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Abstract—Measurement of cell shortening is an important
technique for assessment of physiology and pathophysiology
of cardiac myocytes. Many types of heart disease are
associated with decreased myocyte shortening, which is
commonly caused by structural and functional remodeling.
Here, we present a new approach for local measurement of 2-
dimensional strain within cells at high spatial resolution. The
approach applies non-rigid image registration to quantify
local displacements and Cauchy strain in images of cells
undergoing contraction. We extensively evaluated the
approach using synthetic cell images and image sequences
from rapid scanning confocal microscopy of fluorescently
labeled isolated myocytes from the left ventricle of normal
and diseased canine heart. Application of the approach
yielded a comprehensive description of cellular strain includ-
ing novel measurements of transverse strain and spatial
heterogeneity of strain. Quantitative comparison with man-
ual measurements of strain in image sequences indicated
reliability of the developed approach. We suggest that the
developed approach provides researchers with a novel tool to
investigate contractility of cardiac myocytes at subcellular
scale. In contrast to previously introduced methods for
measuring cell shorting, the developed approach provides
comprehensive information on the spatio-temporal distribu-
tion of 2-dimensional strain at micrometer scale.

Keywords—Cardiac myocyte, Contraction, Strain, Non-rigid
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ABBREVIATIONS

DHF Dyssynchronous heart failure
EC Excitation–Contraction

INTRODUCTION

Efficient pump function of the heart requires con-
certed contraction of cardiac muscle cells (myocytes).
Contraction is commonly initiated by electrical acti-
vation of the myocytes. The term excitation–contrac-
tion (EC) coupling refers to the signaling cascade
transducing electrical activation into mechanical con-
traction and is based on calcium signaling.3 EC cou-
pling in cardiac myocytes is initiated by a small influx
of calcium through the membrane (sarcolemma),
which triggers calcium release from an intracellular
calcium store, the sarcoplasmic reticulum, into the
cytosol. The calcium diffuses within the cell. Binding of
calcium to the protein troponin C allows interactions
of actin and myosin filaments, which generate force
and induce cell shortening. The actin and myosin fil-
aments are located in sarcomeres, which are the con-
tractile units within cardiac myocytes.

Isolated cardiac myocytes are a major experimental
preparation to study physiological mechanisms
underlying contraction. Also, isolated myocytes are a
major research tool to investigate structural and
functional alterations by drugs and diseases. Several
methods have been introduced to measure mechanical
contraction in these cells. Early approaches for mea-
surement of contraction were based on transmitted
light microscopy and analysis of 1- or 2-dimensional
image sequences. Tameyasu et al. used retrospective
visual inspection of image sequences acquired at a
frame rate of 200 Hz to measure segmental shortening
in frog cardiac myocytes.27 Several groups developed
approaches based on 1-dimensional photodiode arrays
and automated cell length detection from photodiode
array data acquired at a rate of up to 1 kHz.11,15,18
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Steadman et al. introduced a video-based device that
applied an edge-detector to measure myocyte short-
ening at a frame rate of 60 Hz.26 Further measurement
approaches employed light diffraction to measure
sarcomere length.9,12 Diffraction instruments com-
monly apply a laser as a light source and have a spatial
resolution of several nanometers per half sarcomere.
Light diffraction methods can be applied to single cells
and multicellular preparations. These methods provide
1-dimensional information on Z-line spacing and
changes of this spacing during contraction. Recently
developed approaches use confocal and 2-photon mi-
croscopy for measurement of cell contraction. Analysis
of Fourier transformed image data determined the
changes of sarcomere length.4,16

A typical measure of contraction is myocyte short-
ening k, which is defined as:

k ¼ l

l0
ð1Þ

with the cell length at rest l0 and the length in the
contracted state l. Commonly, shortening is presented
in percentage. An alternative measure of contraction is
the Cauchy (or engineering) strain e defined as:

e ¼ l� l0
l0

: ð2Þ

Similar 1-dimensional measures have been estab-
lished for quantifying shortening of sarcomeres.

While the described approaches yielded valuable
insights into myocyte contraction, they only provide 1-
dimensional information on contraction of cells or
sarcomeres and do not yield information on transverse
strain in response to contraction. Furthermore, the
approaches lack high spatial resolution, which makes it
difficult to characterize subcellular heterogeneities.

Here we introduce a new approach for local mea-
surement of 2-dimensional strain within cells at a high
spatial resolution. We developed the approach based
on studies of synthetic cells and paced isolated myo-
cytes from the left ventricle of canine hearts. We used
cells from control animals and animals with dyssyn-
chronous heart failure (DHF), which is thought to lead
to severe remodeling of structures and functions
associated with EC coupling and contraction.2,5,13,14,21

Our approach is based on fluorescent labeling of the
sarcolemma. Many types of myocytes exhibit a spe-
cialization of the sarcolemma, the transverse tubular
system (t-system), which serves as the major initiation
site for EC coupling. Our approach takes advantage of
the spatial distribution of sarcolemma including t-
system within myocytes, which is imaged using rapid-
scanning confocal microscopy at high spatiotemporal
resolution. We applied a previously developed method

for non-rigid image registration to obtain a transfor-
mation describing the deformation between sequential
frames of contracting myocytes.19 We used this trans-
formation to quantify the local displacement and strain
within the myocyte during contraction. Finally, we
evaluated the approach by comparison with manual
measurements of strain.

MATERIALS AND METHODS

Animal Model and Cell Preparation

Animal studies complied with the Guide for the Use
and Care of Laboratory Animals published by the
National Institute of Health. All procedures were ap-
proved by the Animal Care and Use Committees of the
University of Utah.

The animal model and methods for cell isolation
have been previously described.5,6,13,14,21 Briefly,
mongrel canines were used as control and DHF
models. DHF animals underwent pacemaker implan-
tation with the pacing lead introduced through the
jugular vein and anchored in the right ventricular apex.
DHF was achieved by tachypacing in the right ven-
tricle at 180–200 BPM for 6 weeks. Success of the
model was determined by weekly ECGs and acquisi-
tion of hemodynamic data at the time of device
implantation and harvesting of cells. We provide a
description of our protocol for cell isolation in the
supplemental data.

Confocal Imaging and Image Processing

Isolated cells were incubated with 12.5 lM of the
Ca2+ sensitive dye Fluo-4 AM (Invitrogen, Grand
Island, NY, USA) for 20 min. Cells were then exposed
to 6.25 lM of the membrane staining dye Di-8-Anepps
(Invitrogen) for 8 min. The cells were allowed to settle
on the glass slide of a perfusion chamber attached to a
Zeiss LSM 5 Live Duo confocal microscope equipped
with a 639 oil immersion objective. The bath chamber
was held at 37 �C and perfused with a modified Tyr-
ode’s solution containing 2 or 4 mM Ca2+. In some
cases 1 lM isoproterenol (Iso), a non-selective beta-
adrenergic agonist, was added to the 4 mM Ca2+

solution to simulate beta-adrenergic stimulation. A
489 nm wavelength emitting diode laser was used to
excite both dyes simultaneously. Emitted light was
filtered using a dichromatic mirror with a cutoff
wavelength of 535 nm and bandpass filters of 505–610
and 560–675 nm to split the Fluo-4 and Di-8-Anepps
signals, respectively. Cells were field stimulated using a
current amplitude of 10 mA. The cells were condi-
tioned with a train of at least 10 stimuli at 0.5 Hz.
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Image acquisition was triggered 20–40 ms prior to the
final stimulus. Sequences of 100 2-dimensional images
with a size of 128 9 1024 pixels were acquired at a
frame rate of 4.6 ms/frame. Pixel sizes were
0.1 9 0.1 lm. Imaging was restricted to cells exhibit-
ing clear striations and a regular brick shape. Example
images acquired from a control cell are shown in
Fig. 1a. Images from a control cell in the presence of
isoproterenol and a DHF cell are presented in Sup-
plemental Figs. 1a and c, respectively.

Low frequency noise in Fluo-4 and Di-8-Anepps
images was filtered using Fourier transform. Crosstalk
in the two images was calculated and removed from the
Di-8-Anepps signal as previously described.23 Noise
reduction and background removal of the Di-8-Anepps
signal was performed by filtering with a discretized 2D
mean free Gaussian filter (13 9 13 pixels,
rx = ry = 0.2 lm). A mask of the cell interior was
created using predefined seed points and the watershed-
based method previously described.24 The cell mask
defined a region of interest for subsequent analysis,
allowing for the removal of extracellular debris and
segments from other cells. Results of this preprocessing
on the control cell, control cell in the presence of iso-
proterenol and DHF cell are presented in Figs. 1b–1d,
respectively. Additional examples for this processing
are provided in Supplemental Fig. 1. The cell mask, a
manually defined angle of orientation and a semi-au-
tomatically selected endpoint were used to create a
Euclidean distance map from the cell end. We used the
combination of the cell mask and distance map to
create regions of interest for the registration algorithm.

Manual Strain Measurement

Manual strain measurement of cells was performed
in raw image sequences using ImageJ (v1.48).22 In an
image of a cell at rest, a line with a width of 8 pixels was
drawn parallel to the longitudinal axis of the cell, while

intersecting the cell end and several t-tubules (Fig. 2a).
A second line was drawn intersecting the same struc-
tural landmarks of the cell in the image at peak con-
traction (Fig. 2c). The profiles of these two lines were
examined (Figs. 2b and 2d) and local intensity maxima
corresponding to the cell end and t-tubules identified.
The maxima locations were used to calculate distances
at rest and peak contraction. These distances were then
used to calculate the Cauchy strain (Eq. 2).

Synthetic Cells

Based on knowledge of geometry and microstruc-
ture of ventricular myocytes we generated cross-sec-
tional images of synthetic cells undergoing
homogeneous contraction. The synthetic cells had a
brick shape with a resting length, width and height of
100, 15 and 15 lm, respectively. Cells were assumed to
be iso-volumetric during contraction and exhibiting
transversely isotropic mechanical properties. Thus, for
a given longitudinal strain eLong, the transverse strain

eTrans was calculated as

eTrans ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1þ eLong
� �

s

� 1: ð3Þ

Cells were modeled to have a eLong of 210% at
maximal contraction, which results in a length and
width of 90 and 15.8 lm, respectively. The final eLong
of 210% was achieved in 10 linear steps, each at 1%
contraction of the original image. We assumed a
homogeneous distribution of t-tubules at a spacing of 2
and 1 lm in the longitudinal and transverse direction,
respectively. This resulted in 49 columns and 14 rows
of t-tubules. Spacing of the t-tubules was adjusted
according to the strain described above.

We rendered cross-sections of the synthetic cells in
2D images at an isotropic spatial resolution of
160 pixels/lm. Images were convolved with a 2D

FIGURE 1. Raw and preprocessed Di-8-Anepps images from ventricular cardiomyocytes. (a) Raw and (b) preprocessed Di-8-
Anepps images from control cell at different times during contraction. Preprocessed images of (c) control cell/Iso and (d) DHF cell
at 0 ms and at peak contraction. Scale bar in (a) applies to (b), (c) and (d): 10 lm.
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Gaussian filter (208 9 208 pixels, rx = ry = 0.5 lm).
Subsequently, the images were down-sampled to a
resolution of 10 pixels/lm.

Overall, five synthetic cells were created. Two
complete cells were rendered, one at 0� and one at 10�
rotation. Three cropped cells were rendered in an
image with a size of 128 9 1024 pixels. One of these
cropped cells had 0� rotation, while the other two had
a 5� rotation. One of the cropped cells with 5� rotation
was rendered as a de-tubulated cell. The de-tubulated
cell had all t-tubules within 10 lm of the cell end
removed.

Automated Strain Measurement

Non-Rigid Image Registration

Our approach for strain measurement in image se-
quences from contraction cells is based on establishing
a transformation T, which registers a reference image
Iref to a deformed image Idef. To register consecutive
images in the image sequences we applied a previously
developed efficient method for non-rigid image regis-
tration based on B-splines.19 Here, the transformation
for a control point mesh was obtained by minimizing
the cost of image registration CRegistration comprising

four cost terms:

CRegistration ¼ CSSD þ wBeCBe þ wLe1CLe1 þ wLe2CLe2

ð4Þ

with cost related to image similarity CSSD, bending
CBe, and linear elasticity, CLe1 and CLe2 , as well as the
weighting factors for their respective cost terms wBe,
wLe1, and wLe2. Full detail on the non-rigid image
registration method and cost terms is provided in the
supplemental material.

Strain Calculation

From the control point grid transformation, we
calculated the displacement field u:

u ¼ h0 � h; ð5Þ

where h and h0 are the original and deformed control
point positions, respectively. Spacing of the control
point grid in all presented studies was 1 lm in x- and y-
direction.

From the displacement field we calculated Cauchy’s
strain tensor e at each control point:

e ¼ 1

2
ruð ÞTþru

� �

¼
@ux
@x

1
2

@ux
@y þ @uy

@x

� �

1
2

@ux
@y þ @uy

@x

� �

@uy
@y

0

@

1

A

ð6Þ

with the gradient operator r. This strain tensor was
then rotated into the coordinate system of the myo-
cyte, which allowed us to determine the longitudinal
strain eLong ¼ e11 and the transverse strain eTrans ¼ e22.

For parameter sensitivity studies and stochastic
parameter optimization we assessed total cost of a
transformation obtained by non-linear image regis-
tration by a cost CIMG related to image similarity:

CIMG ¼ 1

N

X

N

n¼1

Iref nð Þ � Idef nð Þð Þ2 ð7Þ

and a second cost term Cr determined by the standard
deviation r of the longitudinal strain eLong and the

transverse strain eTrans:

Cr ¼ r eLong
� �2þr eTransð Þ2: ð8Þ

For these cost calculations only image values and
strains within a region of interest were considered.
These two terms determine the total cost CTotal:

CTotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CIMG þ cCr

p

ð9Þ

with the weighting factor c.
The algorithm calculated incremental strain ef at

each control point, which is defined as the strain
(longitudinal or transverse) between image f and fþ 1.

To obtain the total strain, efT, at image f, from initial

image f ¼ 1, we integrated mean incremental strains ef

using

FIGURE 2. Example of manual strain measurement. (a) Cell at rest with line of interest along longitudinal axis of cell starting at
cell end. (b) Intensity profile of line shown in (a). (c) Line of interest drawn in cell at peak contraction. (d) Intensity profile of line
shown in (c). Scale bar in (a) applies to (b): 10 lm.
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efT ¼
X

f

i¼2

ei�1 1þ ei
� �

 !

� 1: ð10Þ

Parameter Sensitivity

In order to investigate how weights of registration
costs affect the image registration results and strain
calculations we designed a parameter sensitivity study.
We varied the input parameters, in particular, weights
for the bending energy and two linear elasticity terms.
Weights of bending cost explored were 1021, 1022, …,
1028. Weights of both linear elasticity costs explored
were 100, 1020.25,1020.5, …, 1024. Overall, each
parameter sensitivity study led to a total of 2312 image
registrations.

Parameterization Based on Stochastic Optimization

We applied an approach for stochastic parameter
optimization to minimize total cost of image trans-
formation and the associated strain (Eq. 9). In previ-
ous work, we developed this approach for
parameterization of models of ion channels.1 The
approach iteratively evaluates variants of input
parameters wBe, wLe1, and wLe2 for registration of
image pairs. Initial values for optimization were
determined by the parameter sensitivity study de-
scribed above on sample frames from image sequences.
The algorithm then generates 80 parameter sets with
random perturbations (10–1000%) from the initial
parameter values constrained by the ranges
[1028 1021] for the weights of bending cost and
[1024 1020] for weights of the linear elasticity costs.
The cost CTotal for each parameter set was calculated.
Two parameter sets yielding the smallest CTotal were
used as initial values for the next iteration. Five iter-
ations were performed resulting in 400 calculations for
each image pair. The parameter set with minimal CTotal

after the 5th iteration was kept and the resulting
transformation was used for subsequent analyses.

Implementation

Image processing and the strain measurement
algorithm were implemented in MATLAB 2014a
(Mathworks, Natick, NA). We used a C++ imple-
mentation of a method for non-rigid image registration
(NiftyReg, v1.39).17 We provide further detail on the
implementation in the Supplemental Material.

RESULTS

Evaluation of Algorithm

Parameter Sensitivity Study on Synthetic Cells

We performed an extensive parameter sensitivity
study to investigate properties of non-rigid image
registration for strain measurement in cardiomyocytes.
We used synthetic cells with a homogeneous strain
distribution for this purpose. The sensitivity study re-
vealed that in these cells, minimal CIMG, i.e. maximal
similarity of the reference and deformed image, is not

associated with minimal r eLong
� �

and r eTransð Þ (Fig-

s. 3a and 3b), indicating heterogeneity of strain dis-
tributions after image registration. Because strain was
homogeneous in the synthetic cells, the measured
heterogeneity suggests a general issue in the applica-
tion of the described non-rigid image registration
approach for strain measurement. We thus developed a
simple cost function (total cost CTotal; Eq. 9) to include
measures of strain heterogeneity. Investigating this
cost function (Fig. 3c) revealed that various parameter
sets yield small CTotal while maintaining a small CIMG.

We present cost terms CIMG, Cr, and CTotal resulting
from image registration of a synthetic cell in Fig. 4.
Cost distributions were a complex function of
weighting parameters. Cost distributions exhibited
local maxima and minima, thus hindering traditional
optimization approaches for parameter identification.
However, various parameter combinations yielded
small CTotal.

FIGURE 3. Parameter sensitivity study on cropped synthetic cell. (a) Scatter plot of standard deviation of longitudinal strain
r eLong

� �

vs. cost of image similarity CIMG. (b) Scatter plot of standard deviation of transverse strain r eTransð Þ vs. CIMG. (c) Scatter plot
of total cost CTotal vs. CIMG.
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Strain Measurement in Synthetic Cells

We studied reliability of strain detection in various
synthetic cells. Minimizing the cost function described
in Eq. 9, we studied strain measurement in the com-
plete, unrotated synthetic cell (Fig. 5). A calculated
displacement field for 210% strain is shown in
Fig. 5b. Resulting displacement in long-axis (x) direc-
tion were 5 and 25 lm at the left and right cell end,
respectively. The displacement amplitude decays lin-
early to 0 lm at the center of the cell. Short-axis (y)
displacements also increased linearly from 20.5 pixels
to 0.5 lm from the top to bottom of the cell. The
measured displacements are consistent with the dis-
placements specified for a homogeneous eLong and

eTrans of 210 and +5.4%. Cauchy’s strain tensor e was

then calculated using this displacement field (Eq. 6). A
discretized map of the resulting strain tensors is shown
in Fig. 5c. Strain tensors were approximately uniform
within the cell, but strain outside of the cell varied
significantly. However, our analyses were restricted to
the cell interior.

Figure 5d shows the incremental strains calculated
for images with decreasing eLong to 210% and

increasing eTrans to 5% in 10 steps. Solid lines present
results of stochastic optimization (described above).
The black plus signs and squares present strain calcu-
lations with constant input parameters, which were
optimized for the first and second images. In this cell
differences between the static registration and the
stochastic optimization approach were small. Each
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FIGURE 4. Parameter sensitivity study on cropped synthetic cell. (a–d) Costs related to image similarity CIMG. (e–h) Costs related
to standard deviation of strain Cr. (i–l) Total cost CTotal. Bending weights wBe were set to (a, e, i) 1025, (b, f, j) 1026, (c, g, k) 1027 and
(d, h, l) 1028. Colorbars in (a, e, and i) apply to all plots of the respective costs.
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image in the sequence describes cell deformation for a
specific strain vs. the original image, thus eLong is not

constant at 1%. The minor negative slope is in agree-
ment with the specified eLong.

We assessed homogeneity of eLong and eTrans within
the cell (Fig. 5e). Standard deviation of strain from
registration of images 1 and 2 is smallest since optimal
parameter values were derived from the parameter
sensitivity study using these images. Overall the stan-
dard deviation is smaller than 0.1% for both strains.
We calculated the total strain (Eq. 10, Fig. 5f). eLong
decreased linearly from 21 to 210% in image 1–10
while eTrans increased from 0.5 to 5.4%, which is con-
sistent with the strain specified for the synthetic cell.

Strain Measurements in Rotated and Partial Synthetic
Cells

We next assessed reliability of the strain measure-
ment algorithm under realistic conditions for cell
imaging. We considered that imaged cells exhibit var-
ious angles and are only partially in the field of view
(Fig. 6). We investigated models of a complete and
rotated (Fig. 6a), cropped and unrotated (Fig. 6d),
cropped and rotated (Fig. 6g), and cropped, rotated
and partially de-tubulated cell (Fig. 6j). Incremental
strains using the stochastic parameter optimization

approach and static parameters for each of these
configurations are shown in Figs. 6b, 6e, 6h, and 6k.
Total strains are presented in Figs. 6c, 6f, 6i, and 6l.
While the stochastic optimization approach yielded
expected results for all cell configurations, using static
parameters led to several cases of inaccurate mea-
surements. This is most apparent in Figs. 6e and 6k.
Overall these studies indicate that strain measurement
based on stochastic parameter optimization is superior
vs. measurement applying static parameters.

A summary of strain measurements for all synthetic
cells is presented in Table 1. These data show that er-
rors between specified and measured strains are small
even using images of cells that were cropped, rotated,
and de-tubulated. Errors for eLong and eTrans were up to

0.1 and 0.3%, respectively. Importantly, the summary
suggests that the developed stochastic parameter
optimization approach was able to capture the strain
in a reliable manner. Furthermore the studies indicate
that reliability of strain detection is not affected by
limited field of view and density of t-system.

Strain Measurements in Ventricular Cardiomyocytes

We investigated the approach of stochastic param-
eter optimization introduced above in image sequences

FIGURE 5. Strain measurement in complete, unrotated synthetic cell. (a) Cell at 0% (red) and 210% eLong (blue). (b) Displacements
and (c) strain tensors associated with 210% eLong overlaid on cell at 0% eLong. Red and blue color represents shortening and
dilation, respectively, along the x-axis. (d) Calculated strain for each frame using a stochastic optimization approach (red and blue)
vs. a static parameter approach (square box and +). Transverse strain shown in blue and square box, longitudinal strain in red and
+. (e) Standard deviation of the longitudinal (red) and transverse (blue) strain for each frame. (f) Total strain using the stochastic
optimization approach (red and blue) vs. a static parameter approach (square box and +). Transverse strain shown in blue and
square box, longitudinal strain in red and +. Scale bar in (a) applies to (b) and (c): 10 lm.
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from rapid scanning of contracting ventricular myo-
cytes (Fig. 1 and Supplemental Fig. 1). In particular,
we explored if the approach is capable of detecting
heterogeneity of regional contraction. For this pur-
pose, we binned cells into 10 lm regions from the
longitudinal cell end and evaluated cost terms within
these regions. We measured regional incremental
(Figs. 7a, 7d, and 7g) and total strains (Figs. 7b, 7e,
and 7h) for a control cell in 4 mM Ca2+, a control cell
in 4 mM Ca2+ with isoproterenol, and a DHF cell in
2 mM Ca2+. We then analyzed the regional transients

of eLong and eTrans. In Table 2 we summarized quanti-

tative data from these analyzes.
The maximal incremental eLong and its timing varied

between all three cells. Time of maximal incremental
eLong was 32.2, 23.0, and 55.2 ms for the control,

control/Iso and DHF cell, respectively. Here, times are
related to first appearance of calcium signal, which
occurs shortly after pacing. Peak eLong and time to

peak eLong varied among the 3 cells: 213.7% at
170.2 ms for control, 225.7% at 253 ms for control
cell/Iso, and 211.0% at 271.4 ms for the DHF cell.
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FIGURE 6. Strain measurement in synthetic cells. (a, d, g, j) Images of cells with 0% (red) and 210% eLong (blue). (a) Fully padded
synthetic cell rotated by 10�. (d) Cropped synthetic cell with no rotation. (g) Cropped synthetic cell rotated by 5�. (j) Cropped
synthetic cell rotated by 5� and de-tubulated within 10 lm of cell end. (b, e, h, k) Incremental strain and (c, f, i, l) total strain for each
frame in the longitudinal (red) and transverse (blue) directions. Results from the stochastic parameter optimization approach (red
and blue lines) are contrasted with results from the static parameter approach (square box and +). Scale bars: 10 lm.

TABLE 1. Quantitative results of strain measurement in synthetic cells.

Cell Set eLong (%) Measured eLong (%) DeLong (%) Set eTrans (%) Measured eTrans (%) DeTrans (%)

Complete 210.0 29.9 0.1 5.4 5.4 0.0

Complete and rotated 210.0 210.1 0.1 5.4 5.4 0.0

Cropped 210.0 210.0 0.0 5.4 5.5 0.1

Cropped and rotated 210.0 210.0 0.0 5.4 5.6 0.2

Cropped, rotated, and de-tubulated 210.0 210.1 0.1 5.4 5.7 0.3

Corresponding cells are shown in Figs. 4a, 5a, 5d, 5g, and 5j. Set eLong is the strain specified for the synthetic cells. Measured eLong is peak

longitudinal strain measured using stochastic parameter optimization. DeLong is the difference between the mean of Set eLong and Measured

eLong. Set eTrans is the specified transverse strain calculated using Eq. 3. Measured eTrans is the peak measured transverse strain using

stochastic parameter optimization. DeTrans is the difference between Set eTrans and Measured eTrans.
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Both control cells did not display major differences
between the four regions over the course of contrac-
tion. However, the DHF cell exhibited a ~40%
reduction in peak eLong within 0–10 lm when com-

pared to the other regions, which showed only minor
differences of peak eLong.

Comparison of measured eLong and eTrans revealed
an inverse relationship. In all cells, decreased eLong was

associated with increased eTrans. Similar as for eLong the
DHF cell exhibited a large heterogeneity of eTrans, with
small values found at the cell end. In all cells, predicted
eTrans (Eq. 3) was not in agreement with measured
eTrans.

To evaluate reliability of the developed approach we
compared calculated results with results from manual
strain measurement. Results from manual strain mea-
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FIGURE 7. Strain measurement in ventricular cardiomyocytes. (a, d, g) Incremental and (b, e, h) total eLong. (c, f, i) Manual
measurement of eLong. Calculated eLong in (a–c) control cell, (d–f) control cell/Iso and (g–i) DHF cell.

TABLE 2. Quantitative results of strain algorithm on ventricular cardiomyocytes.

Cell

Range

(lm)

Manual

eLong (%)

Measured

eLong (%) DeLong (%)

Predicted

eTrans (%)

Measured

eTrans (%) DeTrans (%)

Control 0–10 213.8 ± 1.2 (n = 5) 213.5 0.3 7.5 6.9 0.6

10–20 213.2 ± 1.1 (n = 5) 214.0 0.8 7.8 6.6 1.2

20–30 214.0 ± 0.8 (n = 2) 213.7 0.3 7.6 5.1 2.5

30–40 213.5 (n = 1) 213.0 0.5 7.2 5.8 1.4

Control/Iso 0–10 223.1 (n = 1) 224.4 1.3 15.0 7.5 7.5

10–20 226.5 (n = 1) 225.7 0.8 16.0 8.3 7.7

20–30 – 223.7 – 14.5 7.8 6.7

30–40 225.0 (n = 1) 223.1 1.9 14.1 9.0 5.1

DHF 0–10 26.3 ± 0.8 (n = 5) 26.5 0.2 3.4 20.3 3.7

10–20 212.0 ± 1.8 (n = 5) 211.0 1.0 6.0 2.9 3.1

20–30 210.5 ± 0.6 (n = 2) 210.6 0.1 5.8 1.7 4.1

30–40 – 210.0 – 5.4 3.8 1.6

Control, Control/Iso and DHF cells are shown in Figs. 1b, 1c, and 1d respectively. Manual eLong is the average of the manual strain calculation

for each region, reported as mean ± standard deviation with the number of points, n, measured for the region. Measured eLong is the peak

longitudinal strain measured using stochastic parameter optimization. DeLong is the difference between the mean of Manual eLong and

Measured eLong. Predicted eTrans is the transverse strain calculated by Eq. 3 using Measured eLong. Measured eTrans is the peak measured

transverse strain using stochastic parameter optimization. DeTrans is the difference between Predicted eTrans and Measured eTrans.
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surements are plotted in Figs. 7c, 7f and 7i. Control
cells exhibited homogeneous eLong within all regions,

while the DHF cell showed decreased eLong within 0–

10 lm of the cell end. For all cells and regions, the
difference between calculated and measured eLong was

small (Table 2).

DISCUSSION

In this study, we introduced and evaluated an
approach for measurement of regional strain in image
sequences of contracting cardiac myocytes acquired
with rapid scanning confocal microscopy. The
approach is based on non-rigid image registration and
calculation of strain from registered images. In con-
trast to previously developed approaches the approach
is capable of measurement of longitudinal and trans-
verse strain at microscopic scale in 2-dimensions.

We applied synthetic cells to develop and exten-
sively evaluate the approach. We further explored the
approach in a control cardiomyocyte, a cell with drug-
increased contractility, and a cell from an animal
model of heart failure. The presented analysis of
measured strain profiles indicate that the approach
facilitates quantitative characterization of contractility
of cardiac myocytes. In particular, application of the
approach allowed us to comprehensively quantify cell
contractility and regional heterogeneity of cell con-
traction in heart failure cells. Contraction in control
cells with or without adrenergic stimulation was
regionally homogenous. Adrenergic stimulation was
associated with accelerated and largely increased
shorting (more negative eLong) vs. control. DHF was

associated with delayed and decreased shortening (less
negative eLong), which is consistent with previous

measurements,7 as well as regional heterogeneity of
contraction, which has not been reported before.

While it is well established that various types of
heart failure are associated with microstructural
heterogeneity of cardiomyocytes,13,14 effects of this
heterogeneity on regional contraction have not been
studied. In our previous work, we found regional
structural remodeling, in particular, de-tubulation at
cell ends in DHF,13 which might explain the finding of
reduced shortening detected by the developed
approach. Some degree of de-tubulation at the cell end
is also visible in the studied DHF cardiomyocyte
(Fig. 1d). The presented development was motivated
by our interest in effects of this heterogeneity on con-
traction. We suggest that the developed approach
provides researchers with a crucial tool to investigate
regional heterogeneity of contraction. Additionally,

the approach provides additional information on
strain vs. previously employed methods. We anticipate
that improved description of the mechanical properties
of contracting myocytes using these measurements will
lead to further development and evaluation of com-
putational models of myocyte contraction.20

In initial studies with synthetic cells we found that
various choices of parameters for image registration
were associated with high similarity of registered
images, but strains measured from these registrations
varied widely within the cell (Fig. 3). Thus, it is not
possible to use them without modification for reliable
measurement of regional cellular strain. We added a
cost term to restrict the regional strain variability,
while maintaining high similarity of registered images
(Eq. 9). The results of the parameter sensitivity study
show that even this cost term yields many maxima and
minima. This hinders the ability of traditional methods
for minimization to converge and find a global mini-
mum. Thus we implemented a stochastic optimization
approach using a total cost term for parameterization
of image registration, which was crucial to avoid issues
resulting from static parameterization of the image
registration (e.g. Figs. 6e and 6g). We investigated
several variants of synthetic cells including cells that
were cropped and rotated within the image similar to
what is seen in our imaging sequences from rapid
scanning confocal microscopy (Fig. 1 and Supple-
mental Fig. 1). Strain measurements from those cells
and a synthetic cell with sparse t-system suggested that
the developed stochastic optimization approach is
robust with respect to imaging conditions and
microstructural variation of cells.

Our approach provides information on transverse
strain in addition to the conventionally measured
longitudinal strain. None of the methods developed
over the last 3 decades described in the ‘‘Introduction’’
section were capable of or attempted to extract this
information. The measured strain yielded an inverse
relationship between eLong and eTrans, which reflects

volume preservation that is commonly assumed during
myocyte contraction. However, the prediction of eTrans
based on eLong and assuming volume preservation and

transversely isotropic mechanical properties (Eq. 3)
yielded larger values than our measurement of eTrans.
This might be explained by transversely anisotropic
dilation of contracting cells. Commonly, isolated cells
are lying flat on the glass slide, i.e. cell height is smaller
than width. The imaging section is parallel to the 1st
and 2nd principal axis of myocytes. To account for
volume preservation and our resulting measurements,
eTrans would be required to be larger along the 3rd than
the 2nd principal axis. Anisotropy in the transverse
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strain could be caused by anisotropic mechanical
properties of cells resulting from cellular microstruc-
ture, for instance, by anisotropic arrangement of the
cytoskeleton. A recent modeling study using isotropic
material properties estimated that during shortening
the magnitude of longitudinal strain inside the cell is
about two times the magnitude of both transverse
strains.25 This study supports our hypothesis that an-
isotropic mechanical properties of cells are required to
explain our finding of transversally anisotropic strains.
While we cannot relate our findings to the established
anisotropic strain and stress distribution in the whole
heart,20 we believe that our studies provide a founda-
tion for investigations of this relationship.

We evaluated our approach for strain measurement
using manual detection in image sequences during
contraction of cardiac myocytes. Manual strain
detection was based on analyzes of images from cells at
rest and peak contraction. While manually measured
and calculated strains were in agreement for all
investigated cells, we note several major difficulties
with the approach for manual measurements. First of
all, small differences of peak image intensity detection
strongly affect strain calculations. In particular at the
cell end, local intensity profiles might exhibit peaks
that are not corresponding to a single location, but
produced by overlay of several structures that are
displaced during contraction. A further issue is related
to structures that move into and out of the field of
view. Here, correspondence of profiles at rest and in
contraction cannot be established.

LIMITATIONS

We discussed limitations of our methods for cell
labeling and rapid scanning confocal microscopy pre-
viously.13,28 In short, confocal microscopy has a lim-
ited spatial and temporal resolution. Imaged
structures, i.e. Di-8-anepps labeled sarcolemma, are
thin (~5 nm), thus images of those structures are
strongly affected by the point-spread function of the
imaging system.8 We did not explore methods of image
deconvolution to reduce this artifact. We do not be-
lieve that limited temporal resolution affected the
presented strain measurements, because inspection of
the strain profiles caused by contraction did not indi-
cate frequency components beyond what can be cov-
ered by a sampling of 4.6 ms/frame based on the
sampling theorem. Also, images from confocal micro-
scopy are affected by several sources of noise. To re-
duce effects of noise on strain detection we applied
filters for noise reduction. A limitation of our
approach is its dependence on t-system distribution as
structural markers within the cell. Alternative labeling

approaches in living cells are currently in development
and include fluorescent markers of intracellular orga-
nelles, in particular, mitochondria and sarcomeric
proteins.10 A limitation of our study is that we inves-
tigated only contraction and neglected relaxation.
While, this was motivated by our focus on character-
izing contractility of diseased cells, we do not expect
issues with applying the approach for measurements of
cell relaxation. We evaluated our approach using iso-
lated cells. However, in principle, it is possible to ob-
tain similar image data from tissue and isolated heart
preparation indicating that our approach can be useful
for studies of tissue and heart contractility. While our
image data also includes information on calcium sig-
naling, we did not attempt to establish a relationship
between calcium and contraction. In our previous
work, we present calcium transients from the applied
animal models and methods for their analyzes.13,21 We
suggest that integration of these methods with the
presented approach will lead to novel insights into the
subcellular relationship between calcium and contrac-
tion. An additional limitation is that isolated car-
diomyocytes are known to exhibit decreased
contractility due to the lack of adrenergic stimulation,
diastolic stretch, and other inotropic factors found
in vivo. For this reason, [Ca2+]0 was increased to above
physiological concentrations in order to obtain larger
and apparently more physiological strains.
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