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Abstract
The mechanical dynamics of cardiac muscles are expressed as changes in muscle length and force. In isolated muscle, the length and force dynamics have
been studied separately. Under auxotonic loading conditions, however, there are
simultaneous changes in length and force. We wanted to study the differences
in mechanical dynamics in twitches with different loading conditions. We represented the mechanical dynamics with two different expressions, defined as the
sum of normalized stress and shortening. The first used normalized developed
stress and the second used normalized instantaneous active stress as input. The
resulting dimensionless time traces of mechanical dynamics demonstrated very
similar shape of the contraction phase at the full range of loads from isotonic
to isometric and in both auxotonic and afterloaded twitches. The same traces
demonstrated wide variation during relaxation depending on load and twitch
type. With the first expression, it was possible to obtain a rough estimate of
peak isometric stress and peak isotonic shortening from two or more intermediate
twitches. Both expressions visualized qualitative differences in load dependence
between the contraction and relaxation phases, which may have implications on
the clinical interpretation of systolic versus diastolic function.
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systolic function; diastolic function

C-2

1

Introduction

Mechanical dynamics in cardiac muscles can be defined as changes in muscle length
and force. The changes in length and force result from interactions between forcegenerating units (cross-bridges) in the muscle and the loading conditions applied on
the muscle. Shortening occurs when the force generated by the cross-bridges exceeds
the load on the cross-bridges. Instantaneous force is given by the number of crossbridges and the mean force on each cross-bridge, which in turn depend on loading
conditions, calcium handling, and properties of the contractile proteins [9].
The mechanical dynamics of the fully activated (tetanized) muscle have been studied from quick release (and quick stretch) experiments, constant velocity experiments,
and sinusoidal perturbation [10, 13, 19, 20, 23]. These experiments have been used to
obtain information about the cross-bridge dynamics. The cross-bridge dynamics have
been represented by the force-velocity relation with the related Hill equation and force
recovery time constants [14, 20, 23].
In traditional experimental setups for isolated papillary muscles, the muscle twitches
(single contraction-relaxation sequences) have been controlled in either isometric (constant length) or isotonic (constant total force) conditions or sequential combinations
of isometric and isotonic loading conditions [9, 26, 28]. In muscle twitches, the sarcomeres are not fully activated. In such twitches we observe an initial transient rise in
activation which is continued with a relaxation phase. This means that the mechanical
dynamics result from a combination of activation dynamics and cross-bridge dynamics.
It is not well-known whether the cross-bridge dynamics is the same under sub-maximal
activation as it is under maximal activation and thereby separable from the activation
dynamics.
The mechanical dynamics of muscle twitches have been quantified with indices like
(positive and negative) peak dF/dt and peak shortening and peak lengthening velocity
[4, 24]. These indices are related to intact heart measures like peak positive and
negative dP/dt and maximal velocities of ejection and filling flow [3, 4]. The slope of
the last part of the isovolumetric pressure decline has been used as an index of impaired
relaxation or diastolic function [22].
In the intact heart, there are coupled and simultaneous changes in both length
and stress during all phases of the cardiac cycle [7, 12, 15, 17, 29, 30]. Changes in
length and stress are coupled both through the loading conditions and their common
origin, namely the cross-bridge cycling. Therefore, mechanical dynamics are expressed
as changes in both stress and length, more or less simultaneously. Single measures of
mechanical dynamics based on either stress or shortening may therefore be dependent
on the loading conditions and insufficient to describe the true mechanical dynamics.
To be able to study isolated muscles with simultaneous changes in length and stress,
we included auxotonic loading in an experimental setup for isolated papillary muscles
[33].
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The purpose of this study was to compare the mechanical dynamics of isolated
papillary muscles under different loading conditions. We therefore constructed two different expressions of the mechanical dynamics, defined as the sum of normalized stress
and shortening. Based on these expressions we wanted to 1) visualize the qualitative
differences in mechanical dynamics between twitches with different loading conditions,
2) derive quantitative parameters of the muscle performance, and 3) discuss the influence of the loading conditions on cardiac muscle modeling.

2
2.1

Methods
Muscle Preparation

Rabbits (n=9) were anesthetized by cervical translocation and the heart was quickly
excised. A papillary muscle was dissected from the right ventricle in a dissection
bath with temperature controlled and oxygenated Krebs-Ringer solution (see below),
containing 2,3-butanedione monoxime (BDM; 30mM) to inhibit actin-myosin crossbridge cycling during dissection. The muscle was passively stretched with a preload of
6 mN/mm2 of estimated cross-sectional area. Under a dissection microscope (WILD
M3B from Leica) three tips of glass microelectrodes were inserted into the muscle
perpendicular to the long axis. At the tip, the diameters of the microelectrodes were
less than 5 µm, and at the muscle surface the diameters were maximally 15 µm. Then
the papillary muscle was installed vertically in a 3 ml bath. The Krebs-Ringer solution
was circulating with a flow rate of approximately 10 ml/min and contained (in mM):
NaCl 98, KCl 4.7, MgSO4 .7H2 O 2.4, NaHCO3 25, CaCl2 .2H2 O 1.25, glucose 4.5, Napyruvate 15 and Na-acetate 5, at 29◦ C bubbled with a gas mixture of 95 % oxygen and
5 % carbon dioxide. An electrical field between two platinum electrodes stimulated the
papillary muscle at approximately 10 % above threshold.

2.2

Experimental Setup

The papillary muscle setup was based on an analog/mechanical setup, described in
Brutsaert and Claes [6] and Brutsaert et al. [8]. The original system consisted of a
force transducer, an optical displacement measurement transducer, a papillary muscle bath with a clip for the lower muscle end, two platinum electrodes for electrical
stimulation, and a control unit for isotonic and isometric control and stimulation. The
system also included a segment measurement system based on detection of position of
microelectrodes with a CCD-array [7, 34].
The control unit of the original setup was replaced with a PC with a DSP board
and an interface unit between the PC and the transducers, as described in Sørhus
et al. [33] (Figure 1). An individual application for low-level feedback control and
data acquisition was running on the DSP board at a sample rate of 5000 samples
per second. This application included different algorithms for different twitch types.
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Another application for visualization and storage of measured and calculated variables,
on-line user interaction, and overall control of experiments was running on the host
computer.
The system included a controlled auxotonic twitch where the muscle was acting
against an virtual ideal spring:
σt (t)

= ka (lmax − l(t)) + σr (lmax )

where σt , l, and σr (lmax ) denote total stress, measured length, and resting stress at the
length with maximal isometric active stress development, respectively. The stiffness
of the virtual spring was given by the user-defined spring constant, ka (mN/mm),
representing a smooth transition from isotonic (ka = 0) to isometric (ka → ∞).
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Figure 1: Main components and data flow in the system. An application for
real-time control, data acquisition, and stimulation control was running on the
DSP board. Total muscle shortening and muscle segment lengths were measured
and sent via the DSP-board to the host computer through a measurement channel and optionally stored in a text-file (Measured data). An application for user
interaction and high level control was running on the host computer. Control
parameters set by the user or read from a text-file (Experiment log) were sent
from the host computer to the DSP-board through a parameter channel.
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Dimensionless Expressions of Mechanical Dynamics

To study the mechanical dynamics in twitches including changes in both length and
stress, we used two dimensionless expressions, defined as the sum of normalized stress
and shortening. We required that the peak value of the expressions in the extreme cases
of isotonic and isometric twitches should be normalized (= 1). In the first expression
we used only total stress and muscle shortening:

M 1(t)

=

σt (t) − σr (lmax )
ε(t)
+
max{σa,im }
max{εit }

(1)

where
σa (t)
ε(t)

= σt (t) − σr (l(t))
l(t)
= 1−
lmax

σt and σa denote total and active stress, σr (l) is resting stress at a given muscle length
l, max{σa,im } is peak isometric active stress, and max{εit } is peak isotonic shortening.
Total stress in Eq. 1 is the sum of active and passive stress. One possible shortcoming of expression M 1 (Eq. 1) is that total stress is constant during isotonic shortening,
although active and passive stress changes due to the passive stress-length relation
(Figure 2).
An alternative to Eq. 1 is therefore to use active stress instead of developed stress
(σd = σt − σr (lmax )). Peak active stress in isotonic twitches is equal to passive stress
at lmax minus passive stress at the shortest length. Therefore, to obtain equal peak
values in the resulting traces of isometric and isotonic twitches, we modified Eq. 1:

M 2(t)

2.4

=



σa (t)
ε(t)
max{σa,it }
+
· 1−
max{σa,im } max{εit }
max{σa,im }

(2)

Experiment Protocol

In nine papillary muscles, we measured one series of afterloaded and one series of
physiological twitches with increasing afterload from isotonic to isometric, and one
series of auxotonic twitches at different loads from isotonic to isometric. Initial length
was lmax in all these twitches. Eight isotonic stabilization twitches preceded each
measured twitch. One additional series of isometric twitches at increasing length was
measured to derive passive stress-length relations for each muscle (Figure 2).
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Figure 2: Passive (circles), active (squares), and total (triangles) stress-length
relations from a series of isometric twitches at increasing length.

2.5

Data Analysis

We used Eq. 1 and 2 to calculate time traces of dimensionless mechanical dynamics (M 1
and M 2) for all muscles and all twitches. The individual passive stress-length relations
were used to calculate instantaneous active stress in afterloaded, physiological, and
auxotonic twitches. We measured resting diameter of all muscles at lmax to calculate
cross-sectional area. We have used stress (force per resting cross sectional area) and
relative length (λ = l/lmax ) in all analyses where nothing else is noticed.
Expression M 1 was used to estimate peak isometric stress and peak isotonic shortening with two different methods. First, we used linear regression on all the intermediate twitches. In this case, the peak values were calculated according to

α

=

(AT A)−1 AT y

where
[1/max{σa,im } 1/max{εit }]T


max{σd , tw1} max{ε, tw1}


..
..
A = 

.
.
max{σd , twN } max{ε, twN }
α

=

y

=

[1 · · · 1]T

or

y = [0.94 · · · 0.94]T

(3)
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Second, we calculated peak isometric stress and peak isotonic shortening from all
pairs of intermediately loaded twitches. For both methods we used both the peak
value of the isometric and isotonic twitches (= 1) and the average peak value of the
intermediate twitches (= 0.94, see Results) as the intercept (y in Eq. 3).
The calculation and visualization of M 1 and M 2 and the estimation of peak isometric stress and peak isotonic shortening were performed with Matlab (MathWorks
Inc.). All statistical analysis were performed with Excel (Microsoft Corp.).

3
3.1

Results
Dimensionless Time Traces of Mechanical Dynamics

Figure 3 presents time traces of total stress (panel A), relative length (panel B), and
mechanical dynamics from the two expressions M 1 (Eq. 1, panel C) and M 2 (Eq. 2,
panel D) from a series of afterloaded twitches with increasing afterload from isotonic
to isometric. Figure 4 and 5 demonstrate similar plots of a series of physiological (i.e.
isometric-isotonic relaxation sequence) twitches at increasing afterload and a series of
auxotonic twitches at increasing auxotonic load from the same muscle. All series of
twitches included one isotonic and one isometric reference twitch.
3.1.1

Contraction

An interesting observation about the mechanical dynamics in the contraction phase was
that M 1 and M 2 varied little at different loading conditions and twitch types. There
was a small reduction in the rate of mechanical dynamics after an abrupt change
from isometric to isotonic contraction when expression M 1 was used. In the other
expression (M 2), when active stress was used instead of total stress, there was very
little difference between twitches with different loading. The same small variation
in mechanical dynamics during contraction was found when we performed a series of
twitches with a non-physiological isotonic-isometric contraction sequence (Figure 8).
3.1.2

Relaxation

During relaxation dynamics, however, M 1 and M 2 demonstrated considerable differences in mechanical dynamics dependent on the loading conditions. The difference between isotonic and isometric rate of M 1 and M 2 during relaxation was clearly demonstrated in the physiological twitches (Figure 4), where we had an isometric-isotonic
relaxation sequence. Mechanical dynamics during isotonic relaxation were markedly
faster than during isometric relaxation. Time from stimulus did not seem to change the
rates of M 1 and M 2 markedly. The same may also be true for the afterloaded twitches
(Figure 3), although the transition from isotonic to isometric relaxation yielded a very
fast initial isometric stress decline.
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Figure 3: Total stress (A), relative length (B), M 1 (C), and M 2 (D) from a
series of afterloaded twitches at increasing afterload from isotonic to isometric.

In both the afterloaded and the physiological twitches, there were abrupt changes
between isotonic and isometric loading conditions. After these abrupt changes, there
seemed to be a small transition time before the mechanical dynamics followed the
expected isotonic or isometric patterns. In afterloaded relaxation, the change was
from fast (isotonic) to slow (isometric), and therefore the initial stress decline was fast.
So far, we have noticed the fast isotonic and the slow isometric rate of relaxation.
The auxotonic twitches were supposed to give a smooth transition from isotonic to
isometric loading. The rate of relaxation in the auxotonic twitches (Figure 5), in terms
of the two dimensionless expressions defined here, seemed to give a similar smooth
transition in the rate of relaxation; from isotonic towards isometric at increasing auxotonic load (ka ). We observed a decreasing rate of relaxation when ka increased from
isotonic towards isometric.
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Figure 4: Total stress (A), relative length (B), M 1 (C), and M 2 (D) from a
series of physiological twitches at increasing afterload from isotonic to isometric.

3.2

Peak Values of Intermediately Loaded Twitches

One requirement for the dimensionless expression of the mechanical dynamics was that
the peak value of the time trace should be equal for isotonic and isometric twitches.
In the examples in Figure 3 to 5, the peak values of the intermediately loaded twitches
were also close to the peak values of the isotonic and isometric twitches (max{M 1} =
max{M 2} = 1).
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Figure 5: Total stress (A), relative length (B), M 1 (C), and M 2 (D) from
a series of auxotonic twitches at increasing auxotonic load from isotonic to
isometric.

Table 1 presents the average peak values of the intermediate twitches (all twitches
except isotonic and isometric) of all twitch types and for both dimensionless expressions (M 1 and M 2). For M 1, the peak values were less than 1, and in general lower
for afterloaded and physiological twitches than for auxotonic twitches (paired t-test;
P<0.0001). This may be related to the discontinuities in the stress and length due
to the abrupt change between isometric and isotonic loading conditions [33]. When
we used instantaneous active stress in the dimensionless expression (M 2), we obtained
peak values close to one in all twitch types. The more equal peak values of M 2 in
afterloaded and physiological twitches compared to auxotonic twitches, are partly due
to the different distribution of twitches between isotonic and isometric and to the
non-linear passive stress-length relation (Figure 2).
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Table 1: Peak values of M 1 and M 2 in all twitches except isotonic and isometric twitches (n=9).
max{M 1(t)} (mean ± SD)
max{M 2(t)} (mean ± SD)

3.3

Afterloaded
0.931 ± 0.031
1.011 ± 0.035

Physiological
0.937 ± 0.034
1.016 ± 0.039

Auxotonic
0.961 ± 0.022
1.011 ± 0.022

All
0.944 ± 0.032
1.012 ± 0.032

Estimation of Peak Isometric Stress and Peak Isotonic Shortening

Based on the fact that the peak values of the intermediately loaded twitches were
close to the peak values of the isometric and isotonic twitches, it may be possible
to estimate the peak isometric stress and peak isotonic shortening from two or more
intermediately loaded twitches. The peak values from the M 2-expression were closest
to one. This expression, however, required that the passive stress-length relation was
known from isometric measurements, and therefore estimation of peak isometric stress
was not interesting. Expression M 1 only requires total stress and shortening from
at least two differently loaded twitches as input. Therefore, we used this expression
to estimate peak isometric stress and peak isotonic shortening. We used two different
methods as described in the Methods section. First, we used linear regression on all the
intermediate twitches (Eq. 3). Second, we calculated peak isometric stress and peak
isotonic shortening from all pairs of intermediately loaded twitches. The resulting
estimation errors from the two methods are presented as bar-plots in Figure 6 and 7.
As one would expect from the peak values in Table 1, we got a small underestimation
of the peak values with both methods. In auxotonic twitches, the estimation of peak
isotonic shortening was better than the estimation of the peak isometric stress. In
afterloaded and physiological twitches, the twitches were isometric in the first part of
the contraction before they were switched to isotonic. The average estimation error
and the variance were a little higher for the second estimation method (all pairs of
intermediate twitches).

4

Discussion

This study has presented two possible expressions for the mechanical dynamics of cardiac muscle twitches. Both expressions combine stress and length dynamics. This
makes it possible to compare the mechanical dynamics of twitches with different loading conditions from isotonic to isometric. Both expressions demonstrate fundamental
differences between the mechanical dynamics in contraction and in relaxation.
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Figure 6: Estimation error (mean ± SD, n= 9) from estimation of peak isometric stress (A and C) and peak isotonic shortening (B and D). Linear regression
with one on the intercept in A and B, and linear regression with the average
peak value of M 1 (Table 1) on the intercept in C and D.

4.1

Mechanical Dynamics in Twitches

Mechanical dynamics in the intact heart have traditionally been studied with different
measures like positive and negative peak dP/dt, positive and negative peak velocities,
and pressure-volume relations. Some of the measures have been normalized in different
ways and used as indices on contractility and diastolic function [4, 22]. Similar measures
for isolated muscles are peak dF/dt and vmax . Such measures may be misleading and
not represent the true mechanical dynamics in twitches with sequences of isotonic and
isometric phases. For example, in afterloaded twitches (Figure 3) peak dF/dt will
increase with increasing afterload level, until the afterload exceeds the force with peak
dF/dt in the complete isometric twitch. When normalized to, for instance, peak force,
the dependence on the loading condition is even more pronounced [32]. To be able to
visualize the qualitative differences in mechanical dynamics in twitches with different
loading conditions, we proposed two expressions of the mechanical dynamics as the sum
of normalized stress and shortening. Notice, that due to the same series of stabilization
twitches before each recorded twitch, the contractile state and metabolic state were
the same in all our experiments. Therefore, the differences in the M 1 and M 2 traces
are all load-dependent differences, and not differences in, for instance, contractility.
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Figure 7: Estimation error (mean ± SD, n= 9) from estimation of peak isometric stress (A and C) and peak isotonic shortening (B and D). Calculated
form all pairs of intermediately loaded twitches. Estimates calculated with one
on the intercept in A and B, and with the average peak value of M 1 (Table 1)
on the intercept in C and D.

4.2

Mechanical Dynamics during Contraction and Relaxation

When we used the proposed expressions (M 1 and M 2) to calculate the mechanical dynamics in twitches with different loading conditions from isotonic to isometric, the most
remarkable result was the difference between the contraction and relaxation phases.
Even when the contraction phase was separated in one isometric and one isotonic
phase, the contraction phase of the M 1 and M 2 traces had very similar shape. In
relaxation, however, the M 1 and M 2 traces were widely separated depending on the
loading condition and loading history. The latter demonstrates the concept of load
dependence of relaxation [9, 34]. The independence of the amount of shortening and
stress development on the contraction phase indicates that the common shape reflects
the relative time-course of recruitment of new cross-bridges. In isometric contraction,
this only adds force. Araki et al. [2] represent isovolumetric pressure rise with a function of the probability that the inhibitory effect of each single tropomyosin is removed
within a given time after stimulation. During shortening, the recruitment of new crossbridges compensates for the detachment of other cross-bridges and the reduction of the
single overlap region in the sarcomere [21].
Activation (contraction) and inactivation (active relaxation) may be balanced by
the level of free Ca2+ in the cytoplasm. During relaxation, there is a net amount of
Ca2+ that dissociates from troponin C and enters the cytoplasm, where it is pumped
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into the sarcoplasmic reticulum and out of the cell through the cell membrane. It has
been reported that force-bearing cross-bridges have a cooperative effect on activation [5,
11, 16, 18, 21, 31]. This may be partly responsible for the difference in rate of relaxation
in isotonic and isometric twitches. During isotonic lengthening, the number of cycling
cross-bridges must be higher than during isometric force decline at the same force.
Given a lower rate of inactivation for sites on the thin filament that are attached to
cross-bridges versus sites that are not attached to cross-bridges, the isotonic relaxation
will be faster than isometric relaxation.

4.3

Effect of the Transition between Isometric and Isotonic
Loading on Mechanical Dynamics

There are four different abrupt changes between the two extreme isotonic and isometric loading conditions in our experiments. These are 1) from isometric to isotonic
during contraction (Figure 3 and 4), 2) from isotonic to isometric during contraction
(Figure 8), 3) from isotonic to isometric during relaxation (Figure 3), and 4) from
isometric to isotonic during relaxation (Figure 4 and 8).
Not only the change in the number of cross-bridges determine the changes in active
stress. During shortening and lengthening, some cross-bridges will either be moved
from the single overlap region into the double overlap region (shortening) or in the
opposite direction (lengthening) [21]. This effect may be observed after abrupt changes
from isometric to isotonic or from isotonic to isometric loading. Other factors may also
be partly responsible for the observed transition in the dynamics after switches between
isometric and isotonic conditions. Viscous effects of muscle fibers and the surrounding
tissue may play a role as well as transition from kinetic to potential energy which may
be responsible for additional break-down of cross-bridges (in afterloaded twitches).
Brutsaert and Sys [9] explain the rapid initial force decline in afterloaded twitches as
an inherent property of the preceding lengthening process.

4.4

Estimation of Muscle Performance Parameters

Like in time traces of stress and length, it is possible to extract peak values and timing
parameters from the M 1 and M 2 traces. In afterloaded and physiological twitches with
sequences of isometric and isotonic loading conditions, it is not possible to measure time
to half contraction and time to half relaxation from individual stress and length traces.
This, however, is possible from the M 1 and M 2 traces.
We found that the M 1 expression could also be used to obtain estimates of the peak
isometric stress and peak isotonic shortening from intermediately loaded twitches. In
auxotonic twitches, the estimation of peak isotonic shortening was better than the
estimation of the peak isometric stress. This may be due to more auxotonic twitches
closer to isotonic than to isometric loading. In afterloaded and physiological twitches,
the twitches were isometric in the first part of the contraction before they abruptly
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Figure 8: Total stress (A), relative length (B), M 1 (C), and M 2 (D) from
a series of twitches with isotonic-isometric contraction sequence and isometricisotonic relaxation sequence at decreasing peak shortening from isotonic to isometric.

changed to isotonic. This may be the reason why these twitches had the best estimates
of peak isometric stress.
The average estimation error and the variance were a little higher for the second
estimation method (all pairs of intermediate twitches). With this method, some pairs
were close to each other and at the same time close to either isotonic or isometric
loading. In such cases, the estimation of the other extreme loading may be difficult.
We made no attempt to exclude such cases.
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4.5

Consequences for Cardiac Muscle Modeling

It is difficult to develop mathematical models of the cardiac muscle that incorporates
the differences in load dependence of contraction and relaxation and the many, more or
less coupled, underlying processes. Especially if one wants to simulate muscle twitches
over a wide range of loading conditions. A number of investigators use a compartment
approach in the modeling of the cardiac muscle function [21, 27, 31]. This model approach is especially suitable for modeling the calcium and thin filament activation. This
way it may be possible to incorporate cooperativity and length-dependent activation
related to calcium sensitivity [1]. One of the fundamental problems with this modelapproach is that it is to a high degree based on results from isometric and to some
degree calcium-activated experiments. It may, therefore, be a challenge to extrapolate
these models also to simulate non-isometric behavior adequately.
In a much more phenomenological approach, Araki and co-workers [2, 22, 25] has
fitted the isovolumetric pressure curve and isometric force curve to a combination of
two logistic functions. The problem with this approach is that it only represents isometric (and isovolumetric) conditions. The first function, representing the contraction
phase, should also fit to the contraction phase of the traces from our dimensionless expressions because these traces are very similar to the isometric force trace. This implies
that the logistic function of contraction may also represent non-isometric conditions or
sequences of isotonic and isometric conditions. It is also reasonable that it is possible
to fit the second function to the relaxation phase of the dimensionless expressions for
all the auxotonic twitches from isotonic to isometric. For the afterloaded and physiological twitches, however, there will be a transition between the slopes of two different
logistic functions representing the isotonic and isometric relaxation. This is again due
to the concept of load dependence of relaxation [9].
The results presented in this paper demonstrate a coupling between changes in
stress and changes in length in cardiac muscle twitches at a wide range of loading conditions. Quantitatively, for example as the relation between the peak isometric stress
development and peak isotonic shortening and the peak values of the intermediately
loaded twitches. Qualitatively, for example as the differences in rate of lengthening
and rate of stress decline. Such relations may be used as constraints on cardiac muscle
models.

4.6

Clinical Relevance

In a clinical setting, it is very important to distinguish between observations that
result from altered muscle properties and observations that result from altered loading
conditions [3]. Therefore, it has been focused on how to extract load-independent
indices of contractility from different measurements [4]. We have demonstrated that
for the whole range of afterloaded and auxotonic loading conditions from isotonic to
isometric, the sum of the normalized stress and shortening is nearly load-independent
during contraction. But, even though the pattern of the contraction phase is barely
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load dependent, the distribution of stress versus shortening has major implications on
the patterns of the relaxation phase.
This study shows that more stress development during contraction leads to a prolonged relaxation. Therefore, what may be interpreted as an impaired relaxation due to
a prolonged isovolumetric relaxation time (or rate), may in fact be a result of increased
systolic stress development due to pressure or volume overload.

4.7

Conclusions

This study has presented two possible expressions for the mechanical dynamics of cardiac muscle twitches. Both expressions combine stress and length dynamics. This
makes it possible to compare the mechanical dynamics of twitches with different loading conditions from isotonic to isometric. The M 2 expression had peak values close to
one for all twitch types and loading conditions, and M 2 may therefore better demonstrate the active dynamics of the muscle. However, with the M 1 expression it is
possible to obtain a rough estimate of peak isometric stress and peak isotonic shortening form measurements of total stress and shortening. Both expressions demonstrate
fundamental differences between contraction and relaxation dynamics.
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