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Background-—The postnatal development of myofibrillar mechanics, a major determinant of heart function, is unknown in pediatric
patients with tetralogy of Fallot and related structural heart defects. We therefore determined the mechanical properties of
myofibrils isolated from right ventricular tissue samples from such patients in relation to the developmental changes of the
isoforms expression pattern of key sarcomere proteins involved in the contractile process.

Methods and Results-—Tissue samples from the infundibulum obtained during surgery from 25 patients (age range 15 days to
11 years, median 7 months) were split into half for mechanical investigations and expression analysis of titin, myosin heavy and
light chain 1, troponin-T, and troponin-I. Of these proteins, fetal isoforms of only myosin light chain 1 (ALC-1) and troponin-I (ssTnI)
were highly expressed in neonates, amounting to, respectively, 40% and 80%, while the other proteins had switched to the adult
isoforms before or around birth. ALC-1 and ssTnI expression subsequently declined monoexponentially with a halftime of 4.3 and
5.8 months, respectively. Coincident with the expression of ssTnI, Ca2+ sensitivity of contraction was high in neonates and
subsequently declined in parallel with the decline in ssTnI expression. Passive tension positively correlated with Ca2+ sensitivity but
not with titin expression. Contraction kinetics, maximal Ca2+-activated force, and the fast phase of the biphasic relaxation
positively correlated with the expression of ALC-1.

Conclusions-—The developmental changes in myofibrillar biomechanics can be ascribed to fetal-to-adult isoform transition of key
sarcomeric proteins, which evolves regardless of the specific congenital cardiac malformations in our pediatric patients. ( J Am
Heart Assoc.2016;5:e003699 doi: 10.1161/JAHA.116.003699)
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B irth leads to major adaptions of the normal right
ventricle (RV) of the heart because of the reduction in

the mechanical load.1 The physiological adaptations are,
however, impeded in pediatric patients with congenital heart
defects that impose a persistent hemodynamic overload on
the RV.2,3 Animal models have revealed that the develop-
mental adaptations at the organ level are paralleled by

developmental changes at the subcellular scale, which
includes changes in the sarcomere protein isoform pattern
starting before birth and extending well into the postnatal
period.4 A large body of evidence supports the notion that
processes intrinsic to the sarcomere rather than the kinetics
of the systolic and diastolic Ca2+ fluxes determine the
duration of systole, the rate of isovolumic relaxation, and the
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diastolic extensibility.5 Hence, developmental isoform shifts
of sarcomeric proteins will impart the mechanical function of
the developing heart. Key sarcomeric proteins that affect
mechanics and undergo such a developmental shift are titin,
which determines passive stiffness6,7; the heavy (MyHC) and
essential light chains (LC-1) of myosin,8,9 which determine
cross-bridge turnover kinetics; and the subunits of the
regulatory troponin complex, TnI4,7,10 and TnT,11,12 which
confer calcium regulation. Each of these proteins switches at
a species-specific time during development, and the switch is
not synchronized between the various sarcomeric proteins
not even for subunits of protein complexes such as myosin
and Tn (cf. Siedner et al4 and references therein). Thus,
isoform expression pattern of the sarcomere changes contin-
uously in a species-specific manner with respective functional
consequences until the mature sarcomere is reached (eg,
Siedner and Reiser and colleagues4,13).

Several studies have addressed the postnatal fetal-to-adult
transition of these proteins in hearts from mainly patients
with tetralogy of Fallot (TOF), with most of them investigating
only 1 or 2 proteins with only a few time points and, to our
knowledge, none included functional investigations.10,14–17

The functional impact of certain fetal sarcomere protein
isoforms has been studied in human left ventricular fetal
myofibrils (gestational age <134 days)18 and hypertrophied
adult hearts including those from patients with TOF,8,19–21 as
these hearts reexpress some, but not all, fetal sarcomere
protein isoforms (cf. Sasse et al16). However, the conse-
quences of protein isoform switching on steady state and
dynamic biomechanical function of the developing postnatal
human myocardium are unknown.

We therefore mapped the postnatal development of RV
myofibrillar mechanical performance in conjunction with
protein isoform analysis of the earlier mentioned key
sarcomeric proteins in patients with conotruncal malforma-
tions, transposition of the great arteries (TGA), and hypoplas-
tic left heart syndrome (HLHS). For ethical reasons, it is nearly
impossible to obtain time-matched healthy tissue from
neonates and infants and, thus, the normal development will
remain elusive. Nevertheless, such a study will provide
valuable information for the clinician regarding the postnatal
development, that is, maturation, of myofibrillar sarcomeric
biomechanics, the major determinant of pump function, in
these diseased hearts. These different congenital disease
entities have in common that they are usually well tolerated
before birth but lead to pressure and/or volume overload of
the RV after birth. Our developmental study builds on 2 recent
technological advances: (1) the progress in pediatric cardiac
surgery allowing early postnatal repair and (2) the develop-
ment of methods to fully characterize the biomechanical
performance of myofibrils isolated from minute tissue sam-
ples with sufficient material for parallel biochemical analysis

of protein expression. Compared with skinned fibers, myofib-
rils are ideal for biomechanical characterization of the
sarcomere, because the myofibrils are not diffusion limited
and their biomechanics is not confounded by extracellular
matrix. We found that Ca2+ sensitivity was high in the neonate
and declined thereafter monoexponentially in parallel with the
decline in expression of fetal ssTnI and ALC-1 and upregu-
lation of their mature isoforms. Moreover, the kinetics of
contraction and relaxation correlated with the expression
levels of ALC-1. Interestingly, passive stiffness correlated with
Ca2+ sensitivity but not with titin isoform expression. We
propose that the sarcomeric protein phenotype and its
respective mechanical properties are highly adaptive and its
postnatal fetal-to-adult transition proceeds regardless of the
specific structural congenital defect of the hearts.

Materials and Methods

Ethics
All studies on human and animal samples were reviewed and
approved by the local institutional ethics committees and
were conducted in accordance with the Declaration of
Helsinki and National Institutes of Health guidelines, respec-
tively. All subjects0 parents gave informed consent, as it was
explained to them that a piece of RV myocardium would be
removed in order to relieve the obstruction or to create an
opening to place a conduit.

Human Tissue Samples
Samples of the RV outflow tract were obtained from 25 patients
(aged 4 days to 3 years and an 11-year-old patient) undergoing
repair surgery for congenital heart disease, including TOF (n=7),
double-outlet RV (DORV, n=3), pulmonary stenosis (PS, n=6),
pulmonary atresia (PA, n=4), TGA (n=3), and HLHS (n=3). In all
patients, muscular tissue was removed from the RV outflow
tract. This was almost always a full-thickness specimen; in
patients with TOF, where a transannular incision was made,
more tissue from the endocardial aspect was obtained than
from the epicardial side. In a subset of TOF patients, corrective
surgery required additional removal of muscular tissue from the
moderator band in the RV. Immediately after excision, tissue
samples were divided into 2 portions; one was shock frozen in
liquid nitrogen and stored at �80°C for protein analysis, and
the other was placed in ice-cold skinning solution for 4 hours
for mechanical experiments.

Mechanical Experiments
Subcellular myofibrillar bundles were prepared immediately
before the mechanical experiment by homogenizing the
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skinned tissues at 4°C for 5 to 15 seconds with a blender at
maximum speed.22,23 Relaxing (pCa 7.5) and maximally
activating (pCa 4.5) solutions contained (in mmol/L) 10
imidazole, 1 K2Cl2-Na2Mg-ATP, 3 MgCl2, 47.7 Na2CrP, 2
dithiothreitol, and either 3 K4Cl2-EGTA (relaxing solution) or 3
K4Cl2Ca-EGTA (activating solution), adjusted to pH 7.0 at
10°C. Solutions of intermediate [Ca2+] calculated as in24 were
obtained by mixing the relaxing and activating solutions in the
appropriate ratio. The techniques for the force measurement
were described previously.23 The myofibrillar bundles sus-
pended in 500 lL of relaxing solution were pipetted into a
thermostated chamber (10°C) that was mounted on the stage
of an inverted microscope. After sedimentation of the
myofibrils to the chamber bottom for 1 hour, a myofibrillar
bundle was mounted between the tips of a stiff tungsten
needle and an atomic force cantilever that had been
precoated with a mixture of nitrocellulose and a silicon
adhesive (50% v:v). Bundles used in experiments had diam-
eters of 1.6 to 6.5 lm, lengths of 30 to 70 lm, and slack
sarcomere lengths of 1.93�0.01 lm (mean�SEM). The slack
sarcomere length, the overall length, and the diameter of the
bundles were measured by using a CCD camera under phase
contrast at 90-fold magnification. The bundles were then
stretched to a sarcomere length (SL) of 2.3 lm before force
recording. Rapid activation and relaxation were induced with
the rapid movement of a theta style micropipette
(TGC150–15; Clark Electromedical Instruments) that pro-
duced 2 laminar streams of solution, with one stream
containing the activating and the other the relaxing solution.
The movement of the micropipette was driven by a piezoac-
tuator (P289.40; Physik Instrumente) and produced a rapid
solution change at the myofibrillar bundle that was completed
within 10 ms. To determine the passive and active force at
2.3 lm SL, release–restretch protocols were applied to the
myofibrillar bundle during relaxation at pCa 7.5 and during
Ca2+ activation by different [Ca2+] values from pCa 6.16 to
4.53. Force was determined by recording the deflection of a
laser beam that was microfocused onto the back side of the
cantilever. The cantilevers had a stiffness of 2 to 4 nN/nm
and a resonance frequency of 70 to 90 kHz.

Expression Analysis of Sarcomeric Proteins
Samples were homogenized in Laemmli buffer and protein
concentration was determined according to Bradford.25

Isoform compositions of TnI and TnT were analyzed using,
respectively, 12.5% SDS-PAGE (37.5:1 acrylamide:bisacryla-
mide) and 9% SDS-PAGE (27.3:1 acrylamide:bisacrylamide)
followed by Western blotting. The separated proteins were
transferred to nitrocellulose membranes (0.2 mm pore size,
Schleicher and Schuell), which were blocked with 5% (w/v)
fat-free dried milk in TBS and incubated overnight at 4°C with

either a monoclonal mouse anti-TnI antibody (H86550M;
Dunn Technologies) that recognizes both ssTnI and cTnI, or
with a monoclonal mouse anti-TnT antibody (MA5-12960;
Thermo Scientific). The membranes were washed and incu-
bated for 1 hour with donkey anti-mouse IgG, peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch).
Immunoreactive bands were detected with the use of
enhanced chemiluminescence (Amersham). The relative
amounts of TnI and TnT isoforms were determined by
densitometric scanning of the chemiluminograms with use
of an EPSON scanner and Phoretix software.

Isoforms of titin, myosin heavy chain isoforms (MyHC), and
myosin light chains were separated according to published
protocols.20,26,27 In brief, MyHC isoforms were separated by
using 6% SDS-PAGE (50:1 acrylamide:bisacrylamide) with 3.3%
(50:1 acrylamide:bisacrylamide) stacking gels, and the gels
were run at 7 mA for 14 hours. Expression of light chains (LC-1)
was analyzed by using 2-dimensional PAGE. Isoelectric focus-
ing was performed with a pH gradient of 4.5 to 5.4 as described
in the literature.20 The gels were run overnight at 600 V
constant. The second dimension was a 15% SDS-PAGE (37.5:1
acrylamide:bisacrylamide). To determine titin isoforms, a 1.5mm
thick 1% agarose gel was run on a Hoefer SE600 system at 8°C
either overnight at 3.5 mA or at 15 mA for 4 hours. For
identification of MyHC and LC-1 and titin isoforms, gels were
stained with Coomassie Brilliant Blue or Silver according to the
manufacturer’s instructions. The relative amounts of titin and LC-
1 isoforms were determined with densitometric scans of the
stained gels by using Phoretix software (Biostep).

Data Analysis and Statistics
Because of the tiny size of the specimens, in most cases only
1 to 3 determinations for each protein per patient could be
performed, and not all proteins could be analyzed in each
patient. Means for each patient were plotted versus age in
months and fitted by a monoexponential function. This
function [y=(A�B)9exp(�x9ln(2)/t½)+B] yields the expres-
sion level at birth (A), the final expression level (B), and the
halftime of the postnatal isoform change in months (t½).

Mechanical experiments were performed with 2 to 12
individual myofibrils per patient, and the mean�SEM for the
different mechanical parameters was calculated for each
patient. Ca2+ sensitivity given by the pCa (�log[Ca2+])
required for half-maximal activation (pCa50) was determined
by fitting force–pCa relations from individual myofibrils with
the Hill equation.22 To determine kinetic parameters of
contraction and relaxation, respectively, force transients were
fitted either by a monoexponential function yielding the rate
constant of Ca2+-induced force development kACT or by a
function consisting of a linear and an exponential term
yielding the parameters kLIN, tLIN, and kREL of the relaxation
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kinetics.23 For each patient, the mean�SEM was calculated
for the different mechanical parameters. Statistical analysis
was performed by using ANOVA followed by the Bonferroni
posttest or Student unpaired t test as appropriate. Correla-
tions were computed with the Pearson correlation coefficient
based on the mean parameter values for patients. P<0.05 was
considered significant. Unless otherwise noted, all data are
reported as mean�SEM of n myofibrils.

Results

Clinical Data
Patients’ clinical characteristics are available online (Table S1).
All patients with TGA or HLHS and 1 patient with PA underwent
surgery within the first month after birth. All other patients had
surgery at a later age, and timing was independent of diagnosis
(Figure S1). Some patients underwent palliative surgery before
repair surgery was performed (Table S1).

Development of Sarcomeric Protein Composition
To relate the mechanical performance to postnatal develop-
ment of sarcomeric protein phenotype, we determined the
isoform expression of MyHC, TnI, TnT, LC-1, and titin in
patients aged 0.1 to 38.2 months. Unfortunately, because of
the limited sample size, titin isoform analysis was possible in
only 7 of 25 samples, including an 8-day-old patient. In this
patient, expression of the compliant fetal N2BA titin isoform
predominated with �60% compared with �40% of the stiffer
N2B isoform. In contrast, in the 6 samples from the older
patients, the average titin composition was 42�3% N2BA and
58�3% N2B (n=6) (Figure 1A, Table S2). Regarding TnT
isoforms, the adult isoform of TnT, TnT3, was the predominant
isoform in our samples (Figure 1B, Table S2), whereas the
fetal isoform, TnT4, was detected in only 7 of 19 samples at
very low expression levels (Figure 1B, Table S2). We detected
only a single MyHC protein band corresponding to the adult b-
MyHC isoform, even in the youngest patients (4 and 8 days
old) (Figure 1C). Our results, therefore, indicate that the
mature MyHC and TnT isoforms were already present at birth.
Our results further demonstrated that the expression levels of
fetal TnI (ssTnI) and LC-1 isoforms (ALC-1) were still high after
birth and declined monoexponentially within the first
10 months after birth (Figure 2A through 2D). In neonates
(age <2 weeks), the fetal ssTnI isoform was 76�4% of total
TnI, (n=7). Fetal ssTnI expression thereafter declined and was
replaced by the adult cTnI isoform with a halftime of
4.3 months (Figure 2B, Figure S2A). It was still detectable
in 24- to 38.2-month-old patients (4�1%, n=4; Figure 2B) but
was completely replaced by the adult cTnI isoform in the 11-
year-old TOF patient (Figure 2B). The expression level of

ALC-1 in neonates was 42�2% of LC-1total (n=7) and
subsequently declined in a monoexponential manner with a
halftime of 5.8 months approaching 9�3% (n=4) in children
older than 24 months and was replaced by VLC-1 (Figure 2D,
Figure S2B). The ratio of LC-1 to LC-2 was 1.01�0.03
(mean�SEM), indicating preserved stoichiometry.

The variability in the developmental decline of ssTnI
expression was higher than that of ALC-1 for as yet unknown
reasons (Figure S2). Except for HLHS and TGA, protein
expression levels were independent of the structural defect
(Figure S2C and S2D). Still, we believe that age rather than
diagnosis determined the developmental isoform transition of
TnI and LC-1 because the values of these proteins in HLHS
and TGA patients, which were operated on at a much younger
age than the others, fell on the regression curves (Figure 2B
and 2D). Of note, one patient (No. 18) was operated on twice
at 9 and 28 months. Fetal protein isoform expression in this
patient declined from the first to the second operation as
predicted by the regression curve. Protein expression in the
infundibulum was similar to that in the moderator band of the
RV in patients in whom tissues from both regions could be
obtained (Figure S3A and S3B). There was no correlation
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Figure 1. Development of titin, myosin heavy chain (MyHC) and
troponin T (TnT) isoform expression. A, Representative Coomas-
sie-stained 1% SDS-agarose gel of titin isoforms in RV samples
obtained at the indicated ages; rabbit soleus and rat left ventricle
(LV) were used as markers. B, Western blot probing for TnT,
guinea pig myocardium expressing 4 isoforms, and human
recombinant (hcTnT) are shown for comparison; in all human
samples the predominant isoform is TnT3. C, Representative SDS-
PAGE of separation of MyHC isoforms, markers for a- and b-
MyHC isoforms: atrium (A), nonfailing adult heart (NF), and
comigration (NF:A). Pediatric patients express only the b-MyHC.
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between ssTnI or ALC-1 expression and the pressure gradient
between the RV and the pulmonary artery, or arterial oxygen
saturation (Figure S4A through S4D). Thus, developmental
isoform switching occurs in the infant hearts regardless of the
structural malformation and the pleiotropic effects of the
disease.

Steady State Force Parameters and Ca2+

Sensitivity
Of the 26 samples collected from the 25 patients (1 patient was
operated on twice), 14 had subcellular myofibrillar bundles
suitable for mechanical investigation. The remaining samples
yielded no suitable myofibrils because of overcontraction or a
high degree of tissue fibrosis precluding isolation of myofibrils.

Figure 3 shows a myofibrillar bundle mounted in the myograph
and typical force recordings. From the force transients, we
obtained the passive force, the active steady state force, and
the kinetic parameters of Ca2+-induced (kACT) and mechanically
induced contraction (kTR) and relaxation (kLIN, tLIN, and kREL)
summarized in Table S3.

Interestingly, passive tension (Fpass/CSA) measured at
2.3 lm SL was significantly higher in younger patients (age
range 4 days to 10 months) with 13�1 nN/lm2 (n=6)
compared than in older patients (>10 months old) with
5�0.3 nN/lm2 (Figure 3D). The higher Fpass/CSA values
were not associated with a shorter slack SL (Figure S5A) or
with changes in titin isoform expression (Table S2).

Maximum Ca2+ activated tension (Fmax/CSA) was similar at
all ages (Table S3). To determine force–pCa relations,
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Figure 2. Postnatal expression of ssTnI and ALC-1 in RV. A, Representative Western blots of TnI
expression at different ages, showing the reciprocal signal intensities of ssTnI and cTnI. B, Time course of
postnatal decline in ssTnI expression in percentage of total TnI=ssTnI+cTnI. C, Representative 2-
dimensional PAGE from 2 patients aged 4 days and 9 months; ALC-1 and VLC-1 indicate atrial and
ventricular LC-1 isoforms; VLC-2 and VLC-2*, ventricular regulatory LC isoforms; TM, tropomyosin. D,
Relative ALC-1 expression vs patient age (LC-1total=ALC-1+VLC-1). Symbols in (B and D): hypoplastic left
heart syndrome, closed triangles; transposition of the great arteries, closed diamonds; tetralogy of Fallot,
open squares; pulmonary atresia, open circles; pulmonary stenosis, open upward triangles; double-outlet
right ventricle, open downward triangles; each symbol represents 1 patient, and numbers are patient
numbers from Table S1. Solid and dotted lines show monoexponential fit with 95% confidence limit (ALC-
1: r2=0.56, P<0.05; ssTnI; r2=0.46, P<0.05).
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myofibrils were subjected to several activation–relaxation
cycles with different activating [Ca2+] values (pCa 5.8–4.5,
Figure 4A). Representative force–pCa relations in a neonate
and a 10-month-old child (Figure 4B) showed that the curve
was shifted to the right in the neonate compared with the
infant, while the steepness of the force–pCa relations (nH) did
not change with age (Table S3). From these curves, we
calculated pCa50 as a measure of Ca2+ sensitivity, which
declined from pCa �5.95 shortly after birth to �5.4 at age
>3 years (Figure 4C). Of note, Ca2+ sensitivity declined in
parallel with both ALC-1 and ssTnI expression, as reflected by
the positive correlations between pCa50 and expression levels
of these proteins (Figure 4D and 4E).

Kinetics of Contraction and Relaxation
Both ALC-1 and ssTnI have been proposed to modulate the
dynamics of the mechanical output.20,28,29 We, therefore,
investigated whether force kinetic parameters correlated with
the expression of these proteins. Ca2+-induced force devel-
opment following rapid switching from relaxing (pCa 7.5) to

fully activating solution (pCa 4.5) and mechanically induced
force redevelopment following a period of unloaded shorten-
ing occur monoexponentially with rate constants kACT and kTR,
respectively (Figure 3B). Relaxation of myofibrils induced by
rapidly switching back to pCa 7.5 is biphasic, starting with a
slow linear force decay with a rate constant kLIN lasting for a
time tLIN followed by a rapid monoexponential force decay
with a rate constant kREL (Figure 3E). Previous investigations
revealed that sarcomeres remain isometric during the slow
phase, whereas the fast phase starts when the weakest
sarcomere lengthens (see review30). Neither of the kinetic
parameters correlated with ssTnI expression at expression
levels >10% (Figure 5A through 5E). ALC-1 expression had no
effect on the rate constant kLIN and the time tLIN of the initial,
slow, linear phase of relaxation, but the rate constants of the
force rises kACT and kTR, as well as the rate constant kREL of
the rapid exponential relaxation phase, significantly declined
with decreasing expression levels of ALC-1 (Figure 6).

Discussion
The present developmental study is, to our knowledge, the first
comprehensive assessment of the mechanical performance of
human RV myofibrillar bundles in conjunction with the isoform
expression pattern of key sarcomeric proteins determined in
the same patient. Of the sarcomeric proteins we selected for
analysis in this study, only the fetal isoforms of TnI and LC-1
were still expressed in significant amounts in the newborn,
before gradually being replaced by their adult counterparts in
parallel with the respective changes in Ca2+ sensitivity of
contraction and kinetic parameters. Our data indicate that the
expression levels of the isoforms of TnI and LC-1 and the
corresponding biomechanical parameters were determined
primarily by postnatal age rather than by the individual patient’s
specific structural defect and complex hemodynamic situation.
Based on these results, we propose that the investigated
congenital heart diseases perhaps modulate the time course
but do not abrogate the evolution of the developmental
program. Consistent with the progressively developing sec-
ondary, hemodynamic overload-induced hypertrophy, end
points in ALC-1 expression are reached that are comparable
to those seen in hemodynamically stressed adult hearts.20,31

Titin Isoform Expression and Passive Force
Because of the very limited sample availability, neonatal titin
isoform expression has not been studied in detail yet. Thus,
our study is among the first to describe a high expression
level of fetal N2BA titin in an 8-day-old patient. Unfortunately,
it was not possible to obtain mechanical data in this patient.
Nevertheless, this is an important observation as it confirms
that in human hearts, titin isoform switching occurs in the
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myofibrillar bundles. A, Image of a mounted myofibrillar bundle. B,
Representative contraction–relaxation transient induced by switch-
ing (within 10 ms) from pCa 7.5 to 4.5 and back. Raising [Ca2+] and
a release–restretch maneuver applied at the force plateau result in
monoexponential force development with respective rate constants
kACT and kTR. C, Passive force per cross-sectional area (Fpass/CSA)
at 2.3 lm SL was determined before activation by slackening the
myofibril by 20% of slack length. D, Fpass/CSA was significantly
higher (*P<0.05) in younger (aged <10 months) than in older
(>10 months) infants. E, Switching pCa back 7.5 leads to a
biphasic relaxation that was fitted by a biphasic function (Methods)
yielding kLIN, tLIN, and kREL.
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early perinatal period, just as it does in different animal
models.6,7 In infants >1 month old, titin expression was
similar to that in adults.32 Despite this, we noted a shift in
passive tension at 2.3 lm SL from high values in 1- to 10-
month-old infants to lower values in older patients. Such

shifts in passive tension unrelated to titin expression have
been observed before21,33 and were related, among others, to
covalent modification of titin (see review32). Another possi-
bility is that the very high Ca2+ sensitivity in neonates causes
residual activation of cross-bridges at basal [Ca2+] (pCa
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Figure 4. Postnatal change in Ca2+ sensitivity of force development. A, Original force tracings of
contractions elicited by the indicated pCa values. B, Force–pCa relations collected from 5 myofibril bundles
of a newborn (patient No. 8) and 6 myofibril bundles of a 10-month-old child (patient No. 5), illustrating the
representative rightward shift with this increase of age. The curves represent Hill functions fitted to the
data, which were normalized to Fmax at pCa 4.5. C, pCa50 declines monoexponentially with age (r2=0.59,
P<0.05). D and E, pCa50 positively correlated with ssTnI (r2=0.81, P<0.0001) and ALC-1 (r2=0.62, P<0.05)
expression. Solid and dotted lines represent the monoexponential (C) and linear fits (D and E) and the
respective 95% confidence limits. The pCa50 values were determined from 2 to 12 myofibrils per patient and
are given as mean�SEM. Symbols in (C through E): tetralogy of Fallot, open squares; pulmonary atresia,
open circles; pulmonary stenosis, open upward triangles; double-outlet right ventricle, open downward
triangles. Each symbol represents 1 patient, and numbers are patient numbers from Table S1.
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7.5).34 Indeed, we observed a significant positive correlation
between passive tension (Fpass) and pCa50 (Figure S5B),
indicating that part of the so-called passive tension at pCa
7.5 might be caused by Ca2+-activated processes. We are
aware that this conclusion is limited by the low number of
titin gels precluding a detailed structure–function relation for

human heart development. Thus, a more focused future
investigation has to evaluate the precise relation between
titin expression and passive stiffness and whether titin
modification or residual Ca2+-activated processes or both
contribute to the low diastolic compliance of the fetal/
neonatal heart (cf. Kr€uger et al7 and references therein).
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Figure 5. Effect of ssTnI expression on kinetic parameters of contraction and relaxation. A, Rate
constant of Ca2+-induced force development; B, Rate constant of mechanically-induced force
redevelopment; C, Rate constant of initial slow linear relaxation phase; D, Duration of initial slow linear
relaxation phase; E, Rate constant of subsequent rapid exponential relaxation phase. For
determination of rate constants of contraction (kACT and kTR) and relaxation (kLIN, tLIN, kREL), cf.
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represents the mean�SEM of 2 to 12 myofibrils of a patient.
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Postnatal Transition of Fetal to Adult Isoforms of
TnI and LC-1

Ca2+-dependent regulation of contraction and cross-bridge
turnover kinetics depend primarily on the isoforms of the
subunits TnI and TnT of the regulatory troponin complex and

those of the myosin motor, respectively. Of these proteins,
only expression levels of the fetal TnI and LC-1 isoforms were
high in neonates and then declined monoexponentially
coincident with upregulation of the adult isoforms. In some
patients, the ssTnI/cTnI switch appeared to be delayed
compared with the majority of patients for unknown reasons.

A B

C D

E

t LI
N

( s
)

ALC-1 (% LC-1 )total

0 5 10 15 20 25 30 35 40
0.0

0.1

0.2

0.3

0.4

k A
C

T
(s

)
-1

ALC-1 (% LC-1 )total

0 5 10 15 20 25 30 35 40
0.0

0.2

0.4

0.6

0.8

k T
R

(s
)

-1

ALC-1 (% LC-1 )total

0 5 10 15 20 25 30 35 40
0.0

0.2

0.4

0.6

0.8

k L
IN

(s
)

-1

ALC-1 (% LC-1 )total

0 5 10 15 20 25 30 35 40
0.0

0.2

0.4

0.6

k R
EL

(s
)

-1

ALC-1 (% LC-1 )total

0 5 10 15 20 25 30 35 40
0

1

2

3

4

5

6

Figure 6. Effect of ALC-1 expression on kinetic parameters of contraction and relaxation. A, Rate
constant of Ca2+-induced force development; B, Rate constant of mechanically-induced force development;
C, Rate constant of initial slow linear relaxation phase; D, Duration of initial slow linear relaxation phase; E,
Rate constant of subsequent rapid exponential relaxation phase. For determination of rate constants of
contraction (kACT and kTR) and relaxation (kLIN, tLIN, kREL), cf. Figure 3. Symbols: tetralogy of Fallot, open
squares; pulmonary atresia, open circles; pulmonary stenosis, open upward triangles; double-outlet right
ventricle, open downward triangles. Each symbol represents the mean�SEM of 2 to 12 myofibrils of a
patient. Solid and dotted lines represent linear correlations and 95% confidence limits (Pearson correlation
coefficients: A, r2=0.58, P<0.05; B, r2=0.55, P<0.05; E, r2=0.57, P<0.05).

DOI: 10.1161/JAHA.116.003699 Journal of the American Heart Association 9

Postnatal Development of Human Myocardial Function Elhamine et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



The fetal-to-adult protein isoform transition of ssTnI and
ALC-1 has been studied before, showing that expression of
fetal protein isoforms was high in neonates and declined
thereafter,10,14–16 but the exact time course was known only
for ACL-1,14 and our results are consistent with this report
(Figure S2A and S2B). The time course of the transition of
ssTnI/cTnI remained elusive because of the few time points
investigated in these earlier studies.10,15,16 Our investigation
revealed that ssTnI expression correlated positively with ALC-
1 expression during development. This is interesting given
that the developmental regulation of the isoform expression
of many sarcomeric proteins is not synchronized.

As yet, the developmental regulation of ssTnI and ALC-1
expression is poorly understood. Studies in genetically
modified mice indicate that ssTnI is set to switch off even
in cTnI knock-out mice, albeit at a slower rate.35 In our
samples, ssTnI expression was negligible in infants older than
10 months (as in15), consistent with the observation that
ssTnI was not reexpressed in hemodynamically stressed
human adult hearts.16 In contrast, ALC-1, which was absent in
the normal ventricles of 2.5-year-old infants,14 was detected
in our patients >2 years old at an expression level (9%) similar
to that reported for hypertrophic adult ventricles (�12%).20 It
is unclear at present whether expression was never com-
pletely switched off or whether it was turned on again by the
progressively developing secondary RV hypertrophy.

Postnatal Changes in Ca2+ Sensitivity of
Contraction in Relation to Protein Expression
Of all mechanical parameters investigated, Ca2+ sensitivity
showed the most prominent and clear-cut age dependence
and declined by nearly 0.6 pCa unit from pCa 5.95 shortly
after birth to �5.4 in >3-year-old patients. The latter value is
comparable to that reported for adult human left ventricular
(LV) myofibrils.23,36 Based on a large body of experimental
evidence in animal models (4,7 and references therein), the
most likely underlying cause is the decline in ssTnI expres-
sion. Whether ALC-1 expression affects Ca2+-sensitivity is
controversial.20,37 We cannot dismiss such an effect of ALC-1
expression on Ca2+ sensitivity, because we found that Ca2+

sensitivity correlated positively not only with ssTnI but also
with ALC-1 expression, especially at low expression levels of
ssTnI (<10%) consistent with previous reports in humans31

and mice.29 This was not unexpected given the parallel
decline in ALC-1 and ssTnI expression, but the overall
correlation was weaker than that for ssTnI (Figure 4D and
4E). The age dependence of Ca2+ sensitivity exhibited a
greater variability than protein expression, suggesting that
protein isoforms of TnI and LC-1 might not be the sole
determinant of Ca2+ sensitivity. It is well established that Ca2+

sensitivity is modulated by protein kinase A–mediated

phosphorylation of myosin binding protein C38 and cTnI,39

whereas ssTnI is not a substrate. However, we found that the
pCa values in the subset of patients (7 of 24, Table S1), who
were treated with b-blockers did not systematically deviate
from the regression curves and fell within the 95% CIs.
Therefore, we concluded that the major determinant of the
developmental decline in Ca2+ sensitivity is the isoform shift.
This notion is also supported by experiments in fetal/neonatal
mice.4

Downregulation of ssTnI and ALC-1 Expression
and Kinetic Parameters
Forced expression of ssTnI in mice resulted in impaired
diastolic relaxation of cardiomyocytes.28 Such an impaired
relaxation was not observed in the myofibrils from our
patients who coexpress ALC-1. Rather ALC-1 expression, but
not ssTnI (expression levels >10%), positively correlated with
the rates of the fast phase of relaxation (kREL) and contraction
(kACT, kTR); that is, these rates were high in neonates at high
expression levels of ALC-1. Our results are consistent with the
notion that force kinetics is primarily governed by intrinsic
kinetics of myosin interaction with actin rather than by the
dynamics of Ca2+-controlled switch of the Tn complex (see 40

for review5). We consider a contribution of MyHC expression
unlikely as in all our samples, b-MyHC was the predominant
isoform, as is already the case in the human fetal heart.18 The
increased contraction kinetics observed at high expression
levels of ALC-1 was associated with a higher active maximum
tension (Fmax, Figure S6A), thus relating ALC-1 expression
with enhanced contractile force at the myofibrillar level for the
first time, to our knowledge. This provides a mechanistic
explanation for the observation that ALC-1 expression
enhances contractility in the hypertrophied human heart41

and is consistent with a previous study in skinned fibers from
predominantly adult patients with TOF.20 The increased rates
of kACT and kTR, and Fmax can be best explained if ALC-1
promoted force generation by increasing the rate by which
cross-bridges enter force-generating states, reflected by the
rate constant fapp

30 (cf. legend to Figure S6 for a detailed
discussion). Noteworthy, Fmax positively correlated not only
with contraction kinetics but also with Ca2+ sensitivity
(Figure 6B), suggesting that not only thick filament properties
(ALC-1) but also thin filament properties improve myofibrillar
contractility in the neonatal human RV.

The positive correlation between ALC-1 expression and
VMAX found by Morano and coworkers20 is likely related to an
effect of the LC-1 isoform on the maximum rate of cross-
bridge detachment, gMAX, occurring when cross-bridges
become rapidly unstrained during unloaded sarcomere short-
ening. The positive correlation between ALC-1 and the rate
constant of the rapid relaxation phase (kREL) of isometrically
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held myofibrils can also be attributed to such an effect of
ALC-1 on gMAX. This is because of the considerable intersar-
comere dynamics observed during this phase, where some
sarcomeres lengthen and others shorten, perturbing cross-
bridge strain (discussed in2). In contrast, ALC-1 expression did
not affect cross-bridge detachment at high loads, as kLIN
reflecting gapp did not change with ALC-1 expression level.

Our study is the first to demonstrate an effect of ALC-1
expression on sarcomere dynamics. Moreover, we believe
that relaxation of isometrically held myofibrils reflects isovo-
lumic diastolic relaxation of the heart better than unloaded
shortening velocity, which does not occur at the organ level.
Based on our results, we propose that the fast relaxation is
supported by the fetal LC-1 isoform (Figure 6E) and counter-
acts potential slowing effects of ssTnI.28 To summarize, ALC-1
enhances active force generation during high-loaded contrac-
tions via increasing fapp, whereas at low loads, it accelerates
shortening and relaxation by promoting cross-bridge detach-
ment via gMAX. These kinetic effects obtained in our study are
consistent with published results in a transgenic adult mouse
model overexpressing ALC-1 in the ventricles, which mani-
fested at the organ scale as, respectively, an increased +dP/
dtmax and �dP/dt.29

Study Limitations
This was an observational study from the perspective of clinical
diagnosis and age at surgery. Although our data indicated that
postnatal age rather than the specific clinical diagnosis is the
major determinant of the fetal-to-adult protein isoform switch,
we cannot exclude the possibility that the rates of these
transitions may be modified in these patients or in subgroups
compared with healthy children. Further, the subject-specific
postnatal development and change of ssTnI and ALC-1
expression in RV are not known. This would require a study
with longitudinal data, which could be extremely difficult to
conduct. Therefore, the results of the study could be partly
attributed to between-subject variability observed at different
ages and not really the underlying development process. For
obvious ethical reasons, it is virtually impossible to obtain fresh
age-matched normal control tissue in this age group. We
refrained from using donor hearts, which is widely used as
healthy control, for several reasons: (1) fresh age-matched
pediatric donor hearts are not readily available, (2) donor
hearts from biobanks undergo a freezing/rethawing process,
and (3) given that there is a significant incidence of early
posttransplantation dysfunction, with isolated RV dysfunction
being the leading cause of early mortality and morbidity,42

donor hearts at best approximate the in vivo situation of normal
RV function.43 Because the size of tissue specimens was solely
determined by the demand of the surgical correction of the
small neonatal hearts, it was not possible to obtain samples for

histology or determine the phosphorylation status or other
posttranslational modifications from the tiny specimens. The
phosphoproteome of rat neonatal hearts differed from that of
adult rat hearts.44 Important candidates for developmental
changes in phosphorylation revealed by the rat study were
sites on myosin binding protein C, myosin light chain-2, and
tropomyosin, thus on proteins that reveal a stable develop-
mental isoform pattern.45 Additionally, cTnI phosphorylation,
especially at low levels of ssTnI expression, might affect Ca2+

sensitivity. Although we find in our correlational study that
changes in mechanical parameters in these nonfailing hearts
could be reasonably well explained by protein isoform changes,
posttranslational modifications may account for the somewhat
greater variability in developmental progression of Ca2+

sensitivity and force kinetics compared with the isoform
expression of TnI and LC-1. Future studies are thus required to
address the early postnatal development of posttranslational
modification in these congenital heart diseases. Finally, most
of the tissue samples were obtained from the infundibular
region, which may not be representative for the whole
ventricle. However, in the few patients in whom it was possible
to also take samples of the moderator band of the RV, ssTnI
and ALC-1 expression was not different from that in the
infundibulum, suggesting that protein expression in the
infundibular region is representative for endocardial cardiomy-
ocytes.

Conclusions and Clinical Relevance
The most important finding of our study is that the
developmental gene program that regulates developmental
maturation of the sarcomere continues to evolve largely
regardless of the various structural but hemodynamically
related cardiac malformations, which impose abnormal pres-
sure and volume load on the RV, albeit isoform switching may
be slowed down.14 The expressions of fetal protein isoforms
of titin, TnT, and MyHC appear to be switched off before or
around birth. Expressions of the fetal isoforms, ssTnI and
ALC-1, which are still high at birth, is gradually downregulated,
while that of adult isoforms is upregulated at the age of
1 year. We propose that the coexisting high expression levels
of ssTnI and ALC-1 after birth are highly adaptive and may in
fact be beneficial for the hemodynamically stressed RV in our
patients. This is because ssTnI protects from the cardiode-
pressant effects of intracellular acidosis, to which cyanotic
patients may be prone.46–48 The coexpression of ALC-1, on
the other hand, counteracts the shortcomings of high levels of
ssTnI expression, namely slowed diastolic relaxation. Such a
diastolic dysfunction would be detrimental because the high
heart rate of neonates and infants requires fast relaxation.
Our study suggests that the coexisting expression of the fetal
LC-1 isoform is important for sustaining fast diastolic
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relaxation as long as the fetal TnI isoform is still expressed in
the neonatal human heart. Further, ALC-1 expression
increased isometric force production, thus allowing the
buildup of ventricular pressure to overcome the obstruction.
Our results justify the conclusion that the developmental
maturation of the sarcomere continues despite abnormal load
and structure of the RV. Future studies have to delineate
whether and, if so, by which mechanism the TnI and LC-1
isoform transitions rates are modified in these patients. This
requires more-detailed knowledge about regulation of these
genes.
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Supplemental Figures 

 

 

 

Figure S1. Relation between the age of the patients at the surgery and their clinical diagnosis. 

Patients with HLHS and TGA were operated at a significantly lower age whereas in the other 

patients the time of surgery did not depend on the diagnosis. Lines represent means. TOF, 

tetralogy of Fallot; PS, pulmonary stenosis; HLHS, hypoplastic left heart syndrome; DORV, 

double-outlet right ventricle; PA, pulmonary atresia; TGA, transposition of the great arteries. 

Exept for HLHS and TGA no significant differences were observed, indicating that the 

diagnosis does not affect timing of surgery. 



 

Figure S2. Dependence of ssTnI and ALC-1 expression versus age (A and B) and versus 

clinical diagnosis (C and D). Replot of expression levels of ALC-1 (A) as in Auckland et al. 

(1986) Cardiovasc Res. 20:828-36 as well as ssTnI (B) for different age groups. The decline 

in ALC-1 expression in our cohort is consistent with the published results. Patients with 

HLHS and TGA expressed significantly higher levels of the fetal ssTnI (C) and ALC-1 (D) 

isoforms than the other patients. There were no significant differences in these parameters 

between the other patients indicating that in these patients the diagnosis does not affect 

protein expression levels. The high variability in expression levels relates to the large age 

range at which repair surgery was performed; lines represent means. TOF, tetralogy of Fallot; 

PS, pulmonary stenosis; HLHS, hypoplastic left heart syndrome; DORV, double-outlet right 

ventricle; PA, pulmonary atresia; TGA, transposition of the great arteries. 



 

 

Figure S3. Expression levels of ssTnI (A) and ALC-1 (B) in tissues from the infundibulum 

and the moderator band from the RV taken from the same hearts. Open symbols. 

infundibulum; closed symbols, moderator band; circles, PA; squares, TOF. Each symbol 

represents one measurement. 



 

 

Figure S4. The expression levels of ALC-1 and ssTnI neither correlate with the oxygen 

saturation (A, B) nor the pressure gradient along the right ventricular outflow tract (C, D). 

The pressure gradient and the O2 saturation were assessed before repair surgery. 



 

 

Figure S5. Interdependence of passive tension, slack sarcomere length (A), and Ca
2+

-

sensitivity (B) for individual myofibrillar bundles. While there was no effect of slack 

sarcomere length on passive tension (P=0.766), passive tension positively correlated with 

Ca
2+

-sensitivity of force generation (r
2
=0.13, P=0.003). Solid and dotted lines represent linear 

correlations and 95% confidence limits. Each data point represents determination from one 

myofibrillar bundle. 



 

 

Figure S6. Relation between maximal force per cross-sectional area (Fmax/CSA) and kACT 

(A), or pCa50 (B), respectively. The maximal tension correlated significantly with the Ca
2+

-

induced contraction kinetics (r
2
=0.11, P=0.0025) and with the Ca

2+
-sensitivity of force 

(r
2
=0.06, P=0.044). The rate constant kACT reflects the sum of apparent rate constants by 

which the cross-bridges enter and leave the force-generating state; i.e., kACT = fapp + gapp. 

Furthermore, Fmax is proportional to fapp/(fapp+gapp). Because Fmax is positively and not 

negatively correlated with kACT , increased maximal force relates to an increase in fapp rather 

than to a decrease in gapp. Of note, kACT would also increase if gapp is increased. However, this 

would result in a decreased Fmax. Thus, increased isometric force generation and contraction 

kinetics at high ALC1-expression levels can be explained by an increased fapp, i.e. by the 

increased probability of cross-bridges to form force-generating interactions with actin. Solid 

and dotted lines represent linear correlations and 95% confidence limits. Each data point 

represents determination from one myofibrillar bundle. 
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Table S1 Clinical characteristics of patients. 

 

Patient Age, 

months 

Diagnosis Palliation Medication SpO2, 

% 

G, 

mmHg 

1 2.16 TOF with predominant valvar PS ,  

microdeletion 22q11 

Pulmonary valvuloplasty –   

2 5.1 TOF   beta blocker  91 81.5 

3 5.9 TOF, severely underdeveloped PA system  beta blocker 87  95  

4 6.1 TOF,   beta blocker 100 70 

5 10.36 TOF with complete AVSD,  trisomy 21 AP shunt  ACE, furosemide, 

ASS, beta blocker 

85–90 50 

6 20 Residual RVOTO after TOF correction, 

microdeletion 22q11 

 – 98 60–75 

7 24 TOF   BT shunt  – 85–90 51 

8 0.1 PA/ IVS  Pulmonary valvuloplasty –   

9 10.46 PA with VSD, TGA, severely hypoplastic  

(rPA & lPA) 

AP shunt, BD –   

10 10.63 PA with VSD AP shunt –   



11 38.2 PA with VSD   – 90 35–40  

12 3 Severe supravalvar PS, VSD  RV-PA conduit, VSD 

closure  

spironolactone, HCT  53 

13 5.9 RVOTO with VSD  spironolactone, 

furosemide  

95 25–30 

14 8 AVSD, moderate RVOTO,  large secundum 

ASD, trisomy 21 

 beta blocker 95 30–35 

15 10.23 HCM with pronounced LVH, RVH, 

Infundibular and valvar PS  secundum ASD 

Primary ASD closure, 

Patch reconstruction of 

RVOTO 

– 99 40–45 

16 31 Common arterial trunk post-correction; severe 

RV-PA conduit stenosis,  microdeletion 

22q11 

Patch reconstruction of  

RVOTO, conduit 

replacement 

–  90–100 

17 127 PA with VSD, RV – PA conduit stenosis, 

severe PV insufficiency 

RV-PA conduit 

replacement, VSD closure 

–  45–55 

18/1 9 DORV with valvar PS Patch reconstruction of  

RVOTO, VSD closure  

beta blocker 93–97 50–60 

18/2 28 Subpulmonary stenosis after DORV 

correction 

 beta blocker 92 75–80 

19 21.6 DORV, microdeletion of Chr 6 PAB furosemide  98–99  

20 0.13 HLHS  PG 95–100  



21 0.2 HLHS  PG 98  

22 0.26 HLHS  PG, furosemide    

23 0.13 DILV, TGA      

24 0.26 DILV, TGA   PG, furosemide  93 13–20 

25 0.5 DILV, TGA   – 96  

Abbreviations in alphabetical order: AP, aortopulmonary; AVI, aortic valve insufficiency; BT, Blalock–Taussig; DILV, double inlet left ventricle; 

DORV, double-outlet right ventricle; G, pre-surgery pressure gradient across right ventricular outflow tract; HCM, hypertrophic  cardiomyopathy; 

HCT, Hydrochlorothiazide; HLHS, hypoplastic left heart syndrome; IVS, intact ventricular septum; LVH, left ventricular hypertrophy; PA, 

pulmonary atresia; PAB, pulmonary artery banding; PG, prostaglandin; PS, pulmonary stenosis; PV, pulmonary valve; RVH, right ventricular 

hypertrophy; RVOTO, right ventricular outflow tract obstruction; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; VSD, 

ventricular septal defect. 18/1 and 18/2 are samples from the same patient obtained 9 and 28 months after birth, respectively. 



Table S2 Expression levels of sarcomeric protein isoforms in RV samples. 

 

Patient Diagnosis Age (M) % ssTnI % ALC-1 LC-1/LC-2 TnT4 N2AB:N2B 

1 TOF 2.16 44 29 1.11 nd nd 

2 TOF 5.1 46 31 1.14 − nd 

3 TOF 5.9 71 28 1.10 + 37:63 

4 TOF 6.1 45 19 1.11 − nd 

5 TOF 10.36 3 14 1.03 + 38:62 

6 TOF 20 6 19 1.04 − nd 

7 TOF 24 3 nd nd − nd 

8 PA 0.1 72 34 1.11 + nd 

9 PA 10.46 10 27 1.06 + 44:56 

10 PA 10.63 39 14 0.93 nd nd 

11 PA 38.2 5 3 0.84 − 31:69 

12 PS 3 31 38 0.84 + nd 

13 PS 5.9 20 20 1.07 nd nd 

14 PS 8 16 24 1.00 − nd 

15 PS 10.23 5 22 0.99 nd 42:58 

16 PS 31 2 16 1.39 − 44:56 

17 PS 127 0 9 0.99 − nd 

18a DORV 9 12 19 0.84 nd nd 

18b DORV 28 7 7 0.94 nd nd 

19 DORV 21.6 18 13 0.81 − nd 



20 HPLHS 0.13 82 43 0.93 + nd 

21 HPLHS 0.2 66 41 1.03 − nd 

22 HPLHS 0.26 82 43 0.99 + nd 

23 TGA 0.13 nd 52 0.93 − nd 

24 TGA 0.26 70 38 0.96 − 60:40
 

25 TGA 0.5 81 41 1.09 − nd 

 

TOF, tetralogy of Fallot; PS, pulmonary stenosis; HPLHS, hypoplastic left heart syndrome; DORV, double-outlet right ventricle; PA, pulmonary 

atresia; TGA, transposition of the great arteries. Age is given in months. (−) indicates that the fetal isoforms of TnT were not detectable, and nd 

indicates not done. Note that in patients 20 -25 no functional data could be determined. 



Table S3 Summary of functional characterization. 

Patient  Diagnosis Age at 

surgery 

(months) 

pCa50 nH Fmax/CSA 

(nN/µm
2
) 

Fpass/CSA 

(nN/µm
2
) 

kACT 

(s
−1

)  

kTR 

(s
−1

)  

kLIN 

 (s
−1

) 

tLIN  

 (s
−1

) 
kREL 

(s
−1

) 

         

1 TOF 2.16 5.71 ± 0.05  2.42 ± 0.44  69 ± 4  9 ± 5  nd 0.37 ± 0.05  0.29 ± 0.04  0.25 ± 0.02  5.98  ± 0.21  

2 TOF  5.1 5.56 ± 0.03  2.23 ± 0.17  100 ± 12  11 ± 3  0.70 ± 0.07  0.55 ± 0.03  0.47 ± 0.07  0.19 ± 0.01  3.85 ± 0.22  

3 TOF  5.9 5.84 ± 0.05  1.16 ± 0.25  62 ± 16  11 ± 2  0.57 ± 0.09  0.53 ± 0.05  0.34 ± 0.03  0.26 ± 0.02  2.78 ± 0.19  

4 TOF  6.1 5.52 ± 0.03  2.42 ± 0.19  64 ± 10  16 ± 4  0.43 ± 0.03  0.57 ± 0.07  0.18 ± 0.04  0.33 ± 0.05  1.67 ± 0.19  

5 TOF  10.36 5.40 ± 0.05  2.20 ± 0.13  75 ± 13  5 ± 1  0.42 ± 0.06  0.36 ± 0.02  0.44 ± 0.07  0.21 ± 0.02  3.19 ± 0.34  

6 TOF  20 5.41 ± 0.01  2.20 ± 0.20 62 ± 12  5 ± 1  0.41 ± 0.03  0.26 ± 0.03  0.46 ± 0.11  0.17 ± 0.02  2.97 ± 0.23  

7 TOF  24 5.55 ± 0.07  1.65 ± 0.20  61 ± 3  5 ± 1  0.35 ± 0.02  0.27 ± 0.03  0.21 ± 0.09  0.26 ± 0.06  2.17 ± 0.30  

8 PA 0.1 5.95 ± 0.03  1.50 ± 0.34  128 ± 27  16 ± 7  0.63 ± 0.07  0.62 ± 0.06  0.36 ± 0.08  0.36 ± 0.02  3.99 ± 0.39  

9 PA 10.46 5.54 ± 0.03  2.03 ± 0.15  83 ± 11  5 ± 1  0.62 ± 0.08  0.61 ± 0.06  0.38 ± 0.03  0.24 ± 0.03  2.64 ± 0.29  

11 PA 38.2 5.33 ± 0.05  1.88 ± 0.23  91 ± 6  6 ± 1  0.47 ± 0.04  0.37 ± 0.05  0.27 ± 0.09  0.27 ± 0.03  2.31 ± 0.29  

14 PS 8 5.41 ± 0.04  1.54 ± 0.09  86 ± 10  14 ± 2  0.68 ± 0.07  0.51 ± 0.05  0.27 ± 0.07  0.30 ± 0.03  3.16 ± 0.34  



15 PS 10.23 5.47 ± 0.03  1.90 ± 0.13  80 ± 9  7 ± 1  0.66 ± 0.03  0.54 ± 0.06  0.46 ± 0.04  0.13 ± 0.01  4.39 ± 0.30  

17 PS 127 5.54 ± 0.03  4.69 ± 1.30  37 ± 6  4 ± 1  0.30 ± 0.04  0.29 ± 0.02  0.25 ± 0.02  0.32 ± 0.02  1.77 ± 0.06  

19 DORV 216 5.67 ± 0.07  1.15 ± 0.20  89 ± 10  15 ±  3  0.71 ± 0.08  0.56 ± 0.09  0.41 ± 0.14  0.17 ± 0.02  2.91 ± 0.23  

 

pCa50, −log[Ca
2+

] required for half-maximal activation; nH, steepness of force-Ca
2+

 relation; Fmax, active steady state force; Fpass, passive steady 

state force; CSA, cross-sectional area; kACT and  kTR, rate constant of Ca
2+

-induced and mechanically-induced contraction, respectively; kLIN (lasting 

for tLIN) and kREL, rate constant of initial, slow, linear and of the subsequent rapid exponential relaxation phase, respectively; TOF, tetralogy of 

Fallot; PS, pulmonary stenosis; HPLHS, hypoplastic left heart syndrome; DORV, double-outlet right ventricle; PA, pulmonary atresia; TGA, 

transposition of the great arteries; nd, not done. Values are means ± SEM of 2–12 myofibrils for each patient.  


