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Abstract

Background: As a result of steady development over 80% of patients will survive
childhood cancer. As these survivors have a long life expectancy, efforts are being
made to minimize treatment-related long-term effects. Anthracycline-induced
cardiomyopathy may not become symptomatic until years after exposure.
Advances in cardiac imaging provide us with new, more sensitive methods for the
necessary screening.

Aims: The aims of this study were, firstly, to evaluate the incidence and
prevalence of treatment-related, and especially anthracycline-induced cardiotoxicity
using modern cardiac imaging and biomarkers among childhood cancer survivors
(CCSs) treated in the modern era, and secondly, to assess whether new cardiac
diagnostic techniques offer any advantage over the conventional methods in
screening for anthracycline-induced cardiotoxicity.

Subjects and methods: A total of 76 anthracycline-exposed CCSs comprising
42 females and 34 males, treated between 1993 and 2000, participated in this study.
Their status was assessed at a mean age of 14.3 (range 7.2-20.0) years and after a
median follow-up time of 7.1 (range 5.0—18.0) years after the end of the primary
cancer therapy. Their median cumulative anthracycline dose was 224 (range 80—
454) mg/m?2. Of the survivors, 10 (13%) had also been exposed to cardiac
irradiation. Study I involved 62 survivors who underwent cardiac magnetic
resonance (CMR) imaging. Study II evaluated 71 CCSs, who underwent left
ventricular (LV) real-time three-dimensional echocardiography (RT-3DE), 58 of
them also CMR. All subjects in Study III were analyzed for serum N-terminal pro-
brain natriuretic peptide (NT-proBNP), cardiac troponin I, cardiac troponin T,
high-sensitivity cardiac troponin T, and autoantibodies against cardiac troponin
(cTnAAbs). In Study IV, longitudinal cardiac function was assessed by
conventional echocardiography, tissue Doppler imaging (TDI), and speckle
tracking echocardiography for tissue motion annular displacement (TMAD)
analysis. Studies II and IV used gender-, age-, and body surface area (BSA) -
matched healthy controls for the echocardiographic parameters.

Results: In Study I, 11/62 (18%) of the survivors had an abnormal left
ventricular (LV) and 17/62 (27%) had an abnormal right ventricular (RV) ejection
fraction (EF) in CMR. A subnormal LV EF was found in 38/62 (61%), and RV EF
in 33/62 (53%). The sutvivors had a lower CMR-derived LV EF and larger BSA-
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indexed LV volumes compared with the age- or gender-specific reference values.
Their CMR-derived RV EF was lower and RV end-systolic volume (ESV) larger
than the gender- and age-specific reference values. None of the 62 CCSs with
CMR had late gadolinium enhancement as a sign of focal fibrosis. In Study II,
those not exposed to cardiac irradiation had a lower RT3-DE derived LV EF (57%
vs. 60%, p = 0.003) as well as a larger BSA-indexed LV ESV (31 vs. 28 ml/m2, p =
0.001) than their controls. The eight exposed to cardiac irradiation had higher
dyssynchrony indices for the 12 segments than their healthy controls (Tmsv12-SD:
1.76% vs. 1.11%, p = 0.008, Tmsv12-Dif: 5.92% vs. 3.85%, p = 0.007). In Study
II, of the 58 CCSs with all imaging performed, none had abnormal fractional
shortening by M-mode, but 6/58 (10%) had an abnormal LV EF by RT-3DE and
45/58 (78%) by CMR. In Study III, 4/76 (5%) had an abnormal NT-proBNP,
associated with an abnormal LV EF and enlarged LV ESVs by CMR, and risk
factors for anthracycline-induced cardiomyopathy. cTnAAbs were detected in 4/75
(5%) of those with low anhtracycline doses associated with an abnormal LV EF
and enlarged LV ESVs by CMR. All CCSs had normal cardiac troponin levels by
the three different methods used. Study IV showed a decreased systolic and
diastolic longitudinal function in LV and RV by TDI and TMAD methods
compared with the controls. TMAD values describing the LV and RV systolic
longitudinal function (MAD mid% and TAD mid%, respectively) were lower
among CCSs than controls (15.4% vs. 16.1%, p = 0.049 and 22.5% vs. 23.5%, p =
0.035, respectively). Those exposed to cardiac irradiation had the lowest MAD
mid% values compared with the unexposed survivors (13.8% vs. 15.6%, p = 0.031,
respectively) or matched controls (16.2%, p = 0.002). The mitral and tricuspid
annular midpoint displacements correlated with the CMR- and RT-3DE-derived
volumes.

Conclusion: A great proportion of CCSs exposed to anthracyclines with or
without cardiac irradiation show signs of impaired systolic and diastolic function in
LV and RV in modern imaging. In addition to conventional echocardiography, RT-
3DE, TDI, TMAD analysis and NT-proBNP offer additional information on
cardiac function and cardiotoxicity. CMR is a useful supplementary tool in cases
with a suboptimal acoustic window, or if RV dysfunction is suspected on the basis
of symptoms or echocardiography. The majority of CCSs demonstrate signs of
cardiotoxicity under sensitive screening. Even while asymptomatic, CCSs remain in
need of a regular cardiac follow-up and benefit from active life-style counseling.
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Tiivistelma

Taustaa: Lidketicteen kehityksen tuloksena lapsuusidn sy6pien paranemisennuste
on yli 80%. Lapsuusidn syovin sairastaneiden pitkistd elinajanodotteesta johtuen
hoitojen aiheuttamia pitkdaikaisvaikutuksia pyritddn minimoimaan. Antrasykliinin
atheuttama kardiomyopatia voi olla oireeton vuosien ajan. Sydinkuvantamisen
kehitys  tarjoaa  uusia, herkempia ja  kdyttkelpoisempia  menetelmiid
sydidnseurantaan.

Tutkimuksen tarkoitus: Tarkoitus oli selvittid lapsuusidn sy6pidhoitojen
atheuttamien sydéinhaittavaikutusten ilmaantuvuus ja esiintyminen nykyaikaisten
hoito-ohjelmien mukaan hoidetuilla. Kdytimme uusia sydinkuvantamismenetelmia
seki  plasman  merkkiaineita ja  kohdensimme  huomion  erityisesti
antrasykliiniryhmin lddkkeiden vaikutuksiin. Lisiksi tutkimme, onko uusista
menetelmista hyotya perinteisiin seulontamenetelmiin verrattuna.

Aineisto ja menetelmit: Tutkimukseen osallistui 76 (42 tyttod, 34 poikaa)
lapsuusidn sy6vin sairastanutta, joiden sy6pd oli hoidettu vuosina 1993-2000, ja
jotka olivat hoidoissaan saaneet antrasykliinejd. Osallistujien keski-ikd oli 14.3
(vaihteluvili 7.2-20.0) vuotta, mediaani seuranta-aika 7.1 (5.0-18.0) vuotta ja
kumulatiivinen antrasykliini-annos 224 (80-454) mg/m2. Heistd 10 (13%) oli lisdksi
saanut sydimen alueelle kohdistunutta sidehoitoa. Osaty6 I kasitti 62 henkil6d,
joille tehtiin sydimen magneettikuvaus. Osaty6ssd IT tehtiin vasemman kammion
kolmiulotteinen sydimen ultradanitutkimus 71 henkildlle, joista 58:lle tehtiin myds
sydimen magneettitutkimus. Osaty6ssd IIT tutkittiin  verikokeet B-tyypin N-
terminaalisen propeptidin, troponiini T:n, I:n, herkin troponiini T:n ja troponiini-
spesifisten autovasta-aineiden maiirittimiseksi. Osatyossd IV tutkittiin sydimen
pitkittdissuunnan toimintaa perinteisen ultraddnen, kudosdopplerin ja speckle
trackingiin perustuvan, lipparenkaan pitkittaisliikettd kuvaavan TM.AD-menetelmin
avulla. Osat6issd IT ja IV kdytimme sukupuoli-, ikd- ja pinta-ala-vakioituja terveitd
verrokkeja ultraddnitulosten vertailussa.

Tulokset: Osatyossd I todettiin poikkeava ejektiofraktio (EF) vasemmassa
kammiossa 11/62 (18%):lla ja oikeassa kammiossa 17/62 (27%):1la. Raja-arvoinen
EF todettiin vastaavasti 38/62 (61%):lla ja 33/62 (53%):lla. Tutkittavilla oli
matalampi EF molemmissa kammioissa. Vasemman kammion pinta-alaan
suhteutetut tilavuudet olivat normaalia suuremmat. Oikeassa kammiossa
loppusystolinen tilavuus oli viitearvoihin verrattuna normaalia suurempi. Myohaistd
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gadolinium-tehostumista paikallisen fibroosin merkkind ei todettu yhdellikdin.
Osatyossid II todettiin 63:lla tutkittavalla, jotka eivdt olleet saaneet sydimeen
kohdistunutta sidehoitoa, matalampi vasemman kammion EF (57% vrt. 60%, p =
0.003) ja suurempi pinta-alaan suhteutettu loppu-systolinen tilavuus (31 vrt. 28
ml/m2, p = 0.001) terveisiin verrattuna. Sydimeen kohdistunutta sidehoitoa
saaneilla oli korkeammat dyssynkronia-indeksit 12 segmentin analyysissa terveisiin
verrattuna (Tmsv12-SD: 1.76% vrt. 1.11%, p = 0.008, Tmsv12-Dif: 5.92% vrt.
3.85%, p = 0.007). Pitkdaikaisselviytyjista =~ 58:le  tehtiin  kaikki
kuvantamistutkimukset, eikd yhdellikdin heistd todettu poikkeavuutta vasemman
kammion supistuvuudessa M-mode-menetelmilli tutkittuna. Sen sijaan 6/58
(10%):1la oli poikkeava vasemman kammion EF kolmiulotteisessa ultradinessi ja
45/58 (78%):lla sydimen magneettitutkimuksessa. Osatyossa III 4/76 (5%):1la
todettiin  poikkeavan korkea B-tyypin N-terminaalinen propeptidin taso
yhdistettynd poikkeavaan vasemman kammion EF:oon ja loppu-systoliseen
tilavuuteen sekd antrasykliinikardiomyopatian riskitekij6ihin. Troponiinispesifejd
autovasta-aineita todettiin 4/75 (5%):lla, jotka olivat saaneet melko vihiisid
antrasykliini-médrid. Heilld todettiin kuitenkin poikkeavuutta vasemman kammion
EF:ssa ja loppu-systolisissa tilavuuksissa. Kaikilla 76:1la tutkittavalla oli normaalit
troponiini-pitoisuudet kolmella eri menetelmilld tutkittuna. Osatydssd IV todettiin
lapsuusidn syovin sairastaneilla alentunut systolinen ja diastolinen pitkittiistoiminta
sekd vasemmassa ettd oikeassa kammiossa mitraali- ja trikuspidaali-lipparenkaan
pitkittdisliikettd kuvaavalla TMAD- sekd kudosdoppler-menetelmilld tutkittuna.
Vasemman ja oikean kammion systolista pitkittdistoimintaa kuvaavat TALAD-arvot
(MAD mid% ja TAD mid%) olivat matalammat sy6vin sairastaneilla terveisiin
verrattuna (15.4% vrt. 16.1%, p = 0.049 ja 22.5% vrt. 23.5%, p = 0.035). Sydimeen
kohdistunutta sddehoitoa saaneilla oli matalin MAD mid% verrattuna vain
antrasykliinid saaneisiin (13.8% vrt. 15.6% p = 0.031) tai terveisiin verrokkeihin
(16.2% p = 0.002). Mitraali- ja trikuspidaali-lipparenkaan pitkittdisliikkeet
korreloivat sydimen magneettitutkimuksella ja kolmiulotteisella ultraddnelld
mitattujen kammiotilavuuksien kanssa.

Johtopiitokset: Suurella osalla antrasykliineille altistuneista lapsuusiin syévin
pitkdaikaisselviytyjistd oli viitteitd sydimen alentuneesta systolisesta tai diastolisesta
toiminnasta uusilla kuvantamismenetelmilld tutkittuna, myds ilman sydimeen
kohdistunutta sidehoitovaikutusta. Kolmiulotteinen ultradini, kudosdoppler,
TMAD-analyysi ja B-tyypin N-terminaalinen propeptidi antoivat lisdtietoa
sydinhaittavaikutuksista pelkkdin perinteiseen ultraddnitutkimukseen verrattuna.
Sydimen magneettitutkimus on hy6dyllinen lisd, jos ultraddnindkyvyys on
riittiméton, tai jos herdd epiily otkean kammion toiminnanhiiridstd. Enemmistolld
pitkdaikaisselviytyjistd on viitteitd sydanhaittavaikutuksista herkilli menetelmilld
tutkittuna, vaikka erityisesti sidehoidon kdyton vihentiminen nikyy jo tissd
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potilasryhmissd. Vaikka tutkitut lapsuusidn sy6vin sairastaneet olivatkin
vihioireisia, he tarvitsevat sddnnéllisen sydidnseurannan ja hy6tyvit sydin-
terveellisten elintapojen ohjauksesta.
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three-dimensional echocardiography
atrial peak flow velocity

late diastolic myocardial velocity associated with atrial
contraction

acute lymphoblastic leukemia

brain natriuretic peptide

body surface area

childhood cancer survivor

cardiac magnetic resonance

cardiac troponin

autoantibodies to cardiac troponin
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1. Introduction

The 5-year survival rate in childhood cancer is nowadays over 80% in the USA and
Europe [Howlader, N. et al. (eds) SEER Cancer Statistics Review, 1975-2011.
National Cancer Institute. Bethesda, MD (online)
http://seer.cancer.gov/csr/1975 2011/(2014)], this resulting in a substantial
population of relatively young to early middle-aged adults previously exposed to

anti-cancer therapy (Gatta et al. 2009). With increasing survival the late effects of
pediatric cancer therapy have been the focus of increasing interest.

The dose-related cardiotoxicity of anthracyclines and radiotherapy was
recognized decades ago. Anthracycline-induced cardiotoxicity can occur acutely,
eatly or late. Late cardiotoxicity may manifest as subclinical left ventricular (LV)
dysfunction or clinical heart failure years, even decades, after cancer therapy and is
usually chronic and progressive in nature (Lipshultz et al. 1991).

Adult childhood cancer survivors (CCSs) carry an increased risk of heart failure
and pericardial and valvular diseases compared with healthy siblings, and exposure
to anthracyclines or radiation therapy to the chest even increases this risk
(Mulrooney et al. 2009). Those exposed to both anthracyclines and radiotherapy
have the highest risk of symptomatic cardiac events (van der Pal et al. 2012). As
CCSs may also be liable to the well-established cardiovascular risk factors (i.e.
obesity, hypertension, sedentary life style) the additional burden of cardiovascular
morbidity and mortality they face at a younger age is greater than usual. Cardiac
disease is the third most common cause of death among long-term CCSs, tailing
cancer recurrence and secondary malignancies (Armstrong et al. 2009).

The incidence of subclinical LV dysfunction among long-term CCSs varies
between 0% and 57% (Kremer et al. 2002c¢), and that of symptomatic heart failure
between 0% and 16% (Kremer et al. 2002b), depending on the diagnostic method
used. Conventional echocardiography remains insensitive in detecting early signs of
cardiotoxicity. Many advances have recently been made in the field of cardiac
imaging which provide us with more sensitive methods for screening. Three-
dimensional echocardiography (3DE) enables an accurate assessment of LV
volumes and ejection fraction (EF) (Poutanen et al. 2001; Thavendiranathan et al.
2013), and has become faster and easier to use during the last decade. Tissue
Doppler imaging (TDI) measures myocardial tissue velocities and gives
information on diastolic and systolic function of the heart (Gorcsan et al. 1996).
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The novel speckle tracking echocardiography (STE)-based imaging mode enables
the assessment of both left (DeCara et al. 2005) and right ventricular (RV) function
(Ahmad et al. 2012). Cardiac magnetic resonance (CMR) is considered a reference
method in cardiac imaging, also rendering the examination of RV (Fratz et al. 2009;
Haddad et al. 2008) and myocardium (Ordovas and Higgins 2011; Wu et al. 2001)
possible, and is independent of the acoustic window.

Serum cardiac biomarkers, including troponins (cTns) (Cardinale et al. 2000)
and natriuretic peptides (Sandri et al. 2005) measured during or soon after cancer
therapy have been associated with late cardiac events among adults. Nonetheless,
their role in the screening of late cardiotoxicity after childhood cancer remains
controversial. Also in the field of cardiac biomarkers advances have been made
during the past decade. Modern, high-sensitivity cardiac troponin T (hs-cTnT)
assays capable of measuring cTn concentrations more than ten-fold lower than
those detected with the previous fourth generation assays, were introduced into
clinical use during the past 5-6 years (Latini et al. 2007). The role of autoantibodies
to cardiac troponin (cTnAAbs) in the pathogenesis of heart disease (Shmilovich et
al. 2007) and their involvement in the detection of troponin leakage have also been
studied (Eriksson et al. 2005a).

Especially children exposed to cancer therapy with potentially adverse cardiac
effects warrant accurate and sensitive cardiac follow-up. Firstly, children are more
prone than adults to the cardiotoxic effects of anthracyclines in that these reduce
the number of cardiac stem cells playing a key role in myocardial growth (De
Angelis et al. 2010). Secondly, CCSs have a longer life expectancy than adult
survivors, and may be exposed to further cancer therapy involving additional
cardiotoxic elements. Thirdly, CCSs may be exposed to additional, conventional or
therapy-related cardiovascular risk factors such as obesity or hypertension at a
younger age than normal. The risk of late cardiotoxicity incorporated in pediatric
cancer care was already recognized a number of years ago and modifications in
treatment protocols have ensued. The toxicity encountered today among long-term
survivors reflects toxicity caused by treatment entities no longer in use.

The purpose of this study was to assess cardiac function among long-term
survivors of pediatric cancer therapy over a broad spectrum by combining modern
imaging with a comprehensive selection of cardiac biomarkers. We sought tools
capable of detecting cardiac dysfunction at an early stage and employable in clinical
practice for the cardiac follow-up of CCSs in the future.
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2. Review of the literature

2.1 Childhood malignancies

Acute leukemia constitutes a quarter and brain tumors a quarter of childhood
malignancies. The remaining conditions are solid tumors such as Hodgkin’s
disease, non-Hodgkin lymphoma, neuroblastoma, Wilms tumor, osteosarcoma,
rhabdomyosarcoma and other more rare malignancies. Acute lymphoblastic
leukemia (ALL) is the most common of the childhood malignancies. Around 150
children receive a cancer diagnosis each year in Finland. Nowadays over 80% of
these patients will survive (Gatta et al. 2009).

2.1.1 Treatment of childhood cancer

The treatment of childhood cancer may include chemotherapy, radiotherapy,
surgery, and in some cases stem cell transplantation (SCT). The mechanism of
action of most chemotherapeutic agents is based on the inhibition of cancer cell
division. This inhibition is achieved through different pathways with different
drugs. Thus, chemotherapy almost invariably involves a combination of drugs.
Other mechanisms include the inhibition of angiogenesis. Whichever the primary
mechanism, the damage caused by chemotherapeutic agents leads finally to
apoptosis of the cancer cells. However, chemotherapeutic agents may also damage
normal cells.

Anthracycline chemotherapeutic agents include doxorubicin, daunorubicin,
epirubicin and idarubicin. Mitoxantrone belongs to the anthracenedione class of
anti-tumor antibiotics, but is related to the anthracycline family. Anthracyclines
have a high antineoplastic activity and thus are widely used in the chemotherapy of
leukemias, lymphomas, breast cancer and many solid tumors. A majority of CCSs
have been exposed to anthracyclines during their treatment.

ALL in children is treated in the Nordic countries according to the protocols of
the Nordic Society of Pediatric Hematology and Oncology (NOPHO). The
currently employed fifth generation is called the NOPHO ALL-2008 protocol with
a cumulative dose of anthracyclines in the standard risk group 80 mg/m2, in the
intermediate risk group 120 mg/m? and in the high risk group 240 mg/m2. Due to
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their cardiotoxic effects, the anthracycline doses in the NOPHO ALL protocols
have been markedly reduced during the development of the protocols: in the
NOPHO ALL 1992 protocol the respective cumulative anthracycline doses were
120 mg/m2, 240 mg/m? and 360 mg/m2.

Other chemotherapeutic agents commonly used in pediatric oncology include
cyclophosphamide, ifosfamide, vincristine, methothrexate, mercaptopurine,
etoposide, asparaginase and platinum compounds.

Local radiotherapy is used in some cases in the treatment of solid tumors
alongside surgery and chemotherapy. Total body irradiation may be used as pre-
treatment before allogeneic SCT. Radiotherapy can also be used as a palliative
therapy.

Allogeneic SCT is being used in the treatment of high risk or complicated
leukemia or after leukemia relapse. Malignant cells in the bone marrow are
destroyed with high-dose chemotherapy and, in some cases, with total body
irradiation, and hematopoiesis is reconstituted using donor cells. Autologous stem
cell rescue can be used in the treatment of solid tumors.

2.1.2 Cardiac side-effects of chemotherapy and
radiotherapy

Anthracyclines

Anthracycline-induced cardiotoxicity is categorized into three classes according to
the time of its manifestation (Lipshultz et al. 2013a). Acute cardiotoxicity occurs
within the first week following anthracycline exposure, and is usually reversible in
the absence of further exposure. Early-onset toxicity manifests within the first year
after exposure and may be progressive. Late cardiotoxicity occurs later than one
year after treatment and is of chronic and progressive nature. This classification is
arbitrary, since these classes are assumed to be different stages of the same disease.
The actual toxic insult, which causes the progressive cascade, occurs at the time of
anthracycline exposure.

Signs of acute cardiotoxicity include electrocardiographic (ECG) abnormalities,
arrhythmias, reversible decline in LV function and peti/myocarditis (Creutzig et al.
2007; Lipshultz et al. 2013a; Nakamae et al. 2005). Early and late cardiotoxicity are
probably a continuum of acute toxicity, since cardiac troponin T (c¢TnT) release
during cancer treatment has been associated with echocardiographic abnormalities
years later (Lipshultz et al. 2012b).
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Late cardiotoxicity manifests as asymptomatic LV dysfunction or resembles
dilating or restrictive cardiomyopathy, and may lead to terminal cardiomyopathy
(Levitt et al. 2009). Symptoms may develop gradually as non-specific fatigue or a
minor decrease in tolerance of exercise, or manifest abruptly with additional stress
such as severe infection or pregnancy.

The precise mechanism of anthracycline-induced cardiotoxicity remains
uncertain, but oxidative stress is thought to be a major contributor to myocardial
injury (Chen et al. 2006; Octavia et al. 2012; Sarvazyan 1996). The formation of
anthracycline-iron complexes increases reactive oxygen species, causing lipid
peroxidation and damage to cellular membranes. Due to limited antioxidant
defences against reactive oxygen species, myocytes are more vulnerable to
oxidative stress than other tissues and organs. Anthracyclines induce damage at
multiple sites of cardiac metabolism, and also affect mitochondrial structure and
function through several pathways (Octavia et al. 2012; Tokarska-Schlattner et al.
2006). The anthracyclines suppress the synthesis of some cardiac proteins
(Jeyaseelan et al. 1997), induce proteolysis of titin (Lim et al. 2004), and cause
intracellular calcium dysregulation, negatively affecting contractility (Holmberg and
Williams 1990). The known cardiotoxic mechanisms of anthracyclines are
illustrated in Figure 1.

Topoisomerase 2B enzyme was recently found to be a key mediator of
anthracycline-induced cardiotoxicity Anthracyclines cause topoisomerase 2
inhibition, which leads to cardiomyocyte death through DNA damage.
Anthracyclines also depress the defence mechanisms against oxidative stress and
cause mitochondrial dysfunction through topoisomerase 2B inhibition. (Zhang et
al. 2012)

Histologically anthracycline-induced, non-ischemic cellular degeneration shows
vacuolization of the sarcoplasmic reticulum, loss and disorganization of myofibrils,
swelling of the mitochondria, replacement fibrosis, and myocyte death (Mason et
al. 1978; Torti et al. 1986). Anthracyclines also appear to reduce the number of
cardiac stem cells participating in myocardial growth during adolescence and to
interfere with the replacement of injured cells (De Angelis et al. 2010). Loss of
myocytes leads to thinning of the heart walls. The heart can tolerate a mild degree
of myocyte loss, but cardiac dysfunction ensues when the functional reserve
capacity is exceeded.

The anthracyclines also cause impaired vascular endothelial function and
increased aortic stiffness, risk factors for and early signs of cardiovascular disease
(Jenei et al. 2013).

The frequency of anthracycline-induced subclinical cardiotoxicity after
childhood cancer has varied between 0% and 57% (Kremer et al. 2002c), and that
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of clinical heart failure between 0% and 16% (Kremer et al. 2002b) in different
studies.

The frequency of anthracycline-induced cardiotoxicity increases with the
cumulative anthracycline dose. The estimated cumulative percentage of adult
cancer survivors with anthracycline-induced congestive heart failure has been
reported to be 5% at a cumulative anthracycline dose of 400mg/m2, 16% at 500
mg/m2, 26% at 550 mg/m? and up to 48% at 700 mg/m? (Swain et al. 2003).
Other risk factors for cardiotoxicity include young age at primary diagnosis
(Lipshultz et al. 1991), female gender (Krischer et al. 1997), length of follow-up
(Lipshultz et al. 1991; van Dalen et al. 2000), trisomy 21 (Krischer et al. 1997),
high-dose cyclophosphamide (Zver et al. 2007), African-American ancestry
(Krischer et al. 1997), pharmacogenomics (Blanco et al. 2012; Visscher et al. 2012),
hemochromatosis (Lipshultz et al. 2013c), and cranial irradiation (Landy et al.
2013).

No unambiguous diagnostic test exists for the cardiotoxic effects of
anthracyclines. Right ventricular endomyocardial biopsy was previously a more
commonly used diagnostic approach (Lipshultz et al. 1991; Steinherz et al. 1995),
but due to its invasive nature and advances in modern imaging techniques, it is
nowadays performed rather seldom and at a late phase of the disease in children
with anthracycline-induced cardiomyopathy (Lipshultz et al. 2013a). Despite the
high specificity of the endomyocardial biopsy, it is prone to sampling errors and
complications and samples present only the local tissue. CMR has replaced
endomyocardial biopsy in the diagnosis of many heart diseases during recent years

(Yoshida et al. 2013).
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Figure 1. Anthracycline has a range of effects on cardiomyocytes. It induces lipid
peroxidation at the cell and mitochondrial membranes, induces apoptosis,
mitochondrial DNA damage and energy depletion. Furthermore, it impairs Ca®*
processing in the sarcoplasmic reticulum and inhibits the transcription of
important muscle elements, weakening the heart muscle. It also downregulates
adrenergic receptors and interrupts cell signaling. Abbreviations: cTn, cardiac
troponin; MLC2, myosin light chain 2; MM-CK, myofibrillar isoform of the CK
enzyme; ROS, reactive oxygen species; TOPII, topoisomerase 2. Reprinted with
permission from Macmillan Publishers Ltd [Nat. Rev. Clin. Oncol] (Lipshultz SE
et al. 2013b), copyright (2013).

Other chemotherapeutic agents

Of the other chemotherapeutic agents used in children, alkylators (e.g.
cyclophosphamide, ifosfamide), cytarabine and cisplatin have also been associated
with myocarditis, arrhythmias, LV dysfunction, heart failure and myocardial
ischemia (Lipshultz et al. 2013a).
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Radiotherapy

Radiotherapy involving the heart can cause a number of complications, including
cardiomyopathy, congestive heart failure, pericarditis, myo- and pericardial fibrosis,
coronary artery disease, valve abnormalities, conduction disturbances and vascular
changes (Lipshultz et al. 2013a). Radiation damage begins with inflammation
leading to diffuse interstitial fibrosis through microcirculatory damage (Stewart and
Fajardo 1971; Stewart et al. 1995). Increased fibrosis causes myocardial stiffness
and a typical cardiomyopathy of restrictive nature (Adams et al. 2004). Diastolic
cardiac function appears to be more vulnerable to radiation than systolic
(Christiansen et al. 2014).

Cardiac radiation exposure of 15 Gy or more among CCSs has increased the
risk of heart failure, myocardial infarction, pericardial disease and valve disease
two- to six-fold compared with non-exposed survivors (Mulrooney et al. 2009).
Guidelines from the Children’s Oncology Group attach the highest risk to those
with doses exceeding 30 Gy with or 40 Gy without anthracyclines. However, even
average radiation doses 5 to 20 Gy combined with anthracyclines during childhood
increase the relative risk of cardiac failure (Pein et al. 2004). Modern radiotherapy
techniques have enabled the fractioning of doses, reduction of the total dose, and a
reduction in the volume of the heart being exposed, all resulting in a decline in the
incidence of radiation-induced cardiac disease (Schellong et al. 2010). Especially
among children the modern cancer treatment protocols aim at diminishing cardiac
radiation exposure.

2.2 Cardiac pump function

The heart consists of two separate pumps, LV and RV. Cardiac pump function
depends on its ability to fill (diastolic function) and empty (systolic function).
Factors influencing pump function include the contractility of sarcomeres,
ventricular geometry, function of the valves, loading conditions and heart rate
(Fukuta and Little 2008).

The left heart receives blood from the pulmonary veins and pumps well-
oxygenated blood to the peripheral organs. The LV has a higher pressure and
thicker walls and thus a better response to pressure overload than the RV.
Myofibers are arranged in a complex three-dimensional network. The LV walls
consist of subepicardial myofibers predominantly left-handedly and longitudinally
oriented, mid-wall myofibers oriented circumferentially and subendocardial
myofibers mainly right-handedly and longitudinally oriented (Sengupta et al. 2000).
The contraction of sarcomeres causes a longitudinal shortening, radial thickening,
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circumferential shortening, and apical torsion of the LV resulting in blood ejection
(Garcia 2008).

The right compartment receives systemic venous blood from the caval veins
and ejects it to the lungs. The RV has a low pressure and thin walls and thus a
better response to volume overload than the LV. The RV wall consists of
superficial, mainly circumferentially arranged and deep longitudinally oriented
myofibers (Haddad et al. 2008). RV contraction consists of a bellows effect
produced by inward movement of the free wall and the contraction of the
longitudinal fibers (Haddad et al. 2008). LV contraction markedly affects the RV
function through a mechanical ventricular interdependence (Santamore and
Dell'Ttalia 1998). In the absence of intracardial shunts LV output equals RV output.

2.2.1 Systolic function

The systole is a period of ventricular contraction when the ventricles empty. It is
initiated by an electrical signal delivered into the myocardium. The shortening of
the myofibers and sarcomeres leads to the generation of pressure. As a
consequence, the intraventricular pressure rises rapidly until it exceeds the atrial
pressure, leading to the closure of the mitral and tricuspid valves. When the
ventricular pressure exceeds the aortic and pulmonary pressures, the aortic and
pulmonary valves open and blood is ejected into the systemic and pulmonary
circulations. After the ejection, the pressure of the ventricles falls below that in the
aorta and pulmonary artery, leading to the closure of the aortic and pulmonary
valves and the end of the systole (Fukuta and Little 2008).

The cardiac output comprises the blood volume ejected during each heartbeat,
stroke volume (SV), and heart rate. It is affected by preload, afterload, myocardial
contractility, synchrony, and heart rate (Figure 2). Preload depends mainly on the
amount of venous blood returning into the heart and the capacity of the ventricle
to fill. Afterload is the resistance against which the ventricle contracts (Fukuta and
Little 2008) [www.vascularconcepts.com/content/pages.php?pg=patients_cardio_
system&page=cardiac_cycle (2015)].

The systolic function of LV and RV can be estimated by EF, which is a ratio of
SV to end-diastolic volume. EF can be calculated using volumes derived from two-
dimensional echocardiography (2DE), 3DE or CMR. LV systolic function can also
be estimated by fractional shortening (FS) with the M-mode (the ratio of the
difference of LV end-diastolic and -systolic dimensions to the LV end-diastolic
dimension). Due to the shape and geometry of RV, it is difficult to measure the
volumes by other than three-dimensional methods. Therefore, change in area is
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used for the assessment of RV systolic function. The RV fractional area change is a
ratio of the RV systolic area change over the diastolic RV area.

The systolic function of the RV differs from the LV for anatomical reasons. RV
is more after-load dependent due to its thinner walls and lower elasticity (Haddad
et al. 2008). Furthermore, the RV can better tolerate volume overload due to its
higher diastolic compliance (Haddad et al. 2008). The contraction of the RV is
sequential, starting from the inflow region and trabeculated apical component and
ending in the outflow region (Walker and Buttrick 2013). The most common cause
for RV failure is LV failure, again through ventricular interaction (Walker and
Buttrick 2013).

Cardiac output

P—

Heart rate Stroke volume
&, Of NO)
Contractility Preload Afterload

Figure 2. Factors affecting cardiac output.

2.2.2 Diastolic function

The diastole is a period of ventricular relaxation when the ventricles fill with blood.
It begins when the aortic and pulmonary valves close. When the ventricular
pressure falls below the atrial pressure, mitral and tricuspid valves open. Blood
flows initially fast from the atria to the respective ventricles, but in mid-diastole
only a little blood flow occurs since atrial and ventricular pressure equalize. Finally,
the atrial contraction propels the remainig blood into the ventricles. Following
atrial relaxation the atrial pressure decreases below the ventricular and the atrio-
ventricular valves close. (Fukuta and Little 2008)
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Ventricular filling contributes to myocardial relaxation, atrioventricular
compliance, atrial systolic function, and pericardial constraint. LV relaxation is an
active, energy-dependent process with the myocardium returning to its initial
length and tension (Garcia 2008). LV compliance is determined by cellular,
extracellular and geometric properties (Garcia 2008). The left atrial contribution to
LV filling increases greatly in the case of impaired LV relaxation.

The filling velocities of RV are lower than in the LV. In addition, changes in
intra-thoracic pressure during the normal respiratory cycle cause wide variability in
RV preload and the respective inflow patterns.

2.2.3 Ventricular synchrony

In the normal heart, the ventricular contraction and relaxation are coordinated and
homogenous, as a result of electrical and mechanical synchrony. Electrical
dyssynchrony is uncommon among children. It is caused by prolonged or
inhomogeneous electrical activation of the heart, due to bundle branch block or
pacing, and can be diagnosed with prolonged QRS duration in ECG (Friedberg
and Mertens 2013).

Mechanical synchrony consists of coordinated function at atrioventricular,
interventricular and intraventricular levels (Friedberg and Mertens 2013).
Intraventricular dyssynchrony refers to incoordinated contraction between the
different segments of the ventricle. It leads to a reduced SV with blood moving
around the ventricle from segments activated early to those activated late, resulting
in impaired systolic function. Intraventricular dyssynchrony has been detected in
children with dilated cardiomyopathy (Chen CA et al. 2009), LV hypertrophy in
end-stage renal disease (Kobayashi et al. 2012), and in congenital heart diseases
(Ho et al. 2012).

Intraventricular dyssynchrony can be evaluated with echocardiography. M-
mode may reveal local septal-posterior wall delay. Color TDI enables the
assessment of dyssynchrony data from multiple myocardial segments
simultaneously. The RT-3DE method for the evaluation of dyssynchrony is based
on the time-volume data derived from full-volume data sets (Kapetanakis et al.

2005).

2.3 Myocardium

Increased LV mass is associated with poor prognosis in many heart diseases.
However, a recent study on anthracycline-exposed adults demonstrated a low body
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surface area (BSA) -indexed LV mass in CMR to be a predictor of adverse cardiac
effects (Neilan et al. 2012). Some echocardiographic studies have shown decreased
LV mass and wall thickness among long-term CCSs (Lipshultz et al. 2005;
Poutanen et al. 2003b; Rathe et al. 2007). LV mass can be estimated by M-mode
(Devereux et al. 1986; Lang et al. 2005), two-dimensional echocardiography (2DE)
with area-length method (Schiller et al. 1989; Wyatt et al. 1979), truncated ellipsoid
model (Schiller et al. 1983; Schiller et al. 1989), or with the Simpson biplane
method (Lang et al. 2005; Vogel et al. 1992), by 3DE (Ojala et al. 2014; Poutanen
et al. 2001), or CMR (Katz et al. 1988; McDonald et al. 1992). Three-dimensional
imaging methods do not make assumptions regarding LV geometry, and are thus
considered to give a more accurate estimate of LV mass than M-mode or 2DE.
There are different methods for LV mass indexation for body size related to
weight, height or BSA, which cannot be used interchangeably (Simpson et al.
2010). LV mass/(height in meters)2” has been proposed to be the indexation
method most closely approximated to lean body mass (de Simone et al. 1992).
However, many CMR reference data for children still use LV mass indexation to
BSA (Buechel et al. 2009; Robbers-Visser et al. 2009).

Several pathophysiological mechanisms lead to myocardial fibrosis, a significant
increase in the collagen volume fraction of myocardial tissue first affecting the
diastolic, and later systolic cardiac function. Myocardial fibrosis is seen in many
heart diseases, including cardiomyopathies, myocardial infarction, and heart disease
with pressure overload. Three subtypes of fibrosis exist: reactive interstitial,
infiltrative interstitial and replacement/scarring fibrosis. Replacement fibrosis
develops after myocyte damage or necrosis, and it may have either a localized or a
diffuse distribution. Interstitial and infiltrative fibrosis leads to replacement fibrosis
at later stages of disease (Mewton et al. 2011). Myocardial fibrosis is associated with
an adverse outcome in dilating (Assomull et al. 2006) and hypertrophic
cardiomyopathies (Rubinshtein et al. 2010). Interstitial and replacement fibrosis
have also been detected histologically in patients with anthracycline-induced
cardiomyopathy (Cascales et al. 2013; Lipshultz et al. 1991; Steinherz et al. 1995).

2.4 Echocardiography in the evaluation of cardiac
function

Echocardiographic imaging is based on the reflection of ultrasonic waves at the
interface between different types of tissues with different acoustic characteristics,
for example blood and myocardium. Transthoracic echocardiography is a useful,
safe and non-invasive method to evaluate the cardiac structure and function. An
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inadequate acoustic window may cause limitations with echocardiography. A
variety of echocardiographic modalities exist: 2DE, M-mode, Doppler, TDI, STE
and 3DE. With a combination of these modalities it is possible to obtain more and
different kinds of information on the heart.
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Table 1. Imaging methods used for the evaluation of cardiac function and signs of cardiotoxicity in this thesis.

Method Abbreviation Applications Strengths Weaknesses Study
M-mode M-mode Chamber dimensions, Fast One-dimensional 11, I1I,
echocardiography myocardial thickness, FS ~ Good temporal resolution Dependent on LV geometry v

and LV mass Does not take into account

TAPSE regional wall motion abnormalities
Doppler Doppler Velocities of the atrio- Fast One-dimensional v
echocardiography ventricular valve inflows ~ Assesses diastolic function in LV and  Angle- and load-dependent

RV Values vary greatly

Pulsed wave tissue PW TDI Velocities of the Fast One-dimensional v
Doppler imaging myocardium in LV and Assesses diastolic and systolic Angle-dependent

RV function in LV and RV
Speckle tracking STE (TMAD) Longitudinal shortening ~ Fast Need for post-processing v
echocardiography — of the LV and RV Angle-independent
based tissue motion Two-dimensional
annular displacement Can also be used in RV
Real-time three- RT-3DE LV volumes and EF Good temporal resolution Dependent on acoustic window 11, I11,
dimensional LV dyssynchrony Independent of LV geometry Need for post-processing v
echocardiography Three-dimensional method

Faster than CMR

Cardiac magnetic CMR LV and RV volumes and  Independent of acoustic window Expensive -1V
resonance imaging EF Good spatial resolution Long imaging time (need for

Best method for the RV
Assessment of myocardium
Three-dimensional method

sedation)
Contrast agent
Need for post-processing

CMR, catdiac magnetic resonance; EF, ejection fraction; FS, fractional shortening; LV, left ventricle/ventricular; RV, right ventricle/ventticulat; TAPSE, tricuspid

annular plane systolic excursion.
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2.4.1 Two-dimensional echocardiography

2DE enables the assessment of cardiac morphology and function, chamber sizes
and spatial relationships in cardiovascular structures. 2DE is one of the main
methods to exclude structural abnormalities of the heart.

LV volumes can be measured by the biplane Simpson method of discs derived
from apical four- and two-chamber views. The height of the discs is obtained by
dividing the total length of the LV cavity (L) by the number of discs (n, usually 20).
The volume of the discs is calculated from the radius of discs (ai and i) obtained
from four- and two-chamber views. The LV volumes in the end-diastole and —
systole are calculated from the sum of the volumes of the individual discs as
follows: [(m/4 Z(4i x bi) x L/n]. In the area-length method, ventricular volumes are
calculated from the formula: [5/6 x mid-LV short-axis area x LV length] (Lopez et
al. 2010). The EF is calculated from the LV end-diastolic (EDV) and end-systolic
(ESV) volumes following [(LV EDV — LV ESV)/LV EDV x 100]. Most children
have an excellent acoustic window, and thus LV volumes and EF are easily
obtained by 2DE. Measurement of LV volumes and EF by 2DE is included in the
complete pediatric echocardiographic evaluation (Lopez et al. 2010).

It is often challenging to obtain optimal views of the RV with 2DE, due to its
complex geometry. The systolic function of the RV can be assessed with 2DE by
calculating the fractional area change in the apical four-chamber views [(end-
diastolic area — end-systolic area)/end-diastolic area] (Lopez et al. 2010).

In the assessment of the global ventricular function, the 2DE-derived EF takes
into account a regional dysfunction better than the M-mode, but is dependent on
the ventricular geometry and visualization of the blood-endocardium borders.
Reference values of the 2DE-derived ventricular volumes for children are available
(Franklin et al. 1990; Lytrivi et al. 2011; Vogel et al. 1991). Reference values of RV
fractional area change are available for adults but not children (Lang et al. 2005).

2.4.2 M-mode echocardiography

The M-mode echocardiography shows cardiac motion against time, enabling the
measurement of dimensions and timing. It is used for the measurement of
chamber dimensions and myocardial thickness, assessment of the LV function and
the longitudinal motion of the tricuspid valve annulus (TAPSE, tricuspid annular
plane systolic excursion), assessment of valve motion, inferior vena cava collapse
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and pericardial fluid. The LV internal diameters for fractional shortening (FS)
calculation can be obtained from M-mode recordings of either the parasternal
long- or short-axis views (Figure 3) (Lopez et al. 2010). BSA—indexed reference
values for the M-mode—derived dimensions for infants and children are available
(Kampmann et al. 2000). The LV mass can be calculated from the LV dimensions
derived from the M-mode (Devereux et al. 1986; Lang et al. 2005). M-mode
assumes the LV mass to be symmetric and thus cannot be used in the case of
asymmetric mass accumulation. TAPSE measures tricuspid valve lateral annulus
longitudinal excursion from the end-diastole to peak excursion. TAPSE is reduced
in abnormal RV function.

A disadvantage of the M-mode is its one-dimensional nature. FS does not
present the global LV function in that it reflects only the circumferential fiber
shortening and does not take into account regional wall motion abnormalities. As
the FS is dependent on the LV geometry, M-mode is unreliable with ventricles of
abnormal shape (Lang et al. 2005).

Figure 3. M-mode image of the LV. The longest diameter at the onset of the QRS-complex
represents the LV end-diastolic dimension, and the shortest diameter at the
maximum downward excursion of interventricular septum represents the LV end-
systolic dimension. FS is calculated as follows: [(LV end-diastolic dimension — LV
end-systolic dimension)/LV end-diastolic dimension] x 100.
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2.4.3 Doppler echocardiography

Doppler echocardiography is based on the detection of the shift in frequency of
ultrasound signals reflected from moving objects. It enables the assessment of
directions, disturbances and velocities of blood flow. Shunts and valvular lesions
can be visualized by the color flow mapping mode. Estimation of pressure
gradients and prediction of intracardiac or intravascular pressure can be
accomplished using the blood flow velocities obtained with Doppler
echocardiography. The pulsed wave (PW) Doppler measures velocities at a specific
location within a sample volume, but the maximal detectable velocity is limited.
Continuous wave (CW) Doppler is used to detect the highest flow velocities
available, but it cannot localize the site of the sampling (Quinones et al. 2002).

PW Doppler analyses of the atrio-ventricular valve inflows are used to assess
LV and RV diastolic function, ventricular preload, and atrial and valvular functions.
The sample volume is positioned distal to the valve annulus near the tips of the
atrio-ventricular valve leaflets in the apical four-chamber view (Quinones et al.
2002). The E wave represents passive filling during early diastole and the A wave
that during atrial contraction. Reference values for children are available (Eidem et
al. 2004). In normal hearts the E wave is typically higher than A (Lopez et al. 2010).
In the early phase of diastolic dysfunction, the mitral inflow tracing represents an
abnormal relaxation pattern where the E/A ratio decreases below normal. As the
diastolic dysfunction progresses, the mitral inflow tracing shifts to a restrictive
pattern with an increasing E and decreasing A wave, and an abnormally higch E/A
ratio (Quinones et al. 2002). The E wave increases with increasing preload, and
Doppler images of the tricuspid inflow vary greatly during normal breathing,

2.4.4 Tissue Doppler echocardiography

TDI uses the same principles as conventional Doppler, but measures the higher-
amplitude, lower-velocity signals of the myocardial tissue motion instead of the
high-frequency, low-amplitude signals from fast-moving blood cells (Ho and
Solomon 2006; Isaaz et al. 1989). TDI gives information on both systolic and
diastolic cardiac function. It remains angle-dependent in measuring only motion
parallel to the ultrasound beam. It is thus mostly used for assessment of the
longitudinal function of the heart. The myocardial velocities are higher at the heart
base and decrease to the apex and higher in the lateral ventricular walls than in the
interventricular septum (Eidem et al. 2004).

TDI is not able to distinguish passive from active motion and thus the
movement of the heart within the thorax cannot be discriminated from the
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myocardial movement. The motion of the adjacent myocardial segments affects the
myocardial velocities. Also age and ventricular geometry influence the myocardial
motion (Eidem et al. 2004). Even though TDI is less load-dependent than the
conventional Doppler indices, load changes still affect the myocardial velocities
(Abali et al. 2005; Eidem et al. 2005).

Two different TDI methods can be used (Mor-Avi et al. 2011). The PW TDI
measures peak myocardial velocities in a specific myocardial segment at a given
time and has high temporal resolution. The sample volume is placed within the
myocardium of interest parallel to the ultrasound beam. The cardiac cycle consists
of three major TDI waveforms: the systolic myocardial peak (S°); early diastolic
myocardial relaxation peak (E°); and late diastolic myocardial peak associated with
atrial contraction (A") (Figure 4) (Ho and Solomon 20006). S° is a positive wave
above the baseline, E” and A" negative waves below it.

Color TDI measures mean myocardial velocities lower than the peak velocities
measured by PW TDI (Mor-Avi et al. 2011). The images need to be post-processed
after acquisition. Color TDI combines good temporal resolution with high spatial
resolution in the axial direction, enabling measurement of velocity gradients
between the myocardial segments. The rate of regional myocardial deformation
(strain rate) can be calculated by dividing the difference in the myocardial velocities
between two points by the distance between them. Regional strain is the amount of
deformation and can be calculated by integrating the strain rate curve over time
during the cardiac cycle. Assessment of the synchrony of ventricular contraction is
also possible with color TDI, the velocity recordings being made simultaneously in
multiple segments (Mor-Avi et al. 2011).
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Figure 4. A typical PW TDI tracing from the septal mitral annulus (lower part of the figure).
The upper sector represents the site of PW TDI sample volume during
measurement (arrow).

2.4.5 Speckle tracking echocardiography

Two-dimensional STE is a fairly new method for assessing myocardial function
(Bohs and Trahey 1991). It is an offline technique applied on previously acquired
two-dimensional images. The speckles seen in the 2DE images are created by the
interference of different ultrasound waves in the myocardium. Each piece of the
myocardium scatters the ultrasound waves generating speckles unique for that
piece. Blocks of speckles can be tracked from frame to frame, providing
displacement information simultaneously from multiple regions (Mor-Avi et al.
2011). Parameters describing myocardial function, such as velocity, strain
(describes myocardial deformation) and strain rate (the rate of change in strain) can
be derived from this data. Due to the two-dimensional nature of STE, radial and
longitudinal strain can be measured simultaneously from the long-axis images and
radial and circumferential strain from the short-axis images (Edvardsen et al.
2000).

Assessment of two-dimensional strain by STE is a semi-automatic method. The
regions of interest have to be placed and the definition of the myocardium has to
be checked manually. STE-based strain analyses are performed on vendor-specific
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software packages employing different post-processing algorithms. Thus, for most
STE measurements, it is advisable to use consistently the same ultrasound machine
and analysis software, until industry standards for these measurements have been
established (Koopman et al. 2010a). However, the longitudinal strain has low intra-
and inter-observer variability and seems to be reliably measured using different
machines and software (Koopman et al. 2010a). Age-specific normative values also
for children are available (Marcus et al. 2011), but the system-specific reference
values should be used whenever possible.

With the measurement of global longitudinal and/or circumferential strain
being time-intensive, several STE-based modalities for an easy assessment of
regional strain, annular displacement and LV EF are being marketed (DeCara et al.
2005). The STE-based method for assessing tissue motion annular displacement
(TMAD) is a fast and easy means of measuring LV (DeCara et al. 2005) and RV
longitudinal function (Ahmad et al. 2012) and TMAD has been shown to correlate
with CMR (Ahmad et al. 2012; Tsang et al. 2010).

2.4.6 Real-time three-dimensional echocardiography

3DE was developed to overcome the limitations of the M-mode and 2DE related
to the LV geometry. Instead of a mental reconstruction using 2DE images, 3DE
allows direct visualization of the three-dimensional relationships of complex heart
structures and defects.

Efforts to construct a three-dimensional model of the heart date back to the
seventies (Dekker et al. 1974). Early three-dimensional datasets were created by
merging serial two-dimensional cross-sectional echocardiographic images obtained
at different levels or from different angles (Ghosh et al. 1982). The cut planes were
obtained using a predetermined linear, fanlike or rotational transducer motion
(Vettukattil 2012). The early three-dimensional techniques were both labor-
intensive and prone to artifacts caused by the long acquisition time, images
acquired during several cardiac cycles, and motion of the patient or probe.

Real-time three-dimensional echocardiography (RT-3DE) was developed in the
early 1990s (von Ramm and Smith 1990). Advances in the technology of the
transducers, ultrasound systems and computers have enabled processing of the
sizeable amounts of data created. Currently used, fully sampled matrix array
transducers have almost 3000 active piezoelectric elements to produce true, real-
time three-dimensional echo images (Lang et al. 2012). Modern RT-3DE further
renders fast acquisition of high-resolution pyramidal volume datasets possible
during a single breath-hold, displaying multiple image planes (Mor-Avi et al. 2008).
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Image analysis can be performed online or offline with commercially available
analysis softwares (Vettukattil 2012).

RT-3DE is used in the clinic for reconstruction of the cardiac morphology and
quantification of chamber volume changes (Lang et al. 2012; Mor-Avi and Lang
2009; Vettukattil 2012). It also yields important information on the valves and
complex structural heart diseases (Lang et al. 2012; Takahashi et al. 2010;
Vettukattil 2012). The time-volume data obtained from RT-3DE full-volume data
sets enables the assessment of LV synchronity (Kapetanakis et al. 2005). The
standard deviations of times to the minimal volumes in 12 and 16 subvolumes are
used as dyssynchrony indices, the latter however being considered the most
repeatable index (Ojala et al. 2014).

The term “RT-3DE” is usually, as in this thesis, applied broadly to cover all the
modern applications to distinguish them from the reconstructed 3DE images of
eatlier generations (Yang et al. 2008). A true real-time 3DE produces a narrow
sector with a simultaneous ECG recording. This sector is not large enough to
cover the whole LV or RV cavity. Thus, a full-volume RT-3DE uses ECG gating
to synchronize image portions accumulated over sequential cardiac cycles and is
near real-time, the full volume image being available only when the final recorded
cycle is complete (Yang et al. 2008). The advantages of ECG gating include larger
imaging sectors, higher frame rates and better line density, making it optimal for
the volumetric quantification and visualization of larger structures such as the
mitral valve. A disadvantage of ECG gating is a stitching artifact caused by an
irregular heart rhythm or respiratory variability (Yang et al. 2008).

RT-3DE has been validated against CMR among adults in the assessment of LV
mass and volumes with or without wall motion abnormalities (Pouleur et al. 2008).
Validation has also been undertaken among healthy children (Bu et al. 2005), those
with congenital heart disease (Friedberg et al. 2010), or with a functional single
ventricle (Soriano et al. 2008). RT-3DE systematically underestimates ventricular
volumes compared with CMR (Bell et al. 2014; Dorosz et al. 2012; Pouleur et al.
2008). Age- and gender-specific RT-3DE reference values for LV volumes and EF
are available for adults (Chahal et al. 2012), but for healthy children are still based
on an older 3DE technique (Poutanen et al. 2003a). Among children, RT-3DE has
been demonstrated to be superior to M-mode and 2DE for the measurement of
the LV parameters with CMR as reference (Lu et al. 2008). Normal reference data
for RT-3DE dyssynchrony parameters are available for adolescents (Cui et al. 2010;
Ten Harkel et al. 2009).

38



2.5 Cardiac magnetic resonance imaging in the
evaluation of cardiac function and fibrosis

CMR is a non-invasive, radiation-free imaging technique with good spatial and
temporal resolution enabling visualization of the heart in any plane. It makes
possible accurate assessment of the cardiac morphology and dimensions,
myocardial function and metabolism, blood flow, myocardial perfusion and tissue
characterization (American College of Cardiology Foundation Task Force on
Expert Consensus, Documents et al. 2010). Echocardiography is excellent for the
visualization of intracardiac anatomy, but CMR is especially useful in the imaging
of a congenital heart disease with complex vascular anatomy (e.g. aortic arch
anomalies), cardiomyopathies and RV dimensions and function (American College
of Cardiology Foundation Task Force on Expert Consensus, Documents et al.
2010; Belloni et al. 2008; Haddad et al. 2008; Helbing et al. 1995).

To avoid movement artifacts the patient should lie still during imaging. Children
under school age usually need sedation for CMR. Contraindications for CMR
include claustrophobia and magnetic resonance imaging (MRI) incompatible, iron-
containing devices. Previously cardiac pacemakers were also a contraindication, but
recently MRI-compatible pacemakers have been introduced (American College of
Cardiology Foundation Task Force on Expert Consensus, Documents et al. 2010).

2.5.1 Volumes, mass and ejection fraction

Cine images for cardiac volume and mass assessment are currently acquired using a
steady state in free precession (SSFP) sequence instead of the previously used
gradient echo technique (American College of Cardiology Foundation Task Force
on Expert Consensus, Documents et al. 2010). The SSFP technique gives a better
distinction between blood and myocardium and yields larger ventricular volumes
and lower EF than older methods (Alfakih et al. 2003b; Plein et al. 2001). CMR is
usually performed in a magnetic field of 1.5 Tesla. For the measurement of the
ventricular volumes and mass, ECG-gated SSFP cine images are acquired during
breath-holding or free breathing in several cardiac cycles and the final image is
derived from the data thus acquired (Keenan and Pennell 2007). Ten to twelve
consecutive slices of 4 to 8 mm thickness covering the ventricles from base to apex
in the short-axis view are obtained. The ventricular volumes can also be measured
from axial slices (American College of Cardiology Foundation Task Force on
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Expert Consensus, Documents et al. 2010; Sarikouch et al. 2010). The RV volumes
derived form the axial slices have a better reproducibility than those from short
axis slices (Alfakih et al. 2003a; Fratz et al. 2009). The summation of discs method
is applied to calculate the ventricular volumes. The EF is calculated from the EDV
and ESV derived. The LV mass is calculated as the difference between the LV
EVD and ESV multiplied by a specific myocardial density of 1.05 g/ml (Schulz-
Menger et al. 2013).

CMR ensures very good accuracy and reproducibility for the measurement of
the LV (Cranney et al. 1990; Danilouchkine et al. 2005; Rehr et al. 1985) and RV
volumes, mass and EF (Catalano et al. 2007; Jauhiainen et al. 1998; Walsh et al.
2011). It is therefore used as a reference method against which other cardiac
imaging modalities are validated (Higgins 1992). However, a semiautomated
volume analysis by software often requires manual correction according to endo-
and epicardial borders. Reference values for the ventricular volumes, mass and EF
obtained with SSFP method are available for both adults (Alfakih et al. 2003b) and
children (Buechel et al. 2009; Robbers-Visser et al. 2009; Sarikouch et al. 2010).

2.5.2 Late gadolinium enhancement

Myocardial replacement fibrosis can be detected non-invasively with the late
gadolinium enhancement (LGE) CMR technique (Kim et al. 1999; Mewton et al.
2011; Wu et al. 2001). Intravenously administered gadolinium-chelated contrast
agent (Gd-CA) shortens the tissue T1 relaxation time in proportion to its local
concentration, making areas with high gadolinium concentrations brighter in T1-
weighted images (American College of Cardiology Foundation Task Force on
Expert Consensus, Documents et al. 2010). The typical Gd-CA dose administered
is 0.1-0.2 mmol/kg. During the very eatly phase after administration, Gd-CA
penetrates myocardial segments with a normal blood supply, making them
hyperenhanced, while segments with an impaired blood supply appear
hypoenhanced. During the next phase, Gd-CA washes out from the normal
myocardium. A late steady-state phase is reached by 10-15 minutes, when Gd-CA
accumulates in the areas of replacement/scarring fibrosis with only little Gd-CA
present in the healthy myocardium. Focused T1-weighted inversion recovery scans
acquired at this phase show the LGE bright and the normal myocardium black
(Assomull et al. 2007b). LGE has been detected in patients with hypertrophic
(Moon et al. 2003) and dilating cardiomyopathy (Assomull et al. 20006), acute and
chronic myocardial infarction, myocarditis, and severe aortic valve disease
(Ordovas and Higgins 2011).
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Nephrogenic systemic fibrosis is an extremely rare complication of Gd-CA
administration, and thus Gd-CA is contraindicated in renal failure, and seldom
used with infants under three months of age (American College of Cardiology
Foundation Task Force on Expert Consensus, Documents et al. 2010).

2.5.3 Detection of diffuse fibrosis

The difference in signal intensity between fibrotic and normal myocardium creates
the image contrast in LGE CMR. LGE is not applicable in diffuse fibrosis with no
normal myocardium as reference (Mewton et al. 2011). The optimal technique for
the detection of diffuse fibrosis remains endomyocardial biopsy, invasive and
prone to sampling errors (Sado et al. 2011). The CMR methods available for the
assessment of diffuse fibrosis are T1 mapping (Messroghli et al. 2003) and
equilibrium contrast CMR (Flett et al. 2010).

In the T1 mapping method, T1 is measured at a fixed time after contrast
injection. A shorter post-contrast T1 time reflects a greater contrast volume
distribution indicative of diffuse fibrosis. The post-contrast T1 times have been
demonstrated to correlate histologically with fibrosis (Iles et al. 2008). Limitations
to T1 mapping include differences in hematocrit and renal function, both affecting
the Gd-CA kinetics (Mewton et al. 2011). Imaging protocols remain to be
standardized for Gd-CA doses, acquisition sequences and the time between Gd-
CA administration and imaging to ensure comparable studies (Mewton et al. 2011).
Age- and gender-specific reference values for T1 mapping are also lacking.

Equilibrium-contrast CMR is a novel method to measure diffuse fibrosis (Flett
et al. 2010). A bolus of Gd-CA is followed by a continuous infusion for 45 to 80
minutes to achieve blood-myocardium equilibrium. The hematocrit is taken to
measure the blood volume of distribution (1-hematocrit). CMR images are
acquired to measure the pre- and post-equilibrium T1. The myocardial volume of
distribution calculated from these data reflects diffuse myocardial fibrosis.
Equilibrium-contrast CMR has been tentatively validated histologically in patients
with aortic stenosis and hypertrophic cardiomyopathy (Flett et al. 2010). The
complex imaging protocol makes this method time-consuming and thus
challenging.

2.6 Natriuretic peptides

Natriuretic peptides are hormones secreted by the heart and impacting the renal,
cardiovascular and endocrine systems. They include atrial natriuretic peptide, brain
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natriuretic peptide (BNP) and C-type natriuretic peptide. Under normal conditions
BNP is secreted by the atrial myocytes, but upon heart failure the synthesis is
shifted to the LV. BNP secretion is stimulated by an increased wall stress caused by
volume or pressure overload (Magga et al. 1994), neurohumoral activation (Harada
et al. 1998) and hypoxia (Hopkins et al. 2004). A pro-peptide of BNP is cleaved
into the biologically active BNP and an inactive split product called N-terminal
proBNP (NT-proBNP). The latter is more suitable as a biomarker due to its higher
plasma concentration and longer half-life (Pemberton et al. 2000). BNP causes
diuresis, natriuresis and vasodilatation, it inhibits fibroblast activation and
sympathetic tone, and antagonizes the renin-angiotensin-aldosterone system
(Omland and Hagve 2009; T'suruda et al. 2002).

Normal NT-proBNP levels among children are age-dependent. Neonates have
very high NT-proBNP levels, decreasing rapidly within the first few days of life
followed by a gradual decline until school age (Nir et al. 2009). The decline in levels
is small between the ages 6 to 18 years (Nir et al. 2009). Among the pediatric
population no significant gender difference in NT-proBNP values has been
reported (Koerbin et al. 2012; Nir et al. 2009).

Plasma BNP and NT-proBNP levels are increased in cardiac pathologies with a
pressure or volume overload, but also in renal failure. Increased NT-proBNP levels
have been documented in congenital heart disease (Eerola et al. 2010; Eindhoven
et al. 2012), dilating (Kim et al. 2013) or hypertrophic cardiomyopathy (Coats et al.
2013), and acute or chronic heart failure (Berin et al. 2014; Hollander et al. 2014),
the levels being prognostic (Berin et al. 2014; Coats et al. 2013; Eerola et al. 2010;
Kim et al. 2013).

Among adult cancer patients persistently elevated NT-proBNP during
chemotherapy has been associated with an impaired LV EF (Romano et al. 2011;
Sandri et al. 2005). Concordant findings have been reported for pediatric cancer
patients, increased NT-proBNP values during the first three months of
chemotherapy being related to abnormal echocardiographic findings four years
later (Table 2) (Lipshultz et al. 2012b). In some studies, an increased NT-proBNP
measured at late follow-up in childhood cancer survivors has not been associated
with abnormal echocardiographic parameters, whereas in others, increased levels
have correlated with unfavorable echocardiographic parameters (Table 3). Thus the
usefulness of NT-proBNP in the screening of late cardiotoxicity after childhood
cancer remains to be established.
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Table 2. Studies on NT-proBNP measured during anthracycline therapy in relation to echocardiography among children. Note the

differences in the cut-off values and the timing of echocardiography.

Study n Age Cum. ANT Cut-off NT-proBNP Echocardiography
dose /reference
(mg/m?)
Ekstein et al. 23, ctrls 54 8 months-23  30-300, 95th percentile of  NT-proBNP increased only after  All had normal LV systolic
2007 ytrs, median median 180 cttls, 350 pg/ml  the first ANT-dose (from function? at 1 to 9 months
8 yts 150+112 to 327321 pg/ml). At after therapy
least one abnormal value in
16/23
Lipshultz et al. 75 in doxo-  Mean age Median 300 <1v.150 pg/ml,  Any increased levels of N'T- Increased NT-proBNP values
2012b alone and doxo-alone >1v.100 pg/ml  proBNP duting therapy had during the first 90 days of
81 in doxo- 7.7 yrs, 100% in doxo-alone and 86%in  therapy were associated with
dexra doxo-dexra doxo-dexra group changes in LV thickness-to-
group 8.2 yrs dimension ratio* 4 yts later
Ruggiero et al. 19 14-169 240 Age-dependent Reversible increase in NT- All had normal LV systolicb
2013 months, reference values proBNP following and diastolice function after
mean 6 yts (Albers et al. hyperhydration. Median levels ANT-doses, but MPI increased
2000) did not change during treatment  during therapy. All had an

abnormal MPI at 20-month
follow-up

ANT, anthracycline; ctrl, control; dexra, dexrazoxane; doxo, doxorubicin; LV, left ventricular; MPI, myocardial performance index; NT-proBNP, N-terminal
pro-brain natriuretic peptide.
aM-mode; btwo-dimensional echocardiography; <Doppler echocardiography
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Table 3. Cross-sectional studies on NT-proBNP and echocardiography after anthracycline therapy completion among children. Note
the contradiction in respect of the link between abnormal NT-proBNP levels and LV dysfunction by echocardiography.

Study N Age Cum. ANT  Follow- Cut-off NT-proBNP Echocardiography
dose up /reference
(mg/m?)
Soker and 31 4-15 yrs, 30-600, 1-42 30 healthy ctrls: Pts with LV dysfunction LV systolic dysfunctions
Ketvancioglu median 8.2 yrs  median 240 months 47119 pg/ml 299%265, with normal in 4/31
2005 function 108%132 pg/ml
Mavinkutve- 122 5.0-39.4 yrs, 50-542, 5.0-28.7 Males 85, females Abnormal in 16/122. All LV systolic dysfunction
Groothuis et median 21 yrs median 180 yIs, 152 pg/ml‘). with ANT-dose <120 in 4/1222and 9/122 <.
al. 2009 median Children 97.5th mg/m? had a normal LV dysfunction was not
13.8 yrs percentile from NT-proBNP. Of pts related to abnormal NT-
age-dependent with ANT-dose 2300 proBNP levels
reference values mg/m2 11/31 had an
(Albers et al. 2006)  abnormal level
Mavinkurve- 96 of 111 pts 5.6-37.4 yts, 50-600, 5.0-29.2 Same as above Abnormal in 16/96, but ~ Pts had lower two-
Groothuis et had NT- median 20 yrs  median 180 yIs, abnormal NT-proBNP dimensional strain values
al. 2010 proBNP median values were not related and LV systolic
analyzed 13.2 yrs to lower strain values functiona< than ctrls
Sherief et al. 50 8-16 yrs,mean ~ >300 1.5-6 yrs, Age-dependent Abnormal in 10/50 Pts with abnormal NT-
2012 11.6 yrs mg/m?in mean 3.8 reference values proBNP had lower FSa
64%, <300 yrs (Albers et al. 2006) and larger L.V than
mg/m?2in those with normal N'T-
36% proBNP
Lipshultz etal. 201 Exposed 5.9- Not 3-32 yrs, 76 healthy ctrls: 39  Exposed (82 pg/ml) and  Pts had below normal
2012a (ANT/tadiatio  39.7 yrs, available median 11 pg/ml unexposed pts (69 LV mass and wall
n-exposed 156, median 17.4 yIs pg/ml) had higher N'T- thickness?. Exposed pts
unexposed 45)  yrs, unexposed proBNP than ctrls had lower LV systolic
8.0-32.8 yrs, function? and load-

median 23 yrs

dependent contractility
than unexposed or cttls

ANT, anthracycline; ctrl, control; FS, fractional shortening; LV, left ventricular; NT-proBNP, N-terminal pro-brain natriuretic peptide; pt, patient.
aM-mode; bunit conversion petformed 1 pmol/l = 8.475 pg/ml; ctwo-dimensional echocatrdiography
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2.7 Cardiac troponins

The c¢Tn complex consisting of cardiac troponin C, cardiac troponin I (cTnl), and
cTnT, is a component of the contractile apparatus of myocardial cells. cTns have
an important role in cardiac contraction via regulating the interaction between actin
and myosin filaments. ¢Tnl and ¢TnT are expressed almost exclusively in the heart
and have high cardiac specificity.

Cardiomyocyte damage causes cTn release into the circulation, where it appears
after 3 to 4 hrs following damage and persists for up to 5 to 14 days (Katus et al.
1989; Katus et al. 1991). In the heart, cTn has an easily accessible cytosolic pool
released eatly after myocardial damage. However, the major part of ¢Tn is located
in a structurally bound pool whence it is released later with remodeling of the
damaged area (Katus et al. 1991).

A common cause for elevated cTn levels is myocardial infarction, and cTn
release is regarded as one of the diagnostic criteria. The universal definition of
myocardial infarction defines increased ¢Tn as a level value exceeding that of the
99th percentile of a normal reference population determined for each specific assay
(Thygesen et al. 2012). In addition to primary myocardial ischemia, cTn release may
be caused by supply-demand imbalance in myocardial ischemia (arrhythmias,
cardiomyopathy, hypertension, severe anemia) (Bukkapatnam et al. 2010; Sato et al.
2001), non-ischemic myocardial injury (myocarditis or toxic agents) (Assomull et al.
2007; Lauer et al. 1997; Lipshultz et al. 1997), or by indeterminate myocardial
injury (sepsis, heart failure, pulmonary embolus) (ver Elst et al. 2000). Increased
cTn in heart failure is associated with an adverse outcome regardless of etiology
(Latini et al. 2007; Sato et al. 2001).

One single assay is available for ¢TnT, but a multitude for ¢Tnl, which are
neither standardized nor harmonized, making comparison between assays
challenging (Apple 2009). Recently introduced hs-cTn assays allow for the
detection of cTn in over half of a normal reference population, thus detecting very
minute troponin amounts (Apple et al. 2010; Omland et al. 2009).

Early c¢Tnl release after chemotherapy has predicted further depression in the
LV EF among adult cancer patients (Cardinale et al. 2000). The utility of ¢Tns in
the detection of anthracycline-induced cardiotoxicity during and after childhood
cancer has been extensively investigated. Increased cTn levels during
chemotherapy have been associated with later echocardiographic abnormalities
(Table 4), but that measured later during follow-up does not seem to add
information on the late cardiotoxicity of anthracyclines (Table 5). Despite
detectable hs-cTnT levels among adult survivors of childhood cancer having been
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associated with poorer LV myocardial function, the role of hs-cTnT in the

screening of cardiotoxicity among pediatric age groups remains unestablished
(Cheung et al. 2013).
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Table 4. Studies on cardiac troponins measured during anthracycline therapy in relation to echocardiography among children. Note
that cTn release during therapy was linked to abnormalities in echocardiography at later follow-up.

Study n Age Cum. ANT-dose  cTn-method cTn Echocardiography
(mg/m?2) and cut-off
Fink et al. 22 1-17 yts, mean 6.7  60-460, median cTnT: 0.14 pg/l  Stayed normal LV systolic function? stayed
1995 yrs 180 normal
Lipshultz etal. 15 Median 4.4 yrs 45-222, median 60 ¢TnT:0.03 pg/l  Low level cTnT elevations LV systolic function* normal
1997 during therapy in 6/10. after therapy, but peak ¢cTnT
cTnT was normal after predicted LV dilatation and
therapy wall thinning 9 months later
Mathew et al. 15 15 months-15.5 11.7 mg/kg-375 cTnl: 0.5 pg/l One pt had one abnormal LV systolic functionab showed
2001 yrs, median 5.8 mg/m? cTnl value mild decline after malignancy
yrs therapy
Kremeretal. 38 Mean 9.9 yrs Mean ANT 255 cTnT: 0.01 pg/l  Anabnormal cTnT in LV systolic dysfunctiona
2002a and mitoxantrone 3/38 developed in 7/38 after the last
106 ANT-dose, but only 1/7 of
them had an abnormal cTnT
Lipshultz etal. 76 in doxo- Median age doxo-  Median 300 cTnT: 0.01 pg/l  More elevated cTnT in LV systolic function® was
2004 alone and 82 alone 7.3 yrs, doxo-alone group (50%) depressed in both groups
in doxo-dexra  doxo-dexra 7.5 than in doxo-dexra treated  during and after ANT therapy
group yrs (21%) pts
Clark et al. 30 0.3-16 yrs, median ~ Doses during cT'nT: 0.01 pg/l  None had detectable cTnT ~ Was not performed
2007 10 yrs study 15-60,
median 25.
Previous exposure
0-300, median 150
Lipshultz etal. 75 in doxo- Mean age doxo- Median 300 cTInT: 0.0 pg/l This study describes long-  Increases in ¢InT duting the
2012b alone and 81 alone 7.7 yrs, cTnl (18 pts): term results of previous first 90 days of therapy were

in doxo-dexra

group

doxo-dexta 8.2
yrs

0.0002 pg/1

study (Lipshultz et al.
2004)

associated with low LV massa
and LV end-diastolic posterior
wall thickness? 4 yrs later

ANT, anthracyline; cTn, cardiac troponin; cTnl, cardiac troponin I; ¢IT'nT, cardiac troponin T; dexra, dexrazoxane; doxo, doxorubicin; LV, left ventricular;
pt, patient. 2aM-mode; Ptwo-dimensional echocardiography
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Table 5. Studies on cardiac troponins and echocardiography after anthracycline therapy among children. Note the normal ¢Tn levels
at late follow-up, despite the large anthracycline doses received during therapy.

Study n Age Cum. ANT- cTn-method Time of cTn Echocardiography
dose (mg/m?)  and cut-off sampling
Kismet et al. 2004 24 3-31 yis, 400-840, cTnT: 0.01 pg/l  1-168 months, 3/24 had cTnT =2 LV systolic
median 14 yrs  median 480 detection limit,  median 12 months  detection limit, but  dysfunctionsb in 2/24

Soker and
Kervancioglu 2005

Mavinkurve-
Groothuis et al.
2009

Sherief et al. 2012

Pts 31, cttls
30

122

50

4-15 yrs,
median 8.2
yrs

5.0-39.4 yrs,
median 21 yrs

8-16 yrs,
mean 11.6 yrs

30-600, median
240

50-542, median
180

ANT-dose
>300 mg/m? in
64% and <300
mg/m?2in 36%

0.10 pg/1
clinical
threshold limit

cTnl: 0.5 pg/1

cTnT: 0.01 pg/l

cTnT: 0.01 pg/l

after therapy

1-42 months after

therapy

5.0-28.7 yrs,
median 13.8 yrs
after therapy

1.5-6 yrs, mean 3.8

yrs after therapy

all had it below
clinical threshold
limit

All pts and ctrls
had normal cTnl

None had an
abnormal cTnT

None had an
abnormal ¢TnT

and diastolic
dysfunctionc in 7/24,
not correlating with
cInT

LV systolic dysfunction?
in4/31

LV systolic dysfunction
in 4/122a and 9/122b

LV systolic dysfunctions
in 8/50 and abnormal
tissue Doppler imaging
in 13/50

ANT, anthracyline; ¢Tn, cardiac troponin; cTnl, cardiac troponin I; ¢cTnT, cardiac troponin T; ctrl, control; LV, left ventricular; pt, patient.
aM-mode; btwo-dimensional echocardiography; <Doppler echocardiography
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2.7  Autoantibodies to cardiac troponins

Autoimmunity is defined as a state in which the immune system erroneously
recognizes self-antigens and promotes activation against them, eventually resulting
in tissue damage. Factors resulting in the release of ¢Tn may also trigger the
formation of cTnAAbs. Autoimmune responses and inflammation are involved in
the pathogenesis of many cardiovascular diseases.

Animal models have demonstrated that the induction of an autoimmune
response to cTnl induces myocardial inflammation leading to heart failure, and the
autoantibodies against c¢Tnl are involved in the development of a dilating
cardiomyopathy (Goser et al. 2006; Okazaki et al. 2003). The current consensus on
myocarditis holds that in individuals with genetic susceptibility, microbial or non-
infectious (toxins, unknown antigens) pathogens cause the primary myocardial
damage, which exposes the normally hidden cardiac antigens (including cTns) to
the immune system (Caforio et al. 2013). Individuals generating cardiac
autoantibodies also develop autoreactive cardiac damage leading to chronic
myocarditis with dilating cardiomyopathy or chronic autoreactive cardiomyopathy.
However, cardiac autoantibody formation is not always implicated in the
pathogenesis of myocarditis.

cTnAAbs have been detected in the serum or plasma of individuals with
dilating or ischemic cardiomyopathy (Shmilovich et al. 2007), non-compaction
cardiomyopathy (Erer et al. 2013), congestive heart failure (Dungen et al. 2010),
and acute coronary syndrome (Pettersson et al. 2009). Adults without known heart
disease have also been shown to have low levels of cTnAAbs (Adamczyk et al
2009; Dungen et al. 2010). One study on cTnAAbs in children has been reported,
and none of the healthy subjects had cTnAAbs (Eerola et al. 2014). The presence
of cTnAAbs has been associated with a poorer outcome after acute myocardial
infarction (Leuschner et al. 2008), longer cTnl release after acute coronary
syndrome without impact on long-term prognosis (Lindahl et al. 2010), and with
improved survival in patients with chronic dilating but not ischemic
cardiomyopathy (Doesch et al. 2011). Despite these seemingly conflicting results it
is obvious that ¢cITnAAbs may be involved in the pathogenesis of many cardiac
diseases. However, their role in anthracycline-induced cardiotoxicity has not thus
far been studied.

The presence of circulating cTnAAbs may result in false negative results in the
evaluation of cTn levels, thus potentially delaying the diagnosis of myocardial
damage (Eriksson et al. 2005a). Consequently, a special c¢Tnl assay has been
developed with minimal interference by cT'nAAbs (Eriksson et al. 2005b). Several
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techniques are used in detecting cTnAAbs, some detecting anti-cTnl and others
anti-cTnT autoantibodies, but a gold standard is still lacking (Nussinovitch and
Shoenfeld 2010).

2.8 Screening for cardiotoxicity after childhood
cancer

Because anthracycline-induced cardiomyopathy may develop years after treatment,
and is often preceded by asymptomatic LV dysfunction, screening for
cardiotoxicity is recommended for CCSs exposed to potentially cardiotoxic
therapy. Evidence-based guidelines for the timing and frequency of cardiac
screening among CCSs are still lacking. Long-term follow-up screening guidelines
from the Children’s Oncology Group are applied in many centers
[http:/ /www.sutvivorshipguidelines.org/ (2015)] (Landier et al. 2004). The group
recommends a more frequent follow-up for those with higher cumulative
anthracycline or mediastinal irradiation doses, and/or younger age at exposure.
This notwithstanding, even CCSs with a low risk for anthracycline-induced
cardiomyopathy should be screened at least every five years. Echocardiography is
method-of-choice, but there is no recommendation as to echocardiographic
modality (Landier et al. 2004). In the previous era, 2DE and M-mode were the
routine methods for the screening, and even radionuclide angiography was utilized
(Steinherz et al. 1992). A recent Dutch guideline recommends using FS and/or EF
by echocardiography, and radionuclide angiogram as an alternative test, to screen
for asymptomatic cardiac dysfunction (Sieswerda et al. 2012). On the other hand, a
recent expert consensus for the screening of adult cancer patients recommends
RT-3DE and two-dimensional strain imaging in addition to standard transthoracic
echocardiography (Plana et al. 2014).

A great number of studies have been published on the incidences of
anthracycline-induced ~ cardiotoxicity =~ among CCSs  using the  older
echocardiographic techniques or other imaging. The incidences of asymptomatic
LV dysfunction and clinical heart failure have varied greatly, depending on
diagnostic method, treatment protocols and follow-up time (Kremer et al. 2002a;
Kremer et al. 2002b). In addition to the direct cardiotoxicity of cancer therapy,
CCSs may be subjected to additional cardiovascular risk factors including obesity,
hypertension or suboptimal physical performance (Hovi et al. 2010), further
increasing the risk of cardiovascular disease at a relatively young age. Continuing
investigational vigilance is required to elucidate the late effects of the modern
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treatment protocols. In addition, information is needed on the utility of new
imaging methods in screening for cardiotoxicity.
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3. Aims of the study

The aims of the present study were firstly to evaluate the incidence of
anthracycline-induced cardiotoxicity using modern diagnostic techniques, and
secondly, to evaluate whether the new imaging modalities and biomarkers offer any
advantage over conventional methods in the screening of cardiotoxicity among
childhood cancer survivors.

The specific aims were as follows:

1. to examine the LV and RV function and signs of focal fibrosis by CMR
imaging among long-term survivors of childhood cancer (I)

2. to evaluate the LV function and possible dyssynchrony by RT-3DE (II)

3. to evaluate the suitability of cardiac biomarkers (cTnT, cTnl, hs-cTnT,
cTnAAb and NT-proBNP) in the screening of anthracycline-induced
cardiotoxicity (III)

4. to assess the putative long-term impact of anthracyclines and radiotherapy on
cardiac longitudinal function (IV)
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4. Patients and methods

4.1 Patients

4.1.1 Long-term survivors of childhood cancer

CCSs were recruited from the population-based pediatric hematology-oncology
service of Tampere University Hospital in Finland between February 2010 and
June 2011. Inclusion criteria required anthracyclines (doxorubicin, daunorubicin,
epirubicin, idarubicin, mitoxantrone) as a part of cancer therapy, a minimum
follow-up of five years and CCS to be in remission. Patients with a
hemodynamically significant congenital heart disease were excluded.

Seventy-six out of 86 potentially eligible patients (88%) agreed to participate in
the study, 42 (55%) females and 34 (45%) males. Their mean age at study
commencement was 14.3 £ 3.1 (range 7.2-20.0) years, median follow-up time from
the end of primary therapy 7.1 (5.0-18.0) years, median cumulative anthracycline
dose 224 (80—454) mg/m? and a mean BSA 1.55 £ 0.31 m2. Their cancer had been
treated between January 1993 and June 2006.

All CCSs were offered a chance to undergo echocardiographic examination and
CMR imaging, and to give a blood sample for biomarker analysis. Clinical data on
the cancer treatment and medical history were collected from the medical records.
The total cumulative anthracycline dose was calculated and dose conversion to
doxorubicin isotoxic equivalents made according to the Children's Oncology
Group recommendations using the BSA measured at diagnosis.

4.1.2 Reference children for echocardiography

Altogether 76 healthy children and adolescents were recruited as gender-, age- and
BSA—matched controls for the echocardiographic examination. The cohort
consisted mainly of the children of hospital personnel or their acquaintances. The
reference children had no other heart diseases, but bicuspid aortic valve with
normal function was allowed. Their mean age was 14.2 £ 3.2 (range 5.9-20.4) years
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and BSA 1.55 + 0.3 m2 CMR imaging or biomarker analyses were not performed
on the controls.

4.2 Methods

4.2.1 Clinical examination

Both the CCSs and healthy controls underwent a clinical examination immediately
prior to echocardiography. Height and weight were measured and BSA calculated.
Examination included assessment of pubertal status, femoral pulses and size of
liver, and auscultation of heart and lungs. Blood pressure was measured
oscillometrically (Dinamap) from the right arm.

4.2.2 Echocardiographic examination

The study patients lay supine or in left lateral semirecumbent position during the
echocardiographic examination. Imaging was done without sedation. One
investigator (K.Y.) performed nearly all examinations, while another (A.E.)
examined six control children.

Transthoracic echocardiographic examination was made on an iE33 ultrasound
machine (Royal Philips Electronics, Philips Healthcare, Bothell, Washington), using
an S8-3, S5-1, X3-1 or X5-1 transducer depending on the patient’s size. The two-
dimensional, Doppler, M-mode and TDI examinations were made from the
standard subcostal, apical and parasternal views according to current
recommendations (Lang et al. 2005; Lopez et al. 2010; Mor-Avi et al. 2011). The
transducer position was optimized to avoid foreshortening and minimize
angulation. The whole LV/RV cavity, walls and apex were meticulously included
within two-dimensional echocardiogram cine loops. Three consecutive cardiac
cycles were acquired and stored digitally for off-line analysis.

RT-3DE used either an X3-1 or X5-1 matrix-array transducers. The image was
optimized to obtain the whole LV in the full-volume data set. The RT-3DE full-
volume data sets were acquired from the apical four-chamber views during four
consecutive cardiac cycles and normal breathing. At least three data sets were
acquired and stored digitally and the set with the highest quality selected for
analysis for each patient.
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4.2.3 Echocardiographic analysis

A single investigator (K.Y.) performed all the echocardiographic analyses. An
average of three cardiac cycles was used in all analyses.

Two-dimensional echocardiography

2DE images were analyzed visually to exclude pericardial fluid and structural
abnormalities.

M-mode analysis

Images for M-mode analysis were acquired from the parasternal long axis view.
The end-diastolic and -systolic dimensions of the LV, and the end-diastolic and -
systolic dimensions of the interventricular septum and posterior wall were
measured according to the recommendations of the American Society of
Echocardiography (Lang et al. 2005). The parameters derived from the M-mode
analysis were expressed as absolute values or standard deviations from BSA-
indexed reference values (Kampmann et al. 2000). The FS was calculated from the
LV dimensions derived by M-mode.

The M-mode-derived LV mass was calculated according to the American
Society of Echocardiography recommendation using the formula: [LV mass = 0.8
x {1.04 [(LV end-diastolic dimension + posterior wall diastolic thickness + septal
wall diastolic thickness)3 — (LV end-diastolic dimension)3 |} + 0.6 g] (Devereux et
al. 1986; Lang et al. 2005).

The LV mass/volume ratio was calculated using the LV end-diastolic volume
derived from the formula of Teichholz: [LV volume = {7.0/(2.4 + LV end-
diastolic dimension) x (LV end-diastolic dimension)3} | (Teichholz et al. 1976).

The TAPSE was measured from the M-mode tracing acquired from the apical
four-chamber view (Kaul et al. 1984; Koestenberger et al. 2009). The total
excursion of the junction of the tricuspid valve lateral annulus and the free wall of
the RV during systole was measured from leading edge to leading edge.

Doppler echocardiography

The PW and/or CW Doppler recordings and color flow mapping images were
analyzed visually to exclude stenosis and regurgitation of valves and intracardiac
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shunts. The transmitral and —tricuspid flow velocities were recorded by positioning
the sample volume of the PW Doppler between the tips of the mitral/tricuspid
leaflets in the apical four-chamber views. The peak velocities of the early (E) and
late (A) filling of the mitral and tricuspid inflow were measured from the PW
Doppler recordings.

Tissue Doppler echocardiography

TDI was done from the apical four-chamber view with a PW Doppler mode. A
narrow angle sector was used to achieve a frame rate exceeding 150/sec, and in
most cases, a frame rate over 200/sec was easily achieved. A sample volume of 4
mm was placed at the basal septal and lateral annulus of the mitral valve, at the
midventricular septum, as well as at the basal lateral annulus of the tricuspid valve
(Mor-Avi et al. 2011). Care was taken to ensure that the sample volume position
remained within the region of interest inside the myocardium throughout the
cardiac cycle, and the ultrasound beam was aligned as parallel as possible to the
corresponding myocardial wall segment. Furthermore, gain, scale, baseline and
sweep speed were optimized.

The peak velocities of systolic (S°), early diastolic (E") and late diastolic motion
(A") were measured directly on the spectral display. The recognition of each peak
velocity was based on the direction and timing (ECG) of the wave.

Tissue motion annular displacement analysis

The STE-based TMAD analysis was made from the 2DE cine loops of the LV and
RV obtained from the apical four-chamber view (Ahmad et al. 2012; DeCara et al.
2005). A data set was analyzed off-line using the Q-lab workstation (Philips Q-lab,
version 9.0; 3DQA; Philips Healthcare, Bothell, Washington, USA). For the LV,
three points were placed in a diastolic frame: the basal septal, lateral mitral annulus,
and the LV apex. The software automatically tracked the two mitral valve annular
points and calculated their absolute displacement towards the LV apex throughout
the cardiac cycle. Displacement of annular points (MAD septal and lateral) as well
as that of the midpoint of the two (MAD mid) was expressed in millimeters (Figure
5). In order to normalize for LV length, the total midpoint displacement was also
expressed as a ratio of the longitudinal ventricle length at the end-diastole (MAD
mid%). For the RV, another three points were placed at the septal and lateral
tricuspid annulus and the apex and the respective parameters (IAD septal, lateral,

56



mid and mid%) obtained. The tracking was checked visually and repeated if
necessary.

Five LV and one RV study were excluded from the analysis due to inadequate
image quality or missing images.

Two investigators (K.Y. and T.P.) measured independently 20 randomly
selected data sets for inter-observer and the former independently 20 data sets
twice for intra-observer variability.

Figure 5. TMAD analyses of the LV. Black squares represent the LV apex (down), basal
septal (on the left) and lateral (on the right) mitral annulus. The black circle
represents the midpoint of the latter two. The area with oblique lines
demonstrates the mitral annular displacement during the cardiac cycle.

Three-dimensional echocardiography analysis

The highest quality RT-3DE data set was selected for analysis. A single investigator
(KY.) carried out the off-line analysis on a Q-lab workstation (Philips Q-lab,
version 8.1; 3DQA; Philips Healthcare, Bothell, Washington, USA). The optimal
image planes were adjusted by defining the proper four-chamber view, adjusting
three orthogonal views to avoid foreshortening and checking that the intersection
of the displayed vertical and horizontal lines lay in the middle of the LV cavity. The
frame immediately before the full closure of the mitral valve and with the largest
cavity size was selected as end-diastole, and the frame with the smallest cavity size
with the mitral valve still closed, as end-systole. Five anatomical landmarks were set
in both the end-diastolic and —systolic frames: the septal and lateral mitral annuli in
the four-chamber, the anterior and inferior mitral annuli in the two-chamber view,
and the LV apex in either of the two. Semiautomated endocardial border detection
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was used to track the LV endocardium throughout the entire cardiac cycle. The
accuracy of the endocardial border detection was checked and manually corrected
if necessary. The software created a three-dimensional dynamic model representing
the cardiac cycle in the whole LV cavity and divided it into 16 segments excluding
the apex as defined by the American Society of Echocardiography (Cerqueira et al.
2002). The software displayed the LV EDV and ESV, EF, and time-volume data
for each segment (Figure 06).

The time to reach the minimum systolic volume for each of the 16 segments
was calculated. The dyssynchrony index for the 16 segments (T'msv16-SD) was
defined as the SD of this time as a percentage of the RR interval to correct for
differences in heart rate between the subjects (Kapetanakis et al. 2005). The
maximum time difference in reaching the minimum regional volume between the
segments reaching the volume earliest and latest was calculated as a percentage of
the RR interval (Tmsv16-Dif). Corresponding measurements (I'msv12-SD and
Tmsv12-Dif) were also made for the 12 segments (6 basal and 6 middle). The more
synchronous the ventricular contraction, the lower the dyssynchrony index
obtained.

One RT-3DE study was excluded from the analysis due to inadequate image
quality. A stitch artifact in another data set caused its exclusion from dyssynchrony
analysis.

Two investigators (K.Y. and A.E.) independently measured 20 randomly
selected data sets for inter-observer and the former independently 20 data sets
twice for intra-observer variability.

Figure 6. LV volume at end-diastole (A) and end-systole (B) by RT-3DE. Time-volume
curves to show the synchronity for 16 cardiac segments (C).
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4.2.4 Cardiac magnetic resonance imaging

CMR imaging was performed without sedation in all but one case. Images were
acquired during short breath holdings whenever possible, but otherwise during
normal breathing,.

All examinations were made on a 1.5-T scanner (Siemens Magnetom Avanto;
Siemens Healthcare, Enlargen, Germany) according to contemporary
recommendations (Kramer et al. 2008). A 6-channel body array coil with a spine
coil and ECG-gating were used. Cine TrueFISP slices of 8 mm without any gap
from heart apex to valves were obtained in the short-axis plane to analyze the LV
and in the axial plane to analyze the RV volumes and function. After injection of
gadoterate meglumine (0.1 mmol/kg, Dotarem [Guerbet, Roissy, France]), a five-
minute delay was used before obtaining a segmented inversion recovery cine
TrueFISP pulse sequence at the midventricular short-axis level for determination
of the inversion time (T1) value for nullification of the impact of the normal
myocardium. Within the next five minutes, the LGE images were obtained using a
TrueFISP gradient echo sequence with a determined T1 (range: 280 to 330 ms)
with a slice thickness of 8 mm in the short axis, two-chamber view (vertical long
axis), four-chamber view (horizontal long axis), and axial stacks covering the heart
from apex to valves. Thereafter, the corresponding views were recovered using a
phase-sensitive inversion recovery (PSIR) technique with a constant T1 value of
300 ms. Late-enhancement imaging was performed within 15 min from the
beginning of the gadoterate injection.

The analysis was made according to the principles of the current
recommendations (Schulz-Menger et al. 2013). In the analysis, ARGUS software
(Siemens AG, Munich, Germany) was used. All measurements were done
manually. An assessment of the ventricular blood-pool areas was made to identify
the end-systolic and -diastolic frames. The LV volumes were calculated from the
short axis cine views (Figure 7). The RV volumes were calculated from the axial
cine views, the axial slices covering the cavity better than the short axis slices
(Figure 7). The aortic outflow track below the valve and the LV portion of the slice
in the basal region near the left atrium were included in the LV volume
measurements. The same principles were used for the RV. The free papillary
muscles were included for both ventricular volumes. The ventricular volumes were
calculated as the sum of the ventricular cavity areas multiplied by the slice
thickness. The LV and RV SVs and EFs were calculated from the respective end-
diastolic EDV and ESVs. The LV mass was calculated as the difference between
the epi- and endocardial contours multiplied by slice thickness and using the
specific gravity of a ventricular mass of 1.05 g/ml.
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Two radiologists (P.S-H. and L.R-K.) independently analyzed the LGE in the
TrueFISP and PSIR sequences. They also independently analyzed 15 randomly
selected data sets to evaluate the inter-observer variability of the ventricular
volumes. One investigator (P.S-H) measured 15 data sets twice to assess the intra-
observer variability.
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Figure 7. CMR images of LV EVD (A), LV ESV (B), RV EDV (C) and RV ESV (D).
Republished with permission from Elsevier Inc., from J Am Coll Cardiol, Ylanen K
et al., 61 (14), copyright 2013; permission conveyed through Copyright
Clearance Center, Inc.
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4.2.5 Biomarkers

Blood samples were obtained by venous puncture. For NT-proBNP and ¢TnT the
samples were taken into a lithium heparin tube with gel, centrifuged at 3000 rpm
for 5 minutes and analyzed directly. The samples for other biomarkers were taken
into serum tubes, the blood allowed to coagulate for 30 minutes before
centrifugation at 2000 G for 10 minutes for serum, subsequently frozen at -70° and
analyzed later.

N-terminal pro-B-type natriuretic peptide

Plasma NT-proBNP was determined wusing an electrochemiluminescence
immunoassay method with a Cobas 6000 immunoanalyzer, an e601 module
(Roche) and the proBNP II kit (Roche Diagnostics, Mannheim, Germany) with a
detection limit of 5 pg/ml. Age-related reference values were used for those
younger than 19 years and those <160 pg/ml between ages 6 to 18 years were
considered normal (Nir et al. 2009). For patients = 19 years normal values were
different for males (< 63 pg/ml) and females (< 116 pg/ml), as suggested by the

manufacturet.

Cardiac troponins

Fourth-generation ¢TnT analysis was made using an electrochemiluminescence
immunoassay method with a Cobas 6000 immunoanalyzer, an e601 module
(Roche) and the Elecsys Troponin T Cardiac T kit (Roche Diagnostics, Mannheim,
Germany). The detection limit was 0.01pg/1 and upper normal limit 0.03 pg/1.

Concentrations of c¢Tnl were determined with the Innotrac Aiol™
immunoanalyzer (Radiometer/Innotrac Diagnostics, Tutrku, Finland) using the
Radiometer Tnl Test minimally susceptible to interference by the cTnl-specific
cTnAAbs known to cause negative interference in many commercial assays
(Eriksson et al. 2005a; Savukoski et al. 2012; Tang et al. 2012). The detection limit
was 0.0095 pg/l and the measuring range of the assay up to 100 pg/l. All samples
were analyzed in duplicate and the results calculated using MultiCalc Software
(Perkin-Elmer/Wallac, Turku, Finland).

The fifth-generation hs-cTnT assay was undertaken on an Elecsys 2010
immunoanalyzer (Roche) using the Elecsys Troponin T hs kit (Rohe Diagnostics,
Mannheim, Germany) with a detection limit of 5 ng/1 and upper normal limit of 14
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ng/1. At time of study, the laboratory where the analyses were performed, reported
normal hs-cTnT values only as below 14 ng/1, but not the exact values.

Autoantibodies to cardiac troponin

Measurement of human ¢TnAAbs was made as previously described (Eriksson et
al. 2005a; Pettersson et al. 2009). In brief, serum samples were first diluted five-fold
with Insulating Layer II (Innotrac Diagnostics Oy, Turku, Finland) and the
fluorescence signal subsequently measured from each sample with and without
ternary troponin complex (ITC) addition (HyTest Ltd, Turku, Finland),
corresponding to a final concentration of 30 pg/1 ¢Tnl.

Samples with an I'TC-specific signal of 100 counts or higher were regarded as
cTnAAb-positive if the p value was <0.05 by t-test when comparing signals from
the same serum with and without added I'TC.

4.2.6 Statistical methods

The IBM® SPSS® Statistics version 21 (IBM Corp., Armonk, NY, USA) software
was used for statistical analysis. The normal distribution of continuous variables
was assessed using the Kolmogorov-Smirnov test, visual assessment of the
histogram of distribution, and also taking into account the skewness, kurtosis and
the similarity of mean and median. Categorical data are presented as frequencies
and percentages, normally distributed data as mean = SD and non-normally
distributed data as median and range. The one-sample Student t test was used to
compare CMR parameters with published data. Group means were compared
between the CCSs and their matched controls by the paired-samples t test. The
Mann-Whitney U test was employed for the medians and the independent samples
t test for the means among the CCSs. Correlations were assessed with Pearson’s
correlation coefficients with data normally distributed and Spearman’s rho test in
cases of non-normality. Linear regression analysis was used to establish the
predictors for Tmsv16-SD. Univariate analysis of variance was used to study the
effect of cardiac irradiation and gender on the NT-proBNP levels. All tests were 2-
sided and p values <0.05 considered significant. Intra- and inter-observer
variability was assessed by calculating intra-class correlation coefficients or using

Bland-Altman analysis (Bland and Altman 19806).

63



4.2.7 Ethics

This study complied with the Declaration of Helsinki. The institutional review
board of Tampere University Hospital approved the study protocol. All study
patients, control children and their legal guardians gave their written informed

consent.
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5. Results

5.1 Characteristics of the study patients

Seventy-six survivors and their gender-, age- and BSA-matched healthy controls
constituted the study population. Four survivors had a prior diagnosis of
anthracycline-induced cardiomyopathy and were on enalapril, and one in addition
was on carvedilol. One survivor had a long QT-syndrome, one an asymptomatic
patent ductus arteriosus and one had had a thrombus in the right atrium during
primary therapy, but all were asymptomatic. None of the survivors had renal
failure. Of the survivors 6 (8%) thought their exercise tolerance to be
compromised when compared to peers. Echocardiography revealed a functionally
normal bicuspid aortic valve in four controls and a silent ductus in one. The
cardiac irradiation dose of those who received local radiotherapy was derived from
the radiotherapy planning charts, whereas the dose among those with total body
irradiation was estimated to equal the total radiation dose. Of the cardiac
irradiation-exposed CCSs, three had received local radiotherapy and ten total body
irradiation.

Survivors in studies I-IV all came from the study population of 76 CCSs.
Subpopulations in studies I-IV constituted different numbers of study patients,
depending on the imaging method or blood test performed and the inclusion
criteria of the particular study.

5.1.1 Survivors imaged with CMR (Study 1)

Sixty-two survivors agreed to undergo CMR imaging. Their clinical details are
presented in Table 6. Three (5%) of them had a prior diagnosis of anthracycline-
induced cardiomyopathy. The median average cumulative cardiac irradiation dose
of the seven (11%) exposed to cardiac irradiation was 10.0 Gy (3.6-12.0 Gy).
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Table 6. The clinical characteristics of the survivors imaged with cardiac magnetic
resonance imaging by gender (Study ).

Variable Females Males p value*
(n=34) (n=28)

Age at study (years) 144 £ 3.4 149 £2.9 0.565
Age at diagnosis (years) 3.8 (0.5-12.6) 4.7 (0.0-13.8) 0.756
Follow-up (years) 7.7 (4.9-13.6) 7.8 (5.0-18.0) 0.804
Cumulative anthracycline dose (mg/m?) 224 (108-419) 184 (80—416) 0.365
Height (cm) 156.4 = 14.1 164.2 £ 16.7 0.051
Weight (kg) 5191152 585 %187 0.133
Body surface area (m?) 1.49 £0.28 1.63 £ 0.34 0.094
Diagnosis

Leukemia 23 (68) 12 (43)

Solid tumor 11 (32) 16 (57)
Type of anthracycline

Doxorubicin 32 (94) 27 (96)

Daunorubicin 14 (41) 3 (11)

Mitoxantrone 6 (18) 14

Idarubicin 309 14
Radiotherapy involving heart 6 (18) 14
History of relapse 103 2 (7)
History of stem cell transplantation

Allogeneic 309 14

Autologous 2(6) 2(7)

Data are n (%), mean = SD or median (range).

“Independent samples t test for the means and Mann-Whitney U test for the medians were used in the

comparison between genders.

5.1.2
1)

Survivors and controls imaged with RT-3DE (Study

Study II comprised seventy-one survivors and their matched controls. Their

clinical characteristics are presented in Table 7. Four survivors with anthracycline-

induced cardiomyopathy were excluded from this study group, since the focus was
on the CCSs without known cardiotoxicity. Echocardiography was not possible in
one case with an inadequate acoustic window, and this patient was also excluded

from the analysis. For the analysis the survivors were divided into two groups

according to cardiac non-exposute (group I)/exposure (group II) to irradiation. Of

the survivors, six had received total body irradiation and two local radiotherapy

including the cardiac region. Their median average cumulative cardiac radiation
dose was 10.0 Gy (range 3.6-12.0). The CCSs in group II had received a greater
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cumulative anthracycline dose than those in group I, (p = 0.001) (Table 7). Age at
diagnosis and follow-up time did not differ between groups I and II (Table 7).
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Table 7. Clinical characteristics of the survivors and controls imaged with real-time three-dimensional echocardiography (Study I1).

Variable Group I Controls II p value* Group II Controls II p value*  p value™
(n =63) (n =63) n=3) n=28)

Gender

Female 31 (49) 31 (49) 6 (75) 6 (75)

Male 32 (51) 32 (51) 2 (25) 2 (25)
Age at study (years) 144 £ 3.0 142 £3.2 0.099 13.2£35 13.8 3.4 0.020 0.289
Height (cm) 160.5 £ 15.8 162.3 £16.9 0.012 152.4 £15.0 153.8 £13.0 0.585 0.171
Weight (kg) 552+ 174 543 +16.5 0.147 46.2+13.3 473 +£11.2 0.376 0.164
Body surface area (m?) 1.56 £ 0.31 1.57 £0.31 0.573 1.40 £ 0.27 1.42£0.23 0.435 0.161
Body mass index (kg/m?) 20.8 £3.7 20.1£3.2 0.049 19.4%£23 19.7 £ 2.1 0.605 0.308
Age at diagnosis (years) 3.8 (0.0-13.8) 5.0 (0.2-12.06) 0.573
Follow-up (years) 7.1 (5.0-18.0) 5.8 (5.0-11.9) 0.178
Cumulative anthracycline dose (mg/m?) 218 (80-386) 382 (163-454) 0.001
Diagnosis

Leukemia 34 (54) 6 (75)

Solid tumor 29 (46) 2 (25)
Type of anthracycline

Doxorubicin 63 (100) 5 (63)

Daunorubicin 21 (33) 2 (25)

Mitoxantrone 305 6 (75)

Idarubicin 0 3 (38)
Radiotherapy involving heart 0 8 (100)
History of relapse 12 3 (38)
History of stem cell transplantation

Allogeneic 0 6 (75)

Autologous 6 (10) 0

Group I = no cardiac irradiation. Group II = cardiac irradiation. Data are n (%), mean * SD or median (range).
“Paired samples t test was used for the comparison between survivors and their matched controls; “Independent samples t test for the means and Mann-Whitney
U test for the medians were used in the comparison between group I and group IL

68



5.1.3 Survivors with biomarker analyses performed (Study
1)

Blood marker data were obtained from all 76 survivors. The clinical characteristics
of these survivors are presented in Table 8. The age at malignancy diagnosis,
follow-up time and cumulative anthracycline dose did not differ between female
and male survivors (Table 8). Of the females 8 (19%) and of the males 2 (6%) had
been exposed to cardiac irradiation.

Table 8. Clinical characteristics of the survivors with biomarker analyses (Study IIl).

Variable Survivors Females Males p value*
(n =176) (n=42) (n =34)

Age at study (years) 143+3.1 141+ 3.2 146 £ 3.1 0.542
Height (cm) 159.7 + 15.6 156.1 + 14.0 1641+ 16.4 0.024
Weight (kg) 54.6 £ 16.9 512+ 149 58.8 £ 18.6 0.050
Body surface area (m?) 1.55+0.31 1.48 £0.27 1.63£0.33 0.035
Age at primary diagnosis (years) 3.8 (0.0-13.8) 3.7 (0.2-12.6) 4.7 (0.0-13.8) 0.810
Time from primary diagnosis 9.0 (5.4-18.4) 8.8 (5.4-15.1) 9.1 5.4-18.4) 0.843
(years)

Time from end of primary therapy 7.1 (5.0-18.0) 7.1 (5.0-134) 7.8 (5.0-18.0) 0.594

(years)
Cum. anthracycline dose (mg/m?) 224 (80-454) 226 (108-454) 196 (80-416) 0.363

Diagnosis
Acute lymphoblastic leukemia 33 (43) 21 (50) 12 (35)
Acute myeloid leukemia 9 (12) 7 A7) 2 (6)
Neuroblastoma 9 (12) 4 (10) 5 (15)
Hodgkin disease 8 (11) 4 (10) 4 (12)
Non-Hodgkin lymphoma 8 (11) 12 7 (21)
Rhabdomyosarcoma 203 0 2 (6)
Osteosarcoma 1@ 1@2) 0
Wilms tumor 1(1) 12 0
Ewing 1(1) 0 13
Other 4 (5) 3 103
Type of anthracycline
Doxorubicin 73 (96) 40 (95) 33 (97)
Daunorubicin 24 (32) 18 (43) 6 (18)
Mitoxantrone 9(12) 7Q17) 2(6)
Idarubicin 4 (5) 3 103
Radiotherapy involving heart 10 (13) 8 (19) 2 (6)
History of relapse 6 (8) 3(7) 309
History of SCT
Allogeneic 709) 5(12) 2 (6)
Autologous 70 205 5 (15)

Data are n (%), mean = SD or median (range).

SCT, stem cell transplantation.

“Independent samples t test for the means and Mann-Whitney U test for the medians were used in the
comparison between genders.
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5.1.4 Survivors and controls with analyses on cardiac
longitudinal function (Study IV)

Analyses of cardiac longitudinal function were made on 75 survivors and their
matched controls. Their clinical characteristics are presented in Table 9. One
survivor and her control were excluded from the study group as yielding
suboptimal images due to an inadequate acoustic window.

The CCSs were shorter than the controls, but weight and BSA did not differ
significantly (Table 9). However, the CCSs had a higher body mass index (BMI)
and systolic blood pressure as metabolic risk factors (Table 9).

Table 9. The clinical characteristics of the survivors and controls with cardiac
longitudinal function analyzed (Study IV).

Variable Survivors Controls p value*
(n =75) (n=175)

Female 41 (55) 41 (55)
Male 34 (45) 34 (45)
Age at study (years) 143 £ 3.1 142 £ 3.2 0.875
Height (cm) 159.5 £ 15.6 161.4 £ 16.2 0.004
Weight (kg) 54.5+17.0 53.7 £ 16.0 0.163
Body surface area (m?) 1.55+0.31 1.55£0.30 0.309
Body mass index (kg/m?) 20.8 £3.7 20.1£3.2 0.028
Systolic blood pressure (mmHg) 118 + 13 110 + 16 <0.001
Diastolic blood pressure (mmHg) 648 637 0.153
Prepubertal 14 (19) 17 (23)
Diagnosis

Leukemia 42 (56)

Solid tumor 33 (44)
Age at primary diagnosis (years) 3.8 (0.0-13.8)
Time from end of primary therapy (years) 7.1 (5.0-18.0)
Cumulative anthracycline dose (mg/m?) 224 (80—454)
Radiotherapy involving heart 9 (12)
History of relapse 6 (8)
History of stem cell transplantation

Allogeneic 79)

Autologous 709

Data are n (%), mean = SD or median (range).
“Paired samples t test was used for the comparison between survivors and their matched controls.
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5.2 Cardiac function of childhood cancer survivors
measured by cardiac magnetic resonance imaging
(Study 1)

Due to ethical reasons and resource limitations we were not able to obtain controls
for the CMR. We therefore compared the LV and RV volumes and function with
reference values deduced from published data. The reference data employed were
obtained using the same SSFP imaging method as here. We defined abnormally
large ventricular volumes as those exceeding the published mean volumes by at

least 2 SD. In accordance with normal clinical practice, we categorized EF as
normal (= 55%), subnormal (45 < EF <55%) and abnormal (<45%).

5.2.1 Left ventricular volumes, mass and function by
cardiac magnetic resonance

For the LV analysis, the data of Robbers-Visser and associates on 60 healthy
children aged 8 to 17 years, obtained from short axis slices, were used (Robbers-
Visser et al. 2009). We compared the LV parameters in three age groups (8 to 11,
12 to 14, and 15 to 17 years) with the reference data (Table 10) (Robbers-Visser et
al. 2009). We also compared the parameters of all females and males with their
gender-specific reference values. There were no reference data available for the
short-axis LV parameters for children, taking both age and gender simultaneously
into account.

The EDVs and ESVs were significantly larger among CCSs in all age groups
and both genders compared with reference values. Female CCSs had a higher LV
mass compared with reference data, but when comparison was made in the age
groups, the LV mass of CCSs did not differ significantly from the reference values.
The proportion of abnormally large LV volumes was greater in end-systole than in
-diastole (90% vs 29%) (Table 11).

The LV EFs were significantly lower in all age groups and both genders
compared with the reference values used. One-fifth had a normal, another fifth an
abnormal LV EF and the majority remained within the subnormal range (Table
12).

No objective measurement of physical exercise tolerance was undertaken, but
5/62 (8%) of the CCSs considered their exercise tolerance to be compromised
when comparing with peers and had an LV EF <55%. The cumulative
anthracycline dose (r = 0.07, p = 0.569), age at diagnosis (r = -0.17, p = 0.191) and
follow-up time (r = 0.03, p = 0.807) did not correlate with the LV EF. Nor did the
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LV parameters differ significantly between those exposed (n = 7) or unexposed (n
= 55) to cardiac irradiation, though the number of study patients is too small for
any further conclusions (Table 13).
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Table 10. The body surface area-indexed left ventricular parameters per age group or gender by cardiac magnetic resonance

compared with reference values by one-sample t-test (Study I). Note low ejection fractions and abnormally large end-diastolic and —
systolic volumes of the survivors compared with the reference values.

Variable Age group Mean + SD Range Mean * SD from Range from p value
reference values* reference values*

LV EF (%) 8 to 11 years (n = 14) 521 %52 44.0-61.8 69£5 NA <0.001
12 to 14 years (n = 15) 51.1£43 43.5-58.6 69£5 NA <0.001
15 to 17 years (n = 33) 49.0 £ 6.0 33.7-61.7 69£5 NA <0.001
All gitls (n = 34) 50.8 £ 4.7 43.5-61.8 69£5 NA <0.001
All boys (n = 28) 495+ 6.4 33.7-61.7 69£5 NA <0.001

LV EDV (ml/m?) 8 to 11 years 84.1+13.4 69.4-118.8 71+8 58-87 0.003
12 to 14 years 89.5 +11.0 71.4-117.8 78+9 66-97 0.001
15 to 17 years 91.1+15.8 58.7-131.3 7712 62-102 <0.001
All girls 855+ 13.5 58.7-118.8 71£8 58-87 <0.001
All boys 93.6 +14.2 71.4-131.3 79+ 11 64-102 <0.001

LV ESV (ml/m?) 8 to 11 years 40.3 £ 8.0 29.6-60.5 22%5 15-33 <0.001
12 to 14 years 43.8 6.2 36.0-52.8 24 %5 16-34 <0.001
15 to 17 years 46.3%£95 28.9-71.9 2516 18-39 <0.001
All girls 41.9%+73 28.9—60.5 22+ 4 15-33 <0.001
All boys 47.31+9.6 33.0-71.9 2516 16-39 <0.001

LV SV (ml/m?) 8 to 11 years 43879 31.6-58.2 NA NA ND
12 to 14 years 458+ 7.2 34.8-65.1 NA NA ND
15 to 17 years 447+10.2 27.3-71.0 NA NA ND
All girls 435184 27.3-65.1 NA NA ND
All boys 46.3+9.5 31.0-71.0 NA NA ND

LV mass (g/m?) 8 to 11 years 64.4*13.3 44.0-92.5 59 £38 44-84 0.153
12 to 14 years 68.7 £ 10.1 53.6-91.2 66 £ 11 54-87 0.310
15 to 17 years 68.2*12.8 50.4-90.9 70 £17 42-98 0.417
All girls 627 +11.7 44.0-92.5 58£9 42-84 0.024
All boys 73.2%10.4 53.3-90.0 72£13 52-98 0.555

EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; LV, left ventricular; NA, not available; ND, not determined; SD, standard deviation;

SV, stroke volume.

“Robbet-Visser et al. 2009.
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Table 11. The proportions of the abnormal ventricular volumes by cardiac magnetic
resonance (Study I).

Females Males

(n=34) (n = 28)
LV EDVac 18% (6/34) 43% (12/28)
LV ESVac 82% (28/34) 100% (28/28)
RV EDVb. ¢ 15% (5/34) 21% (6/28)
RV ESVb.c 41% (14/34) 64% (18/28)
RV SVb.d 35% (12/34) 32% (9/28)

EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular; SV, stroke volume; RV, right
ventricular. BRobbers-Visser 2009. bSarikouch et al 2010. <> 2 SD from reference values. 4< 2 SD from
reference values.

Table 12. The proportions of the ejection fractions by cardiac magnetic resonance

(Study 1).
Abnormal Subnormal Normal
EF < 45% 45% < EF < 55% EF > 55%
Left ventricle 18% (11/62) 61% (38/62) 21% (13/62)
Right ventricle 27% (17/62) 53% (33/62) 19% (12/62)

EF, ejection fraction.

74



Table 13. Comparison of the ventricular parameters by cardiac magnetic resonance
between the survivors exposed or unexposed to cardiac irradiation (Study ).

Variable Survivors with cardiac Survivors without p value*
irradiation cardiac irradiation
n=7 (n =55)
LV EF (%) 50.6 £ 5.6 50.2 £ 5.6 0.856
LV EDV (ml/m?) 83.6 £ 19.0 89.8 £ 13.6 0.278
LV ESV (ml/m?) 41.1£99 44.8 £ 8.6 0.300
LV SV (ml/m?) 425+ 11.2 451 %87 0.474
LV mass (g/m?) 61.7 £ 14.4 682+ 119 0.190
RV EF (%) 55.6 £9.7 47.1£8.1 0.013
RV EDV (ml/m?) 77.6 154 89.2+19.0 0.128
RV ESV (ml/m?) 352+139 47.4+13.3 0.027
RV SV (ml/m?) 42.4£79 41.8+£11.2 0.900

EDYV, end-diastolic volume; EF, ¢jection fraction; ESV, end-systolic volume; LV, left ventricular; RV,

right ventricular; SD, standard deviation; SV, stroke volume. Values are presented as mean £ SD.

“Independent samples t test was used for the comparison between the groups.
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5.2.2 Right ventricular volumes and function by cardiac
magnetic resonance

The RV parameters were compared with the data of Sarikouch and associates
describing the axial slices from 99 healthy children aged 8 to 20 years (Sarikouch et
al. 2010). The comparison with reference values was made in two age groups (8 to
15 and 16 to 20 years) and separately for girls and boys (Table 14). Both genders
had larger RV ESVs and smaller SVs compared with the age- and gender-specific
reference values. In contrast, only boys aged 16 to 20 years had significantly larger
RV EDVs compared with the reference values. The number of abnormally large
ventricular volumes was smaller in RV than in LV (Table 11). The proportion of
abnormally large RV volumes was greater in end-systole than in -diastole (52% vs
18%) (Table 11). About one-third of both females and males had an abnormally
small RV SV (Table 11).

Both genders in both age groups had a significantly lower RV EF compared
with reference wvalues. Of the CCSs, 27% had an abnormal RV EF, 53%
subnormal, and 19% a normal RV EF (Table 12).

The RV EF did not correlate with cumulative anthracycline dose (r = 0.01, p =
0.963), age at diagnosis (r = -0.06, p = 0.627), or follow-up time (r = -0.21, p =
0.108). CCSs exposed to cardiac irradiation had a higher RV EF and smaller ESV
compared with those unexposed, but the number of cardiac irradiation-exposed
CCSs was somewhat small (Table 13).
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Table 14. The body surface area -indexed right ventricular parameters per gender and age group by cardiac magnetic resonance
compared with reference values by one-sample t-test (Study I). Note low ejection fractions and stroke volumes, and abnormally large
end-systolic volumes among survivors compared with the reference values.

Variable Age group Mean + SD Range Mean * SD from reference values* p value
Females 8 to 15 years (n = 23)
(n=34) 16 10 20 years (n = 11)
RV EF (%) 8 to 15 years 51.2 %84 26.5-65.4 62.6 £ 3.6 <0.001
16 to 20 years 47.8 £ 89 30.6-64.5 62.1 £6.0 <0.001
All girls 50.1 £ 8.6 26.5-65.4 62.8 £4.3 <0.001
RV EDV (ml/m?) 8 to 15 years 84.6 £16.3 56.6-113.0 783%9.7 0.076
16 to 20 years 77.8+12.3 56.3-100.2 79.7 £10.3 0.629
All girls 82.4+153 56.3-113.0 76.9 £12.7 0.043
RV ESV (ml/m?) 8 to 15 years 415+ 118 26.0-67.1 292+ 4.6 <0.001
16 to 20 years 41.2+11.7 20.0-64.0 30.4£6.9 0.012
All girls 414+11.6 20.0-67.1 28.6 54 <0.001
RV SV (ml/m?) 8 to 15 years 43.11+10.2 24.3-55.4 49.1%06.8 0.010
16 to 20 years 36.6 £5.6 23.3-43.6 493163 <0.001
All girls 41.0+94 23.3-554 482+ 6.8 <0.001
Males 8 to 15 years (n=17)
(n = 28) 16 10 20 years (n = 11)
RV EF (%) 8 to 15 years 48.8 = 6.7 38.0-61.5 623 %43 <0.001
16 to 20 years 40.6 £ 8.3 28.8-54.7 60.0 £ 4.4 <0.001
All boys 45.6%+83 28.8-61.5 61.6 £4.5 <0.001
RV EDV (ml/m?) 8 to 15 years 89.6 £23.5 60.5-142.3 829126 0.256
16 to 20 years 102.0 £ 14.2 81.8-128.7 90.2+10.9 0.020
All boys 94.5 + 21.0 60.5-142.3 84.5*12.7 0.018
RV ESV (ml/m?) 8 to 15 years 457124 26.9—66.0 31.3%6.1 <0.001
16 to 20 years 60.7 £ 12.8 41.8-85.3 36.1%£6.3 <0.001
All boys 51.6 £ 14.4 26.9-85.3 325+ 64 <0.001
RV SV (ml/m?) 8 to 15 years 439+ 143 28.0-80.6 51.6 £ 8.4 0.042
16 to 20 years 413+94 27.0-59.8 54173 0.001
All boys 429 +£125 27.0-80.6 52.0 £ 8.4 0.001

EDYV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; RV, right ventricular; SV, stroke volume. *Sarikouch e a/. 2010.

77



5.2.3 Intra- and inter-observer variability of ventricular
volumes measured by CMR

The intra- and inter-observer data for CMR-derived ventricular volumes are
presented in Table 15.

Table 15. The inter-observer and intra-observer variability for the ventricular volumes
measured by cardiac magnetic resonance.

Intra-observer variability Inter-observer variability
Variable Mean difference ICC Mean difference ICC
(LOA) (95% CI) LOA) (95% CI)
LV EDV (ml) 4.9 (-20.0/29.8) 0.94 (0.83, 0.98) -14.7 (-38.0/8.6) 0.98 (0.93, 0.99)
LV ESV (ml) 5.3 (-13.6/24.3) 0.90 (0.72, 0.96) 3.1 (-34.1/40.3) 0.86 (0.63, 0.95)

RVEDV (ml) 0.3 (-35.0/35.6) 0.92(0.77,0.97)  -36.3 (:94.3/21.7)  0.72(0.34,0.90)
RVESV (ml)  -45(21.4/124)  0.94(0.83,0.98)  -17.5(-483/133)  0.75(0.40,0.91)

EDYV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; ICC, intra-class correlation
coefficient; LOA, limits of agreement; LV, left ventricular; RV, right ventricular.

5.2.4 Late gadolinium enhancement

None of the CCSs showed LGE either by the method using changing T1 time or
the PSIR method using a constant T1 time.

5.3 Left ventricular function of childhood cancer
survivors measured by three-dimensional
echocardiography (Study II)

53.1 Left ventricular volumes and function

The conventional and RT-DE data on the cardiac irradiation-unexposed (group I)
and -exposed (group II) CCSs and their matched controls are presented in Table
16. None of these survivors had a prior diagnosis of anthracycline-induced
cardiomyopathy.
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CCSs in group I had larger LV end-systolic dimensions and a smaller FS than
their matched controls. They also had a larger LV ESV and smaller LV EF in RT-
3DE analysis than their controls.

Survivors in group II had a lower LV mass/volume ratio and smaller FS in M-
mode and a smaller LV SV in RT-3DE analysis than their controls.

None of the controls had an FS <28% or an RT-3DE LV EF <50%. Among
our healthy controls, -2 SD for RT-3DE LV EF was 51%. We thus took 50% to be
the appropriate lower normal limit by RT-3DE, which is in accord with published
reference values for children (Poutanen et al. 2003a; Ten Harkel et al. 2009).

None of the survivors had an FS <28%. M-mode classified 7/71 (10%) of the
survivors with an abnormal LV EF by RT-3DE as having a normal LV function
with M-mode. Figure 8 shows box-plots for LV EF by RT-3DE and CMR of those
58 survivors with all imaging methods employed. Of those imaged with both RT-
3DE and CMR, 6/58 (10%) had an RT-3DE LV EF <50%, and 45/58 (78%) had
a CMR LV EF <55%. All six who had an abnormal LV EF by RT-3DE also had it
abnormal by CMR. In group I, 5/63 (8%) of CCSs had an abnormal LV EF by
RT-3DE and 40/52 (77%) by CMR. Of the group II survivors, 2/8 (25%) had an
abnormal LV EF by RT-3DE and 5/6 (83%) by CMR.

No significant correlation was found between the RT-3DE LV EF and
cumulative anthracycline dose (r = -0.18, p = 0.138), age at diagnosis (r = -0.13, p
= 0.27) or follow-up time (r = -0.08, p = 0.519).

The Bland-Altman plots for intra- and inter-observer variability in the context
of LV volumes are shown in Figure 9. Among those 58 assessed by both imaging
methods, LV EDV and ESV were larger as measured by CMR than by RT-3DE
(89 £ 14 vs. 73 £ 11 ml/m? and 44 + 9 vs. 31 £ 7 ml/m2, p <0.001, for both). The
variability in LV parameters by RT-3DE and CMR is presented in Table 17. The
biases and limits of agreement for LV volume measurements by RT-3DE and
CMR were acceptable and in line with previously published studies and the
volumes correlated closely (Dorosz et al. 2012). The variability in LV EF
measurements was larger and correlation lower.

79



70

65

60

55

LV EF (%)
?

45—
8
(6]
40
35
30
I I
RT-3DE CMR

Figure 8. Box-plots for LV EF by RT-3DE and CMR of the 58 survivors with both imaging
modes performed.
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represents the mean difference, and the dashed lines represent + 1.96 SD from
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Table 16. Conventional and real-time three-dimensional echocardiographic parameters of cardiac irradiation-unexposed and -exposed

survivors and their matched controls (Study II).

Variable GroupI n=63) ControlI (n=63) p value* GroupII (n=38) Control II (n=8) p value*

M-mode
LV end-diastolic dimension™ 0.8+0.8 07109 0.282 03108 04%11 0.831
LV end-systolic dimension™ 1.1+0.7 0.7£0.8 0.003 0.8 £0.6 0.4%08 0.289
Interventricular septum diastolic dimension™ 0.4 %08 0.5%£1.0 0.535 04=%10 1.0+0.8 0.220
LV postetior wall diastolic dimension™ -02+0.7 -021+0.6 0.950 -05+04 0.1%06 0.089
LV mass (g/m?) 75+13 75116 0.975 63%9 74 £13 0.119
LV mass/volume ratio (g/ml) 1.1£02 1.1£02 0.558 1.0 £0.1 1.2£0.1 0.039
Fractional shortening (%) 33+3 35%3 0.003 33£2 35%3 0.045

RT-3DE
LV end-diastolic volume (ml/m?) 73 £10 70£9 0.060 67£7 72+ 8 0.218
LV end-systolic volume (ml/m?) 31%6 28%5 0.001 30£5 306 0.963
LV stroke volume (ml/m?) 41£7 42%6 0.890 38£6 43%3 0.039
LV ejection fraction (%) 57%6 60 t4 0.003 56 £7 59+5 0.131
Tmsv16-SD (%) 1.39 £ 0.43 1.49 £ 0.40 0.164 1.93 £ 0.72 1.37 £ 0.24 0.098
Tmsv16-Dif (%) 5.13 £ 1.60 5.48 £ 1.57 0.208 6.92 £ 2.01 5.56 £1.19 0.192
Tmsv12-SD (%) 1.19 £ 0.44 1.30 £ 0.43 0.207 1.76 £ 0.48 1.11 £ 0.35 0.008
Tmsv12-Dif (%) 395+ 1.51 433 £1.50 0.178 5.92 £ 1.64 3.85+143 0.007

Group I = no cardiac irradiation. Group II = cardiac irradiation. Values are presented as mean = SD. LV, left ventricular; RT-3DE, real-time three-dimensional
echocardiography; Tmsv1 2-Dif/Tmsv16-Dif, the maximum time difference to teach the minimum systolic volume between the eatliest and latest contracting
segments for the 12/16 segments as a petcentage of the RR interval; Tmsv12-SD/Tmsv16-SD, standard deviation of the time to minimum systolic volume for the

12/16 segments as a percentage of the RR intetval.

“Paired samples t test was used for the comparison between sutrvivors and their matched controls.
p. p

**7. score
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Table 17. Comparison of real-time three-dimensional echocardiography versus
cardiac magnetic resonance imaging (Study II).

Variable Mean difference Intra-class cotrelation r
(limits of agreement) coefficient (95% CI)

LV EDV (ml) -26.2 (-64.2/11.7) 0.87 (0.79, 0.92) 0.88

LV ESV (ml) -20.7 (-47.0/5.7) 0.80 (0.69, 0.88) 0.83

LV SV (ml) -5.5 (-35.3/24.3) 0.72 (0.56, 0.82) 0.72

LV EF (%) 6.7 (-7.6/21.0) 0.19 (-0.07, 0.43) 0.19

CI, confidence interval; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume;
LV, left ventricular; SV, stroke volume.

5.3.2 Left ventricular dyssynchrony indices

One case-control pair was omitted from the dyssynchrony analysis due to a stitch
artifact. The +2 SD derived from our healthy controls was 2.26% for Tmsv16-SD
and 2.11% for Tmsv12-SD, in line with previously published data (Cui et al. 2010;
Ten Harkel et al. 2009).

The dyssynchrony indices of the CCSs unexposed (group I) or exposed to
cardiac irradiation (group II) and their matched controls are presented in Table 16.
The dyssynchrony indices did not differ between the group I survivors and their
matched controls. In contrast, the survivors in group II had a higher Tmsv12-SD
and Tmsv12-Dif than their controls.

Even though FS, LV EF (RT-3DE and CMR-derived) and RT-3DE-derived
BSA-indexed LV volumes did not differ between the group I and II, all
dyssynchrony indices were higher in group II survivors: Tmsv16-SD (p = 0.003),
Tmsv16-Dif (p = 0.005), Tmsv12-SD (p = 0.001), and Tmsv12-Dif (p = 0.001),
respectively (Table 16). Regardless of the fact that 3/70 (4%) of the survivors had
an abnormally high Tmsv16-SD and 4/70 (6%) Tmsv12-SD, all had a normal
QRS-duration in electrocardiogram.

Among the CCSs, the correlations of dyssynchrony indices with RT-3D LV EF
or LV volumes were not particularly strong. RT-3DE LV EF correlated negatively
with the Tmsv16-SD (r = -0.44, p <0.001), Tmsv16-Dif (r = -0.43, p <0.001),
Tmsv12-SD (r = -0.34, p = 0.005) and Tmsv12-Dif (r = -0.27, p = 0.024). Tmv16-
SD correlated positively with BSA-indexed LV ESV (r = 0.32, p = 0.007). Tmsv-
16SD did not appear to correlate with anthracycline dose (r = 0.03, p = 0.838), age
at diagnosis (r = 0.02, p = 0.902) or follow-up time (r = 0.05, p = 0.664).

In the linear regression analysis the Tmsv16-SD was predicted by the equation:
[(3.47 - 0.04 x RT-3DE LV EF) + (0.50 if cardiac irradiation)], p <0.001 for RT-
3DE LV EF and p = 0.002 for cardiac irradiation, R square 0.30. Bland-Altman
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plots for the intra- and inter-observer variability of the Tmsv16-SD are presented
in Figure 9. Intra-observer variability was lower than inter-observer.

5.4 Cardiac biomarkers in the detection of
cardiotoxicity among childhood cancer survivors
(Study IlI)

Due to the limited number of CCSs with abnormal biomarkers, we were not able
to compare echocardiographic and CMR parameters between those with normal
and abnormal biomarker levels.

5.4.1 N-terminal pro-brain natriuretic peptide

None of the 76 survivors had renal failure or any other established extra-cardiac
reason for their elevated NT-proBNP levels. Four (5%) were on medication for
late-onset anthracycline-induced cardiomyopathy. None had had their NT-proBNP
measured during malignancy treatment, biomarker measurements not being part of
the clinical follow-up routine at the time. Cumulative anthracycline dose did not
correlate with NT-proBNP (r = 0.11, p = 0.340).

The female survivors exposed to cardiac irradiation (n = 8) had higher NT-
proBNP than unexposed females (n = 34) (median 108 vs. 62 pg/ml, p = 0.012).
On the other hand, the NT-proBNP of the male survivors exposed (n = 2) or
unexposed to cardiac irradiation (n = 32) showed no statistically significant
difference (median 120 vs. 35 pg/ml, p = 0.175), possibly due to our small sample
size (Figure 10). Analysis of variance showed a difference between the NT-
proBNP values of the survivors exposed or unexposed to cardiac irradiation (F3.4s
= 5.89, p = 0.018), but not between genders (F345 = 0.01, p = 0.913).

Among all CCSs, 4/76 (5%) had an abnormal plasma NT-proBNP. Their
clinical data are presented in Table 18. All had normal cTns and were cTnAAb-
negative. None had a prior diagnosis of anthracycline-induced cardiomyopathy,
cardiac symptoms or impaired subjective exercise tolerance. All had a normal FS,
two an abnormal LV EF by RT-3DE and all by CMR. An abnormal RV EF by
CMR was found in three. All had normal EVD in both LV and RV, but three had
an abnormal LV ESV and one an abnormal RV ESV. Furthermore, all CCSs with
an abnormal NT-proBNP showed at least one additional risk factor for
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anthracycline-induced cardiomyopathy: moderate anthracycline doses, female
gender, cardiac irradiation or malignancy treatment under one year of age.
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Figure 10. Scatter-plots for NT-proBNP categorized by gender and exposure to cardiac
irradiation. The bold horizontal lines represent the medians of each group.
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Table 18. Characteristics of the survivors with an abnormal NT-proBNP (Study I1).

Variable Ptl Pt 2 Pt 3 Pt 4
Gender Male Male Female Female
Age (years) 8.1 12.0 171 17.2
Age at malignancy diagnosis (years) 0.0 6.1 9.5 11.3
Diagnosis Neuroblastoma AML AML Osteosarcoma
Cumulative anthracycline dose (mg/m?) 108 416 265 301
Cardiac irradiation No Yes No No
Allogeneic stem cell transplantation No Yes No No
NT-proBNP (pg/ml) 328 200 190 265
ES (%) 30.5 33.1 31.4 29.8
RT-3DE LV EF (%) 43.8 58.3 56.7 48.2
CMR LV EF (%) 44.0 48.8 44.4 51.0
CMR LV EDV > 28D No No No No
CMR LV ESV > 2SD Yes Yes Yes No
CMR RV EF (%) 49.6 61.5 47.9 30.6
CMR RV EDV > 2SD No No No No
CMR RV ESV > 28D No No No Yes

AML, acute myeloid leukemia; CMR, cardiac magnetic resonance; EDV, end-diastolic volume;
EF, ejection fraction; ESV, end-systolic volume; FS, fractional shortening; LV, left ventricular;
NT-proBNP, N-terminal pro-brain natriuretic peptide; RT-3DE, real-time three-dimensional
echocardiography; RV, right ventricular; SD, standard deviation.

5.4.2 Cardiac troponins

All CCSs had their TnT levels below 0.03 pg/1 and hs-cTnT levels below 14 ng/1.
One survivor yielded an insufficient sample volume for ¢Tnl analysis, but in all 75
with ¢Tnl analysis performed it was unmeasurable (below 0.01 ng/l). Despite
normal ¢Tn levels 51/76 (67%) had an abnormal LV EF by either RT-3DE or
CMR. An abnormal LV EF by both imaging methods (RT-3DE and CMR) was
detected in 8/76 (11%) of these cTn-negative survivors. None had signs of
ischemia or infarction in ECG. No previous cTn values were available from the
malignancy treatment period.

5.4.3 Autoantibodies to cardiac troponin
The cTnAAbs were analyzed for 75 survivors, one having an insufficient sample

volume. ¢cTnAAbs were detected in 4/75 (5%) CCSs. The clinical characteristics of
these subjects are presented in Table 19. The cTnAAb-positive survivors were all
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cTnT-, hs-cTnT- and cTnl-negative and had normal NT-proBNP levels. All with
cTnAAbs experienced normal subjective exercise tolerance.

The c¢TnAAb-positive survivors had a normal FS and LV EF by RT-3DE.
Three of them had CMR performed with an abnormal LV EF and an abnormal
RV EF in one. Two had an abnormally large LV EDV and RV EDV. All three had
an abnormal LV ESV and RV ESV.

CCSs with ¢cTnAAbs showed no specific risk factors for anthracycline-induced

cardiomyopathy.

Table 19. Characteristics of the survivors with autoantibodies to cardiac troponin

(Study 1I).

Variable Pt5 Pt 6 Pt7 Pt 8
Gender Female Female Male Male
Age (years) 11.0 13.7 14.2 16.2
Age at malignancy diagnosis (years) 34 5.1 3.7 5.7
Diagnosis ALL ALL ALL ALL
Cumulative anthracycline dose (mg/m?) 180 151 123 120
Cardiac irradiation No No No No
Allogeneic stem cell transplantation No No No No
cTnAAD (specific counts) 1996 209 41287 8110
ES (%) 35.5 32.3 30.2 29.0
RT-3DE LV EF (%) 67.2 53.3 54.7 50.4
CMR LV EF (%) 47.5 NA 40.2 42.6
CMR LV EDV > 2SD Yes NA Yes No
CMR LV ESV > 2SD Yes NA Yes Yes
CMR RV EF (%) 56.7 NA 56.6 36.9
CMR RV EDV > 28D Yes NA Yes No
CMR RV ESV > 28D Yes NA Yes Yes

ALL, acute lymphoblastic leukemia; CMR, cardiac magnetic resonance; cTnAAb, autoantibodies to cardiac
troponin; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; FS, fractional
shortening; LV, left ventricular; NA, not available; RT-3DE, real-time three-dimensional
echocardiography; RV, right ventricular; SD, standard deviation.

5.4.4 Survivors with a prior diagnosis of anthracycline-
induced cardiomyopathy

The study group included four (5%) survivors with previously diagnosed, late-
onset anthracycline-induced cardiomyopathy. Their clinical data are summarized in
Table 20. All of them had known risk factors for anthracycline-induced
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cardiomyopathy: female gender, high anthracycline dose, cardiac irradiation or
malignancy diagnosis before one year of age in one case.

All were cTnAAb-negative and had normal ¢Tns and NT-proBNP at time of
study. All had had NT-proBNP measured after the diagnosis of cardiomyopathy,
and in three of them it was abnormally high at the time.

An abnormal FS was detected in two and LV EF by RT-3DE in three. Three
survivors underwent CMR and all had an abnormal LV EF and RV EF. Only one
survivor had an abnormal LV EDV, but all had an LV ESV exceeding +2 SD from
reference values. All had RV EDV within normal limits, and only one had an
abnormal RV ESV.

Table 20. Characteristics of the survivors with anthracycline-induced cardiomyopathy

(Study I1I).
Variable Pt9 Pt 10 Pt 11 Pt 12
Gender Female Female Female Female
Age (years) 7.9 14.1 15.0 18.3
Age at malignancy diagnosis (years) 0.7 1.8 3.4 3.8
Diagnosis Neuroblastoma ALL ALL Infantile

fibrosarcoma

Cumulative anthracycline dose (mg/m?) 113 339 360 355
Cardiac irradiation No Yes No No
Allogeneic stem cell transplantation No Yes No No
Time from diagnosis to cardiomyopathy 39 11.1 8.4 12
(years)
Lowest S (%) 26 27 21 21
Peak N'T-proBNP (pg/ml) 53 190 253 233
NT-proBNP at study (pg/ml) 49 133 80 65
ES (%) 33.4 28.3 25.5 24.8
RT-3DE LV EF (%) 51.0 40.6 40.2 45.5
CMR LV EF (%) 51.3 NA 46.4 49.4
CMR LV EDV > 2SD No NA No Yes
CMR LV ESV > 25D Yes NA Yes Yes
CMR RV EF (%) 50.6 NA 54.7 46.1
CMR RV EDV > 2SD No NA No No
CMR RV ESV > 28D No NA Yes No

ALL, acute lymphoblastic leukemia; CMR, cardiac magnetic resonance; EDV, end-diastolic volume;
EF, ejection fraction; ESV, end-systolic volume; FS, fractional shortening; LV, left ventricular;
NA, not available; NT-proBNP, N-terminal pro-brain natriuretic peptide; RT-3DE, real-time three-
dimensional echocardiography; RV, right ventricular; SD, standard deviation.
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5.5 Cardiac longitudinal function of childhood cancer
survivors (Study V)

5.5.1 Left ventricular longitudinal function

Echocardiographic parameters describing LV longitudinal function in CCSs and
their matched controls are summarized in Table 21.

The mitral inflow velocities did not differ between the CCSs and their controls,
neither between survivors exposed or unexposed to cardiac irradiation. The CCSs
had lower S" in the lateral and septal walls and lower E" in the septal myocardium
than the controls. There were no differences in A". The CCSs had a higher LV
E/E" septal than their controls. Lateral S* was the only TDI parameter significantly
lower among cardiac irradiation-exposed than unexposed survivors.

The MAD lateral, MAD mid and MAD mid% were all lower among the CCSs
than their controls. There was no statistical difference in MAD septal. When
comparing the CCSs with or without cardiac irradiation, those exposed to cardiac
irradiation had all TMAD parameters for the LV lower than the unexposed
survivors.

MAD mid% was lower among the CCSs who had their RT-3DE LV EF <50%
compared with those with a LV EF 250% (13.8 * 2.0 vs. 15.6 £ 2.3, p = 0.0206,
respectively). The survivors with a CMR-derived LV EF <50% also had a lower
MAD mid% (15.0 £ 2.4 vs. 16.3 * 2.2, p = 0.028, respectively). Derived from —2
SD of our healthy controls, the lower normal limit for MAD mid% was 11.8%. Of
the CCSs, 3/72 (4%) had an abnormal MAD mid%, and two of them had
undergone CMR showing a LV EF <50%.

MAD mid appeared to correlate with the RT-3DE-derived LV volumes (EDV:
r = 0.54, ESV: r = 0.42, SV: r = 0.56, p <0.001 for all), and the CMR-derived LV
volumes (EDV: r = 0.46, ESV: r = 0.43, SV; r = 041, p = 0.001 for all). MAD
mid% did not correlate with LV EF (RT-3DE and CMR) (r = 0.26, p = 0.025 and
r = 0.10, p = 0.452, respectively).

The mean difference and limits of agreement for intra-observer variability of
MAD mid (mm) were -0.2 (-0.9/0.5) and for inter-observer variability 0.1 (-
2.1/2.3) (Figure 11).
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Table 21. Left ventricular echocardiographic parameters of cardiac longitudinal function (Study V).

Variable Survivors Controls p value* Survivors with cardiac Survivors without cardiac ~ p value™
(n =175) (n =175) irradiation (n = 9) irradiation (n = 66)
Doppler
Mitral E velocity (cm/sec) 91.9 + 14.6 93.8+15.3 0.419 95.0 £ 17.7 91.5+ 14.2 0.505
Mitral A velocity (cm/sec) 46.4 +10.1 442+ 85 0.112 53.6 = 14.3 453 19.0 0.126
Mitral E/A 2.0+0.5 22104 0.079 1.9 £0.7 21+04 0.300
M-mode
LV ES (%) 329+ 31 349132 <0.001 322123 33.0+3.2 0.465
Real-time three-dimensional
echocardiography
LV EF (%) 56.2 + 6.4 59.4 + 4.2 <0.001 54.3 + 8.5 56.5 + 6.0 0.331
Tissue Doppler imaging
E" lateral LV (cm/sec) 17.9 £ 3.0 18.7 £ 3.3 0.087 164 £23 18.1 £3.0 0.113
A lateral LV (cm/sec) 56+1.3 6.0+1.9 0.091 57+14 55+1.3 0.665
S’ lateral LV (cm/sec) 10.2 £ 1.7 10.9 £ 2.0 0.016 8.6+1.3 104 £ 1.6 0.002
E’ septal LV (cm/sec) 122 £ 1.7 135+ 1.6 <0.001 120 £ 1.9 122 £ 1.7 0.722
A’ septal LV (cm/sec) 49+1.0 52+1.1 0.093 51+13 49110 0.681
S septal LV (cm/sec) 7410 7.8 +0.8 0.004 71 +0.8 74 +1.1 0.384
LV E/E" septal 7.6+14 70x12 0.003 8.0 £0.9 7.6+ 14 0.461
E’ middle septal LV (cm/sec) 9.5+1.7 10.5 £ 1.7 0.001 9.1 %22 9.5+1.6 0.527
A" middle septal LV (cm/sec) 3.8+0.8 411209 0.097 4.0+1.0 3.8+0.7 0.473
S* middle septal LV (cm/sec) 5.6 0.7 59 +0.7 0.022 53 £0.7 5.7 +0.7 0.150
Speckle tracking echocardiography
MAD lateral (mm) 121 £2.7 13.0 £ 2.4 0.022 10.1 £ 2.1 124 £ 2.6 0.014
MAD septal (mm) 11.9 £ 2.1 125+ 1.9 0.082 10.6 £ 2.1 12.1 £2.0 0.039
MAD mid (mm) 12.7 £ 2.3 13.6 £ 2.0 0.006 11.0 £ 1.9 13.0 £ 2.2 0.011
MAD mid (%) 154 +24 16.1 £2.2 0.049 13.8 £ 1.8 15.6 £ 2.3 0.031

A, atrial peak flow velocity; A", late diastolic myocardial velocity associated with atrial contraction; E, early mitral peak flow velocity; E°, early diastolic myocardial
relaxation velocity; EF, ejection fraction; FS, fractional shortening; LV, left ventricle;, MAD, mitral annular displacement; S°, systolic velocity.
“Paired sampled t test was used for comparison between survivors and their matched controls; “Independent samples t test was used for compatison between the
survivors with and without cardiac irradiation.
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Figure 11. The Bland-Altman plots for the intra- (on the left) and inter-observer (on the
right) variability for MAD mid and TAD mid (in millimeters). The horizontal line
represents the mean difference, and the dashed horizontal lines represent + 1.96
SD from the mean between the two measurements.

5.5.2 Right ventricular longitudinal function

Echocardiographic  parameters describing RV longitudinal function are
summarized in Table 22.

The tricuspid inflow parameters and TAPSE did not differ between the CCSs
and their controls, neither between those exposed or unexposed to cardiac
irradiation.

The E" of the lateral RV wall and RV E/E" lateral were lower in CCSs than in
their controls. A™ of the lateral RV wall was the only parameter of RV longitudinal
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function which differed significantly between the survivors exposed or unexposed
to cardiac irradiation, A" being higher among the former.

TAD septal, mid and mid% were all lower among CCSs than controls.

We derived the lower normal limit for TAD mid% from —2 SD of our healthy
controls (17.6%). Of the survivors, 4/75 (5%) had an abnormal TAD mid%. All of
these had their CMR-derived RV EF <55% and one also a prior diagnosis of
anthracycline-induced cardiomyopathy.

TAD mid correlated with the CMR-derived RV EDV (r = 0.38, p = 0.002), RV
ESV (r = 033, p = 0.009), and RV SV (r = 0.35, p = 0.000). There was no
correlation between TAD mid% and CMR-derived RV EF (r = 0.19, p = 0.145).
However, TAPSE correlated with TAD mid% (r = 0.302, p = 0.008).

The mean difference and limits of agreement for the intra-observer variability of
TAD mid (mm) were 0.1 (-1.6/1.8) and the inter-observer variability 1.5 (-2.5/5.5)
(Figure 11).
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Table 22. Right ventricular echocardiographic parameters of cardiac longitudinal function (Study V).

Variable Survivors Controls p value* Survivors with cardiac Survivors without cardiac p value*™
(n =175) (n =175) irradiation irradiation
n=9 (n = 66)
Doppler
Tricuspid E velocity (cm/sec) 61.4+10.5 61.3+10.2 0.979 65.0+7.3 60.9 = 10.8 0.274
Tricuspid A velocity (cm/sec) 33.0£7.2 31.3£6.0 0.117 37.5£89 325%6.8 0.052
Tricuspid E/A 1.9+04 20X 04 0.109 1.8+03 1.9£04 0.286
M-mode
TAPSE (mm) 22.7+33 23.9+£3.6 0.065 22.0£29 228+ 34 0.486
Tissue Doppler imaging
E’ lateral RV (cm/sec) 14424 159+ 3.1 0.005 144 £22 14.5£25 0.909
A’ lateral RV (cm/sec) 7.8 £22 7.8 £25 0.945 95%£29 7.6 %20 0.015
S’ lateral RV (cm/sec) 13.8 £1.7 143 £2.6 0.227 13.9+24 13.8 £ 1.6 0.966
RV E/E’ lateral 44=*11 4.0=x08 0.011 4.7 £0.7 44+11 0.458
Speckle tracking echocardiography
TAD lateral (mm) 19.8 £3.5 20.7£3.7 0.104 19.2+3.1 19.9£3.6 0.593
TAD septal (mm) 13.0£2.2 14.0£1.9 0.004 124%18 131£23 0.340
TAD mid (mm) 16.9£2.6 181 %26 0.005 162+ 1.7 17.0£2.7 0.357
TAD mid (%) 22.5£3.0 23.5%3.0 0.035 22.0%24 225+ 3.1 0.660

A, atrial peak flow velocity; A", late diastolic myocardial velocity associated with atrial contraction; E, tricuspid peak flow velocity; E, eatly diastolic myocardial relaxation velocity; S°, systolic velocity;
TAD, tricuspid annular displacement; TAPSE, tricuspid annular systolic excursion; RV, right ventricle.

“Paired sampled t test was used for comparison between survivors and their matched controls; “Independent samples t test was used for comparison between the survivors with and without cardiac
P p

irradiation.
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6. Discussion

6.1 Cardiac magnetic resonance imaging (Study )

This present study is the largest published on CMR among anthracycline-exposed
CCSs below adult age, and the first to evaluate LGE among non-adult CCSs. We
show that a considerable proportion of CCSs have an impaired LV and RV
function by CMR, even though their cancer therapies took place in an era (1993-
2006) of increased awareness of the cardiac late-effects and their key contributors
(total cumulative anthracycline dose and cardiac irradiation). The proportions of
sub- or abnormal LV EFs among our CCSs (79%) exceeded figures published e.g.
for adult age survivors of Hodgkin"s disease (23%) (Machann et al. 2011), possibly
implying that children are more prone to the cardiotoxic late effects. We also
demonstrate that CMR finds more impairment in cardiac function than M-mode
and RT-3DE, which is in line with the results of a recent study among adult aged
of CCSs (Armstrong et al. 2012).

Anthracycline-induced cardiotoxicity may lead to ventricular dilatation and wall
thinning resembling dilating cardiomyopathy, or at a later stage, restrictive
cardiomyopathy, whereas cardiomyopathy caused by radiation is usually of
restrictive nature (Lipshultz et al. 2013a). Our study patients showed dilatation of
the ventricles, most prominently in LV and end-systole. However, those exposed
to cardiac irradiation showed a trend towards lower ventricular volumes, possibly
indicating a restrictive process. In this study, we employed CMR, the most accurate
and reproducible imaging method for measuring ventricular volumes (Catalano et
al. 2007; Grothues et al. 2002; Jauhiainen et al. 1998; Rehr et al. 1985).

Endomyocardial biopsies have shown the RV also to be affected by
anthracyclines. CMR is considered the best method for visualization of the RV
(American College of Cardiology Foundation Task Force on Expert Consensus,
Documents et al. 2010; Haddad et al. 2008). Due to its complex anatomy and
scarcity of optimal imaging methods, RV function after cancer treatment has only
gained more attention during the last few years. We found almost a third of our
CCSs to house an abnormal RV function and over one half to have a subnormal
RV EF. Our results confirm the findings of Oberholzer and colleagues also
reporting decreased RV  function by CMR associated with anthracyclines
(Oberholzer et al. 2004). This RV dysfunction may be due to direct cardiotoxicity
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or reflect a restrictive lung disease caused by chest radiation (Armstrong et al. 2013;
Patel et al. 2014). Also impaired LV function may impact on the RV function
through systolic ventricular interaction (Haddad et al. 2008). The large number of
survivors with an impaired RV function in our study emphasizes the need for
screening of RV function as part of a structured follow-up program. CMR is
indicated as the more sensitive imaging method, in cases of suspicion of abnormal
RV function based on symptoms, oxygen saturation, echocardiography or ECG.

Age, gender and size of the individual affect the ventricular parameters,
especially among children and adolescents (Sarikouch et al. 2010). Normal CMR
data for the LV and RV parameters in the pediatric population have until recently
been scarce, and largely remain based on small sample sizes and obtained using
older CMR techniques (Helbing et al. 1995; Lorenz 2000). Normative data with the
modern SSFP technique and larger samples sizes have been published since 2009
(Buechel et al. 2009; Robbers-Visser et al. 2009), but only one report takes both
gender and age simultaneously into account (Sarikouch et al. 2010). In addition, the
orientation of imaging slices (axial vs. short axis), the analysis program employed
and contouring criteria (inclusion/exclusion of papillary muscles to ventricular
cavity, definition of basal decent and outflow tract) may vary, making it challenging
to identify appropriate reference values (Schulz-Menger et al. 2013). We used the
CMR reference values, which corresponded best to our methods and criterion
(Robbers-Visser et al. 2009; Sarikouch et al. 2010). For RV parameters we used
axial slices, as they covered the RV volume better than short axis slices.

Our CCSs had LV mass within normal range. Two other studies on CCSs under
adult age were in line with our findings, showing normal LV mass by CMR (Tham
et al. 2013; Toro-Salazar et al. 2013). In contrast, almost half of adult-aged CCSs
had reduced LV mass by CMR (Armstrong et al. 2012). Another study on adults
with a prior diagnosis of anthracycline-induced cardiomyopathy demonstrated a
lower BSA-indexed LV mass to be a predictor of adverse cardiac effects (Neilan et
al. 2012). This discrepancy between children and adults regarding LV mass
reduction following anthracyclines probably has multifactorial reasons. Higher
anthracycline doses or greater exposure to cardiac irradiation cannot be the only
explanations, because reduced LV mass was also detected in adults with low
anthracycline doses and without radiation exposure (Armstrong et al. 2012).
Ageing, longer follow-up time and the burden of other cardiovascular risk factors
might make some contribution to the LV mass reduction seen up to adult age.

Interstitial and replacement fibrosis have been detected in histological
specimens of hearts with anthracycline-induced cardiomyopathy (Cascales et al.
2013; Steinherz et al. 1995). Fibrosis has been associated with an unfavorable
prognosis in other heart diseases (Assomull et al. 2006; Rubinshtein et al. 2010).
Consequently, signs of myocardial fibrosis have also been sought by non-invasive
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methods among anthracycline-exposed survivors. LGE has been reported
infrequently only among adult cancer survivors exposed to anthracyclines and/or
cardiac irradiation (Machann et al. 2011; Neilan et al. 2012; Perel et al. 2006). None
of our 62 CCSs had LGE, even though it was assessed by two different methods.
Recent studies among CCSs of pediatric age show an absence of LGE and are thus
in line with our results (Tham et al. 2013; Toro-Salazar et al. 2013). Higher
cumulative anthracycline or radiation doses, presence of additional cardiovascular
risk factors and diseases, or extended follow-up may explain the presence of LGE
among adult cancer survivors, indicating that the development of replacement
fibrosis runs a protracted course.

On the other hand, Toro-Salazar and colleagues propose an elevated cardiac
extracellular volume and lower post-contrast T1 time as signs of diffuse fibrosis
among pediatric-aged CCSs in the absence of LGE (Toro-Salazar et al. 2013). They
also report lower myocardial strain values by CMR, even though the global systolic
function remained within normal range among their study subjects (T'oro-Salazar et
al. 2013). Tham and associates also reported myocardial T1 and extracellular
volume to be early tissue markers of ventricular remodeling indicative of diffuse
fibrosis among anthracyline-exposed children (Tham et al. 2013). The imaging
method we used did not allow for T1 mapping, which renders the assessment of
diffuse fibrosis less reliable. Based on the above-mentioned studies it can be
hypothesized that diffuse fibrosis may precede replacement fibrosis and overt
systolic dysfunction. Lack of methodological consensus and gender- and age-
specific reference values make T1 mapping still suboptimal for routine clinical use.

CMR offers many advantages over other diagnostic and imaging modalities. In
contrast to endomyocardial biopsy and angiography, CMR is non-invasive and
gives information simultaneously on cardiac function and the myocardium
(Yoshida et al. 2013). CMR may reduce the need for diagnostic endomyocardial
biopsies in the future. Accurate measurement of cardiac parameters enables the
detection of early and minute signs of cardiac pathology in stages before CCSs
become symptomatic. Independence of the acoustic window is a great benefit of
CMR among survivors with postsurgical abnormalities of the thoracic region or
obesity. The body mass index of our CCSs was higher than among controls,
indicating that obesity is not a rare problem among CCSs. Other assets of CMR
include independence of ionizing radiation or radioactive isotopes, important
among CCSs exposed to many radiological examinations, some also to radiation
therapy. Limited imaging resources, high cost and long imaging time remain
challenges with CMR. Most children under school age need sedation for CMR.
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6.2 Three-dimensional echocardiography (Study Il)

Our study showed anthracycline-exposed CCSs to have a lower LV EF and larger
LV ESV by RT-3DE than their matched controls, in accord with previous findings
(Cheung et al. 2011; Poutanen et al. 2003b). In contrast to Poutanen and
coworkers, we could not demonstrate a difference in ESV between our cardiac
irradiation-exposed CCSs and their controls, which may be partly due to small
groups of exposed subjects in both of these studies (Poutanen et al. 2003b).
However, the irradiation-exposed CCSs had a lower SV than their controls, and
showed a trend to lower LV EFs. Lower SV may reflect the restrictive effect of
radiation. In the absence of suitable reference values for the CMR-derived LV SV
we were unable to confirm this result by CMR.

We confirmed RT-3DE to be superior to M-mode in detecting diminished LV
systolic function. In our study group with no prior diagnoses of cardiomyopathy
and all having their FS within normal range, RT-3DE revealed an abnormal LV EF
in 10% of CCSs. CMR confirmed this result, showing that of those imaged with
both RT-3DE and CMR all who had an abnormal LV EF with RT-3DE also had it
abnormal with CMR. Three-dimensional imaging methods do not make
assumptions on the shape of the ventricles, and thus give accurate measurements
of ventricular volumes and EF especially in the case of ventricles of abnormal
shape.

Furthermore, we showed the LV volumes measured by CMR to be invariably
larger than those measured by RT-3DE, but the two to correlate closely and with
minimal variation, in line with published data (Dorosz et al. 2012). According to
the literature, LV EF values derived by RT-3DE and CMR usually tally fairly
closely (Dorosz et al. 2012; Soliman et al. 2008). In our study, however, LV EF
values obtained by CMR were constantly lower than those by RT-3DE. This may
be partly due to the CMR criteria for inclusion of basal LV slices, which problem
does not exist for the RT-3DE technique using long-axis views for endocardial
tracing (Mor-Avi et al. 2008).

RT-3DE and CMR are different methods and both have their own advantages.
CMR is the best method for imaging of the RV and in cases of a suboptimal
acoustic window. RT-3DE has proved to be more accurate and reproducible
among children in the measurement of LV volumes, EF and mass than M-mode,
and two-dimensional echocardiography with CMR was used as the reference (Lu et
al. 2008). This is in line with our results and previous findings among adult CCSs
(Armstrong et al. 2012).

The various cardiac imaging methods have different normal values due to
dissimilarities in methodology and algorithms between the modalities (Wood et al.
2014). We took this into account in our study, using either method-specific
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reference values or matched controls (Poutanen et al. 2003a; Robbers-Visser et al.
2009; Sarikouch et al. 2010; Ten Harkel et al. 2009).

Non-contrast RT-3DE has been shown to be the most reproducible technique
for LV volume and EF measurement when compared to the two-dimensional bi-
and triplane methods and contrast-RT-3DE (Thavendiranathan et al. 2013). This is
partly due to the semi-automated method for identifying the endocardium by RT-
3DE analysis compared with the manual tracing required by 2DE. Automated
selection of the frame with minimum volume by RT-3DE tracing technique further
improves reproducibility compared with two-dimensional tracing, where the frame
selection is based on visual assessment. The moving RT-3DE image is also useful
in checking the correctness of the tracing. The American Society of
Echocardiography and the European Association of Cardiovascular Imaging state
in their consensus that RT-3DE is the preferred technique for monitoring LV
function and detecting cardiotoxicity in adult patients with cancer (Plana et al.
2014).

Relatively small sample size, diversity in genetic susceptibility, exposure to other
cardiotoxic risk factors, and treatment-related iron load may partly explain why
CMR or RT-3DE derived LV EF did not correlate with anthracycline dose, age at
diagnosis or with the follow-up time.

The association between LV dyssynchrony and heart failure has been
demonstrated among adults (Kapetanakis et al. 2005; Liodakis et al. 2009). In
severe cases of dyssynchrony, biventricular pacing has been used as a cardiac
resynchronization therapy in adults and recently also in children (Liodakis et al.
2009). RT-3DE enables the assessment of dyssynchrony, and the systolic
dyssynchrony index (Tmsv16-SD) has established its role in the assessment of
global LV function (Kapetanakis et al. 2005; Ojala et al. 2014; Wang et al. 2012).
RT-3DE dyssynchrony indices assess LV regional volumes over time rather than
myocardial contraction or motion (Friedberg and Mertens 2013).

A dyssynchronous contraction moves blood around the ventricle from the
segments activated early to those activated late, resulting in a reduced SV and
impaired systolic function. The negative correlation between dyssynchrony indices
and LV EF among our CCSs, in accord with previous studies, supports such a
hypothesis (Cheung et al. 2010; Kapetanakis et al. 2005). We also show cardiac
irradiation exposed CCSs to have higher dyssyncrony indices in the 12-segment
analysis compared with their healthy controls, and in both 12- and 16-segment
analyses upon comparison with cardiac irradiation-unexposed survivors. Ours is
the first report on LV dyssynchrony assessed by RT-3DE among cardiac
irradiation-exposed CCSs. Even though all our CCSs showed a duration of QRS-
complexes within normal range, RT-3DE revealed mechanical dyssynchrony of the
LV in some of the them. However, the dyssynchrony indices were only slightly
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elevated, indicating that the CCSs in this study group had not yet developed a
severe LV dysfunction.

The advantages of RT-3DE over CMR include better availability and shorter
imaging time. RT-3DE can also be performed on most children without sedation.
A movement artifact, on the other hand, may cause a stitch artifact, making
dyssynchrony analysis impossible. RT-3DE requires a good acoustic window,
which most children have. However, with some obese teenagers optimal RT-3DE
images cannot be obtained.

6.3 Cardiac biomarkers (Study IlI)

In this study, we show elevated plasma NT-proBNP and c¢TnAAb-positivity to
underline a need for more sensitive cardiac imaging with RT-3DE or CMR despite
normal findings in conventional echocardiography.

Cardiac biomarkers have gained interest in the screening of cardiotoxicity in
being inexpensive, easy to obtain and suitable for wider use. Nonetheless, they
have been studied more widely peri- than post-therapy.

Only 5% of our CCSs had an abnormal NT-proBNP. Even though their FSs
were normal, all had abnormal RV and/or LV function, and many of them
enlarged LV ESV by CMR. A previous study with M-mode has shown that
survivors with an abnormal NT-proBNP level have a higher BSA-indexed LV end-
diastolic dimension than those with a normal NT-proBNP (Mavinkurve-Groothuis
et al. 2009). As CCSs during late follow-up are usually in a stable cardiovascular
condition and without fluid therapy, the increase in their NT-proBNP and
ventricular dilatation are indicative of a chronic condition.

Previous studies have shown NT-proBNP to be elevated among those with
higher cumulative anthracycline doses, and the levels to correlate with the
echocardiographic parameters of ventricular dysfunction (Armenian et al. 2014;
Lipshultz et al. 2012a; Mavinkurve-Groothuis et al. 2009). However, a cut-off level
for NT-proBNP to detect cases of cardiotoxicity remains to be established, though
recently proposed for heart failure (Lin et al. 2014). We used +2 SD from normal
reference values, aiming to identify survivors with asymptomatic cardiotoxicity.
Interestingly, three of our four CCSs with a prior diagnosis of anthracycline-
induced cardiomyopathy betrayed an abnormal NT-proBNP level at time of
cardiomyopathy diagnosis. Their normal levels at time of study may result from the
positive impact of enalapril.

Our data also lent support to the conception of cardiac irradiation increasing
NT-proBNP, as suggested by recent studies on adults and children (Brouwer et al.
2011; Lipshultz et al. 2012a).
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Based on our data, we suggest NT-proBNP to be a supplementary tool in
screening for cardiotoxicity after cancer therapy. Especially subjects with additional
risk factors for cardiotoxicity may benefit from NT-proBNP measurements.
Abnormal values warrant evaluation with sensitive imaging and a closer follow-up.

In the late 1990s Lipshultz and associates showed troponin release during
cancer treatment to predict LV echocardiographic abnormalities at later follow-up
(Lipshultz et al. 1997). Cardinale and coworkers confirmed this result with c¢Tnl
among adults (Cardinale et al. 2000). They further found that early treatment with
enalapril of those with c¢Tnl release during cancer treatment prevented the
development of late cardiotoxicity (Cardinale et al. 2006). However, previous
studies on CCSs at late follow-up using troponin assays of a previous generation
had failed to show any troponin release despite LV dysfunction seen in
echocardiography (Mavinkurve-Groothuis et al. 2009; Soker and Kervancioglu
2005).

Exposure to cardiotoxic agents may cause troponin release as a sign of
myocardial damage, and echocardiographic findings of abnormal cardiac function
may occur later when the compensatory mechanisms of the heart are exceeded.
However, adult patients with heart failure may suffer troponin release for reasons
other than myocardial infarction (Januzzi et al. 2012). To improve the detection of
troponin, a special ¢Tnl assay has been developed which is only minimally
impacted by the cTnAAbs, which cause negative interference in many commercial
cTnl assays (Eriksson et al. 2005b; Savukoski et al. 2012). Also available are the
new high-sensitivity cardiac troponin assays capable of detecting minute amounts
of troponin. In this present study, we sought to establish whether long-term CCSs
harbor troponin in plasma as a sign of cardiotoxicity. Based on the results obtained
using three sensitive troponin methods we were able to document the absence of
detectable troponin levels during late pediatric follow-up of our CCSs.
Nevertheless, with the majority of the CCSs showing abnormal cardiac function
with RT-3DE and/or CMR, we can state that cardiac troponin measured years
after malignancy treatment offers no additional information over imaging in the
screening of cardiotoxicity in children and adolescents.

This study is the first to evaluate the presence of cTnAAbs among CCSs. Of
the present cohort, 5% (n = 4) were cTnAAb-positive, when in the sole published
study on healthy children none proved positive (Eerola et al. 2014). This
notwithstanding, ¢TnAAbs have been detected in apparently healthy adults
(Adamczyk et al. 2009). Our cTnAAb-positive CCSs had an abnormal LV EF and
abnormally large ESVs in both ventricles by CMR, even in the absence of
traditional risk factors for anthracycline-induced cardiotoxicity. Interestingly, all
four cTnAAb-positive survivors had had a previous ALL diagnosis. Even though
the number is small, the question arises whether cTnAAb formation is due to the
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pathogenetic mechanisms of ALL, the malignancy therapy used in ALL, or only a
coincidence. Data are accruing on autoimmunity mechanisms (Caforio et al. 2013),
and cTnAAbs in the pathogenesis of cardiomyopathy and myocarditis (Goser et al.
2006; Okazaki et al. 2003). Oxidative stress is the most plausible mechanism
behind anthracycline-induced cardiomyopathy, but other putative mechanisms
exist.

6.4 Cardiac longitudinal function (Study V)

Our study unequivocally demonstrates anthracycline-exposed CCSs to have
impaired longitudinal systolic and diastolic function in both ventricles compared
with healthy controls. The contribution of the longitudinal function to the global
ventricular function was shown here, as the CCSs with abnormal LV EF by RT-
3DE or CMR had a lower MAD mid% compared with those with a normal LV
EF. In addition, all those with an abnormal TAD mid%, as a sign of decreased RV
longitudinal function, also had an abnormal RV EF. Longitudinal function
constitutes a key proportion of the LV and RV function. Diastolic function
represents the ability of the ventricle to fill, and thus affects the systolic function.
Diastolic dysfunction often precedes systolic dysfunction.

We used TDI- and STE-based methods in assessment of the cardiac
longitudinal function. Using both we showed decreased LV longitudinal function
among the CCSs and especially among those exposed to cardiac irradiation. The
location of subendocardial myofibers may influence their susceptibility to toxic
impact, including irradiation (Henein and Gibson 1999; Suzuki et al. 2012). Our
results are in line with previous TDI data on anthracycline-exposed CCSs, showing
diminished LV systolic (Cheung et al. 2010), diastolic (Ganame et al. 2007) or RV
diastolic function (Stapleton et al. 2007).

Other STE-based methods have documented decreased longitudinal strain
among CCSs (Cheung et al. 2010; Mavinkurve-Groothuis et al. 2010; Moon et al.
2014), but the present study is the first to report on RV function. It is also the first
to demonstrate a correlation between the STE-based LV displacement parameter
(MAD mid) with RT-3DE and CMR-derived LV volumes.

The echocardiographic parameters measuring the longitudinal systolic function
of the lateral wall of the RV (TAPSE, S lateral RV and TAD lateral) did not differ
between CCSs and controls here, but the parameters measuring the septal or
combined RV longitudinal function (TAD septal, mid and mid%) were lower
among the former. We thus take the decreased RV longitudinal function to result
mainly from the decreased displacement of the septal side of the RV. Through
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systolic ventricular interaction, impaired LV systolic function may be a key
contributor to the deficit in RV longitudinal function on the septal side (Haddad et
al. 2008).

The TDI appears to be superior to mitral and tricuspid inflow velocities in the
detection of diastolic dysfunction. These inflow velocities failed to show
differences between our CCSs and their controls, while TDI demonstrated a
decreased diastolic function in both ventricles among the former. A ratio of mitral
inflow early diastolic velocity to early diastolic velocity of the mitral annulus by
TDI (E/E") 2 15 has reflected an increased mean LV diastolic pressure in invasive
analysis (Ommen et al. 2000). None of our CCSs had an E/Eof such magnitude,
but their values were higher compared with those of healthy controls, indicating a
subtle decline in diastolic function.

The TDI is age-, load- and angle-dependent with a one-dimensional nature.
Normal values for TDI parameters among children vary greatly, with additional
variability between the velocities measured by different ultrasound systems
(Koopman et al. 2010a). Despite this, TDI offers a useful tool for the serial
assessment of the same patient to show a trend.

The STE-based TMAD enables a timely assessment of both LV and RV
longitudinal function. Angle-independency, two-dimensional nature and good
reproducibility make STE superior to TDI (Koopman et al. 2010a). The TAPSE
and TDI represent regional function, whereas TMAD measures global longitudinal
function. TMAD analysis can also be made on a four-chamber view, thus being a
suitable imaging method for children with limited imaging time. Also two-chamber
views have been used (Tsang et al. 2010). TMAD analysis is especially useful in RV,
because its volumes and EF are difficult to measure. The analysis takes into
account size difference of the heart, as MAD and TAD mid% normalize the
displacement in relation to the length of the ventricle.

Intra- and inter-observer variability for MAD mid and TAD mid (mm) in our
study was low, and in accord with previous reports (Black et al. 2013; Suzuki et al.
2012). For both MAD and TAD mid, intra-observer variability was lower than
inter-observer variability, and differences between measurements observed
remained within the limits of agreement.

6.5 Strengths and limitations of the study

In our set of studies, we comprehensively evaluated the cardiac function of
anthracycline-exposed long-term CCSs with modern imaging and a diversity of
cardiac biomarkers. The study population was representative of the patients treated
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in a tertiary pediatric center (Tampere University Hospital), with only 12% of
patients recruited declining to participate. The study patients were treated in the
modern era, without markedly high anthracycline or radiation doses, thus
representing the state-of-the-art trend in pediatric oncology.

The present Study I is the first and thus far the largest study on cardiac function
and LGE assessed with CMR among CCSs of pediatric age. The LGE was assessed
by two different methods and two radiologists. The focus was on the RV function,
largely neglected in the cardiac follow-up of CCSs. Since we were not authorized to
perform CMR on our healthy controls we used published reference values,
allowing us the inclusion of age, gender and size of patient in the analysis.

In the absence of published reference values for many of the echocardiographic
parameters, especially it the pediatric population, we used gender, BSA- and age-
matched healthy controls (Studies II and IV). We obtained the RT-3DE images for
the LV, and in addition to the EF, also reported on the LV volumes and
dyssynchrony indices. For the majority of our CCSs we were able to compare the
RT-3DE-derived LV EF and volumes with those derived from CMR. We chose to
compare the RT-3DE with M-mode-derived ES, the established method in our
clinical practice. The dyssynchrony analysis in our study was based solely on RT-
3DE. Exercise tolerance assessment was based only on the subjective estimation of
the survivors.

In Study IV, we used three different methods for ¢T'n simultaneously, but also
carefully appraised the impact of cTnAAbs. With this large study population and
the sensitive c¢Tn methods used, we could indisputably demonstrate troponins
measured at the late follow-up of pediatric age of CCSs to give no additional
information on cardiotoxicity as compared to imaging. The use of sensitive
imaging, CMR and RT-3DE, as reference method for measuring cardiac function
was also one of the strengths of this study. In the absence of data on the cardiac
biomarkers among our control population we used published gender- and age-
specific reference values for NT-proBNP, while none was available for cTns or
cTnAADbs.

Our analysis of cardiac longitudinal function was comprehensive and covered
both ventricles (Study IV). We used well-established echocardiographic methods
(i.e. TDI and M-mode), but also the more novel STE-based TMAD method, and
were able to relate the results with the global LV and RV function by RT-3DE
and/or CMR. A lack of fractional area change in the evaluation of global RV
function was one of the limitations of this study.

103



6.6 Future considerations

CCSs will need screening for cardiotoxicity until a sensitive and specific test to
detect individuals at increased risk of treatment-related cardiotoxicity is found.
From the clinical point of view, it would be crucial to ascertain the stage of
cardiotoxicity when changes are still reversible. A previous study on adults with
hypertension showed that treatment with lisinopril may have some anti-fibrotic
effects (Brilla et al. 2000). Further research is needed to show whether diffuse
fibrosis detected by CMR in anthracycline-exposed CCS could also be detected by
echocardiographic methods or biomarkers, and whether medicine therapy could
induce regression in diffuse fibrosis. Furthermore, the impact of diffuse fibrosis on
dyssynchrony indices warrants further research.

The possible role of cTnAAbs in the pathogenesis of cardiotoxicity should be
more thoroughly explored. In addition, more research is needed to establish
whether the immunologic mechanisms involved in the pathogenesis of ALL
influence ¢TnAAb formation. Prospective studies with hs-cTnT during cancer
treatment may reveal new information on myocardial damage and its contribution
to the development of cTnAAb. However, long-term follow-up is also needed to
confirm the impact of cI'nAAbs on cardiac function.

The TMAD method for the assessment of cardiac function is fast, which is
important in children with limited co-operation. However, more studies are
required to assess how TMAD parameters correlate with global longitudinal strain
in LV and RV in hearts with normal and severely impaired function. Finally, the
feasibility of TAD mid% compared with fractional area change in the assessment
of RV function after childhood cancer should be evaluated.
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7. Summary and conclusions

On the basis of our set of studies the following conclusions can be drawn:

1. A considerable proportion of the long-term survivors of childhood cancer

exposed to anthracyclines have an impaired LV and/or RV function by
CMR. However, LGE as a sign of focal fibrosis cannot be found nor
diffuse fibrosis ruled out. An increase in the end-systolic volumes by
CMR is a common finding, especially for the LV.

2. RT-3DE reveals a lower LV EF and a larger LV ESV among anthracycline-

exposed long-term CCSs compared with matched healthy controls. It is
possible to obtain optimal images for an LV analysis by RT-3DE among
children and adolescents. RT-3DE seems to be more sensitive than M-
mode in the screening of abnormal LV function.

3. Elevated NT-proBNP levels in the late follow-up after anthracycline

exposure indicate a need for sensitive cardiac imaging by RT-3DE or
CMR despite normal function in conventional echocardiography, cardiac
irradiation also apparently being associated with an increased NT-
proBNP. However, while NT-proBNP cannot act as the sole screening
method, it is able to complement conventional echocardiography.
cTnAAbs appear in survivors in conjunction with enlarged LV volumes.

4. Anthracycline-exposure is associated with impaired systolic and diastolic LV

and RV function at the late follow-up. The LV longitudinal function
appears particularly susceptible to cardiac irradiation. TMAD is fast and
reproducible in the assessment of cardiac longitudinal systolic function
among anthracycline-exposed children.

5. Cancer treatment at young age has an adverse long-term impact on LV and

RV function despite the fact that anthracycline and cardiac irradiation
doses have been reduced during the last few decades. The majority of the
CCSs here had signs of cardiotoxicity as seen with sensitive screening
methods, even while asymptomatic.
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Figure 12. The author's conception of optimal cardiac screening after childhood cancer.
*http://www.sutvivorshipguidelines.org
2DE, two-dimensional echocardiography; CMR, cardiac magnetic resonance;
ECG, electrocardiogram; EF, ejection fraction; LV, left ventricular; NT-proBNP, N-terminal pro-brain
natriuretic peptide; RT-3DE, real-time three-dimensional echocardiography; RV, right ventricular.
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Objectives

This study sought to examine the left ventricular (LV) and right ventricular (RV) function and signs of focal fibro-

sis among long-term survivors of childhood cancer with the use of cardiac magnetic resonance (CMR) imaging.

Background

Increased myocardial fibrosis has been detected in the endomyocardial biopsies of survivors. CMR has estab-

lished its role in the assessment of both cardiac function and structure, and focal fibrosis of the myocardium is
detectable with late gadolinium enhancement (LGE).

Methods

Sixty-two anthracycline-exposed long-term survivors of childhood cancer were studied at a mean age of 14.6

years. The LV and RV ejection fractions (EFs) and volumes were measured, and LGE was assessed using CMR.

Results

An abnormal LV function (EF <45%) was detected in 18% (11 of 62) of the survivors, and an abnormal RV func-

tion was detected in 27% (17 of 62) of the survivors. Subnormal (45% = EF <55%) LV function were demon-
strated in 61% (38 of 62) and subnormal RV function in 53% (33 of 62) of the survivors, respectively. Both the
LV and RV end-systolic and LV end-diastolic volumes were increased compared with reference values. None of

the study patients showed LGE.

Conclusions

A considerable proportion of the long-term survivors of childhood cancer with anthracycline exposure demon-

strate signs of cardiac dysfunction detectable by CMR, with the RV also being involved. Yet, myocardial fibrosis

does not seem to be detectable at a median of 7.8 years after anthracycline therapy.

(J Am Coll Cardiol 2013;

61:1539-47) © 2013 by the American College of Cardiology Foundation

Anthracyclines are widely used in the treatment of many
childhood malignancies, but a dose-dependent cardiotoxic-
ity is limiting their use. Late toxicity is defined as cardiac
abnormalities developing no earlier than 1 year after anthra-
cycline treatment, but in some cases it is not discernible
until years or decades later. Late cardiotoxicity can manifest
as subclinical abnormalities in the cardiac function, dilated
cardiomyopathy, and/or heart failure and is usually irrevers-
ible. The cumulative drug dose, mediastinal irradiation,
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young age at exposure, female sex, and time post-exposure
are known risk factors for anthracycline cardiomyopathy
also modified by genetic factors (1-3). The prevalence of
subclinical cardiotoxicity is between 0% and 57% (4), and
the prevalence of anthracycline-induced clinical heart failure
is between 0% and 16% (5). Mulrooney et al. (2) reported a
cumulative incidence of congestive heart failure exceeding
7.5% at 30 years among those with a cumulative anthracy-
cline dose =250 mg/m? and 2.5% among those with a lower
dose. Published data also indicate that a left ventricular
(LV) dysfunction, frank heart failure (6), and terminal
cardiomyopathy (7) may occur even at lower doses. Child-
hood cancer survivors thus seem at an increased risk for
anthracycline cardiotoxicity with their young age at expo-
sure and longer life expectancy.

Among the cancer survivors, echocardiography has been
widely used in the follow-up of cardiac function, but it has
limitations in sensitivity and problems caused by a subop-
timal acoustic window (8,9). Cardiac magnetic resonance
(CMR) imaging is considered a standard of reference in the
assessment of cardiac function and structure against which
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Abbreviations
and Acronyms

BSA = body surface area

other modalities are validated
(10,11). With anthracycline car-
diomyopathy having been thought
to involve mainly the LV, the
follow-up protocols of cancer
survivors have, until recently,
largely neglected the right ventri-
cle (RV) with its complex anat-
omy and scarcity of optimal im-
aging methods. CMR is considered
the best method for visualizing
the RV (12) and thus used in the
follow-up of heart diseases af-
fecting the RV (13).

Many cardiac diseases lead to
fibrosis of the myocardium clas-
sifiable for clinical purposes as
local or diffuse (14). Late gado-
linlum enhancement (LGE) in
CMR after the administration of
a gadolinium-chelated contrast
agent (Gd-CA) is a well-established method for assessing focal
fibrosis (15). LGE for fibrosis or deposition of abnormal
substrates in the myocardium can be used in patients with
myocardial infarction, hypertrophic and dilated cardiomy-
opathies, infiltrative diseases, and myocarditis (16).

The pathogenesis of late-onset cardiac toxicity remains
incompletely understood, but evidence exists on myocyte
apoptosis after anthracycline exposure (17), resulting in
myocardial fibrosis detectable on LGE. Steinherz et al. (18)
have reported on increased fibrosis in the endomyocardial
biopsies taken from the RV and at autopsy among the
long-term cancer survivors with anthracycline cardiomyopathy.

The aim of our study was to evaluate the prevalence of
LV and RV dysfunction and signs of focal fibrosis with
CMR among anthracycline-exposed long-term childhood

cancer survivors in a single-center setting.

CMR = cardiac magnetic
resonance

EDV = end-diastolic volume
EF = ejection fraction

ESV = end-systolic volume
Gd-CA = gadolinium-
chelated contrast agent
LGE = late gadolinium
enhancement

LV = left
ventricle/ventricular

PSIR = phase-sensitive
inversion recovery

RV = right
ventricle/ventricular

Tl = inversion time

Methods

Characteristics of the study population. The study pop-
ulation consisted of 62 long-term survivors of childhood
cancer (34 female and 28 male) attending the population-
based pediatric hematology-oncology service of the Tam-
pere University Hospital (Tampere, Finland) between Feb-
ruary 2010 and June 2011. The survivors enrolled had
received anthracyclines (doxorubicin, daunorubicin, idaru-
bicin, or mitoxantrone) as a part of their therapy, had a
minimum follow-up of 5 years, had no congenital heart
disease, and were in remission. Of the 86 survivors initially
recruited, 62 agreed to participate in the study. The body
surface area (BSA) at diagnosis was used to calculate the
cumulative anthracycline dose. Dose conversion to doxoru-
bicin isotoxic equivalents was performed according to the
Children’s Oncology Group recommendations. CMR was
performed only for study purposes with only 1 child requir-
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ing anesthesia to achieve optimal images. The institutional
review board of the Tampere University Hospital approved
the study protocol. All survivors and their legal guardian(s)
gave their written informed consent.

The key characteristics of the study patients are presented
in Tables 1 and 2. The age of the survivors was 14.6 = 3.2
years. The median (range) age at the time of the malignancy
diagnosis was 3.8 years (0.0 to 13.8 years), and the
follow-up time was 7.8 years (4.9 to 18.0 years). Their
median cumulative anthracycline dose was 222 mg/ m? (80
to 419 mg/mz). Seven survivors (11%) had received radio-
therapy involving the heart with a median average cumula-
tive cardiac dose of 10.0 Gy (3.6 to 12.0 Gy). The average
cardiac dose of those without total body irradiation was
derived from the radiotherapy planning charts. The dose
among those with total body irradiation was estimated to
equal the total radiation dose.

Three survivors (5%) had experienced a relapse but at the
time of inclusion were in remission. Three survivors were
taking enalaprile for their cardiomyopathy, and 1 survivor
was taking bisoprolol for a long QT-syndrome. One survi-
vor had an asymptomatic patent ductus arteriosus. One
survivor had had a thrombus resected from the right atrium
during primary therapy but remained asymptomatic.

I:ICRBl Clinical Characteristics of Study Patients

Sex
Female 34 (55)
Male 28 (45)
Diagnosis
ALL 28 (45)
AML 7(11)
Hodgkin disease 6 (10)
Non-Hodgkin lymphoma 7(11)
Neuroblastoma 7(11)
Wilms’ tumor 1(2)
Osteosarcoma 1(2)
Rhabdomyosarcoma 1(2)
Other 4 (6)
Anthracycline therapy
Doxorubicin 59 (95)
Daunorubicin 17 (27)
Mitoxantrone 7(11)
Idarubicin 4 (6)
Radiotherapy involving heart
No 55 (89)
Yes 7(11)
History of relapse
No 59 (95)
Yes 3(5)
History of stem cell transplantation
No 54 (87)
Autologous 4 (6)
Allogeneic 4 (6)

Values are n (%).
ALL = acute lymphoblastic leukemia; AML = acute myelogenous leukemia.



JACC Vol. 61, No. 14, 2013
April 9, 2013:1539-47

LG  Clinical Characteristics of Study Patients by Sex

Female Male
Characteristic (n = 34) (n = 28) p Value
Age at study time (yrs) 14.4 + 3.4 149 =29 0.565

Age at diagnosis (yrs) 3.8(0.5-12.6) 4.7(0.0-13.8) 0.760
7.7(4.9-13.6) 7.8(5.0-18.0) 0.809

224 (108-419) 184 (80-416) 0.372

Follow-up (yrs)

Cumulative anthracycline (mg/mz)

Height (cm) 156.4 + 141  164.2 = 16.7 0.051
Weight (kg) 51.9 +15.2 58.5 = 18.7 0.133
BSA (m?) 1.49 + 0.28 1.63 + 0.34 0.094
Heart rate (beats/min) 81+ 16 75+ 13 0.106

Values are mean * SD or median (range).
BSA = body surface area.

Magnetic resonance imaging technique and analysis.
CMR was performed on a 1.5-T scanner (Siemens Mag-
netom Avanto; Siemens Healthcare, Erlangen, Germany)
using a 6-channel body array coil with a spine coil and
electrocardiogram gating. Cine TrueFISP slices of 8 mm
without any gap from the heart apex to valves were obtained
in the short-axis plane to analyze the LV and in the axial
plane to analyze the RV function. After injection of gadot-
erate meglumine (0.1 mmol/kg, Dotarem [Guerbet, Roissy,
France]), a 5-min delay was used before obtaining a seg-
mented inversion recovery cine TrueFISP pulse sequence at
the midventricular short-axis level for the determination of
the inversion time (TI) value for the nullification of the
impact of the normal myocardium. Within the next 5 min,
the LGE images were obtained using a TrueFISP gradient
echo sequence with a determined TT (range: 280 to 330 ms)
with a slice thickness of 8 mm in the short axis, 2-chamber
view (vertical long axis through the left atrium and ventri-
cle), 4-chamber view (horizontal long axis), and axial stacks
covering the heart from apex to valves. Thereafter, the
corresponding views were recovered using a phase-sensitive
inversion recovery (PSIR) technique with a constant TI
value of 300 ms. The late-enhancement imaging was per-
formed within 15 min from the beginning of the gadoterate
injection.

In the analysis, ARGUS software (Siemens AG, Munich,
Germany) was used. All measurements were done manually.
The end-systolic and diastolic frames were identified by
determining the ventricular blood-pool areas. The LV
volumes were calculated from the short axis, and the RV
volumes were calculated from the axial cine views. The
aortic outflow tract below the valve and the LV portion of
the slice in the basal region near the left atrium were
included in the LV volume measurements. The same
principles were used for the RV. The free papillary muscles
were included for both the ventricular volumes (Fig. 1). The
LGE in the TrueFISP and PSIR sequences was indepen-
dently analyzed by 2 radiologists (P.S.H, I.R.K.), who also
independently analyzed 15 randomly selected data sets to
evaluate the interobserver variability. One investigator
(PSH) measured 15 data sets twice to assess the intraob-
server variability.
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Statistical analysis. Descriptive statistics and analyses were
performed using PASW Statistics 18.0 software (SPSS Inc.,
Chicago, llinois). Descriptive statistics are presented as the
frequencies and percentages for categoric data and the mean *
SD or median and (range) for continuous data. The CMR
parameters were compared with published data (19,20)
using the 1-sample Student # test. The categoric variables
were compared using the chi-square test (the Fisher exact
test when appropriate). For continuous data, the indepen-
dent samples ¢ test and the Mann-Whitney U test were
used. All tests were 2-sided, and p values <0.05 were
considered statistically significant. The intraobserver and
interobserver variations were assessed using the Bland-
Altman analysis (21).

The reference values for the CMR were deduced from
published data. The LV parameters were compared with the
data of Robbers-Visser et al. (19) describing the short-axis
slices from 60 healthy children age 8 to 17 years. For the RV
analysis, the data of Sarikouch et al. (20) on 99 healthy children
age 8 to 20 years obtained by the axial slices were used.
Abnormally large ventricular volumes were defined as those
exceeding the published mean volumes by at least 2 SD.

Results

Left ventricle. We classified the ejection fraction (EF) as
normal (EF =55%), subnormal (EF 45% = EF <55%), or
abnormal (EF <45%). Of the survivors, 21% (13 of 62) had
a normal LV EF, 61% (38 of 62) had a subnormal LVEF,
and 18% (11 of 62) had an abnormal LVEF. There was a
trend toward a male predominance among those with an
abnormal LVEF (n = 11); 29% (8 of 28) were male and 9%
(3 of 34) were female (p = 0.053). Survivors with an LVEF
<45% were older than those with an LVEF =45% (16.3 vs.
14.2 years, p = 0.047). Eight percent of the survivors (5 of 62)
thought their exercise tolerance was compromised when com-
pared with peers and had an LVEF <55% (range: 44.3% to
54.7%). The cumulative anthracycline dose, age at diagnosis,
and follow-up time seemed not to be associated with the LV
EF (data not shown).

The LV parameters were compared in 3 age groups (8 to
11, 12 to 14, and 15 to 17 years) with the data of
Robbers-Visser et al. (19) (Table 3). No reference data are
available for the short-axis LV parameters taking both age
group and sex simultaneously into account. The LV end-
diastolic volume (EDV) and end-systolic volume (ESV)
were significantly larger in the study group. A total of 82%
(28 of 34) of the female subjects and 100% (28 of 28) of the
male subjects had their LV ESV above the +2 SD of the
reference values. The upper normal limits of the LV EDV
were exceeded by 18% (6 of 34) of the female subjects and
43% (12 of 28) of the male subjects. The LVEF was
significantly lower in all age groups compared with the
reference values. The LV mass did not differ significantly
from the normal values.
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Volumetric Analyses

Endocardial and epicardial contours for short-axis images of left ventricular (LV) end-diastole volume (EDV) (A) and end-systole volume (ESV) (B).
Axial images of right ventricular (RV) EDV (C) and ESV (D).
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IR BSA-Indexed LV Parameters per Age Group Compared With Reference Values by 1-Sample t Test

Age Group 95% ClI of the
8-11 yrs (n = 14), Mean = SD From Range From Difference
12-14 yrs (n = 15), Reference Reference
15-17 yrs (n = 33) Mean = SD Range Values* Values* p Value Lower Upper
LVEF (%) 8-11yrs 521 £5.2 44.0-61.8 69 £5 NA <0.001 —19.9 —13.9
12-14 yrs 51.1 + 4.3 43.5-58.6 695 NA <0.001 -20.3 -15.5
15-17 yrs 49.0 = 6.0 33.7-61.7 695 NA <0.001 —22.1 —17.8
LV EDV (ml/mz) 8-11yrs 84.1 + 134 69.4-118.8 71+8 58-87 0.003 5.3 20.8
12-14 yrs 89.5 = 11.0 71.4-117.8 78 *+9 66-97 0.001 54 17.6
15-17 yrs 911+ 158 58.7-131.3 77 =12 62-102 <0.001 8.5 19.7
LV ESV (ml/m?) 8-11yrs 40.3 = 8.0 29.6-60.5 22+5 15-33 <0.001 13.7 229
12-14 yrs 43.8 = 6.2 36.0-52.8 24=*5 16-34 <0.001 16.3 23.2
15-17 yrs 46.3 = 9.5 28.9-71.9 25*6 18-39 <0.001 18.0 24.7
LV sv (ml/mz) 8-11yrs 438 = 7.9 31.6-58.2 NA NA ND ND ND
12-14 yrs 458 = 7.2 34.8-65.1 NA NA ND ND ND
15-17 yrs 447 = 10.2 27.3-71.0 NA NA ND ND ND
LV mass (g/m?) 8-11yrs 64.4 +13.3 44.0-92.5 59+8 44-84 0.153 -23 13.1
12-14 yrs 68.7 = 10.1 53.6-91.2 66 =11 54-87 0.310 -2.8 8.3
15-17 yrs 68.2 =128 50.4-90.9 70 =17 42-98 0.417 —6.4 2.7

*Robbers-Visser D, Boersma E, Helbing WA. Normal biventricular function, volumes, and mass in children aged 8 to 17 years. J Magn Reson Imaging 2009;29:552-9.
BSA = body surface area; Cl = confidence interval; EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic volume; LV = ventricular; NA = not available; ND = not determined; SV = stroke

volume.

Right ventricle. A normal RVEF was found in 19% (12 of
62) of the survivors, a subnormal RVEF was found in 53%
(33 of 62) of the survivors, and an abnormal RVEF was
found in 27% (17 of 62) of the survivors. More male subjects
(39% [11 of 28]) than female subjects (18% [6 of 34]) had
an abnormal RVEF (p = 0.057). The RVEF was not

associated with the cumulative anthracycline dose, age at
diagnosis, or follow-up time (data not shown).

For the RV parameters, a comparison with the reference
values was done in 2 age groups (8 to 15 years and 16 to 20
years) and separately for female and male subjects (20)
(Table 4). The RV ESV and stroke volume were signifi-

IGLICY: M BSA-Indexed RV Parameters per Sex and Age Group Compared With Reference Values by 1-Sample t Test

95% ClI of the

Difference

Mean = SD From —_
Age Group Mean = SD Range Reference Values* p Value Lower Upper

8-15yrs (n = 23),

Female (n = 34) 16-20 yrs (n = 11)
RVEF (%) 8-15yrs 51.2 = 8.4 26.5-65.4 62.6 = 3.6 <0.001 -15.0 -7.8
16-20 yrs 47.8 = 8.9 30.6-64.5 62.1 = 6.0 <0.001 -20.3 —83
RV EDV (ml/mz) 8-15yrs 84.6 = 16.3 56.6-113.0 783 9.7 0.076 =7 13.4
16-20 yrs 778 123 56.3-100.2 79.7 =103 0.629 —10.1 6.4
RV ESV (ml/mz) 8-15yrs 415+ 118 26.0-67.1 29.2 £ 46 <0.001 7.2 17.4
16-20 yrs 412 =11.7 20.0-64.0 30.4 = 6.9 0.012 3.0 18.7
RV SV (ml/m?) 8-15yrs 43.1 +10.2 24.3-55.4 49.1 + 6.8 0.01 -10.4 -1.6
16-20 yrs 36.6 = 5.6 23.3-43.6 49.3 6.3 <0.001 -16.4 —8.9

8-15 yrs (n = 17),

Male (n = 28) 16-20 yrs (n = 11)
RVEF (%) 8-15yrs 48.8 = 6.7 38.0-61.5 623+ 4.3 <0.001 —16.9 —10.0
16-20 yrs 40.6 = 8.3 28.8-54.7 60.0 - 4.4 <0.001 —24.9 —13.8
RV EDV (ml/mz) 8-15yrs 89.6 £ 23.5 60.5-142.3 829 +12.6 0.256 —5.4 18.8
16-20 yrs 102.0 + 14.2 81.8-128.7 90.2 + 10.9 0.02 253 213
RV ESV (ml/m?) 8-15yrs 457 =124 26.9-66.0 31.3*+6.1 <0.001 8.1 20.8
16-20 yrs 60.7 =12.8 41.8-85.3 36.1 +6.3 <0.001 16.0 33.2
RV SV (ml/m?) 8-15yrs 439 =143 28.0-80.6 51.6 = 8.4 0.042 —15.1 -0.3
16-20 yrs 41.3 94 27.0-59.8 541 +73 0.001 —19.1 —6.5

*Sarikouch S, Peters B, Gutberlet M, et al. Sex-specific pediatric percentiles for ventricular size and mass as reference values for cardiac MRI: assessment by steady-state free-precession and phase-contrast

MRI flow. Circ Cardiovasc Imaging 2010;3:65-76.

BSA = body surface area; Cl = confidence interval; EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic volume; RV = right ventricular; SV = stroke volume.
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Table 5 Comparison of Ventricular Volumes and Mass Between
Survivors Exposed or Unexposed to Cardiac Irradiation

Survivors With Cardiac

Survivors Without Cardiac

Irradiation (n = 7) Irradiation (n = 55) p Value
LV EDV (ml/m2) 83.6 = 19.0 89.8 = 13.6 0.278
LV ESV (ml/m?) 411 +9.9 44.8 ~ 8.6 0.300
RV EDV (ml/m?) 77.6 + 15.4 89.2 + 19.0 0.128
RV ESV (ml/m?) 35.2 £ 139 47.4 =133 0.027
LV mass (g/m?) 61.7 = 14.4 68.2 +11.9 0.190

Values are mean = SD.

EDV = end-diastolic volume; ESV = end-systolic volume; LV = left ventricular; RV = right ventricular.

cantly larger in the study group. some 41% (14 of 34) of the
female and 64% (18 of 28) of the male subjects had their RV
ESV above the +2 SD of the reference values. An abnor-
mally large RV EDV was found in 15% (5 of 34) of the
female subjects and 21% (6 of 28) of the male subjects. Only
the male subjects aged 16 to 20 years had a significantly
larger RV EDV compared with the reference values. The
RVEF was significantly lower in all age groups compared
with reference values. The RV mass was not measured in
our study.

Cardiac irradiation. Those with a history of cardiac irra-
diation did not have larger ventricular volumes or an altered
LV mass compared with the other survivors (Table 5).
Among the irradiation-exposed subjects, 29% (2 of 7) had
their LV EDV, 86% (6 of 7) had their LV ESV, and 14%
(1 of 7) had their RV ESV above the +2 SD of the
reference values.

None of the study patients showed LGE. The intraob-
server and interobserver data are presented in Figure 2 and
Table 6. The limits of agreement were defined as £1.96 SD
from the mean between 2 measurements. Intraobserver
variability was lower than interobserver variability. Interob-
server variability was lower for the LV than for the RV.

Discussion

The current study is the first to report on the LGE and LV
and RV function with CMR in a pediatric population after
anthracycline treatment. The data unequivocally document
a marked LV and RV dysfunction without signs of focal
myocardial fibrosis among the anthracycline-exposed long-
term survivors of childhood cancer. However, the myocar-
dial dysfunction remains mostly asymptomatic at approxi-
mately 1 decade post-therapy. Only 6% (4 of 62) were
taking medication, and 92% of the total considered their
exercise tolerance normal. Armstrong et al. (9) found an
abnormal LVEF with CMR in 32% of their adult survivors
of childhood cancer previously undiagnosed with cardiotox-
icity. Yet, although asymptomatic, the survivors may be at
risk of a symptomatic heart failure on exposure to a stress
such as pregnancy (22) or hypertension (23), warranting a
regular cardiologic follow-up and lifestyle counseling.

CMR volumetry and function. CMR imaging is a well-
established, accurate, reproducible, and noninvasive method

for assessing both the LV and RV function (10,24). Ad-

vantages over echocardiography include independence of
the acoustic window and geometric assumptions, as well as
freely selectable imaging planes. Among the survivors of
childhood cancer, the impact of factors such as obesity,
postoperative abnormalities of the thorax, or a marked
dilatation of the ventricles emphasizes the benefits of
CMR. Furthermore, CMR remains optimal for the
imaging of cardiomyopathies with an ability to visualize
the myocardium (25).

Until recently, the CMR reference values in children have
been based on the gradient-echo sequences from a limited
number of small studies (26—28). Recent papers (19,20)
report pediatric data using steady-state, free-precession,
gradient-echo sequences, currently the standard method in a
functional and volumetric CMR. The availability of age
group—specific data (19,20) made it possible for us to
compare the ventricular volumes with the pediatric refer-
ence values.

The screening for an anthracycline-induced cardiotoxicity
has previously focused on the LV. The normal values for the
fractional shortening and EF are age-independent, facilitat-
ing their use in a pediatric population. However, the
BSA-indexed ventricular volumes offer a valuable tool for an
earlier detection of overload changes in the heart chambers.
A sizeable proportion of our study patients had abnormally
large LV and RV ESVs, with the EDVs being less affected.
This may represent an early stage in the progression of
dysfunction. The fractional shortening and EF may remain
within the normal limits despite LV dilatation. In many
heart diseases, the BSA-indexed ventricular volumes are
used at the clinic (13). Therefore, abnormally large ventric-
ular volumes with a normal EF emphasize the need for a
regular cardiac follow-up among pediatric cancer survivors.

Our results are in agreement with the data of Oberholzer
et al. (29) on the biventricular cardiac function of
anthracycline-exposed pediatric patients. One-half of their
patients had an LVEF <55% but remained asymptomatic,
and the RVEF after chemotherapy was 48.2 * 7.1%,
reflecting an additional impairment in the RV function (29).

The cardiotoxic effects of irradiation are more diverse
than those of anthracyclines and are reported to be predom-
inantly restrictive (30). Adams et al. (31) reported reduced
LV dimensions by echocardiography among mediastinal
irradiation—exposed long-term survivors of Hodgkin dis-
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LY Intraobserver and Interobserver Variability (Bland-Altman)

LV EDV LV ESV RV EDV RV ESV
Intraobserver variability
Mean difference 4.9 5.3 0.3 —4.5
Limits of agreement —20.0t029.8 —13.7t024.3 —35.0t0 35.6 —21.4t012.4
Interobserver variability
Mean difference —14.7 31 —36.3 =4 L7/
Limits of agreement —38.0t0 8.6 —34.1t040.3 —94.3t021.7 —48.3t013.3

Values are given in milliliters.

EDV = end-diastolic volume; ESV = end-systolic volume; LV = ventricular; RV = right ventricular.

ease. In our study, there was a trend toward smaller
ventricular volumes among the cardiac irradiation—exposed
survivors. Yet, because of the small sample size and heter-
ogeneity of the cohort, reliable conclusions could not be
drawn.

Late gadolinium enhancement. A delayed enhancement
could not be detected even though 2 different methods were
used: one using the changing TI time and one using a
sensitive PSIR method with a constant TI time. Gd-CA
doses in the LGE imaging of various heart diseases have
varied between 0.1 and 0.2 mmol/kg (32-34). It remains
unsettled whether a larger Gd-CA dose could have pro-
duced more LGE among our study patients, but for safety
reasons the lower recommended dose was used (35).

Data on the myocardial LGE among anthracycline-
exposed long-term survivors of childhood cancer have not
been reported. Wassmuth et al. (36) studied 22 adult
patients and reported on a transient increase in the myo-
cardial enhancement early after the administration of an-
thracycline. Perel et al. (37) described 2 adults with an
anthracycline cardiomyopathy, LV dysfunction, and suben-
docardial LGE years after chemotherapy, with one having
LGE in the RV. Furthermore, LGE also was detected in
29% of 36 adult patients with mediastinal radiotherapy for
Hodgkin disease more than 2 decades earlier (38).

Data on fibrosis in anthracycline-induced cardiomyopa-
thy remain limited but indicate a prolonged process (18,37).
The incidence of frank cardiac pathology increases with
time since exposure. The estimated risk of developing
cardiomyopathy after anthracycline therapy has been re-
ported to be 4.5% at 10 years and increases to 9.8% at 20
years after therapy among patients with cumulative doses of
=300 mg/m2 (39). The median follow-up of 7.8 years in
our study may not have been long enough for myocardial
fibrosis to develop. This may be partly due to age-related
cardiovascular events promoting cardiac damage and
myocardial fibrosis, emphasizing the importance of life-
style counseling among the long-term survivors. Further-
more, endomyocardial biopsies remain infrequently per-
formed during pediatric follow-up. This may negatively
affect the possibility of documenting myocardial fibrosis
among children.

A diffuse myocardial fibrosis cannot be visualized on

LGE with diffuse fibrosis being nulled out to highlight focal

fibrosis and information on a possible background diffuse
fibrosis thus being obliterated (14). Flett et al. (40) recently
reported on a novel, noninvasive equilibrium-contrast CMR
approach to detect the diffuse fibrosis validated using
surgical myocardial biopsies in patients with aortic stenosis
and hypertrophic cardiomyopathy. Bernaba et al. (41) found
both interstitial and diffuse fibrosis in the myocardial tissue
of 10 adult patients with an anthracycline-induced cardio-
myopathy. It is conceivable that some of our study patients
may have diffuse fibrosis not detectable with the technique
used.

Published data (18,37,41) clearly indicate that some
patients with anthracycline exposure will have focal or
diffuse fibrosis detectable on LGE or through an
equilibrium-contrast CMR. The limited number of reports
on an established myocardial fibrosis with anthracycline
cardiomyopathy invariably document a concomitant symp-
tomatic heart failure, and many of these patients have
undergone heart transplantation (18,37,41).

Study limitations. Because of ethical reasons and resource
limitations, we had no own healthy controls analyzed with

CMR.

Conclusions

A markedly high proportion of the long-term survivors of
childhood cancer with anthracycline exposure appear to
have a cardiac dysfunction detectable by CMR with the
RV also being involved, but without focal myocardial
fibrosis. In the follow-up of these patients, the CMR is
highly usable, particularly among those with poor acous-
tic windows or the RV function at focus. Whether a
longer follow-up will render putative anthracycline-
induced myocardial fibrosis detectable (e.g., LGE) among
the long-term survivors of childhood cancer remains to be

established.
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Three-Dimensional Echocardiography and Cardiac Magnetic
Resonance Imaging in the Screening of Long-Term Survivors of

Childhood Cancer After Cardiotoxic Therapy

Kaisa Ylinen, MD™"*  Anneli Eerola, MD, PhD?, Kim Vettenranta, MD, PhD,
and Tuija Poutanen, MD, PhD""

The left ventricular (LV) volumes, ejection fraction (EF), and dyssynchrony indexes for the
16 and 12 cardiac segments (Tmsv16-SD and Tmsv12-SD, respectively) were analyzed
among nonadult, anthracycline-exposed long-term survivors of childhood cancer and
compared with those of healthy controls using conventional and real-time 3-dimensional
echocardiography (RT-3DE) with cardiac magnetic resonance (CMR) imaging in a pro-
spective, cross-sectional, single tertiary center setting. Seventy-one survivors and gender-,
body surface area-, and age-matched healthy controls were studied by conventional echo-
cardiography and RT-3DE. Fifty-eight of the 71 survivors underwent also CMR. The
survivors were evaluated in 2 groups. Group I consisted of 63 exposed to anthracyclines and
group II consisted of 8 also exposed to cardiac irradiation. By RT-3DE, the group I sur-
vivors had a lower LVEF (57% vs 60%, respectively, p = 0.003) and larger body surface
area—indexed LV end-systolic volume (31 vs 28 ml/m? respectively, p = 0.001) than
controls. The Tmsv16-SD was higher in group II than in I (1.93% vs 1.39%, respectively,
p = 0.003). None of the survivors had an abnormal fractional shortening (<28%), but 10%
had an LVEF <50% by RT-3DE. An LVEF <55% was detected in 45 of 58 (78%) of those
imaged with CMR. In conclusion, RT-3DE seems to detect more abnormalities in cardiac
function than conventional echocardiography following childhood cancer therapy. The LV
dyssynchrony indexes derived from RT-3DE appear potentially useful in assessing the early
signs of cardiotoxicity between anthracycline and cardiac irradiation exposed long-term

survivors of childhood cancer.
2014;113:1886—1892)

© 2014 Elsevier Inc. All rights reserved. (Am J Cardiol

Anthracyclines and radiotherapy, both with cardiotoxic
side effects, are used in the treatment of many childhood
malignancies.' The Children’s Oncology Group recommends
transthoracic 2-dimensional echocardiography for the
assessment of the left ventricular (LV) function among the
survivors due to its broad availability and noninvasiveness.”
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However, the M-mode—derived fractional shortening re-
mains insensitive in detecting subtle changes in cardiac
function.” ” The real-time, 3-dimensional echocardiography
(RT-3DE) is a well-validated method for the assessment of the
LV dimensions and ejection fraction (EF)*’ not relying on
geometrical assumptions. Many factors, including the syn-
chronicity of the LV contraction, impact the function. Indexes
for assessing the LV mechanical dyssynchrony can be derived
from the time-volume data provided by the RT-3DE." There is
an obvious need for more sensitive methods for cardiotoxicity
screening especially in the pediatric population with a long
life expectancy. Our aim was to evaluate the prevalence of LV
dysfunction among asymptomatic childhood cancer survivors
by means of conventional echocardiography, RT-3DE, and
cardiac magnetic resonance (CMR) imaging and to test
whether the RT-3DE is a method employable in the screening.

Methods

All consecutive, long-term survivors of childhood can-
cer in remission attending the population-based, pediatric
hematology-oncology service of the Tampere University
Hospital (Tampere, Finland) from February 2010 to June
2011, and having received anthracyclines as part of their
chemotherapy no <S5 years earlier, were prospectively
enrolled. Survivors with a congenital heart disease were
excluded. Of the 86 initially recruited 76 (42 women and
34 men) agreed to participate. We studied survivors

www.ajconline.org
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Cardiomyopathy/Cardiotoxicity Assessed by RT-3DE and CMR

1887

Assessed for
eligibility
(N ~86) Declined to
participate
Agreed to (n=10)
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Figure 1. Study recruitment flow chart with the numbers indicating study patients with different imaging methods performed.

Table 1

The clinical characteristic of the survivors and controls

Variable Group I (n = 63) Control I (n = 63) p Value Group I (n = 8) Control IT (n = 8) p Value
‘Women 31 (49) 31 (49) 6 (75) 6 (75)

Men 32 (51) 32 (51) 2 (25) 2 (25)

Age (yrs) 14+3 14+3 0.099 13+3 14+3 0.020
Height (cm) 161 + 16 162 + 17 0.012 152 + 15 154 + 13 0.585
Weight (kg) 55 + 17 54 + 17 0.147 46 + 13 47 + 11 0.376
Body surface area (m?) 1.6 £ 0.3 1.6 £0.3 0.573 14 +03 14 +02 0.435
Acute lymphoblastic leukemia 31 (49) 0

Acute myeloid leukemia 3(5) 6 (75)

Solid tumor 29 (46) 2 (25)

Age at diagnosis (yrs) 4 (0—14) 5 (0—13)

Follow-up (yrs) 7 (5—18) 6 (5—12)

Cumulative anthracycline dose (mg/mz) 218 (80—386) 382 (163—454)

Cardiac irradiation 0 8 (100)

Relapse 1@2) 3 (38)

Allogeneic stem cell transplantation 0 6 (75)

Values are presented as n (%), mean £+ SD, or median (range).
Group I = no cardiac irradiation; Group II = cardiac irradiation.

without previously diagnosed cardiotoxicity, and thus 4
women with a previous diagnosis of late-onset anthracy-
cline-associated cardiomyopathy were excluded. One
woman with a suboptimal acoustic window was also
excluded, resulting in a total of 71 survivors in the study
cohort (Figure 1). The total cumulative anthracycline dose
was calculated per the recommendations of the Children’s
Oncology Group (Www.survivorshipguidelines.org). A to-
tal of 71 healthy volunteers without cardiac pathology were
recruited as gender-, body surface area-, and age-matched
controls. This study complies with the Declaration of
Helsinki. The Institutional Review Board of the Tampere

University Hospital approved the study protocol. All pa-
tients/controls and their legal guardian(s) gave their written
informed consent.

The key clinical data on the survivors and controls are
listed in Table 1. The former were divided into 2 groups by
therapy. Group I consisted of 63 anthracycline-exposed
survivors, group II consisted of 8 exposed to both anthra-
cyclines and cardiac irradiation, and controls I and II of their
respective controls. The average cumulative cardiac radia-
tion dose was deduced from the radiotherapy records (me-
dian 10.0 Gy [range 3.6 to 12.0]). Electrocardiogram was
obtained from all survivors.
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Table 2

The cardiac imaging parameters

Variable Group I (n = 63) Control I (n = 63) p Value  Group II (n = 8) Control II (n = 8) p Value

M-mode
LV end-diastolic dimension 0.8 £ 0.8 0.7 £ 0.9 0.282 0.3 £ 0.8 04+ 1.1 0.831
LV end-systolic dimension 1.1 £0.7 0.7 £ 0.8 0.003 0.8 + 0.6 04 £0.8 0.289
Interventricular septum diastolic diameter 04 £+ 0.8 05+1.0 0.535 04 £+ 1.0 1.0 £0.38 0.220
LV posterior wall diastolic diameter —-0.2+£0.7 —-0.2 £0.6 0.950 —-05+04 0.1 = 0.6 0.089
LV mass (g/m?) 75 £ 13 75 £ 16 0.975 63+9 74 £ 13 0.119
LV mass/volume ratio (g/ml) 1.1 £0.2 1.1 £ 0.2 0.558 1.0 £ 0.1 1.2 £ 0.1 0.039
Fractional shortening (%) 33+ 3 35+3 0.003 3342 35+3 0.045

RT-3DE
LV end-diastolic volume (ml/m?) 73 £ 10 70 £9 0.060 67 +7 72 £8 0.218
LV end-systolic volume (ml/m?) 31+ 6 28 £5 0.001 30£5 30+ 6 0.963
LV stroke volume (ml/m?) 41+ 7 42 +6 0.890 38+ 6 43 + 3 0.039
LVEF (%) 57+ 6 60 + 4 0.003 56 +7 59+5 0.131
Tmsv16-SD (%) 1.39 £ 0.43 1.49 £ 0.40 0.164 1.93 £ 0.72 1.37 £ 0.24 0.098
Tmsv16-Dif (%) 5.13 +£ 1.60 548 + 1.57 0.208 6.92 + 2.01 5.56 £ 1.19 0.192
Tmsv12-SD (%) 1.19 £ 0.44 1.30 £ 043 0.207 1.76 £ 0.48 1.11 £ 0.35 0.008
Tmsv12-Dif (%) 395 £ 1.51 4.33 + 1.50 0.178 592 + 1.64 3.85 +£ 143 0.007
Frame rate (frames/s) 23 +£3 25+4 <0.001 25+3 24 +£3 0.554

CMR imaging (n = 52) (n=6)
LV end-diastolic volume (ml/m?) 90 + 14 — — 82 + 20 — —
LV end-systolic volume (ml/m?) 45+ 9 — — 41 £ 11 — —
LV mass (g/m?) 69 + 12 — — 63 + 16 — —
LV mass/volume ratio (g/ml) 0.8 + 0.1 — — 0.8 + 0.1 — —
LVEF (%) 50t 6 — — 506 — —

Values are presented as mean £ SD.

Group I = no cardiac irradiation; Group II = cardiac irradiation; Tmsv12-Dif/Tmsv16-Dif = the maximum time difference to reach the minimum systolic
volume between the earliest and latest contracting segments for the 12/16 segments as a percentage of the RR interval; Tmsv12-SD/Tmsv16-SD = standard

deviation of the time to minimum systolic volume for the 12/16 segments as a percentage of the RR interval.
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Figure 2. Scatter plot of LVEF with RT-3DE and CMR and fractional
shortening by M-mode among the 58 survivors with all imaging methods
used. LVEF 50% represents the lowest normal EF value measured by RT-
3DE, LVEF 55% measured by CMR, and FS 28% represents the lowest
normal value measured by M-mode.

Echocardiographic examination was performed using the
iE33 ultrasound machine (Royal Philips Electronics, Philips
Healthcare, Bothell, Washington). A 2-dimensional, Doppler,
and M-mode examination was performed from the standard
subcostal, apical, and parasternal views using the S8-3, S5-1,

or X5-1 transducers. All measurements in the M-mode were
made according to the recommendations of the American
Society of Echocardiography,’ and the average of 3 cardiac
cycles used in the analysis. M-mode—derived LV mass
was calculated according to the American Society of
Echocardiography recommendation”'” and mass/volume
ratio using the LV volume derived from the formula of
Teichholz.'' RT-3DE was performed in the left lateral semi-
recumbent position using either the X3-1 or the X5-1 matrix-
array transducers. The RT-3DE full-volume data sets were
acquired from the apical 4-chamber view during 4 consecu-
tive cardiac cycles and normal breathing. At least 3 data sets
were acquired for each individual, stored off-line, and the
highest quality data set selected for analysis.

A single investigator (KY) performed the off-line anal-
ysis on a Q-lab workstation (Philips Q-lab, version 8.1;
3DQA; Philips Healthcare, Bothell, Washington). The frame
immediately before the full closure of the mitral valve was
selected as end-diastole and that immediately before the full
closure of the aortic valve as end-systole. The septal and
lateral mitral annuli in the 4-chamber, the anterior and
inferior mitral annuli in the 2-chamber view, and the LV
apex in either of the 2 were set in both the end-diastolic and
end-systolic frames. A semiautomated endocardial border
detection was used to track the LV endocardium throughout
the entire cardiac cycle. The software created a 3-dimen-
sional dynamic model representing the cardiac cycle in the
whole LV cavity and divided it into 16 segments excluding
the apex as defined by the American Society of Echocar-
diography.'” The software displayed the LV end-diastolic
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and end-systolic volumes, EF, and time-volume data for
each segment. The time to reach the minimum systolic
volume for each of the segments was calculated. The dys-
synchrony index for the 16 segments (Tmsv16-SD) was
defined as the SD of this time as a percentage of the RR
interval to correct for differences in heart rate between
subjects. The maximum time difference to reach the mini-
mum regional volume between the segments reaching the
volume earliest and latest was calculated as a percentage of
the RR interval (Tmsv16-Dif). The corresponding mea-
surements (Tmsv12-SD and Tmsv12-Dif) were also per-
formed for the 12 segments (6 basal and 6 middle) with the
more synchronous the ventricular contraction, the lower the
dyssynchrony index obtained. Two investigators (KY and
AE) measured independently 20 randomly selected data sets
for interobserver and the former independently 20 data sets
twice for intraobserver variability.

Fifty-eight of the 71 survivors also agreed to undergo
CMR imaging as previously described.'” LV end-diastolic
and end-systolic volumes and LVEF were measured. The
CMR data of Robber-Visser et al'* on 60 healthy children of
the same age range with comparable size and imaged with
comparable CMR method were employed as reference. Due
to ethical reasons, CMR on the healthy controls was not
performed.

The statistical analysis was performed using the IBM
SPSS Statistics version 21 (IBM Corp., Armonk, New
York) software. The data are presented as frequencies and
percentages for categorical data, mean £ SD for normally
distributed data, or median and range in case of non-
normality. The group means were compared between the
survivors and controls with the paired-samples ¢ test. The
Mann-Whitney U test was employed for the medians and
the independent samples ¢ test for the means among the
survivors. The correlations were assessed with the Pearson
correlation coefficients with data normally distributed and
the Spearman’s rho test in case of non-normality. The
linear regression analysis was used to establish the pre-
dictors for Tmsv16-SD. All tests were 2-sided and p <0.05
considered significant. Intraclass correlation coefficients
were calculated for the intra and interobserver variabilities
for RT-3DE measurements. An agreement between CMR
and RT-3DE assessment of LV volumes and EF was
evaluated using the Bland-Altman analysis.'” With none of
the controls having an RT-3DE LVEF <50% and their —2
SD for LVEF lying at 51%, we concluded 50% to be the
appropriate lower normal limit by RT-3DE, in accordance
with published reference values on children.’'® The lower
normal limit for CMR-derived LVEF was set at 55% as
deduced from literature.'*'” The upper normal limits for
dyssynchrony indexes were derived from +2 SD of our 71
healthy controls: Tmsv16-SD 2.26% and Tmsv12-SD
2.11%, in line with published.'®

Results

None of the controls had a fractional shortening <28% or
an RT-3DE LVEF <50%. The echocardiographic data of
the 71 survivors and controls and the CMR data of 58
survivors are listed in Table 2. The M-mode classified 7 of
the survivors with an abnormal LVEF by RT-3DE to have a
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Figure 3. Comparisons between RT-3DE and CMR measurements of LV
volumes and EF by Bland-Altman analyses: (A) LVEDV, (B) LVESV, and (C)
LVEF. The bold horizontal line represents the mean difference. The dashed
horizontal lines represent +1.96 SD from the mean between the 2 techniques.
LVEDV = LV end-diastolic volume; LVESV = LV end-systolic volume.

normal LV function (fractional shortening). One case-
control pair was left out of the dyssynchrony analysis due to
a stitch artifact. Three of the 70 survivors (4%) had an
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Table 3

The intraobserver and interobserver variabilities for the RT-3DE measurements

Left Ventricular

End-Diastolic Volume (ml)

Left Ventricular Tmsv16-SD (%)

End-Systolic Volume (ml)

Intraobserver variability

Intraclass correlation coefficient 0.98

95% CI 0.94—0.99
Interobserver variability

Intraclass correlation coefficient 0.88

95% CI 0.72—0.95

0.92 0.52
0.81—0.97 0.12—0.78

0.78 0.25
0.52—0.91 —0.21 to 0.61

CI = confidence interval.

abnormally high Tmsv16-SD, and 4 of 70 (6%) had a high
Tmsv12-SD, but all had QRS-duration within normal limits
in electrocardiograms.

Among the survivors, the RT-3DE LVEF correlated
negatively with the Tmsv16-SD (r = —0.44, p <0.001),
Tmsv12-SD ( = —-0.34, p = 0.005), Tmsv16-Dif
(r = —0.43, p <0.001), and Tmsv12-Dif (r = —0.27, p =
0.024). The body surface area—indexed LV end-systolic
volume correlated positively with Tmsv16-SD (r = 0.32, p
<0.007). No significant correlation was found between the
RT-3DE LVEF or Tmsv16-SD and the age at study, at
diagnosis, at follow-up time, or cumulative anthracycline
dose (data not shown). In the linear regression analysis, the
Tmsv16-SD was predictable with the RT-3DE LVEF
(p <0.001) and cardiac irradiation (p = 0.002) with an
adjusted R? of 0.28.

Figure 2 shows the data on the fractional shortening
derived by M-mode and LVEF derived by RT-3DE and
CMR among 58 survivors with all imaging performed.
None of them had an abnormal fractional shortening. LVEF
<50% was detected by RT-3DE in 6 of 58 (10%) and an
abnormal LVEF (<55%) by CMR in 45 of 58 (78%). Even
with the CMR-derived cutoff being was set <50%, 29 of 58
(50%) had an abnormal LVEF. Of those who underwent
both RT-3DE and CMR, all 6 with an abnormal LVEF by
RT-3DE also had an abnormal LVEF by CMR. The LV
end-diastolic and end-systolic volumes were larger as
measured by CMR than RT-3DE (89 & 14 vs 73 &+ 11 ml/
m® and 44 4+ 9 vs 31 + 7 ml/m?, p <0.001, for both,
respectively).

The survivors in group I had larger LV end-systolic di-
mensions and a lower fractional shortening in the M-mode
than their controls (Table 2). In group I, the RT-3DE-
derived LV end-systolic volumes were larger and LVEFs
lower among the survivors. An RT-3DE LVEF <50% was
detected in 5 of 63 (8%) and the CMR-derived <55% in 40
of 52 (77%) in group 1.

The survivors in group Il had a lower fractional shortening
and M-mode—derived LV mass/volume ratio than their con-
trols. Again, the RT-3DE-derived stroke volume was lower
among the former, and the dyssynchrony indexes for the 12
segments were higher among the survivors in group II than
controls. In group II, 2 of 8 (25%) had an RT-3DE LVEF
<50%, and 5 of 6 (83%) had the CMR-derived <55%.

Age at study, at diagnosis, or at follow-up time did not
differ significantly between groups I and II (Table 2), but the
latter had a higher anthracycline dose (p = 0.001). The frac-
tional shortening, EF (RT-3DE- and CMR-derived), and RT-

3DE-derived, body surface area—indexed LV volumes did
not differ between the groups (data not shown). All dyssyn-
chrony indexes were higher in group II than group I survivors:
Tmsv16-SD (p = 0.003), Tmsvl6-Dif (p = 0.005),
Tmsv12-SD (p = 0.001), and Tmsv12-Dif (p = 0.001),
respectively (Table 2).

The Bland-Altman plots for the LV volumes and EF by
RT-3DE compared with CMR are shown in Figure 3.
Correlations between the RT-3DE and the CMR were for
the LV end-diastolic (r = 0.880, p <0.001) and end-systolic
volumes (r = 0.831, p <0.001) and LVEF (r = 0.189, p =
0.155). Intraobserver and interobserver variabilities of the
LV volumes and Tmsv16-SD derived from RT-3DE are
listed in Table 3.

Discussion

We document a lower LVEF with RT-3DE among
anthracycline-exposed long-term survivors of childhood
cancer without signs of cardiomyopathy, compared with that
of gender-, body surface area-, and age-matched healthy
controls. An enlarged LV end-systolic volume seems to be an
early indicator of cardiotoxicity. In addition, we demonstrate
amore dyssynchronous LV contraction among those exposed
to irradiation.

Two-dimensional echocardiography and especially
M-mode have limitations because of the geometrical as-
sumptions posed on the LV and the ventricular dimensions
measured only in 1 or 2 planes possibly leading to a lack of
identification of the dyssynchronity. We demonstrate the
RT-3DE-derived LVEF to detect more abnormalities in the
systolic LV function than M-mode. The better sensitivity of
the RT-3DE over that of the 2-dimensional echocardiogra-
phy has recently been demonstrated in a CMR-validated
study among adult survivors of childhood cancer.” Speckle
tracking imaging has also proved to be useful in detecting an
impaired LV function.'®

The RT-3DE has been validated against CMR in
assessing the LV volumes, EF, and mass in both children
and adults.”'”?' It offers a better accuracy and reproduc-
ibility for the LV volume measurements over 2-dimensional
echocardiography.”'** In most pediatric cases, the acoustic
window for RT-3DE is excellent with only 1 of our patients
having a suboptimal window. Its advantage over CMR is
noninvasiveness and good accessibility. Children <8 to
10 years of age usually need sedation for CMR but not for
RT-3DE. The myocardial damage caused by cardiotoxicity
impairs contraction resulting in a gradual enlargement of the
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LV in systole, and volume measurements serve as a tool in
the follow-up. Our findings with the RT-3DE, the larger
end-systolic volumes, and lower LVEFs among survivors
agree with studies previously published.”*'® The CMR
confirms our results by also showing larger LV end-systolic
volumes and lower LVEFs among the survivors.'® Recent
advances in the RT-3DE and analysis software have resulted
in a better image quality and endocardial detection as well as
somewhat larger ventricular volumes.”” Despite that, among
our cases, the RT-3DE-derived LV volumes were constantly
smaller than those measured by CMR, in accordance with
previous studies comparing the 2.”!

The published lower normal limit for the CMR-derived
LVEF among children varies from 51% to 59%.'"'"** We
used 55% as the lower limit with its wide use and the
reference data of Robber-Visser et al'* being comparable
with ours. Our main result remained same even with the
CMR-derived LVEF cutoff set at 50%, the same as RT-
3DE: CMR recognized most cases with an abnormal LV
systolic function followed by RT-3DE and tailed by M-
mode. Although RT-3DE has been validated against CMR,
they remain dissimilar with varying normal values. The
latter has an excellent spatial resolution, but the temporal
resolution may cause challenges especially with higher heart
rates, whereas the former has a good temporal resolution.

An association between LV dyssynchronﬁy and heart fail-
ure has been demonstrated among adults.*”> A dyssynchro-
nous contraction leads to a reduced stroke volume with blood
moving around the ventricle from segments activated early to
those activated late resulting in an impaired systolic function.
The RT-3DE—derived dyssynchrony indexes are a novel
method to assess the synchronicity of the contraction. The
systolic dyssynchrony index (Tmsv16-SD) has established its
role in the assessment of the global LV function.®?° Yet, stich
artifacts caused by body movement or an irregular heart
rhythm may result in unanalyzable RT-3DE data, 1 case in our
cohort. The mechanical dyssynchrony may act as an indicator
of LV dysfunction” useful in identifying the risk patients at an
early stage. To our knowledge, ours is the first study to report
on an association between the combined impacts of anthra-
cycline treatment, cardiac irradiation, and LV dyssynchrony
assessed by the RT-3DE. We found higher dyssynchrony
indexes in the 12-segment analysis among the irradiation-
exposed survivors compared with the controls. When
comparing the echocardiographic parameters of those unex-
posed or exposed to irradiation, the dyssynchrony indexes
were the only ones to differentiate the 2 although among
asymptomatic survivors, the differences were small. Larger
sample sizes and a longer follow-up are needed to confirm the
putative association between the high dyssynchrony indexes
and cardiac irradiation or to establish suitable cut-off values
for those at an increased risk for LV dysfunction. We found a
negative correlation between the LVEF and dyssynchrony
indexes among our gatients, in accordance with studies pre-
viously published.”*** The assessment of synchrony should
be considered when evaluating the global LV systolic func-
tion of the cancer survivors.

The late complications of cardiac irradiation include
premature coronary artery disease, valvular damage, peri-
carditis, arrhythmias, conduction disturbances, heart failure,
and restrictive cardiomyopathy.'”’ The guidelines of the

Children’s Oncology Group define the group with a highest
risk to include those with a radiation dose >40 Gy without or
>30 Gy with exposure to anthracyclines. Yet, even an
average irradiation dose exceeding 5 Gy has shown to pose an
increased risk.”® The combined effects of irradiation and
anthracycline therapy have presented as key risk factors for
late morbidity, even mortality, among childhood cancer sur-
vivors with 1 in 8 developing a severe heart disease by
30 years after treatment.”” Myocardial fibrosis has been
detected among those with a radiation-induced heart dis-
ease,”” possibly contributing to the mechanical dyssynchrony
detectable by the RT-3DE. In the CMR, none of our 58 sur-
vivors had late gadolinium enhancement as a sign of focal
fibrosis'” and only mildly increased dyssynchrony by the RT-
3DE. Yet, the presence of diffuse fibrosis could not be ruled
out with the CMR method employed.”' The reduced LV end-
diastolic dimensions and mass with a reduced wall thickness
can be found among survivors with mediastinal irradiation.”’
Even among our 8 cases exposed to irradiation and anthra-
cyclines, we could demonstrate alower LV mass/volume ratio
in M-mode and a lower stroke volume with the RT-3DE.

In our study, a correlation between the echocardiographic
parameters and established risk factors for anthracycline
cardiomyopathy could not be documented. This may be due
to a small sample size, genetic heterogeneity, or young
age. Yet, with their cardiovascular morbidity and mortality
increasing with age, the minor echocardiographic abnor-
malities among asymptomatic children and adolescents with
a history of cancer therapy deserve attention and follow-up
as well as health counseling. RT-3DE seems to find more
cardiotoxicity than M-mode and is more widely employable
with a shorter imaging time and higher temporal resolution
than CMR, the reference method.
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ABSTRACT

Aim: The role that plasma N-terminal pro-brain natriuretic peptide (NT-proBNP) and
cardiac troponins T (cTnT) and | (cTnl) play in supplementing imaging to screen for cardiac
late effects remains controversial and the impact of high-sensitivity cTnT and troponin-
specific autoantibodies (cTnAAbs) remains unexplored. We studied the role of cardiac
biomarkers as indicators of the late effects of anthracyclines among childhood cancer
survivors.

Methods: We measured NT-proBNP, cTnT, high-sensitivity cTnT, cTnl and cTnAAbs in 76
childhood cancer survivors at a median of 9 years after primary diagnosis. The survivors
underwent conventional and real-time three-dimensional echocardiography and 62
underwent cardiac magnetic resonance imaging (MRI).

Results: Of the survivors, four (5.3%) without risk factors for cardiotoxicity were cTnAAb-
positive with an impaired cardiac function in MRI. Another four (5.3%) had an abnormal

NT-proBNP level associated with an abnormal cardiac function and risk factors for
cardiotoxicity. None showed measurable cardiac troponins, determined by the three
different methods, with even the high-sensitivity cTnT-levels remaining normal.
Conclusion: Elevated plasma NT-proBNP or cTnAAbs indicated that childhood cancer
survivors benefitted from being evaluated with modern imaging, despite normal function in
conventional echocardiography. However, troponins did not seem to provide additional
information on the late cardiotoxicity of anthracyclines.

INTRODUCTION

The number of anthracycline-exposed childhood cancer
survivors with potentially significant cardiac side effects is
increasing. The use of biomarkers has been explored for the
screening of anthracycline-induced cardiotoxicity, mainly
during chemotherapy, and to a lesser extent in the late
follow-up of the survivors. Among adult cancer patients,
increased plasma N-terminal pro-brain natriuretic peptide
(NT-proBNP) (1) and increased cardiac troponin I (cTnl)
(2) during and soon after the completion of chemotherapy
have been associated with late cardiac events. Yet, the use
of the biomarkers in the screening of the late cardiac effects

Abbreviations

cTnAAbs, Troponin-specific autoantibodies; c¢Tnl, Cardiac tro-
ponin I; ¢cTnT, Cardiac troponin T; MRI, Magnetic resonance
imaging; NT-proBNP, N-terminal pro-brain natriuretic peptide;
RT3DE, Real-time three-dimensional echocardiography; SD,
Standard deviation.

of anthracyclines among childhood cancer survivors
remains investigational.

Novel, high-sensitivity methods in the analysis of cardiac
troponin T (cTnT) in plasma enable the detection of even
subclinical myocardial damage (3,4). Published studies on
cardiac troponin among childhood cancer survivors have

Key notes

e This study explored the role of cardiac biomarkers as
indicators of the late effects of anthracyclines among
childhood cancer survivors.

e We found that elevated plasma N-terminal pro-brain
natriuretic peptide or troponin-specific autoantibodies
indicated that childhood cancer survivors benefitted
from being evaluated with modern imaging, despite
normal function in conventional echocardiography.

e However, troponins measured in the follow-up did not
seem to provide additional information on the late
cardiotoxicity of anthracyclines.
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used the troponin methods ofthe previous generation. Factors
resultingin the release of cardiac troponin may also trigger the
formation of autoantibodies to cardiac troponin (cTnAAbs).
With these possibly resulting in false-negative results in the
evaluation of the troponin levels, a focused assay for cTnI and
minimally susceptible to the presence of cTnAAbs has been
designed (5). The combined use of these modern assays
maximises the chance to detect even minute amounts of
troponins. The prevalence of cTnAAbs among anthracycline-
exposed cancersurvivors hasnotbeen previously reported on.

NT-proBNP is an inactive fragment of brain natriuretic
peptide secreted by the cardiac ventricles in response to
cardiomyocyte stretch. Elevated levels are being detected in
many cardiac diseases.

In this study, NT-proBNP, cTnl, ¢cTnT and high-sensitivity
c¢TnT, as well as cTnAAbs, were assessed and related to the
cardiac function among anthracycline-exposed, long-term
survivors of childhood cancer in a prospective, cross-
sectional setting. The focus of this study was on late
cardiotoxicity.

Yldnen et al.

PATIENTS AND METHODS
We prospectively enrolled all consecutive long-term survi-
vors of childhood cancer with anthracyclines as part of their
primary chemotherapy, who attended the population-based
paediatric haematology—oncology service of Tampere Uni-
versity Hospital in Finland between February 2010 and
June 2011. Survivors with a follow-up time from the end of
primary therapy of <5 years, with an active malignancy or
congenital heart disease, were excluded. Of the 86 patients
initially recruited, 76 agreed to participate and these
comprised 42 females and 34 males (Fig. 1). Their total
cumulative anthracycline doses were calculated and con-
version to doxorubicin isotoxic equivalents performed
according to the Children’s Oncology Group recommen-
dations (www.survivorshipguidelines.org). The key charac-
teristics of the survivors are presented in Table 1.

This study complied with the Declaration of Helsinki,
and the Institutional Review Board of the Tampere Uni-
versity Hospital approved the study. All patients and their

Assessed for

egibility
(N =86)
Declined to
participate
(n=10)
Agreed to
participate
(n=76)
Analyzable
Underwent Cardiac RT 3DE
MRI(n = 62) (n=75)
Blood samples
obtained
(n=76)
One One
insufficient insufficient
sample sample
cTnT high-sensitivity cTnl cTnAAb NT-
analyzed cTnT analyzed analyzed proBNP
(n=76) analyzed (n=75) (n=75) analyzed
(n=76) (n=76)

Figure 1 Study recruitment flow chart. The number of study patients with different imaging methods used and cardiac biomarkers obtained. cTnAADb, troponin-specific
autoantibodies; cTnl, cardiac troponin I; cTnT, cardiac troponin T; MRI, magnetic resonance imaging; NT-proBNP, N-terminal pro-brain natriuretic peptide; RT3DE, real-

time three-dimensional echocardiography.
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Table 1 The dlinical characteristics of the survivors

Variable Survivors (n = 76)
Female 42 (55)
Male 34 (45)

Age at study (years) 14.3 + 3.1 (7.2-20.0)

Age at primary diagnosis (years) 3.8 (0.0-13.8)
Time from primary diagnosis (years) 9.0 (5.4-18.4)
Time from end of primary therapy (years) 7.1 (5.0-18.0)
Cumulative anthracycline dose (mg/m?) 224 (80-454)
Height (cm) 159.7 £ 15.6

Weight (kg) 54.6 £ 16.9

Body surface area (m?) 155 + 0.31

Leukaemia 42 (55)

Solid tumour 34 (45)
Relapse 6 (8)
Allogeneic stem cell transplantation 7(9)
Cardiac irradiation 10 (13)

Values are n (%), mean £ SD or median (range).

legal guardian(s) gave their written, informed consent. The
blood samples were taken and imaging performed at the
time of enrolment.

Plasma NT-proBNP was determined using an electro-
chemiluminescence immunoassay method with a Cobas
6000 immunoanalyzer, an €601 module (Roche Diagnos-
tics, Mannheim, Germany) and the proBNP II kit (Roche
Diagnostics, Mannheim, Germany) with a detection limit of
5 pg/mL. Reference values for adults under 45 years of age
were <63 pg/mL for males and <116 pg/mL for females.
Age-related reference values were used for those younger
than 19 years of age and those <160 pg/mL between the
ages of six and 18 were considered normal (6).

c¢TnT measurements were performed with two different
electrochemiluminescence immunoassay methods. The
fourth-generation assay was performed with a Cobas 6000
immunoanalyzer, an €601 module (Roche Diagnostics,
Mannheim, Germany) and the Elecsys Troponin T Cardiac
T kit (Roche Diagnostics, Mannheim, Germany) with a
detection limit of 0.01 ug/L and upper normal limit of
0.03 pg/L. The fifth-generation high-sensitivity cTnT assay
was performed with an Elecsys 2010 immunoanalyzer
(Roche Diagnostics, Mannheim, Germany) using the Elec-
sys Troponin T hs kit (Roche Diagnostics, Mannheim,
Germany) with a detection limit of 5 ng/L and upper
normal limit of 14 ng/L. Our laboratory reported normal
high-sensitivity cTnT values as below 14 ng/L.

Concentrations of ¢cTnl were measured with an Innotrac
Aio!tM immunoanalyzer (Radiometer/Innotrac Diagnostics,
Turku, Finland) using the Radiometer Tnl Test (detection
limit 0.0095 ug/L) minimally susceptible to the interference
by cTnl-specific cTnAAbs (7) a problem in many commer-
cial assays (8). The results were calculated using the
MultiCalc Software (Perkin-Elmer/Wallac, Turku, Finland).

The measurement of human cTnAAbs was performed as
previously described (5). Autoantibody positivity was
defined as 100 counts or higher after a background
correction (no troponin complex added) (p < 0.05, t-test).

Cardiac biomarkers and anthracyclines

Conventional and real-time three-dimensional echocar-
diography (RT3DE) was performed on the 76 survivors (9),
but one RT3DE study failed due to a poor acoustic window.
Of the 76 survivors, 62 agreed to undergo cardiac magnetic
resonance imaging (MRI) as previously described (10).
Fractional shortening values >28.0%, left ventricular ejec-
tion fraction >50.0% as assessed by RT3DE (11) and >55.0%
by cardiac MRI (12) were considered normal. A detailed
analysis on the imaging parameters has been previously
reported by us (9,10) leaving this article to focus on the
cardiac biomarkers.

We defined anthracycline-induced cardiotoxicity as one
including fractional shortening <28.0%, left ventricular
ejection fraction <50.0% by RT3DE or <55.0% by MRI, or
MRI-derived left ventricular end-diastolic or end-systolic
volumes exceeding 2 SD (12).

The statistical analysis was performed using the IBM®
SPSS® Statistics (version 21) software (IBM Corp.,
Armonk, New York, USA). The data are presented as
frequencies and percentages, and 95% confidence intervals
for categorical data, and the mean and SD or median and
range in case of continuous variables.

RESULTS

The complete survivor group

None of survivors had renal insufficiency or other estab-
lished cause for increased NT-proBNP. However, four
[5.3%, (2.1-12.8)] were on medication for late anthracy-
cline-induced cardiomyopathy diagnosed more than 1 year
after cancer diagnosis.

The echocardiographic and MRI data of the survivors
are presented in Table 2. Of the survivors, 2/76 [2.6%,
(0.7-9.1)] had an abnormal fractional shortening, but their
NT-proBNP levels were normal and cTnAAbs negative. An
abnormal left ventricular ejection fraction by RT3DE was
detected in 10/75 [13.3%, (7.4-22.8)] with all being
cTnAAb-negative and 2/10 [20.0%, (5.7-51.0)] having an
abnormal NT-proBNP level. Of the 62 imaged with cardiac
MRI, 49 [79.0%, (67.4-87.3)] had an abnormal left ventric-
ular ejection fraction with 4/49 [8.2% (3.2-19.2)] also
having an abnormal NT-proBNP and 3/49 [6.1%, (2.1-
16.5)] being cTnAAb-positive.

Abnormal NT-proBNP

Of the 76 survivors, four [5.3%, (2.1-12.8)] had an abnor-
mal plasma NT-proBNP (Table 3). None of them had a
previously diagnosed anthracycline-induced cardiomyopa-
thy. All had a normal fractional shortening. None had
cardiac symptoms or an impaired subjective exercise toler-
ance. Yet, 2/4 had an abnormal left ventricular ejection
fraction by RT3DE and all by MRI.

Cardiac troponins

All cTnT-levels were below 0.03 pg/L and those of high-
sensitivity ¢cTnT below 14 ng/L. The cTnl analysis was
performed on 75/76 (one insufficient sample) and all had it
unmeasurable (below 0.01 ug/L). Yet, 51/76 [67.1%, (55.9—

©2014 Foundation Acta Paediatrica. Published by John Wiley & Sons Ltd 2015 104, pp.313-319 315
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Table 2 Echocardiographic and cardiac magnetic resonance imaging parameters

Number of patients with

Variable Median (range) abnormal values

M-mode (n = 76)

FS (%) 32.7 (24.8-42.2) 2/76
RT 3DE (n = 75)

LV EF (%) 56.4 (40.2-68.1) 10/75
Cardiac MRI (n = 62)

LV EDV (mL/m?) 86.8 (58.7-131.3) 18/34

LV ESV (mL/m?) 43.5 (28.9-71.9) 56/62

LV EF (%) 50.1 (33.7-61.8) 49/62

EDV, End-diastolic volume; EF, Ejection fraction; ESV, End-systolic volume;
FS, Fractional shortening; LV, Left ventricular; MRI, magnetic resonance
imaging; RT 3DE, Real-time three-dimensional echocardiography.

76.6)] had an abnormal left ventricular ejection fraction by
either RT3DE or MRI. Of the troponin-negative survivors,
8/76 [10.5%, (5.4-19.4)] had an abnormal left ventricular
ejection fraction with both imaging methods (RT3DE and
MRI).

Autoantibodies to cardiac troponin

cTnAAbs were detected in 4/75 [5.3%, (2.1-12.9)] (one
insufficient sample) (Table 4). All were cTnT-, high-sensi-
tivity cTnT- and cTnl-negative and had normal NT-proBNP
levels. The cTnAAb-positive survivors had a normal frac-
tional shortening and left ventricular ejection fraction by
RT3DE. Yet, all three cTnAAb-positive survivors with MRI
showed an abnormal left ventricular ejection fraction, with
two having increased left ventricular end-diastolic and
three of three having increased end-systolic volumes. All
with cTnAAbs experienced a normal exercise tolerance.

Previously diagnosed anthracycline-induced
cardiomyopathy

In Table 5, we summarise our data on patients with a
previously diagnosed late-onset anthracycline-induced
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cardiomyopathy, all on enalapril and one also on carvedilol.
The cumulative anthracycline dose was >300 mg/m? in
three and the fourth had a primary diagnosis below 1 year
of age. At the time of study, two of the four had an abnormal
fractional shortening and three of the four had an abnormal
left ventricular ejection fraction by RT3DE and three of
three by MRI. An abnormal NT-proBNP level had previ-
ously been detected in three, all after the diagnosis of
cardiomyopathy. Yet, at the time of study, all had their NT-
proBNP within the normal range and were cTnAAb-
negative.

DISCUSSION

Late, elevated NT-proBNP levels were shown to be linked
to abnormalities detectable in the cardiac imaging. The
presence of cTnAAbs could be established among anthra-
cycline-exposed childhood cancer survivors being seem-
ingly associated with enlarged left ventricular volumes in
cardiac MRI. Ours is the first group to report on the
simultaneous use of three state-of-the-art methods for the
cardiac troponins in the screening of late, anthracycline-
induced cardiotoxicity among the survivors of paediatric
cancer.

All of our four patients with an elevated NT-proBNP had
at least one known risk factor for anthracycline-induced
cardiomyopathy: exposure below 1 year of age, cardiac
irradiation or female gender. Despite a normal fractional
shortening in echocardiography, the more detailed imaging
methods (RT3DE, MRI) revealed abnormalities in all four
with an enlargement of the left ventricular end-systolic
volumes in MRI as an early sign.

Studies later during the follow-up have documented an
association between an elevated NT-proBNP and echocar-
diographic left ventricular abnormalities (13,14), whereas
another (15) documented abnormal NT-proBNP in 13% of
the subjects in the absence of left ventricular dysfunction. In
our data, the prevalence of abnormal NT-proBNP levels

Table 3 Characteristics of the patients with an abnormal NT-proBNP (all with normal troponins and cTnAAb-negative)

Variable Pt 1 Pt 2 Pt3 Pt 4
Gender Male Male Female Female
Age (years) 8.1 12.0 17.1 17.2
Age at diagnosis (years) 0.0 6.1 9.5 1.3
Diagnosis Neuroblastoma AML AML Osteosarcoma
Cumulative anthracycline dose (mg/m?) 108 416 265 301
Cardiac irradiation No Yes No No
Allogeneic SCT No Yes No No
NT-proBNP (pg/mL) 328* 200* 190* 265*
FS (%) 30.5 33.1 31.4 29.8
RT 3DE LV EF (%) 43.8* 58.3 56.7 48.2%
Cardiac MRI LV EF (%) 44.0* 48.8* 44.4% 51.0%
Cardiac MRI LV EDV >2 SD No No No No
Cardiac MRI LV ESV >2 SD Yes Yes Yes No

AML, Acute myeloid leukaemia; cTnAAb, Troponin-specific autoantibodies; NT-proBNP, N-terminal pro-brain natriuretic peptide; SCT, Stem cell transplantation; SD,

Standard deviation; other abbreviations as in Table 2.
*Abnormal value.
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Table 4 Characteristics of the patients with autoantibodies to cardiac troponin (all with normal troponins and NT-proBNP)

Variable Pt 5 Pt 6 Pt7 Pt 8
Gender Female Female Male Male
Age (years) 11.0 13.7 14.2 16.2
Age at diagnosis (years) 3.4 5.1 3.7 5.7
Diagnosis ALL ALL ALL ALL
Cumulative anthracycline dose (mg/m?) 180 151 123 120
Cardiac irradiation No No No No
Allogeneic SCT No No No No
cTnAAb (specific counts) 1996* 209* 41287* 8110*
FS (%) 35.5 32.3 30.2 29.0
RT 3DE LV EF (%) 67.2 53.3 54.7 50.4
Cardiac MRI LV EF (%) 47.5% NA 40.2% 42.6*
Cardiac MRI LV EDV >2 SD Yes NA Yes No
Cardiac MRI LV ESV >2 SD Yes NA Yes Yes

ALL, Acute lymphoblastic leukaemia; NA, Not available; other abbreviations as shown in Tables 2 and 3.

*Abnormal value.

Table 5 Characteristics of the patients with an anthracycline-induced cardiomyopathy (all with normal troponins and cTnAAb-negative)

Variable Pt 9 Pt 10 Pt 11 Pt 12
Gender Female Female Female Female
Age (years) 7.9 14.1 15.0 18.3
Age at malignancy diagnosis (years) 0.7 1.8 3.4 3.8
Diagnosis Neuroblastoma ALL ALL Infantile fibrosarcoma
Cum. anthracycline dose (mg/m?) 113 339 360 355
Cardiac irradiation No Yes No No
Allogeneic SCT No Yes No No
Time from diagnosis to cardiomyopathy (years) 3.9 11.1 8.4 1.2
Lowest FS (%) 26%* 27* 21% 21%
Peak NT-proBNP (pg/mL) 53 190* 255 255
NT-proBNP at study (pg/mL) 49 133 80 65

FS (%) 334 283 25.5% 24 8%
RT 3DE LV EF (%) 51.0 40.6* 40.2* 45.5*
Cardiac MRI LV EF (%) 51.3% NA 46.4% 49.4*
Cardiac MRI LV EDV >2 SD No NA No Yes
Cardiac MRI LV ESV >2 SD Yes NA Yes Yes

Abbreviations as in Tables 2-4.
*Abnormal value.

lied at 5.3% with all having an abnormal left ventricular
ejection fraction in MRI.

With the abnormal levels being linked to an abnormal left
ventricular ejection fraction by MRI and those with a
previously diagnosed anthracycline-induced cardiomyopa-
thy having a history of abnormal levels, we postulate an
elevated NT-proBNP to indicate left ventricular pathology
among long-term childhood cancer survivors. In particular,
those with elevated levels and defined risk factors in our study
appeared in the need of close follow-up with modern imaging.
Yet,normal NT-proBNP levels did not exclude cardiotoxicity
and thus cannot be used as the sole screening method.

Among paediatric cancer patients, an elevated cTnT
during treatment has predicted later echocardiographic left
ventricular abnormalities (16,17). Other studies have
shown a low-level elevation in a few patients without a
correlation between the cTnT level and left ventricular

function (15,18). Of our patients, 67% had an abnormal
cardiac function by RT3DE and, or, MRI despite normal
cardiac troponin with the sensitive methods.

Our cut-off value for the high-sensitivity cTnT (<14 ng/L)
was the adult 99th percentile (19). Gender-specific refer-
ence values for the paediatric age group remain unavailable.
Cheung et al. (4) recently reported on elevated high-
sensitivity ¢cTnT in 19% of the adult survivors associating
with an impaired left ventricular function. Despite the fact
that they used gender-specific reference values, all their
survivors had levels below 14 ng/L, like the patients in our
study.

The use of several cTnl assay methods with different cut-
off values and lack of standardisation make comparison
between studies difficult. Few studies have reported on
paediatric patients during malignancy treatment (20,21)
and only one during later follow-up (13). One reported that
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cTnl was not useful in the detection of an early stage
anthracycline-associated cardiotoxicity (20). El-Shitany
et al. (21) showed an elevation during treatment to be
associated with an impaired systolic function and pretreat-
ment with carvedilol seemingly protective. The single study
during later follow-up failed to show an increase in cTnl,
but documented a 13% rate of cardiac dysfunction (13).

Late-onset cardiotoxicity appears to develop no earlier
than 1 year after anthracycline treatment, but in many
cases, it can occur later. Yet, the triggering event appears to
occur during treatment. This is in accordance with an
elevated cardiac troponin during rather than years after
anthracycline therapy (2,16). The suggested mechanisms of
the troponin release in heart failure, in addition to coronary
ischaemia, include a cellular supply and demand imbalance
of oxygen, injury due to oxidative stress and neurohumoral
factors, myocardial apoptosis and proteolysis of contractile
proteins (22) possibly also contributing to cardiac troponin
leakage later during follow-up.

We could not demonstrate delayed troponin leakage
among our 76 late survivors. As later follow-up on cTnT,
high-sensitivity ¢cITnT or cTnl failed to give additional
information on cardiotoxicity over imaging, additional data
are clearly needed on high-sensitivity ¢cTnT during cardio-
toxic treatment, its association with cardiac dysfunction
and impact on long-term prognosis.

The mechanisms behind the generation of cTnAAbs and
their clinical impact are not fully understood (23). An
autoimmune reaction can be triggered by any release of
cardiac troponin such as myocardial infarction or cardiotoxic
treatments. Yet, exposure does not always lead to the
formation of cTnAADs suggestive of polymorphic responses
(24). cTnAAbs have been detected in the serum of individuals
with cardiac disease (25) and to a lesser extent among healthy
adults (26). Oursisthefirststudytoreport on cTnAAbsamong
anthracycline-exposed cancer survivors. The number of
antibody positive patients exceeded the previously reported
prevalence of cTnAAb-positivity among children with con-
genital heart defects (0.7%) or healthy children (0%) (27).

The ability of circulating cTnAAbs to cause false-negative
troponin results has been acknowledged (8) using a variety
of techniques with some detecting anti-cTnl and others
anti-cTnT autoantibodies (28,29).

Several studies have documented cTnAAbs among
patients with dilating cardiomyopathy (28,29), while their
role in the pathogenesis of heart disease and prognostic
impact remains controversial. Some suggest an active role
for the cTnAAbs in the process (30). Even though oxidative
stress is the most plausible mechanism behind anthracy-
cline-induced cardiotoxicity, other putative mechanisms do
exist. Our four cTnAAb-positive survivors had no other risk
factors for anthracycline-induced cardiomyopathy, except
for female gender in two. Interestingly, the three with
cardiac MRI had an abnormal left ventricular ejection
fraction and increase in either left ventricular end-diastolic
or end-systolic volumes or both. Further follow-up is
required on the possible development of a symptomatic
cardiomyopathy and prognostic impact of the cTnAAbs.
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Study limitations

Our ethical permission did not allow for plasma analyses on
the healthy controls and published values were employed
(6,19,27). Due to the limited number of patients, we were
not able to compare the imaging parameters between those
with normal and abnormal biomarker levels.

CONCLUSION

Among survivors of childhood cancer screened with con-
ventional echocardiography, an elevated plasma NT-proBNP
appeared to indicate the need for more sensitive cardiac
imaging with RT3DE or MRI. Furthermore, our data
suggest that cTnAAbs play a role in the pathogenesis of
anthracycline-induced cardiomyopathy. Despite this, and
regardless of the analytical method used, our data clearly
indicate cardiac troponins measured years after cancer
chemotherapy do not appear to provide key additional
information on the late cardiotoxicity of anthracyclines.
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