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Abstract

Cardiac dysfunction due to cardiotoxicity from anthracycline chemotherapy is a leading
cause of morbidity and mortality in survivors of childhood cancer. The intraventricular
pressure gradient (IVPG) of the left ventricle (LV) is the suction force of blood from the
left atrium to the LV apex during early diastole and is a sensitive indicator of diastolic
function. We assessed IVPG as a new indicator of the cardiac dysfunction in survivors
of childhood cancer after anthracycline therapy. We performed a prospective
echocardiographic study on 40 survivors of childhood cancer aged 6-26 years who
received anthracycline therapy (group A) and 53 similar-age normal controls (group N).
The subjects were divided into the younger groups, N1 and Al (age <16 years); and
older groups, N2 and A2 (age =16 years). IVPG was calculated using color M-mode
Doppler imaging of the mitral inflow using Euler’s equation. Total IVPG was divided
into the basal and mid-to-apical IVPG to demonstrate more clearly the mechanisms of
the LV diastolic suction force. The total anthracycline dose was 16.2-600.0 mg/m?
(median 143.5 mg/m?). Total IVPG significantly decreased in group A2 compared with
that in group N2 (0.39 + 0.07 vs. 0.29 + 0.11 mmHg/cm; p = 0.010). The mid-to-apical
IVPG significantly decreased in groups Al and A2 compared with that in groups N1

and N2, respectively (N1 vs. A1: 0.20 +0.05 vs. 0.16 + 0.05 mmHg/cm, p = 0.036; N2



vs. A2:0.21 +£0.06 vs. 0.14 + 0.06 mmHg/cm, p = 0.001). Basal IVPG, E wave, and

E/e’ were not significantly different between patients and normal controls. The total and

mid-to-apical IVPG, especially mid-to-apical VPG, could be sensitive new indicators

in survivors of childhood cancer after anthracycline therapy.
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cardiotoxicity, diastolic function



Introduction

The mortality rate among patients with cancer has decreased over the past three

decades. In patients with childhood cancers, cardiotoxicity by cancer therapy has

become a leading cause of morbidity and mortality [1, 2, 3]. Anthracycline is the main

cause of cardiotoxicity. When heart failure occurs, the mortality rate reaches even 60%

in 2 years [4]. The conventional definition of cardiac dysfunction by cancer therapy was

based on the left ventricular ejection fraction (LVEF) [5]. However, when the EF

decreases during or within 1 year of chemotherapy, it is often too late for recovery, and

subsequent heart failure and early death can occur unless early medication is

administered. [6]. Recently, cardiac dysfunction by cancer therapy has been detected

earlier by using speckle tracking imaging [5, 7, 8]. In fact, the global longitudinal strain

(GLS) was improved by administering B-blockers in patients with a decreased GLS,

even if they had a normal EF after cancer therapy [9]. Therefore, early detection and

treatment of cardiotoxicity is important.

Although diastolic dysfunction has been suggested to precede systolic dysfunction in

patients with various conditions [10], 32.1% of survivors with a normal three-

dimensional LVEF had evidence of cardiac dysfunction, using a GLS (28.0%); and only

8.7% of patients were determined to have diastolic dysfunction according to the



recommendations for the evaluation of LV diastolic function by American Society of

Echocardiography [11] in a long-term follow up study with a median follow-up period

of 31 years [12]. These data indicate that the conventional methods are inadequate, and

new methods are needed to diagnose diastolic dysfunction at the early stage in

childhood cancer survivors. Although, there has been a lack of evidence on the ability of

echocardiographic parameters to predict late cardiotoxicity during long-term follow-up.

Measuring the intraventricular pressure difference (IVPD) during early diastole is a new

method to detect diastolic function. IVPD is the suction force, which sucks blood from

the left atrium (LA) into the left ventricle (LV) during early diastole. It plays a

fundamental role in diastolic function [13]. IVPD is also a noninvasive measurement

method when echocardiography used. Furthermore, it correlates with the tau index,

which is the gold standard for determining diastolic function and can only be measured

with invasive techniques [14]. When cardiac function is assessed in the pediatric

population, the size of the heart represents an important issue to be considered, as the

LV in adolescents and adults is almost twice as long as the LV in infants. Popovi¢ et al.

described IVPG as IVPD divided by LV length [15] and showed that, although IVPG is

not completely independent from the size of the heart, it is less dependent on it than

IVPD [15]. Furthermore, we recently published an article, [16] which demonstrated that



total, basal, and mid-to-apical [IVPDs were significantly correlated with age and the

parameters of heart size in healthy infants to adolescents, corresponding to the previous

paper. [ 15] Interestingly, mid-to-apical IVPG correlated with age and e’ positively, even

after adjustment for left ventricular length. These findings indicated that the suction

force increased at the mid-to-apical segment, correlating with increasing heart size and

developing left ventricular relaxation as well as the possibility of its usefulness to assess

diastolic function. Despite the usefulness of the IVPG, no report has assessed diastolic

function using IVPG in survivors of childhood cancer. Therefore, the aim of this study

is to assess the usefulness of the IVPG as a sensitive indicator for detecting diastolic

cardiac dysfunction in survivors of childhood cancer after anthracycline therapy.

Materials and Methods

Study subjects

We performed a prospective echocardiographic study on 40 survivors of childhood

cancer aged 6-26 years who received anthracycline therapy at the Department of

Pediatrics of Juntendo University Hospital between June 1988 and March 2016 (group

A) and 53 similar-age, normal controls (group N). Echocardiographic study was

performed at least 1 year after the completion of anthracycline therapy. In group A, the



exclusion criteria were: (1) congenital heart disease, (2) valve regurgitation or stenotic

disease, and (3) chromosomal disease (for example 21 trisomy).

Age-matched healthy individuals were recruited from Juntendo University and

Shizuoka Children’s Hospital as normal controls for IVPG analysis; these were either

healthy volunteers or children undergoing echocardiography for the evaluation of

innocent murmurs. They had no history of cardiovascular disease and showed normal

sinus thythm on ECG and normal findings on echocardiography. All participants or their

guardians provided written informed consent, as established by Institutional Review

Board of Juntendo University and Shizuoka Children’s Hospital. In children, cardiac

function dramatically changes with age [15]. Therefore, to identify the characteristics of

myocardial deformation in childhood cancer more clearly, all subjects were divided into

the younger groups, N1 and A1 (age <16 years); and older groups, N2 and A2 (age =16

years).

Echocardiography

Echocardiography was performed using a GE Vivid E9 ultrasound system (GE

Healthcare, Milwaukee, WI, USA) with an S6 or M5 probe as appropriate for patient

size. For each plane, three consecutive cardiac cycles were acquired during a breath



hold at end expiration, if possible. In younger children, we selected three cardiac cycles

at end expiration on the respiratory trace. Echocardiography was performed by 2

experienced observers (S.S. and K.T.).

Measurement of the conventional parameters of echocardiography

The LV end diastolic volume, LV end-systolic volume, and LVEF were calculated with

the modified Simpson’s method using apical two- and four-chamber views. Three LV

short-axis planes at the basal, mid, and apical levels, as well as an apical four-chamber

view, were acquired at rates of 75—115 frames/sec and stored digitally for offline

analysis using the EchoPAC system version 108.1.4 (GE Healthcare, Milwaukee, WI,

USA). The mitral inflow E-wave, A-wave, and E/A ratio were measured using pulse-

wave Doppler. The peak myocardial velocities during early diastole (e’) were measured

at the mitral lateral and septal annulus using tissue Doppler imaging. The isovolumic

relaxation time (IVRT) was also measured as per the usual manner.

Measurements of the parameters of myocardial deformation

The circumferential strain (CS) and longitudinal strain (LS) were analyzed by using

EchoPAC, as described previously [17]. CS was analyzed by segmental legion; basal,
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papillary, and apical from the slice of short-axis view [18] -to make more clearly the
mechanisms and correlation of the LV myocardial deformation and diastolic suction

force.

Measurement of the I[VPD and IVPG

Color M-mode images were obtained by apical four-chamber view that was used to
assess LVEF and LV longitudinal deformation [19], and analyzed with an in-house code
that was written in MATLAB (The MathWorks, Natick, MA, USA) using the following

image-processing algorithm (Fig. 1):

(OP)/(0s) = -p ((ov)/(ot) + v (ov)/(0s)) (1)

The images were reconstructed using a de-aliasing technique. In Equation (1), P is the
pressure, p is the constant blood density (1060 kg/m?), v is the velocity, s is the position
along the streamline of the transmitral flow that was measured with the color Doppler
M-mode line, and ¢ is the time. The relative pressures within the region of interest can
be calculated from the reconstructed velocity field [19]. The pressure difference at each

point along the streamline from mitral valve to the LV apex was measured as described
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previously [20]. This method has been validated through a comparison of these values

with direct measurements using micromanometers [19]. All data were measured using at

least three beats, and the mean values were used for the final analysis. Because the

length of the LV is almost twice as large in adults as in children, we calculated the IVPG

as:

IVPG =IVPD divided by the LV length [15]

The total IVPG was divided into the basal and mid-to-apical IVPG (Fig. 1). The basal

segment was defined as the first one-third of the total LV length from the mitral valve,

and the mid-to-apical segment was defined as the remaining two-thirds as previously

described [20].

Statistical analysis

Data with normal distributions are expressed as means + standard deviations. Data with

non-normal distributions are expressed as median (25th and 75th percentiles).

After evaluating the data for normality, all group differences were assessed using one-

factor analysis of variance with a post hoc Tukey—Kramer comparison test for data with



12

normal distributions or the Steel-Dwass test for data with non-normal distributions in

each age group. Pearson’s chi-square test was used for categorical variables. Student’s t-

test was examined for gender difference in each group.

The correlations between IVPGs and each variable were evaluated using Pearson’s

correlation coefficient (r), after non-normal distributed data were transformed to normal

distribution by logarithmic or Johnson normalization.

To assess the inter- and intraobserver agreement for the total, basal, and mid-to-apical

IVPG, we examined 14 randomly selected subjects in the same manner. Two

independent observers analyzed the same images, and one blinded observer repeated the

analysis on a separate day more than 1 month after the first measurements were taken.

The inter- and intraobserver agreements were evaluated using the coefficient of

variation (i.e., the standard deviation of the difference of paired samples that were

divided by the average of the paired samples), intraclass correlation, and mean absolute

relative difference. Statistical significance was set at p < 0.05. The analyses were

performed using JMP® version 13.0 (SAS Institute Inc., Cary, NC, USA).

Results

Patients
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Table 1 summarizes the demographic data of the patients and normal controls. We
included 40 survivors of childhood cancer aged 6-26 years who received anthracycline
treatment (group A) and similar-age normal controls (group N). In group A, the
diagnoses included leukemia (n=19), lymphoma (n=7), Wilms tumor (n=5),
neuroblastoma (n=2), hepatoblastoma (n=2), rhabdomyosarcoma (n=2), Ewing’s
sarcoma (n=2), and granulocytic sarcoma (n=1). These patients underwent
chemotherapy included anthracycline therapy between June 1988 and March 2016.
Echocardiography was performed at a mean of 8.0 years (range, 1.1-15.8 years) after
the completion of anthracycline therapy. The median cumulative anthracycline dose was
143.5 mg/m? (60.0, 214.7 mg/m?) and only five patients received a dose greater than
300 mg/m?. Four patients in group Al and 5 patients in group A2 received radiotherapy
that involved the heart. The mean cumulative radiation dose that involved the heart was
26.0+13.9 (range: 12 to 48 Gy) in group Al and 24.75+14.36 (range: 12 to 45 Gy) in
group A2. Two patients underwent allogeneic stem cell transplantation. There was no
difference in IVPG between these 2 patients and the other patients. The New York Heart
Association grade was 1 in all subjects in group A. None had overt clinical heart failure

at the time of the study.
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Basic echocardiographic measurements

Table 2 summarizes the echocardiographic parameters in patients and normal controls.

LVEEF, E and A wave velocity (m/sec), E/A velocity ratio, e’, E/e’, IVRT, apical CS, and

LS, were not significantly different between patients and normal controls. Basal CS was

significantly worse in subjects in groups A1 and A2 than in those in groups N1 and N2.

Papillary CS was significantly worse in group A2 than in those in group N2.

IVPG measurements

Total IVPG was significantly worse in subjects in group A2 than in those in group N2.

Mid-to-apical IVPG was significantly worse in groups Al and A2 than in those in

groups N1 and N2. On the other hand, basal IVPG was not significantly different

between patients and normal controls (Fig. 2 and Supplemental Table 1).

Comparing the IVPGs between patients and normal controls based on age, the total,

basal, and mid-to-apical IVPGs were not significantly different between younger and

older subjects (Fig. 2 and Supplemental Table 1). The total, basal, and mid-to-apical

IVPGs were not different between males and females in any of the 4 groups and neither

between cancer diagnoses.
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Correlation between IVPGs and conventional echocardiographic parameters

Table 3 shows the correlation between the IVPGs and conventional echocardiographic

parameters. Non-normally distributed parameters were transformed to normal

distribution by logarithmic transformation or Johnson normalization for calculating the

correlation between IVPGs. Total, basal, and mid-to-apical IVPG were significantly

correlated with e’. Concerning the correlation between IVPG and strain, both total and

mid-to-apical IVPGs were significantly correlated with basal CS and papillary CS.

Basal IVPG, however, was not correlated with any of these CS parameters except for

basal CS. Although both total and basal IVPG were correlated with LS, mid-to-apical

IVPG was not.

Correlation between the IVPGs and age-associated change and anthracycline use

Table 3 summarizes the correlation of IVPGs with age and anthracycline use. The total,

basal, and mid-to-apical IVPGs were not significantly different based on either the age

when the echocardiography performed, patient’s age at the initiation of anthracycline

therapy, duration after the initiation of anthracycline therapy, duration after the

completion of anthracycline therapy, cumulative anthracycline dose, or cumulative

radiation dose.
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Reproducibility

Table 4 presents the results for intra- and interobserver variability. Important differences

were not observed in the variability scores of the total, basal, and mid-to-apical IVPGs.

Discussion

Mechanisms of the total and mid-to-apical IVPG decreasing in childhood cancer

SUrvivors

Mid-to-apical IVPG is considered to be mainly affected by LV active suction and basal

IVPG by LA pressure [21, 22], supported by animal experiment [23], although they

cannot be divided clearly.

The major determinant of diastolic active suction is the elastic energy or elastic recoil,

which is stored during systole; this is created by the fall of the LV volume under a critical

value during contraction [13, 14]. This energy is promptly released during early diastole,

causing active suction [13]. As the elastic recoil correlates with LV deformation in both

the circumferential and longitudinal directions, strains may correlate with mid-to-apical

IVPGs.

In our study, only basal CS decreased in all age groups and papillary CS decreased in the
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older age groups, however apical CS and LS did not decrease at any age, these results

basically corresponded our previously report [18]. Therefore, it is reasonable that mid-to-

apical IVPG correlated only with basal and papillary CS, not with apical CS and LS. On

the other hand, Iwano et al [22] showed significant correlation between mid-to-apical

IVPD and not only papillary CS but also LS in subjects including patients with reduced

both CS and LS. Importantly, CS showed a larger correlation coefficient with mid-to-

apical IVPD compared to LS, which indicates that CS plays an important role in causing

mid-to-apical IVPG.

The question remains whether basal CS affects basal IVPG or not. In our study, basal

IVPG did not decrease in older patients, despite of the reduction of basal CS, which

indicates decreased elastic recoil at basal segment. There is the possibility that basal CS

weakly affected basal IVPG, basal CS weakly correlated with basal IVPG. However, as

basal IVPG is mainly affected by LA pressure, not by elastic recoil [21, 22], it is

reasonable that basal IVPG did not show a statistically significant difference between

patients and controls. As E/e’ in patients did not increase, they are thought to be at an

early stage of diastolic dysfunction without elevation of LA pressure.

Furthermore, Cheung and Yu et al. [7, 24] demonstrated that the dyssynchronous motion

of the LV is another mechanism of LV dysfunction with anthracycline therapy.
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Dyssynchronous motion might have occurred in our patients, although we did not assess

this factor. Because dyssynchronous motion of the LV causes impaired relaxation and an

elongated tau index [25], it will inhibit LV suction.

In summary, the magnitude of decreases in the mid-to-apical IVPG may be caused by

all of these factors. Therefore, the mid-to-apical IVPG could be the sensitive new

indicator of cardiac diastolic dysfunction after the anthracycline therapy.

The time course of cardiac dysfunction and cardiac events

More than 15% of patients with anthracycline therapy had cardiovascular events during

the long-term follow-up period, and the cumulative incidence of cardiovascular events

continued to increase for more than 25 years [1]. Lipshultz et al. described the

mechanisms of increased cardiac dysfunction and cardiac events in the long term [26].

The inhibition of myocardial growth by anthracycline is accentuated in children, whose

LV mass is small. Although the increase of the LV mass is inhibited, afterload

increasing becomes more obvious over time because of somatic growth. As a result,

progressive cardiac abnormalities may occur [26]. In our study, the mean duration from

chemotherapy to echocardiography was only 8.0 years. Therefore, regarding the time

course, the measurements of conventional diastolic function did not show any
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significant differences between patients and normal controls, despite the significant

decrease of the mid-to-apical IVPG in patients of all ages and the total IVPG in the

older age group, which indicate that the mid-to-apical IVPG will be sensitive indicator

of cardiac dysfunction.

Clinical implications

Recently, Armstrong et al. [12] reported that the LS was a more sensitive indicator of

cardiac dysfunction than the EF, because more than 30% of patients received

anthracycline therapy had a reduced LS with a normal EF during long-term follow-up,

with a median of 21 years from diagnosis. Furthermore, in a guideline, the use of LS

was recommended to detect cardiac dysfunction in cancer survivors [27]. In our study,

the mid-to-apical IVPG in patients of all ages decreased compared with that of normal

controls, even though the conventional diastolic parameters, LVEF, and LS were not

reduced. It was clearly too late to improve the cardiac function using cardioprotective

agents such as B-blockers, angiotensin-converting-enzyme inhibitors, and angiotensin II

receptor blockers in patients with a decreased EF [6, 9]. Importantly, although these

cardioprotective agents effectively improved cardiac dysfunction in patients with a

decreased LS and normal EF by anthracycline therapy, some patients did not respond to
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these agents [9]. Therefore, the early detection of cardiac dysfunction due to

anthracycline and cardioprotective treatment is important to improve the patient’s

prognosis. In our study, mid-to-apical IVPG was revealed as a sensitive new indicator

and will be able to detect the subclinical cardiac dysfunction by anthracycline therapy

earlier than that using conventional diastolic parameters or LS. It will allow us to

provide earlier therapeutic intervention and will be able to improve the prognosis of

childhood cancer survivors. Both these results and our previous study [18] demonstrated

that basal CS in patients decreases from young age. Although currently it is not clear

which of these factors is a more useful early indicator to detect cardiac dysfunction,

both are significantly more useful than the other conventional echocardiographic

parameters. To compare the clinical usefulness of IVPG and strains, we must observe

long-term clinical outcomes using congestive heart failure, cardiac hospitalization,

arrythmia, or cardiac mortality as the clinical goals or investigate the response to

cardioprotective agents in the next study. However, although strains represent only the

motion of ventricular segments, [IVPG might be affected by all of the strains [22],

dyssynchronous motion, [7, 24] and the speed of the ventricular motion at early diastole

[16]; IVPG might represent total cardiac function. Therefore, [IVPG may detect cardiac

dysfunction with more sensitivity than strains.
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Study Limitations

First, although we estimated the time course of the development of cardiac dysfunction

in child cancer survivors, our study was a cross-sectional design. To know the true time

course, a longitudinal follow-up study using a long duration is needed. The effect of the

length of follow-up on cardiac growth and function may be clinically apparent only

after prolonged observation about after 10-15 years from anthracycline therapy [1, 2,

26]. Second, the number of subjects was relatively small. Third, this study had the

variation in types of cancers, the wide age range during chemotherapy, the varying

duration after the completion of chemotherapy, and the cumulative anthracycline dose

caused difficulty in analyzing the mechanisms of the reduced IVPGs. The use of other

cytotoxic drugs and radiotherapy also affected the results [1, 12, 27]. It is very difficult

to uniform all of these conditions. However, we firstly tested the IVPG to detect

diastolic dysfunction with significant differences in childhood cancer survivors.

Because our results are robust, we believe that our purpose was achieved in the study. In

the future, more patient data should be collected to analyze the influence of each factor

such as the age at the time of chemotherapy, age at echocardiography, duration since

chemotherapy, types of disease, and radiation on the IVPGs. Furthermore, we must
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observe long-term clinical outcomes or investigate the response to cardioprotective

agents by using each of these echocardiographic parameters.

In conclusion, total [VPG in older cancer survivors and mid-to-apical IVPG in both

younger and older cancer survivors were significantly and greatly reduced, although the

conventional diastolic parameters and LS were normal. Consequently, mid-to-apical and

total IVPGs are thought to be sensitive new indicators of diastolic cardiac function to

detect early cardiotoxicity in survivors of childhood cancer.

Conflicts of interest: This research did not receive any specific grant from funding

agencies in the public, commercial, or not-for-profit sectors.

Acknowledgements: We thank the staff of Shizuoka Children’s Hospital for collecting

the echocardiographic data of children and adults with no cardiac defects (healthy

group).



23

References

1.

van der Pal HJ, van Dalen EC, van Delden E, van Dijk IW, Kok WE, Geskus RB,

Sieswerda E, Oldenburger F, Koning CC, van Leeuwen FE, Caron HN, Kremer LC

(2012) High risk of symptomatic cardiac events in childhood cancer survivors. J Clin

Oncol 30:1429-1437

Kremer LC, van Dalen EC, Offringa M, Ottenkamp J, Voite PA (2001)

Anthracycline-induced clinical heart failure in a cohort of 607 children: long-term

follow-up study. J Clin Oncol 19:191-196

Reulen RC, Winter DL, Frobisher C, Lancashire ER, Stiller CA, Jenney ME, Skinner

R, Stevens MC, Hawkins MM; British Childhood Cancer Survivor Study Steering

Group (2010) Long-term cause-specific mortality among survivors of childhood

cancer. JAMA 304:172-179

Felker GM, Thompson RE, Hare JM, Hruban RH, Clemetson DE, Howard DL,

Baughman KL, Kasper EK (2000) Underlying causes and long-term survival in

patients with initially unexplained cardiomyopathy. N Engl J Med 342:1077-1084

Thavendiranathan P, Poulin F, Lim KD, Plana JC, Woo A, Marwick TH (2014).Use

of myocardial strain imaging by echocardiography for the early detection of

cardiotoxicity in patients during and after cancer chemotherapy: a systematic review.



10.

11.

24

J Am Coll Cardiol. 63:2751-2768

Cardinale D, Colombo A, Lamantia G, Colombo N, Civelli M, De Giacomi G,

Rubino M, Veglia F, Fiorentini C, Cipolla CM (2010) Anthracycline-induced

cardiomyopathy: clinical relevance and response to pharmacologic therapy. J Am

Coll Cardiol 55:213-220

Cheung YF, Hong WJ, Chan GC, Wong SJ, Ha SY (2010) Left ventricular myocardial

deformation and mechanical dyssynchrony in children with normal ventricular

shortening fraction after anthracycline therapy. Heart 96:1137-1141

Poterucha JT, Kutty S, Lindquist RK, Li L, Eidem BW (2012) Changes in left

ventricular longitudinal strain with anthracycline chemotherapy in adolescents

precede subsequent decreased left ventricular ejection fraction. J Am Soc

Echocardiogr 25:733-740

Negishi K, Negishi T, Haluska BA, Hare JL, Plana JC, Marwick TH (2014) Use of

speckle strain to assess left ventricular responses to cardiotoxic chemotherapy and

cardioprotection. Eur Heart J Cardiovasc Imaging 15:324-331

Grossman W. Diastolic dysfunction and congestive heart failure (1990) Circulation

81: II1-1I17

Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, Waggoner



12.

13.

14.

15.

25

AD, Flachskampf FA, Pellikka PA, Evangelista A (2009) Recommendations for the

evaluation of left ventricular diastolic function by echocardiography. J Am Soc

Echocardiogr 22:107-133

Armstrong GT, Joshi VM, Ness KK, Marwick TH, Zhang N, Srivastava D, Griffin

BP, Grimm RA, Thomas J, Phelan D, Collier P, Krull KR, Mulrooney DA, Green

DM, Hudson MM, Robison LL, Plana JC (2015) Comprehensive echocardiographic

detection of treatment-related cardiac dysfunction in adult survivors of childhood

cancer: results from the St. Jude Lifetime Cohort Study. J Am Coll Cardiol 65:2511-

2522

Nikolic SD, Feneley MP, Pajaro OE, Rankin JS, Yellin EL (1995) Origin of regional

pressure gradients in the left ventricle during early diastole. Am J Physiol 268:H550-

H557

Firstenberg MS, Smedira NG, Greenberg NL, Prior DL, McCarthy PM, Garcia MJ,

Thomas JD (2001) Relationship between early diastolic intraventricular pressure

gradients, an index of elastic recoil, and improvements in systolic and diastolic

function. Circulation 104:1330-335

Popovi¢ ZB, Richards KE, Greenberg NL, Rovner A, Drinko J, Cheng Y, Penn MS,

Fukamachi K, Mal N, Levine BD, Garcia MJ, Thomas JD (2006) Scaling of diastolic



16.

17.

18.

19.

26

intraventricular pressure gradients is related to filling time duration. Am J Physiol

Heart Circ Physiol 291:H762-H769

Takahashi K, Nii M, Takigiku K, Toyono M, Iwashima S, Inoue N, Tanaka N, Matsui

K, Shigemitsu S, Yamada M, Kobayashi M, Yazaki K, Itatani K, Shimizu T (2018)

Development of suction force during early diastole from the left atrium to the left

ventricle in infants, children, and adolescents. Heart Vessels (online)

https://doi.org/10.1007/s00380-018-1239-9

Takayasu H, Takahashi K, Takigiku K, Yasukochi S, Furukawa T, Akimoto K, Kishiro

M, Shimizu T (2011) Left ventricular torsion and strain in patients with repaired

tetralogy of Fallot assessed by speckle tracking imaging. Echocardiography 28:720-

729

Yazaki K, Takahashi K, Shigemitsu S, Yamada M, Iso T, Kobayashi M, Akimoto K,

Tamaichi H, Fujimura J, Saito M, Nii M, Shimizu T (2018) In-depth insight into the

mechanisms of cardiac dysfunction in patients with childhood cancer after

anthracycline treatment using layer-specific strain analysis. Circ J 82:715-723

Greenberg NL, Vandervoort PM, Firstenberg MS, Garcia MJ, Thomas JD (2001)

Estimation of diastolic intraventricular pressure gradients by Doppler M-mode

echocardiography. Am J Physiol Heart Circ Physiol 280: H2507-H2515


https://doi.org/10.1007/s00380-018-1239-9

20.

21.

22.

23.

24.

27

Kobayashi M, Takahashi K, Yamada M, Yazaki K, Matsui K, Tanaka N, Shigemitsu

S, Akimoto K, Kishiro M, Nakanishi K, Kawasaki S, Nii M, Itatani K, Shimizu T

(2017) Assessment of early diastolic intraventricular pressure gradient in the left

ventricle among patients with repaired tetralogy of Fallot. Heart Vessels 32:1364-

1374

Ohara T, Niebel CL, Stewart KC, Charonko JJ, Pu M, Vlachos PP, Little WC (2012)

Loss of adrenergic augmentation of diastolic intra-LV pressure difference in patients

with diastolic dysfunction: evaluation by color M-mode echocardiography. JACC

Cardiovasc Imaging 5:861-870

Iwano H, Kamimura D, Fox E, Hall M, Vlachos P, Little WC (2015) Altered spatial

distribution of the diastolic left ventricular pressure difference in heart failure. ] Am

Soc Echocardiogr 28:597-605

Steine K, Stugaard M, Smiseth OA (1999) Mechanisms of retarded apical filling in

acute ischemic left ventricular failure. Circulation 99:2048-2054

Yu HK, Yu W, Cheuk DK, Wong SJ, Chan GC, Cheung YF (2013) New three-

dimensional speckle-tracking echocardiography identifies global impairment of left

ventricular mechanics with a high sensitivity in childhood cancer survivors. J Am Soc

Echocardiogr 26:846-852



28

25. Wang J, Kurrelmeyer KM, Torre-Amione G, Nagueh SF (2007) Systolic and diastolic

dyssynchrony in patients with diastolic heart failure and the effect of medical therapy.

J Am Coll Cardiol 49:88-96

26. Lipshultz SE, Lipsitz SR, Mone SM, Goorin AM, Sallan SE, Sanders SP Orav EJ,

Gelber RD, Colan SD (1995) Female sex and higher drug dose as risk factors for late

cardiotoxic effects of doxorubicin therapy for childhood cancer. N Engl J Med

332:1738-1743

27. Zamorano JL, Lancellotti P, Rodriguez Muiioz D, Aboyans V, Asteggiano R, Galderisi

M, Habib G, Lenihan DJ, Lip GYH, Lyon AR, Lopez Fernandez T, Mohty D, Piepoli

MF, Tamargo J, Torbicki A, Suter TM; ESC Scientific Document Group (2016) 2016

ESC Position Paper on cancer treatments and cardiovascular toxicity developed under

the auspices of the ESC Committee for Practice Guidelines: The Task Force for

cancer treatments and cardiovascular toxicity of the European Society of Cardiology

(ESC). Eur Heart J 37:2768-2801

Figure legends

Fig. 1 a-e: Examples of the IVPG in a 14-year-old normal control. {-j: Examples of the

IVPG in a 14-year-old survivor of childhood cancer with anthracycline therapy. Using a

four-chamber view showing the mitral inflow, with the cursor parallel to the mitral
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inflow (a, f), we captured the corresponding color M-mode Doppler image (b, g). The

zero line of the Nyquist limit for two-dimensional color Doppler imaging was placed on

the lower edge of the scale, and the Nyquist limit was set at 30% above the peak E wave

velocity to mitigate the aliasing phenomenon (b, g). After the region of interest in the

blue square box was determined (b, g), the program cord calculated the pressure

gradient at each point. A three-dimensional temporal and spatial profile of the IVPG

was generated (c, h). The x-axis represents the % time of systolic duration from 100%

(at aortic valve closure) to end diastole. The y-axis represents the distance from the apex

to the mitral valve in cm. The z-axis represents the [IVPG in mmHg/cm. The peak IVPG

in early diastole was identified (c, h). The red line (d, 1) represents the temporal profile

of the IVPG at the location of the peak IVPG. The x-axis represents the % time of

systolic duration from aortic valve closure to end of the diastole, and the y-axis

represents the [IVPG in mmHg/cm. The red line (e, j) represents the spatial profile of the

IVPG at the time of the peak IVPG. The x-axis represents the location from the apex to

the mitral valve in cm, and the y-axis represents the [IVPG in mmHg/cm. The total,

basal, and mid-to-apical IVPG were automatically calculated. Survivors of a childhood

cancer showed low total IVPGs with relatively larger basal IVPG and smaller mid-to-

apical IVPG than normal controls. Even though the total IVPG profile of the normal
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controls was larger than that in patients in this study, who had a relatively small basal

IVPG and larger mid-to-apical IVPG.

IVPG: intraventricular pressure gradient; AoV: aortic valve; MV: mitral valve

Fig. 2 Box plots of the distribution of the IVPG values. Blue box: younger (age < 16
years) normal controls (Group N1). Green box: older (age = 16 years) normal controls
(Group N2). Yellow box: younger (age < 16 years) patients with anthracycline
chemotherapy (Group Al). Red box: older (age = 16 years) patients with anthracycline
therapy (Group A2).

Total IVPG was significantly worse in subjects in group A2 than in those in group N2
(a). Mid-to-apical IVPG was significantly worse in groups Al and A2 than in those in
groups N1 and N2 (c). On the other hand, basal IVPG was not significantly different
between patients and normal controls (b).

Comparing the IVPGs between young and old normal controls or patients, the total,
basal, and mid-to-apical [VPGs were not significantly different between younger and
older subjects (a, b, ¢).

*p < 0.05 refers to comparisons between normal controls and patients from the same

age group (i.e., N1 vs. Al and N2 vs. A2).



IVPG: intraventricular pressure gradient
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Table 1 Characteristic of demographic data

Young normal  Old normal Young Old patients
(NT) (N2) patients (A2)
(Al)
N (Female) 32 (20) 21 (9) 24 (16) 16 (8)
Age at 11.0+2.5 22.2+£2.4%F 11.9+2.6 20.1 £2.87F
echocardiography
(years)
Weight (kg) 36.1+11.2 61.8+8.67F 39.6 £ 12.8 54.5 + 11.8+7
Height (cm) 143.6 (125.7, 168.0 (160.5, 145.6 (136.4, 159.9 (153.6,
153.3) 173.3) +7 154.4) 173.7) t
Body surface 1.18 £0.25 1.69 £ 0.167+ 1.25+0.26 1.53 £0.21¢F
area (m?)
Heart rate (bpm) 73.3+12.6 62.4+7.7% 71.2+14.0 67.0+10.1
Systolic blood 104 £ 12 120 £ 117} 102+9 106 + 12*
pressure (mmHg)
Diastolic blood 54.5 (49.3, 71.0 (65.5, 58.0 (55.5, 58.5(53.3,
pressure (mmHg) 64.0) 77.5) Tt 59.0) 63.8) **
Age at the - - 53(2.5,84) 9.5(4.4,13.6)
initiation of T
anthracycline
therapy (years)
Duration after the - - 83(5.2,11.3) 11.1 (8.2,
initiation of 16.7) F
anthracycline
therapy (years)
Duration after the 6.5+3.3 102+4.4 5
completion of
anthracycline
therapy (years)
Cumulative - - 147.2+949 1964 +146.5
anthracycline
dose (mg/m?)
<120 (n) - - 9
120-300 (n) - - 13



>300 (n) - - 2 3
Radiation (n) - - 4 5

*p <0.05 and **p <0.001 refer to comparisons between normal controls and patients and
from the same age group; tp < 0.05 and {1p < 0.001 refer to comparisons between young

and old normal controls or patients



Table 2 Echocardiographic measurements

Young Old Young Old p (N1 p (N2 p (N1 p (Al
normal normal patients patients vs.Al) vs.A2) vs.N2) vs.A2)
(ND  (N2) (Al (A2)
LVEF (%) 68.1 60.8 65.2 63.1 0.523 0.616 p< 0.280
(643, (594, (642, (62.2, 0.00177
69.6) 65.5) 66.6) 65.6)
Tt
LVEDV/BSA 481+ 497+ 540+ 553+ 0443 0.857 0.986 0.999
(ml/m?) 14.2 18.0 18.1 19.2
LVESV/BSA 162+ 19.0+ 189+ 20.0+  0.493 0.976 0.482 0.962
(ml/m?) 6.8 7.4 6.4 7.6
E (m/sec) 1.05+ 090+ 1.00+x 086+ 0.714 0.826  0.003f  0.042f
0.16 0.117 0.17 0.15F
A (m/sec) 048+ 048+ 048+ 044+ 0999 0.757 1.000 0.781
0.13 0.10 0.09 0.11
E/A 224+ 198+ 221+ 209+  0.999 0.950 0.467 0.933
0.11 0.14 0.13 0.16
e’ (m/sec) 0.17+ 0.16+ 0.16+ 0.15+  0.333 0.381 0.497 0.467
0.03 0.02 0.03 0.02
E/e’ 6.19+ 553+ 632+ 587+  0.968 0.773 0.134 0.563
1.24 0.82 1.09 0.92
IVRT (msec)  46.4 64.0 53.8 64.6 0.118 0.817 0.101 0.158
(315, (43.7, (40.7, (58.4,
58.9) 72.2) 72.2) 75.4)
Basal CS (%) -20.5+ -192+ -17.7+ -15.0+ 0.015*% 0.001*  0.520 0.057
3.1 2.8 3.5% 4.0%
Papillary CS  -16.2 (- -17.2(- -154(- -154( 0729 0.025*  0.755 0.934
(%) 15.3,- 15.6,- 124,- 13.1,-
18.9) 19.0) 18.8) 16.5) *
Apical CS  -229+ -213+ -21.0+£ -204+ 0.383 0.928 0.595 0.981
(%) 4.0 4.3 5.1 4.6
LS (%) -17.7+ -171+ -165+  -17.1+  0.207 1.000 0.765 0.868
2.4 1.8 2.1 2.0

*p < 0.05 and **p < 0.001 refer to comparisons between normal controls and patients

from the same age group; tp <0.05 and F1p < 0.001 refer to comparisons between young



and old normal controls or patients
LV: left ventricle, LVEDV: left ventricular end-diastolic volume, LVESV: left
ventricular end-systolic volume, BSA: body surface area, [VRT: isovolumic relaxation

time, CS: circumferential strain, LS: longitudinal strain



Table 3 Correlation of IVPGs with LV conventional echocardiographic parameters

and age and anthracycline use

Total IVPG Basal IVPG Mid-to-apical IVPG
r p r p r p
E r= <0.001 r= <0.001 r= 0.033
0.458 0.486 0.129
e’ r= <0.001 r= 0.004 r= 0.001
0.393 0.300 0.327
E/e’* r= 0.417 r= 0.072 r= 0.492
0.086 0.189 0.073
Basal CS # r=- <0.001 r=- 0.030 r=- <0.001
0.376 0.228 0.385
Papillary CS r=- 0.012 r=- 0.125 r=- 0.012
0.259 0.160 0.260
Apical CS r=- 0.487 r=- 0.391 r=- 0.848
0.073 0.090 0.020
LS r=- 0.037 r=- 0.002 r=- 0.997
0.216 0.314 0.105
Age at r=- 0.190 r=- 0.122 r=- 0.634
echocardiography  0.212 0.248 0.078
(years)
Age at the r=- 0.146 r=- 0.144 r=- 0.335
initiation of 0.234 0.235 0.157
anthracycline

therapy (years) *

Duration after the r=- 0.519 r=- 0.525 r=- 0.729

initiation of 0.105 0.104 0.056
anthracycline
therapy (years)

Duration after the r=- 0.442 r=- 0.444 r=- 0.682
completion of 0.125 0.125 0.067
anthracycline

therapy (years)
Cumulative r=- 0.507 r=- 0.536 r=- 0.630
anthracycline 0.108 0.101 0.079

dose (mg/m?) *




IVPG: intraventricular pressure gradient, CS: circumferential strain, LS: longitudinal
strain

# logarithmic transformation and ## Johnson normalization were performed these
parameters from non-normal to a normal distribution. After these were normalized, we
calculated the correlation between IVPGs and these parameters by parametric method

using Pearson’s correlation coefficient (r).



Table 4 Intra- and interobserver variability

(6\Y ICC Absolute
difference/Mean
(%)
Intraobserver variability in IVPG
Total 3.90 0.984 3.47
Basal 8.28 0.942 6.18
Mid-to-apical 7.48 0.962 8.05
Interobsever variability in IVPG
Total 4.81 0.968 431
Basal 8.55 0.929 8.45
Mid-apical 8.14 0.960 6.63

CV = Coefficient of variation, ICC = Intra class correlation



Supplemental table 1 IVPG measurements

Young normal Old normal Young patients  Old patients
(N1) (N2) (Al) (A2)

Total IVPG 0.43 +£0.09 0.39 +0.07 0.36+0.12 029 +0.11*
(mmHg/cm)

Basal IVPG 0.23 +£0.06 0.18 +£0.05 0.20 +0.09 0.15+0.07
(mmHg/cm)

Mid-to-apical 0.20 +0.05 0.21 +0.06 0.16 +£0.05* 0.14 +0.06*

IVPG

(mmHg/cm)

*p < 0.05 refers to comparisons between normal controls and patients from the same

age group

IVPG: intraventricular pressure gradient
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