D. ejection
fraction at rest was lower in all three study groups than in the

control group: 56 £ 11% in group A (P=0.002), 58 £ 10% in
group A+XRT (P=0.005), 60 £ 7% in group XRT (ns), and
65 £ 7% in the control group (Figure 4). The difference
between groups A and A+XRT was not significant. An ejec-
tion fraction of less than 50% was observed in 6/31 (19%)
group A patients, in 6/25 (24%) group A+XRT patients, in 1
patient (8%) in group XRT, but in none in the control group
(Figure 4). In the radionuclide peak filling rate, no differences
were observed between the treatment groups and the controls.

Risk factors

In multivariance analysis, the only factor significantly pre-
dicting decreased contractility was the cumulative dose of
anthracyclines (P < 0.05). None of the other factors, such as
duration of follow-up after completion of anthracycline ther-
apy (P=0.32), dose of irradiation (P = 0.53), age at diagnosis
(P=10.06), age at follow-up (P=0.14) or sex (P=0.38), pro-
ved to be a significant risk factor regarding contractility. Of the
diastolic indices, increased deceleration time and decreased
deceleration rate of the early diastolic flow were predicted by
the cumulative dose of anthracyclines (< 0.005) and the
dose of irradiation (P < 0.02).

In linear regression analysis, the cumulative dose of anthra-
cyclines correlated negatively with the radionuclide ejection
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Figure 2. Left ventricular contractility in different patient groups and in the controls, expressed as rate-corrected velocity of
fibre shortening (VP plotted against end-systolic wall stress, using the curves published by Colan and associates [23].
** P=0.0001, * P=0.005, as compared with the control group.

fraction (P < 0.01) (Figure 5) and the echocardiographic
fractional shortening (P < 0.003), and positively with an
increase in wall stress (P < 0.03).

DISCUSSION

Our patients, examined 1-12 years after treatment with
anthracyclines and/or chest irradiation, were clinically
asymptomatic, but had a high incidence of subnormal systolic
and diastolic function. Deterioration of myocardial function
was indicated by findings in echocardiography and radio-
nuclide cineangiography. Most of the patients were still very
young, and some had a relatively short follow-up.

Our results are in accordance with previous reports [8-10].
Lipshultz and coworkers detected abnormalities in either left
ventricular contractility or wall stress in 57% of patients
treated with anthracyclines [8]. Hausdorf and coworkers
reported increased LV wall stress and impaired diastolic func-
tion in patients treated with anthracyclines [10]. Marchandise
and coworkers found that LV diastolic function abnormalities
precede systolic dysfunction [27].

Radiotherapy has been shown to increase the incidence of
congestive heart failure after anthracycline therapy [1, 2].
Steinherz and coworkers reported an increased incidence of

abnormalities in cardiac function in patients who, in addition
EJC(A) 32:1-F

to anthracycline therapy, had also received mediastinal
irradiation [9]. In many anthracycline studies, patients treated
with irradiation have been excluded [8, 10]. Conversely, in
many studies reporting cardiac side-effects of irradiation, the
patients have not received anthracyclines [13-15]. We there-
fore regarded it as important to examine the effect on myocar-
dial function of anthracyclines and irradiation combined.

In our series, group A patients, with the highest cumulative
dose of anthracyclines, differed from the untreated controls
in both echocardiography and radionuclide cineangiography.
The echocardiographic indices of systolic performance (S.D.
score, FS) were lower, afterload/wall stress was higher (Figure
2), and the radionuclide ejection fraction was lower (Figure 4)
than in the control group. Additionally, there were differences
in diastolic function: the isovolumic relaxation time was longer
and the deceleration rate of the early diastolic flow was slower
(Figure 3) than in the control group. These changes indicate
both systolic and diastolic dysfunction.

The contractility of the left ventricle was lowest in group
A+XRT, as estimated from the V_/end-systolic wall stress
ratio (Figure 2). Similarly, although the median ejection frac-
tion was not lowest by radionuclide cineangiography in group
A+XRT, the incidence of abnormal findings in this group was
highest (Figure 4). In group A+XRT, the cumulative dose
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of anthracyclines was significantly lower than in group A,
indicating that radiation therapy has an additive effect on
anthracycline cardiotoxicity (Figures 2 and 4).

Group XRT seemed to have tolerated the therapy better
than the anthracycline groups in terms of myocardial function.
Left ventricular function, measured by radionuclide cineangi-
ography was normal in all but 1 patient of this group. In
echocardiography, only 1 patient had elevated wall stress and
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90
801
70
60
50

40

Ejection fraction (%)

30 *

20 | | \ L L | J
100 200 300 400 500 600 700 800

Cumulative dose of anthracyclines (mg/m?2)

Figure 5. Correlation between the cumulative dose of

anthracyclines and the ejection fraction in radionuclide

cineangiography. Linear regression analysis with individual
plots (P < 0.01).

another had decreased contractility (S.D. score below -2,
Figure 2). Group XRT differed from the control group,
however, in the echocardiographic S.D. score of contractility
and in diastolic deceleration time and rate (Figure 3). Other
parameters of systolic and diastolic function were normal.
Irradiation produces inflammation of different tissues, and is
associated more with an increased incidence of coronary artery
disease and pericardial disease [11-13). The young age of our
patients and the follow-up time did not allow evaluation of
premature coronary artery disease.

Anthracycline cardiomyopathy may appear or progress
years after completion of therapy [8, 9, 28]. Anthracycline
therapy and chest irradiation may lead to loss of myocytes, the
result being a progressive decrease in the left ventricular mass.
In children, this may lead to inadequate increase in the left
ventricular mass as the child grows [8]. Accordingly, in our
series, in the treatment groups A, A+XRT and XRT, the left
ventricular posterior wall was thinner than in the control
group, suggesting loss of myocytes (Figure 1).

In multivariance analysis, the cumulative dose of anthracy-
clines was a significant risk factor for reduced contractility or
increased wall stress. The age of the patients, previously
shown to be a risk factor for increased wall stress [8], did not
reach statistical significance in our study. The cardiotoxicity
from radiotherapy [15] as well as anthracycline cardiotoxicity
[9] have been shown to increase with time. In our study, the
median follow-up of 4 years may not have been long enough
to confirm this finding. The dose of irradiation and the cumu-
lative dose of anthracyclines proved to be risk factors for
diastolic dysfunction as evidenced by decreased deceleration
rate and prolonged deceleration time of the early diastolic
flow.

Tolerance of anthracyclines is individual, and no absolute
safety limits can be set for the cumulative dosage [29]. The
previously recommended dose limit of 500 mg/m? of anthracy-
clines seems to be associated with an alarmingly large number
of abnormal cardiac findings. It should be taken into account
that the myocardial damage caused by anthracyclines and
chest irradiation is additive. Accordingly, patients receiving
additional irradiation in the heart area are probably at higher
risk of developing myocardial damage.

Radionuclide ejection fraction correlated with echocardio-
graphic measures of contractility and confirmed them. With
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these methods, it is possible to detect latent myocardial dam-
age in yet asymptomatic patients. These measures also corre-
late with myocardial histological changes [17,19, 30].
Regarding radionuclide cineangiography, there is some con-
cern about the radiation exposure, especially in repeated
examinations. Therefore, echocardiography has been prim-
arily recommended for clinical follow-up, and radionuclide
cineangiography may be used as an additive or confirmatory
method [29]. Chest X-rays were normal in all children,
although the contractility of the left ventricle was impaired in
a large proportion of patients. Accordingly, chest X-ray is of
no value in detecting anthracycline cardiomyopathy, and may
even be misleading if used alone in the follow-up.

We conclude that a significant proportion of children and
adolescents treated with anthracyclines and/or chest
irradiation experience cardiotoxicity. In most cases, this cardi-
otoxicity seems to be subclinical and mild. Because very
long-term follow-up data is limited, patients receiving these
therapies, especially growing children, need to be closely
monitored for years after completed anticancer therapy [29].

1. Billingham ME, Mason JW, Bristow MR, Daniels JR. Anthracyc-
line cardiomyopathy monitored by morphologic changes. Cancer
Treat Rep 1978, 62, 865-872.

2. Bristow MR, Mason JW, Billingham ME, Daniels JR. Doxorub-
icin cardiomyopathy: evaluation by phonocardiography, endomy-
ocardial biopsy and cardiac catheterization. Ann Int Med 1978,
88, 168-175.

3. Bristow MR, Mason JW, Billingham ME, Daniels JR. Dose—
effect and structure—function relationship in doxorubicin cardi-
omyopathy. Am Heart ¥ 1981, 102, 709-718.

4. Gilladoga AC, Manuel C, Tan CTC, Wollner N, Sternberg SS,
Murphy ML.. The cardiotoxicity of adriamycin and daunomycin
in children. Cancer 1976, 37, 1070-1078.

5. Caulfield JB, Bittner V. Cardiac matrix alterations induced by
Adriamycin. Am ¥ Pathol 1988, 133, 298-305.

6. Goorin AM, Borow KM, Goldman AM, er al. Congestive heart
failure due to adriamycin cardiotoxicity. Its natural history in
children. Cancer 1981, 47, 2810-2816.

7. Von Hoff DD, Layard M. Risk factors for development of dauno-
rubicin cardiotoxicity. Cancer Treat Rep 1981, 65, 19-23.

8. Lipshultz SE, Colan SD, Gelber RD, Perez-Atayde AR, Sallan
SE, Sanders SP. Late cardiac effects of doxorubicin therapy for
acute lymphoblastic leukemia in childhood. N Engl ¥ Med 1991,
324, 808-815.

9. Steinherz L, Steinherz P, Tan C, Heller G, Murphy L. Cardiac
toxicity 4 to 20 years after completing anthracycline therapy.
JAMA 1991, 266, 1672-1677.

10. Hausdorf G, Morf G, Beron G, et al. Long term doxorubicin
cardiotoxicity in childhood: non-invasive evaluation of the con-
tractile state and diastolic filling. Br Hearr ¥ 1988, 60, 309-315.

11. Burch GE, Sohal RS, Sun S-C, Miller GC, Colcolough HL.
Effects of radiation on the human heart. Arck Intern Med 1968,
121, 230-234.

12. Brosius FC, Waller BF, Roberts WC. Radiation heart disease.
Analysis of 16 young (aged 15 to 33 years) necropsy patients who
received over 3500 rads to the heart. Am § Med 1981, 70,
519-529.

103

13. Tétterman KJ, Pesonen E, Siltanen P. Radiation-related chronic
heart disease. Chest 1983, 83, 875-878.

14. Gottdiener JS, Katin M], Borer JS, Bacharach SL, Green MV.
Late cardiac effects of therapeutic mediastinal irradiation. Assess-
ment by echocardiography and radionuclide cineangiography. N
Engl ¥ Med 1983, 308, 569-572.

15. Hancock SL, Donaldson SS, Hoppe RT. Cardiac disease follow-
ing treatmment of Hodgkin’s disease in children and adolescents. ¥
Chn Oncol 1993, 11, 1208-1215.

16. Lipshultz SE, Sallan SE. Cardiovascular abnormalities in long-
term survivors of childhood malignancy. ¥ Clin Oncol 1993, 11,
1199-1203.

17. McKillop JH, Bristow MR, Goris ML, Billingham ME, Bocke-
muehl K. Sensitivity and specificity of radionuclide ejection frac-
tions in doxorubicin cardiotoxicity. Am Heart ¥ 1983, 106,
1048-1056.

18. Morgan GW, Mcllveen BM, Freedman A, Murray PC. Radio-
nuclide ejection fraction in doxorubicin cardiotoxicity. Cancer
Treat Rep 1981, 65, 629-638.

19. Druck MN, Gulenchyn KY, Evans WK, er al. Radionuclide
angiography and endomyocardial biopsy in the assessment of
doxorubicin cardiotoxicity. Cancer 1984, 53, 1667-1674.

20. Eek A. Roentgenological examination of morbus caeruleus. In
Mannheimer E, ed. Morbus caeruleus. Basel, S. Karger, 1949,
58-139.

21. Henry WL, Ware ], Gardin JM, Hepner SI, McKay J, Weiner M.
Echocardiographic measurements in normal subjects. Growth-
related changes that occur between infancy and early adulthood.
Circulation 1978, 57, 278-285.

22. Brodie BR, McLaurin LP, Grossman W. Combined hemodyn-
amic-ultrasonic method for studying left ventricular wall stress:
comparison with angiography. Am ¥ Cardiol 1976, 37, 864-870.

23. Colan SD, Borow KM, Neumann A, Left ventricular end-systolic
wall stress—velocity of fiber shortening relation: a load-inde-
pendent index of myocardial contractility. ¥ Am Coll Cardiol 1984,
4, 715-724.

24. Colan SD, Parness IA, Spevak PJ, Sanders SP. Developmental
modulation of myocardial mechanics: age- and growth-related
alterations in afterload and contractility. ¥ Am Coll Cardiol 1992,
19, 619-629.

25. Spirito P, Maron BJ, Bonow RO. Noninvasive assessment of left
ventricular diastolic function: comparative analysis of Doppler
echocardiographic and radionuclide angiographic techniques. Am
¥ Coll Cardiol 1986, 7, 518-526.

26. Brenner JI, Moschler R, Baker K. Evaluation of left ventricular
performance in infants and children using radionuclide angiogra-
phy. Pediatr Cardiol 1985, 2, 115.

27. Marchandise B, Schroeder E, Bosly A, et al. Early detection of
doxorubicin cardiotoxicity: interest of Doppler echocardiographic
analysis of left ventricular filling dynamics. Am Heart ¥ 1989, 118,
92-98.

28. Goorin AM, Chauvenet AR, Perez-Atayde AR, Cruz J, McKone
R, Lipshultz SE. Initial congestive heart failure, six to ten years
after doxorubicin chemotherapy for childhood cancer. ¥ Pediarr
1990, 116, 144-147.

29. Steinherz LJ, Graham T, Hurwitz R, ez al. Guidelines for cardiac
monitoring of children during and after anthracycline therapy:
report of the cardiology committee of the Children’s Cancer
Study Group. Pediatrrics 1992, 89, 942-949.

30. Pihkala J, Sariola H, Saarinen UM. Myocardial function and
postmortem myocardial histology in children given anthracycline
therapy for cancer. Pediatr Hematol Oncol 1994, 11, 259-269.

Acknowledgement—This study was supported by a grant from the
Foundation for Paediatric Research, Helsinki, Finland.



