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This study aimed to determine the normal variation of left ventricular (LV) isovolumic acceleration (IVA) in

healthy children and to assess the feasibility of an entirely noninvasive method for demonstration of the LV

Pediatric cardiologists continue to seek noninvasive, load-independent indexes for the assessment of LV contrac-

Resting LV IVA was measured by echocardiogram in 236 healthy children and compared with their clinical char-

acteristics. Further measurements were made in 51 children at incremental heart rates during semi-recumbent
exercise. For these, FFRs were constructed by plotting LV IVA against heart rate. To assess potential clinical ap-
plications, pilot FFR data were collected from 16 children previously treated with anthracyclines.

Objectives

force-frequency relationship (FFR).
Background

tility and myocardial reserve.
Methods
Results

In healthy children, median resting LV IVA was 1.2 m/s?, interquartile range 0.9 to 1.6 m/s2. Resting LV IVA was

unaffected by age, sex, weight, height, and body surface area but associated with baseline heart rate (r = 0.18,
p = 0.0006). Noninvasive evaluation of the LV FFR was possible in 98% of subjects. Positive FFRs were con-
firmed in all the healthy children. By comparison, several of the children with anthracycline exposure demon-
strated flattened force-frequency curves that were largely independent of resting LV ejection fraction and sug-

gest reduced contractile reserve.

Conclusions

In children over 7 years, it is possible to demonstrate the LV FFR by interval measurement of IVA during exer-

cise. The availability of pediatric normal values for both this relation and resting LV IVA might facilitate future

investigation of LV contractility and myocardial contractile reserve during childhood.

(J Am Coll Cardiol 2011;

57:1100-7) © 2011 by the American College of Cardiology Foundation

Management of children with congenital or acquired heart
disease often requires evaluation of left ventricular (LV)
systolic function. Although the gold standard measure of
ventricular contractility (end-systolic elastance) requires in-
vasive quantification (1), most noninvasive contractile in-
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dexes (e.g., ejection fraction [EF], myocardial performance
index, and tissue Doppler imaging-derived velocities or
strain) are highly sensitive to loading conditions and there-
fore might not reflect intrinsic myocardial performance
(2—4). Measurement of LV myocardial acceleration during
isovolumic contraction (IVA) affords a potential solution.

See page 1108

This index, derived from tissue Doppler imaging, closely
correlates with invasive measures of contractility (5,6), is
relatively insensitive to loading conditions, and has good
reproducibility (5-8). In addition, if IVA is measured in the
same subject at a variety of heart rates, it can be used to
construct a curve that demonstrates an important ancillary
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aspect of the nature of myocardial contraction: the force-
frequency relationship (FFR) (5,6,9).

Despite increasing use of IVA as an index of contractility
(10-14), as yet there are no studies specifically addressing
normal values in childhood, and it remains unknown
whether IVA varies with age or is affected by height and
weight. Furthermore, previous studies using IVA to inves-
tigate the FFR have increased heart rate either with cardiac
pacing (5,6,9) or with intravenous inotropes (12)—methods
not suitable for routine clinical use and that limit research
applications. Therefore, the aims of the present study were
2-fold: first, to define the normal variability of LV IVA at
rest in healthy children and its relationship to clinical
characteristics; and second, to investigate the potential for
noninvasive characterization of the LV FFR in children by
incremental measurement of LV IVA during exercise.

Methods

The main study cohort consisted of healthy children ages 0
to 18 years with echocardiographically proven normal car-
diac anatomy and function. Children were excluded if they
had known significant disease or if abnormalities were
revealed during baseline echocardiography. For technical
considerations, only children =7 years of age and able to
pedal a bicycle were invited to take part in the exercise
portion of the study. A smaller, second group of clinically
well children with previous exposure to anthracycline ther-
apy were recruited from the oncology clinic and studied at
rest and exercise. The purpose was to gather preliminary
feasibility data regarding potential clinical applications of
noninvasively derived force-frequency curves. The majority
of the echocardiograms to assess age-related normal values
at rest were performed at Great Ormond Street Hospital,
London, whereas all of the exercise studies were performed
at The Hospital for Sick Children, Toronto. The institu-
tional research ethics board of each hospital approved this
study, and written consent was obtained from the partici-
pants or their guardians.

Clinical data. At the time of study the age, sex, height,
weight, and resting heart rate of all participants were
recorded. From this data, body surface area was calculated
with the Mosteller formula (15,16). In addition, the medical
notes of children with previous anthracycline exposure were
obtained and examined.

Echocardiography. Echocardiography was performed by
experienced investigators, with a Vivid 7 echocardiographic
system (GE Corp., Wauwatosa, Wisconsin), with probe
frequencies selected as appropriate for patient size and
simultaneous electrocardiograph recording. The heart was
imaged in a transthoracic apical 4-chamber view. Parame-
ters were optimized to yield the highest possible frame rate
(always >120 frames/s). Pulse repetition frequency was set
at between 0.24 and 0.4 to provide images without aliasing.
Recorded images contained color-coded myocardial veloci-
ties for the LV free wall with baseline recordings made after
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Abbreviations
and Acronyms

Cl = confidence interval

the child had rested for at least 2
min. For children who also par-
ticipated in the exercise part of
the study (see the following text),
turther images were recorded at
every 10- to 15-beat/min in-
crease in heart rate while pedal-

FFR = force-frequency
relationship

IVA = myocardial
acceleration during
isovolumic contraction
and/or isovolumic
acceleration

ing. At each heart rate, image
loops of at least 10 beats were

captured to ensure sufficient im-
LV = left

ages for offline analysis without
ventricle/ventricular

respiratory or movement artifact.
Bicycle ergometry. Children
were asked to lie on the bed of a bicycle ergometer, which
was adjusted to a semi-recumbent, left lateral decubitus
position. Bicycle pedals were adjusted according to the
height of the subject. The first 25 children were studied
while pedaling a Collins Pedalmate (Warren E. Collins,
Inc., Braintree, Massachusetts), and the second 25 were
studied while pedaling a Lode Angio Echocardiac Stress
Table (Lode B.V., Groningen, the Netherlands). The rea-
son for the change was a departmental equipment upgrade.
Children exercised in a similar physical position, following
identical protocols, whichever bicycle was used. Baseline
heart rate was recorded by electrocardiogram after resting
comfortably for 5 min. Children were asked to pedal the
bike, initially without added resistance, at 50 revolutions/
min. Subsequently, an investigator encouraged the children
to pedal at rates that caused a slow steady increase of heart
rate but avoided excessive chest movement or fatigue.
Resistance was then gradually added to further increase
heart rate until the child showed signs of exhaustion or
requested to stop cycling.

Echocardiographic analysis. Resting and exercise data
were analyzed offline with Echopac software (GE Vingmed,
Horten, Norway). The sample volume was set at 5 mm X 5
mm and placed in the middle of the myocardium at the
basal third of the LV free-wall. Manual tissue tracking was
performed to ensure the sample volume remained within
myocardium throughout the cardiac cycle. The resulting
Doppler spectral trace was displayed, and data points were
smoothed with a 3-sample average. The IVA was measured,
as described previously (5,6), with electronic calipers as the
slope of a straight line intersecting the onset of the signal
and its peak. For each beat the baseline was maximally
expanded to minimize measurement error. At each heart
rate 5 measurements of IVA were made and an average was
recorded.

Reproducibility. To assess interobserver variability 2 ob-
servers measured IVA independently at each heart rate in 15
of the exercise studies. To assess intraobserver variability the
primary observer performed repeated measures of IVA at
each heart rate in these 15 studies. In total, each variability
test compared 80 observations.

Statistical analysis. Statistical analysis was performed with
a commercially available package, SAS (version 9.1, SAS
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Institute, Cary, North Carolina). Descriptive statistics of
skewed continuous data are presented as the median (inter-
quartile range). Linear regression was employed to assess
associations between resting IVA and continuous variables
such as age and body surface area. Mean IVA was compared
between male and female subjects with a 2-tailed unpaired
Student 7 test and between subjects at rest and peak exercise
with a 2-tailed paired Student 7 test. Intra-class correlation
coefficients were calculated for inter- and intra-observer
variability. For exercising children, IVA was plotted against
heart rate to plot force-frequency curves for each individual.
The data from healthy subjects were combined to draw a
locally weighted scatterplot smoothing, moving average
curve.

To permit subjective assessment of the FFRs from
children with previous exposure to anthracyclines, an inde-
pendent quadratic regression was run to assess the relation-
ship between IVA and heart rate in healthy children and to
estimate 95% confidence intervals (CIs) for the data. This
was roughly equivalent to taking each heart rate and
calculating the mean and SD of IVA associated with that
specific heart rate and plotting that mean and its associated
95% CI and running a smoother through these estimates.
These 95% Cls for the data were then superimposed on the
pilot data from children with anthracycline exposure to give
a boundary expected to enclose 95% of the data in a normal
population.

Results

A total of 236 healthy children (132 male) were included in
the study; all were studied at rest, and 51 also were studied
during bicycle ergometry. The age and sex distributions of

Table 1 Subject Demographic Data and LV IVA
in Healthy Children Grouped by Age

Age Total Median LV IVA

(yrs) Subjects, n  Boys, n  Girls, n (m/sz) IQR
<1 18 10 8 1.45 1.23-1.68
=1-<2 1 0 1 1.00 N/A
=2-<3 3 3 0 1.50 N/A
=3-<4 10 4 6 1.25 1.00-1.38
=4-<5 10 6 4 1.00 0.83-1.58
=5-<6 aldl, 8 3 1.10 0.85-1.90
=6-<7 8 5 3 1.55 1.33-1.67
=7-<8 11 8 3 1.20 1.05-1.44
=8-<9 16 8 8 0.86 0.78-1.24
=9-<10 18 7 11 1.20 1.02-1.67
=10-<11 14 7 7 1.33 0.93-1.48
=11-<12 13 10 3 1.14 1.10-1.44
=12-<13 17 9 8 1.00 0.80-1.34
=13-<14 13 10 3 1.20 0.80-1.42
=14-<15 25 16 9 1.02 0.81-1.69
=15-<16 25 10 15 1.47 0.98-1.70
=16-<17 13 7 6 1.20 0.73-2.08
=17-<18 10 4 6 1.39 1.04-1.68

IQR =i quartile range; IVA i lumic LV = left ventricular.
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the children studied, together with median resting IVA for
each yearly age group, are given in Table 1. An additional 16
children who had previously been treated for malignancy
with therapeutic regimens that included anthracyclines were
studied at rest and during exertion.

Normal values for resting LV IVA. In the healthy chil-
dren, LV IVA followed a negatively skewed normal distri-
bution (Fig. 1) with a median value of 1.2 m/s* (interquar-
tile range: 0.9 to 1.6 m/s?) and mean of 1.3 * 0.6 m/s>
Mean resting LV IVA did not differ between boys and girls
(1.26 m/s*> vs. 1.36 m/s*>, p = 0.16), and there was no
relation to age (r = —0.05, p = 0.46), weight (r = —0.01,
p = 0.93), height (r = —0.07, p = 0.39), or body surface
area (r = —0.03, p = 0.69) (Fig. 2). As expected, resting LV
IVA was affected by the subject heart rate (r = 0.18, p =
0.006) and RR interval (r = —0.28, p = 0.002) at the time
of measurement (Fig. 2).

LV FFR in healthy school children. All children studied
at exercise were able to pedal the cycle ergometer and
effectively increased their heart rate (mean heart rate at rest
vs. mean heart rate at peak exercise = 67 beats/min vs. 164
beats/min, p < 0.0001). The median percentage increase in
heart rate between rest and peak exercise was 151% (inter-
quartile range: 132% to 167%). In 1 child, movement
artifact from increased respiration during exercise made the
images impossible to analyze. Therefore FFR curves are
reported for 50 children (Fig. 3).

Interobserver and intraobserver reliability. We found an
intraclass correlation coefficient of 0.94 (95% CI: 0.91 to
0.96) for intraobserver measurements of IVA throughout
the range of heart rates studied and of 0.92 (95% CI: 0.87
to 0.95) for interobserver measurements. Anecdotally, both
observers noted that it was sometimes necessary to move the
region of interest down 0.5 to 1.0 cm on the lateral wall of
the LV to obtain satisfactory velocity curves for IVA
measurement during exercise, presumably reflecting dy-
namic changes in heart size and position and that measur-
able IVA spikes were most often seen with good angle
alignment

Children with exposure to anthracycline. Clinical char-
acteristics of the children previously exposed to anthracy-
cline, together with conventional echocardiographic indexes
of ventricular function and their measurements for IVA at
rest and peak exercise, are reported in Table 2. The FFR
curves for these children are depicted in Figure 4. The
corresponding EF is given for each curve, and the 95% Cls
for normal children are superimposed for comparison
(Fig. 4). At rest, there was no significant difference between
IVA in the healthy children and those exposed to anthra-
cycline (1.3 m/s* vs. 1.1 m/s>, p = 0.13). However,
although the majority of children with previous exposure to
anthracycline demonstrate FFRs that fall within the 95%
ClIs for the data in control subjects, several patients’ curves
are flattened to an extent where they fall below the lower
confidence limit, suggesting reduced contractile reserve.

There was no relationship between the peak LV IVA
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achieved by children previously exposed to anthracycline
and their resting LVEF (r = 0.33, p = 0.22).

Discussion

To our knowledge this is the first study to describe normal
values of resting LV IVA during childhood and the first
demonstration of IVA measurement during exercise as a
teasible, entirely noninvasive method for the assessment of
the LV FFR. We found resting LV IVA fell within a fairly
narrow spectrum (mean LV IVA * 2 SD was 0.69 to 2.40
m/s%) in healthy children and that, during childhood, LV
IVA is unrelated to age, sex, weight, height, or body surface
area.

Relationship of resting IVA to resting heart rate. The
positive correlation between resting heart rate and LV IVA
was not unexpected, given our previous data with regard to
pacing-induced FFRs in children (9), because—as we will
discuss in the following text—contractility is intrinsically
related to heart rate. Although this relation is largely not
measurable or ignored by “traditional” invasive (1,2,17) and
noninvasive indexes (18), the heart-rate dependency of IVA
should not be seen as a flaw. Rather, it reflects the
instantaneous and sensitive nature of IVA and its ability to
assess contractile function. Although the correlation with
heart rate was highly statistically significant (p = 0.006), the
between-individual variability was wide, a finding that has
significant implications. For example, although it would be
attractive to “normalize” IVA for RR interval, the relation-
ship between heart rate and IVA is neither linear nor
consistent between individuals or in the ascending and

descending limbs of the FFR, reflecting individual variabil-
ity in excitation—contractile coupling. Therefore, it is inap-
propriate to apply a single generic heart rate adjustment to
the measurement of IVA. Nonetheless, the potential change
in IVA with heart rate should be taken into account when
assessing the effects of drug therapy or other interventions
on any individual patient. This further underscores the
potential value of recording the FFR across a range of heart
rates, particularly when assessing response to treatments
that might also modify resting or peak heart rates.

The FFR. In most mammals and humans an increase in
heart rate results in an increase in cardiac contractile force
(19-22). This fundamental characteristic of healthy myo-
cardium is known as a positive FFR and reflects increased
and more efficient calcium cycling at higher heart rates
(20,23,24). It is a key mechanism by which the heart is able
to respond to changes in physiological demand. Analysis of
ventricular FFRs provides insight into cardiac physiology,
electro-excitation coupling, and the limits of contractile reserve
(20,23-26) but to date has been limited by the requirement for
invasive techniques, both to assess force (typically measurement
of the rate of the rise of LV pressure in the catheter laboratory)
and to increase heart rate. In animal and human studies,
IVA compares favorably with conductance catheter data as
a surrogate for contractility (5,6,14) and thus presents an
opportunity to simplify FFR investigation. Several groups
have already explored FFRs in humans with IVA as a
noninvasive index of ventricular force (5,6,9,12). However,
thus far, their methods required the use of either pacing or
inotropes to increase heart rate and so confined application
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statistically significant but individually variable relationship between resting IVA and resting heart rate. Abbreviations as in Figure 1.

to limited patient groups. In the present study, exercise was

used to increase rather, and IVA was used a

force. The success of this method widens the potential for

torce-frequency assessment.

The dynamic appraisal of cardiovascular parameters can
make an important contribution to patient assessment, and
growing attention has been given to the use of exercise
echocardiography as a means of testing cardiac reserve (27).

Although the present study used exercise

increase heart rate, the effects of exercise on the myocardium
are also important. Exercise causes a marked increase in
adrenergic stimulation and has been shown to augment the
FFR (28,29). Therefore, one would expect FFRs developed

with exercise to afford increased sensitivity for detection of

s an index of

(13,30). One other

primarily to

in a manner likely

contractile impairment. T'wo previous studies have reported
IVA at peak exercise; each showed a significant increase
from baseline, but neither presented force-frequency curves

group has used exercise echocardiogra-

phy to demonstrate FFRs but, in contrast to the present
study, chose a rarely used and unvalidated ejection phase
measurement (systolic blood pressure/end systolic volume)
as their index of contractility (31).

Some authors have argued that IVA is less load-
independent than initially suggested (32,33). However, one of
the studies on which this conclusion is based altered pre-load

also to trigger significant hemodynamic

compensatory mechanisms (including an increase in heart

rate), which would clearly confound the effects of load on IVA
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ation as a measurement of contractile force. The individual curves for each study participant are shown together with a locally weighted scatterplot smoothing (LOWESS)
weighted average. Abbreviations as in Figure 1.

(32,34). The other study induced alterations in pre-load that
far exceeded those expected in health or disease, although
during more physiological changes, IVA remained relatively
stable (33,35). Indeed, the evidence from carefully controlled
experimental and clinical studies shows that IVA correlates
well with the maximal rate of the rise of LV pressure and is
minimally affected by pre-load and afterload changes within a

physiological range (5,6,8). Furthermore, we have demon-
strated that it is possible to plot FFRs with a curve typical of
that seen with invasive studies, resulting from exercise-induced
increases in heart rate, with an acceptable interobserver and
intraobserver reliability.

Several of the children previously exposed to anthracy-
clines demonstrate a highly abnormal FFR, with a flattened

Il Clinical and Echocardiographic Data for Children With Prior Anthracycline Exposure

Age Anthracycline Dose Time Since LVIDd EF Resting LV IVA Peak Exercise LV IVA
Patient # (yrs) Diagnosis (mg/m?) Treatment End (yrs) Z-score (%) (m/s?) (m/s?)

10.7 Promelocytic leukemia 400 <1 -0.1 57 0.7 5.3
2 11.7 Ewing sarcoma 356 8 2.1 53 0.4 1.8
3 17.8 AML 250 8 0.7 44 0.9 1.2
4 14.4 Wilm’s tumor 360 11 0.8 42 0.7 1.0
5) 15.5 Wilm’s tumor 468 11 1.3 63 0.5 5.3
6 10.1 Mediastinal sarcoma 300 8 0.2 60 1.3 4.1
7 8.9 Rhabdomyosarcoma 240 5 0.5 54 0.9 8.9
8 8.0 Ewing sarcoma 375 4 2.0 62 14 7.6
9 18.0 Neonatal ALL 185 18 —-0.7 70 2.2 6.1
10 17.3 ALL 200 13 1.8 67 1.2 6.1
11 17.9 ALL 200 10 1.0 63 1.1 10.4
12 10.4 ALL 200 8 -0.3 67 1.4 5.8
13 11.2 ALL 200 8 —1.8 64 1.5 9.8
14 13.7 ALL 200 5 0.3 70 0.8 28
15 14.9 ALL 200 5 0.4 61 Lt 6.8
16 16.9 Ewing sarcoma 375 4 0.1 61 0.7 10.4

ALL = acute lymphocytic leukemia; AML = acute myeloid leukemia; EF = ejection fraction; LVIDd = left ventricular internal diameter at end diastole; other abbreviations as in Table 1.
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Force-Frequency Curves of Children Previously Exposed to Anthracycline

There was wide variability in the force-frequency curves of children previously exposed to anthracyclines. The shape of the curves seems to bear little relationship to rest-
ing ejection fraction. Compared with the 95% confidence interval for IVA curves in control subjects, the curves of children exposed to anthracycline were flattened, sug-

response to exercise. In these patients, as heart rate in-
creased, the corresponding development of LV force seemed
suboptimal, suggesting less efficient cycling of calcium. This
is particularly interesting, given current understanding of
the mechanisms of anthracycline cardiotoxicity. While the
precise pathophysiology remains unclear, a favored sugges-
tion is that anthracyclines cause oxidative stress as a result of
free radical generation, and this alters mitochondrial cal-
cium transport (36)—a theory that certainly fits well with
our findings. It is important to note that, although subjec-
tively the FFR seemed most abnormal in those with
decreased resting EF, this was not a consistent finding.
Indeed the resting LV EF was >60% in 3 of 6 patients
whose curves lay almost entirely outside the 95% confidence
limits. Although obviously preliminary and limited by small
sample size, our data allude to the potential clinical appli-
cations of this noninvasive technique for assessment of LV
contractility and myocardial reserve. It seems likely that
noninvasive assessment of the FFR could find a role in
children with known or even potential cardiac disease,
perhaps alerting investigators to myocardial impairment at
an early stage, before ventricular remodeling impacts con-
ventional indexes such as EF. Furthermore, it might provide
a technique for assessing sub-clinical response to treatment
in those with essentially normal resting function but an
adverse long-term prognosis.

Study limitations. In any attempt to define normal values,
the primary limitation is sample size. Although we studied
more than 200 children, when divided into age groups, the

numbers in each group are limited. In particular, there were
relatively few children between the ages of 1 and 3 years.
This age group was challenging because we required chil-
dren to be resting calmly but without sedation for our data
to be valid. Children of this age would equally be difficult to
include in research studies; so in some ways this potential
deficiency is less relevant than it might otherwise be.
However, our sample size should be taken into account in
future studies. A second limitation of our study was the
technical necessity of using 2 different cycle ergometers for
the exercise part of the study. Although identical exercise
protocols were used, we cannot exclude the possibility of
bias introduced by this upgrade of equipment, however

unlikely.

Conclusions

LV IVA is largely unaffected by age, sex, and body habitus
over a wide range in childhood. Baseline values do vary with
resting heart rate, and this should be taken into account
when assessing potential changes in individuals undergoing
therapeutic interventions that might influence RR interval.
However, the very nature of this heart rate dependency
forms the basis of the FFR, which hitherto has required
invasive techniques for its measurement. We show, for the
first time, that a typical LV FFR curve can be generated in
healthy children with an entirely noninvasive combination
of exercise and IVA. These data should provide the sub-
strate for further studies of FFR in health and disease.



JACC Vol. 57, No. 9, 2011
March 1, 2011:1100-7

Reprint requests and correspondence: Dr. Andrew N. Reding-
ton, The Labatt Family Heart Center, Division of Cardiology,
The Hospital for Sick Children, 555 University Avenue, Toronto,
Ontario M5G 1X8, Canada. E-mail: andrew.redington@
sickkids.ca.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Katz A. Influence of altered inotropy and lusitropy in ventricular

pressure-volume loops. ] Am Coll Cardiol 1988;11:438-45.

. Kass DA, Maughan WL, Guo Z, Kono A, Sunagawa K, Sagawa K.

Comparative influence of load versus inotropic states on indexes of
ventricular contractility: experimental and theoretical analysis based on
pressure-volume relationships. Circulation 1987;76:1422-36.

. Cheung MM, Smallhorn JF, Redington AN, Vogel M. The effects of

changes in loading conditions and modulation of inotropic state on the
myocardial performance index: comparison with conductance catheter
measurements. Eur Heart ]| 2004;25:2238-42.

. Palecek T, Skalicka L, Lachmanova J, Tesar V, Linhart A. Effect of

preload reduction by hemodialysis on conventional and novel echocar-
diographic parameters of left ventricular structure and function.
Echocardiography 2008;25:162-8.

. Vogel M, Schmidt MR, Kristiansen SB, et al. Validation of myocardial

acceleration during isovolumic contraction as a novel noninvasive index
of right ventricular contractility: comparison with ventricular pressure-
volume relations in an animal model. Circulation 2002;105:1693-9.

. Vogel M, Cheung MM, Li ], et al. Noninvasive assessment of left

ventricular force-frequency relationships using tissue Doppler-derived
isovolumic acceleration: validation in an animal model. Circulation
2003;107:1647-52.

. Pauliks L, Chan K, Chang D, et al. Regional myocardial velocities and

isovolumic contraction acceleration before and after device closure of
atrial septal defects: a color tissue Doppler study. Am Heart ]
2005;150:294-301.

. Dalsgard M, Snyder E, Kjaergaard J, et al. Isovolumic acceleration

measured by tissue Doppler echocardiography is preload independent
in healthy subjects. Echocardiography 2007;24:572-9.

. Cheung MM, Smallhorn J, Vogel M, Van Arsdell G, Redington AN.

Disruption of the ventricular myocardial force-frequency relationship
after cardiac surgery in children: noninvasive assessment by means of
tissue Doppler imaging. ] Thorac Cardiovasc Surg 2006;131:625-31.
Cheung MM, Smallhorn JF, McCrindle BW, Van Arsdell GD,
Redington AN. Non-invasive assessment of ventricular force-
frequency relations in the univentricular circulation by tissue Doppler
echocardiography: a novel method of assessing myocardial perfor-
mance in congenital heart disease. Heart 2005;91:1338—42.

Turhan S, Tulunay C, Cin M, et al. Effects of thyroxine therapy on
right ventricular systolic and diastolic function in patients with
subclinical hypothyroidism: a study by pulsed wave tissue Doppler
imaging. ] Clin Endocrinol Metab 91;2006:3490-3.

Pauliks L, Vogel M, Madler C, et al. Regional response of myocardial
acceleration during isovolumic contraction during dobutamine stress
echocardiography: a color tissue Doppler study and comparison with
angiocardiographic findings. Echocardiography 2005;22:797-808.
Toivianinen-Salo S, Pitkinen O, Holmstrom M, et al. Myocardial
function in patients with Schwachman-Diamond syndrome: aspects to
consider before stem cell transplantation. Pediatr Blood Cancer
2008;51:461-7.

Vogel M, Derrick G, White PA, et al. Systemic ventricular function in
patients with transposition of the great arteries after atrial repair: a
tissue Doppler and conductance catheter study. ] Am Coll Cardiol
2004;43:100-6.

Mosteller RD. Simplified calculation of body surface area. N Engl
J Med 1987;317:1098.

Haycock GB, Schwartz GJ, Wisotsky DH. Geometric method for
measuring body surface area: a height weight formula validated in
infants, children and adults. ] Pediatr 1978;93:62—6.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Roche et al. 1107

Isovolumic Acceleration in Children

Grossman W, Braunwald E, Mann T, McLaurin LP, Green LP.
Contractile state of the left ventricle in man as evaluated from
end-systolic pressure-volume relations. Circulation 1977;56:845-52.
Roman MJ, Devereux RB. Comparison of noninvasive measures of
contractility in dilated cardiomyopathy. Echocardiography 1991;8:
139-50.

Anderson PA, Rankin JS, Arentzen CE, Anderson RW, Johnson EA.
Evaluation of the force-frequency relationship as a descriptor of the
inotropic state of canine left ventricular myocardium. Circulation
research 1976;39:832-9.

Endoh M. Force-frequency relationship in intact mammalian ventric-
ular myocardium: physiological and pathophysiological relevance. Eur
J Pharmacol 2004;500:73—86.

Brixisu K, Hoischen S, Reuter H, Lasek K, Schwinger RH. Force/
shortening-frequency relationship in multicellular muscle strips and
single cardiomyocytes of human failing and nonfailing hearts. ] Card
Fail 2001;7:335-41.

Hasenfuss G, Holubarsch C, Hermann HP, Astheimer K, B Pieske B,
Just H. Influence of the force-frequency relationship on haemodynam-
ics and left ventricular function in patients with non-failing hearts and
in patients with dilated cardiomyopathy. Eur Heart ] 1994;15:164-70.
Wier WG, Yue DT. Intracellular calcium transients underlying the
short-term force-interval relationship in ferret myocardium. J Physiol
1986;376:507-30.

Lewartowski B, Pytkowski B. Cellular mechanism of the relationship
between myocardial force and frequency of contractions. Prog Biophys
Mol Biol 1987;50:97-120.

Feldman MD, Gawathmey JK, Philips P, Schoen F, Morgan JP. Reversal
of the force-frequency relationship in working myocardium from patients
with end-stage heart failure. ] Appl Cardiol 1998;3:273-83.

Mulieri L.A, Hasenfuss G, Leavitt B, Allen D, Alpert NR. Altered
myocardial force-frequency relation in human heart failure. Circula-
tion 1992;85:1743-50. )

Bouzas-Mosquera A, Peteiro ], Alvarez-Garcia N, et al. Events by
exercise echocardiography in patients with normal exercise electrocar-
diographic testing. ] Am Coll Cardiol 2009;53:1981-90.

Miura T, Miyazaki S, Guth BD, Kambayashi M, Ross J. Influence of
the force-frequency relation on left ventricular function during exercise
in conscious dogs. Circulation 1992;86:563-71.

Sonnenblick EH, Braunwald E, Williams JF Jr., Glick G. Effects of
exercise on myocardial force-velocity relations in intact unanesthetized
man: relative role of changes in heart rate, sympathetic activity and
ventricular dimensions. J Clin Invest 1965;44:2051-62.

Arnold R, Gorenflo M, Béttler P, Eichhorn J, Jung C, Goebel B.
Tissue Doppler derived isovolumic acceleration in patients after repair
for dextrotransposition of the great arteries. Echocardiography 2008;
25:732-8.

Agricola E, Bombardini T, Oppizzi M, et al. Usefulness of latent left
ventricular dysfunction assessed by Bowditch Treppe to predict stress-
induced pulmonary hypertension in minimally symptomatic severe
mitral regurgitation secondary to mitral valve prolapse. Am J Cardiol
2005;95:414-7.

Andersen NH, Terkelsen CJ, Sloth E, Poulsen SH. Influence of
preload alterations on parameters of systolic left ventricular long-axis
function: a Doppler tissue study. ] Am Soc Echocardiogr 2004;17:
941-7.

Lyseggen E, Rabben SI, Skultstad H, Urheim S, Risoe C, Smiseth
OA. Myocardial acceleration during isovolumic contraction: relation-
ship to contractility. Circulation 2005;111:1362-9.

Cheung M, Redington A, Vogel M, Schmidt M, Sorensen K.
Influence of preload alterations on parameters of systolic long-axis
function: flawed methodology leads to spurious results. ] Am Soc
Echcocardiogr 2005;18:298.

Cheung MH, Redinton AN, Schmidt MR, et al. Letter regarding
article by Lyseggen et al, “Myocardial acceleration during isovolumic
contraction: relationship to contractility”. Circulation 2005;112:¢135,
author reply e135-6.

Ruggiero A, Ridola V, Puma N, et al. Anthracycline cardiotoxicity in
childhood. Pediatr Haemat Oncol 2008;25:261-81.

Key Words: echocardiography ® exercise ® force-frequency relationship
(FFR) = isovolumic acceleration ® pediatric.


mailto:andrew.redington@sickkids.ca
mailto:andrew.redington@sickkids.ca

	Isovolumic Acceleration at Rest and During Exercise in Children
	Methods
	Clinical data
	Echocardiography
	Bicycle ergometry
	Echocardiographic analysis
	Reproducibility
	Statistical analysis

	Results
	Normal values for resting LV IVA
	LV FFR in healthy school children
	Interobserver and intraobserver reliability
	Children with exposure to anthracycline

	Discussion
	Relationship of resting IVA to resting heart rate
	The FFR
	Study limitations

	Conclusions
	References


