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a b s t r a c t

Optical mapping is a widely used imaging technique for investigating cardiac electrophysiology in intact,
Langendorff-perfused hearts. Mechanical contraction of cardiac tissue, however, may result in severe
motion artifacts and significant distortion of the fluorescence signals. Therefore, pharmacological
uncoupling is widely used to reduce tissue motion. Recently, various image processing algorithms have
been proposed to reduce motion artifacts. We will review these technological developments. Further-
more, we will present a novel approach for the three-dimensional, marker-free reconstruction of con-
tracting Langendorff-perfused intact hearts under physiological conditions. The algorithm allows
disentangling the fluorescence signals (e.g. membrane voltage or intracellular calcium) from the me-
chanical motion (e.g. tissue strain). We will discuss the algorithms reconstruction accuracy, resolution,
and robustness using experimental data from Langendorff-perfused rabbit hearts.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction entire surface of a heart using two or more cameras and to create
Fluorescence imaging techniques are widely used in the bio-
physical sciences to visualize electrophysiological processes in cells
and tissues. In basic cardiological research, fluorescence imaging is
referred to as optical mapping when used to study the propagation
of electrical excitation in the heart (Salama andMorad,1976;Morad
and Salama, 1979; Salama et al., 1987). Optical mapping provides
high-resolution visualizations of electro-chemical wave phenom-
ena such as membrane potential or calciumwaves evolving rapidly
across the heart surface (Efimov et al., 1994; Choi and Salama,
2000). Providing maps of vortex wave dynamics during heart
rhythm disorders such as ventricular fibrillation, the imaging
technique has had a tremendous impact on the understanding of
cardiac arrhythmias (Davidenko et al., 1992; Pertsov et al., 1993;
Jalife and Gray, 1996; Gray et al., 1998; Witkowski et al., 1998).
Today, optical mapping is recognized as the gold-standard imaging
technique in the field. Optical mapping has been used to image
normal and abnormal activity in intact hearts, wedge preparations
of ventricles and atria, papillary muscle and cell culture prepara-
tions. Optical mapping has been performed in various species
including excised human hearts (Nanthakumar et al., 2007). With
modern multi-camera imaging setups, it is possible to image the
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panoramic maps representing the activity on the shape of the outer
epicardial surface using calibrated cameras and techniques for the
reconstruction of the three-dimensional heart geometry (Kay et al.,
2004; Rogers et al., 2007; Qu et al., 2007).

One of the major shortcomings of optical mapping, as it is pres-
ently most commonly conducted, however, is its sensitivity to mo-
tion. Even the slightest motion can cause severe motion artifacts.
These artifacts superimpose the wave patterns appearing in the
opticalmapsandcanprohibit furtheranalysis of the imagingdata.As
a result, isolated hearts and other heart tissue preparations are
typically imaged under ostensibly unphysiological conditions: any
contractilemotion or beating of the tissue is being suppressed using
pharmacological excitation-contraction uncoupling agents. Never-
theless, it has been shown that motion does not constitute a
fundamental limitation of opticalmapping. Recent advancements of
optical mapping indicated that undesired effects caused by motion
can be efficiently reduced by applying numerical computer vision
techniques, tracking the motion and stabilizing the image data. In
this regard, several algorithms for post-acquisition motion artifact
removal have been introduced, see section 1.3. Despite significant
progress in thefield, however, opticalmapping of contracting hearts
using numerical motion-compensation algorithms is not yet
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Fig. 1. Optical mapping is a combination of optical and numerical techniques: the
optical part consists of fluorescent dyes, illumination, filtering and high-speed detector
technology able to resolve small changes in fluorescence caused by physiological ac-
tivity at a high temporal (ms) resolution. The numerical part comprises algorithms for
the amplification of the small signals (action potentials) and their visualization as
spatio-temporal patterns. The adaptation of computer vision algorithms in the nu-
merical part has driven recent advancements that allow to perform optical mapping
with moving tissues.
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commonly used. Being able toperformopticalmapping studieswith
beating hearts or other contracting cardiac tissue preparations is a
highly desired objective in basic cardiac research. Measurements
that could directly relate electrical and mechanical function of the
heart would provide invaluable information about the mechanisms
underlying cardiac disease and heart rhythm disorders.

Here, we discuss the problem of motion artifacts emerging in
optical mapping recordings of contracting hearts. We discuss con-
cepts to significantly reduce motion artifacts and review the cur-
rent advances in the field. We also present a novel three-
dimensional motion tracking method and data obtained in an op-
tical mapping study with isolated beating rabbit hearts, showing
action potential wave propagation across the three-dimensional
deforming surface of the contracting ventricular wall.

1.1. Optical mapping

Optical mapping combines fluorescence imaging techniques
and computational post-processing, creating optical filtering-
mediated signals, which relate directly to electrophysiological
processes. One of the most essential components of optical map-
ping is that the optical signals need to be amplified numerically
before maps of impulse propagation or wave patterns can be
visualized, see Fig. 1. In particular, the adaptation of computer
vision algorithms in the numerical part of optical mapping has
driven recent advancements that allow one to perform optical
mapping with moving tissue, see section 1.3. Optical mapping
employs fluorophores to measure wavelength-dependent light-
tissue interactions across fields of view ranging from hundreds of
micrometers to several centimeters. The fluorophores are typically
fluorescent dyes introduced to the tissue via perfusion. However,
fluorophores can also be readily existent and native to genetically
modified tissues. Tissues are illuminated using wavelength-
selected excitation light. The light excites the fluorophores, which
alter their fluorescing properties in response to physiological ac-
tivity. These effects are then simultaneously mapped across the
tissue as it is collected by an optical system comprising optical fil-
ters, lenses and a detector. A dichroic mirror separates the excita-
tion and the fluorescent light and an emission filter selects parts of
the emission spectrum and lets them pass onto the detector. The
detector measuring the emission light is typically the sensor of a
high-speed, high dynamic range, camera operating at speeds
ranging typically in between 100 to 10;000 frames per second. The
high dynamic range of the camera is prerequisite for the ability to
amplify the usually small-amplitude fluorescent signals DF , which
need to be extracted from the overall raw fluorescent light F. While
the first optical mapping systems used photodiode arrays (PDA) as
detectors, modern systems are using charge-coupled devices (CCD
or EMCCD) or complementary metaloxidesemiconductor (CMOS or
sCMOS) sensors. The sizes of the detector arrays typically range
from 100� 100 to 512� 512 pixels in modern cameras, where
there is a trade-off between image resolution and maximum frame
rate.

Optical mapping is most commonly employed to image elec-
trochemical processes, such as action potential activity or fluctua-
tions of intracellular calcium concentrations on the heart surface.
The specific combinations of dyes, excitation light and filtering
configurations used for probing the specific electrophysiological
parameters determine the nature of the fluorescent signal that is
measured on the detector. For instance, the widely used potentio-
metric fluorescent dye di-4-ANEPPS causes small intensity drops
that directly reflect the course of an action potential, see Fig. 1 (the
original signal was inverted). During the depolarization of a cardiac
myocyte the emission spectrum of the dye is shifted towards
shorter wavelengths. Filtering the emission light with a long-pass
emission filter with a cut-off frequency positioned within the
slope, close to the peak of the emission spectrum results in an
emission intensity change on the detector that is approximately
linearly proportional to the membrane potential. For di-4-ANEPPS
the typical fractional change DF of the overall fluorescent light F
is in the order of 3� 10% per 100 mV. As a consequence, one can
observe waves of small-amplitude intensity modulations in the
emission light on the detector, which represent action potential
waves. Fractional changes DF can be both smaller and range in the
order of a few percent and be just barely above noise, for instance
when mapping the response of fluorophores in transgenic tissue,
and larger, for instance when using dyes such as Rhod-2AM or
FluoVolt, which may produce fractional changes of about 20% per
100 mV respectively. Independently of the particular fractional
change, the optical signals are prone to perturbations and their
acquisition requires sensitive imaging equipment and stable im-
aging conditions, particularly if one discusses the technique in the
context of motion. The intensity modulations immediately caused
by electrophysiological activity can easily be superimposed and
distorted or masked by flickering of unstable light-sources, jitter of
the exposure times of the detector or other noise. Motion artifacts
arise in optical mapping experiments due to the interruption of the
highly sensitive measurement as the imaged tissue contracts, de-
forms or moves, see section 1.2.

Optical mapping can be performed acquiring multiple parame-
ters simultaneously using multi-bandpass filtering and multiple
fluorescent dyes together. Simultaneous mapping of membrane
potential and intracellular calcium, for instance, has been intro-
duced by Efimov et al. (1994) and Choi and Salama (2000). In the
dual optical mapping system reported by Choi and Salama (2000),
two synchronized and geometrically aligned detector arrays mea-
sure voltage and calcium simultaneously. Dual optical mapping
with only a single camera has been proposed by Lee et al. (2011). In
this approach, voltage and calcium is measured consecutively by
rapid switching of two excitation light sources and an appropriate
emission filter configuration. The development of multi-camera
systems for panoramic optical mapping was introduced by Kay
et al. (2004), Rogers et al. (2007) and Qu et al. (2007). Panoramic
optical mapping aims at imaging larger parts or the entire surface
of the heart by filming the heart from multiple perspectives
simultaneously, reconstructing the three-dimensional surface ge-
ometry and projecting the video data onto the static surface. With
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panoramic optical mapping it has been possible to obtain 360� vi-
sualizations of reentrant wave dynamics during ventricular tachy-
cardia and fibrillation on the entire surface of isolated hearts
(Rogers et al., 2007). While the recent developments of optical
mapping have continuously increased the capabilities of re-
searchers to study the heart's electrophysiological activity, optical
mapping is yet not widely performed with contracting hearts. For a
general review of optical mapping see Efimov et al. (2004); Salama
(2001); Herron et al. (2012).
1.2. Motion artifacts

Optical mapping is very sensitive to any contractile or trans-
lational motion. Even the slightest motion may result in a signifi-
cant distortion of the measurement of action potentials or calcium
transients on the heart surface. The distortions that can be
observed in the measurement data may range from moderate de-
flections of the signals, for instance, if hearts exhibit residual con-
tractions after mechanical or pharmacological motion inhibition, to
completely obscured signals when imaging freely beating hearts.
Generally, the distortions are referred to asmotion artifacts. Motion
artifacts are recognized since the early days of optical mapping
(Brandes et al., 1992; Knisley et al., 2000; Lee et al., 2001), since
hearts exhibit frequently residual contractions despite motion
suppression. While such residual motion artifacts have always
provoked efforts to suppress motion as efficiently as possible,
nowadays cardiac motion is recognized as valuable information
rather than an undesired root for artifacts, that is worth being
analyzed during optical mapping (Bourgeois et al., 2011; Christoph,
2015; Zhang et al., 2016; Kay and Efimov, 2016).

Motion artifacts originate, mainly and firstly, from a dissociation
of the tissue segment aimed to be measured on the heart surface
and the corresponding pixel on the detector due to motion of the
heart with respect to the detector, see Fig. 2. Motion leads to sliding
of the image scene through the detector plane. As a result, fluo-
rescence is measured from various locations instead of from only
one. Fig. 2a) shows two video images of a contracting rabbit heart,
mapped with voltage-sensitive staining (di-4-ANEPPS) during si-
nus rhythm. The heart deforms strongly and individual tissue
segments exhibit large translational motion. A tissue segment that
was tracked throughout the video sequence numerically is indi-
cated by black dots for two different times t1 and t2 in the cardiac
cycle. The distance between the two dots indicates how far the
tissue segment has moved. Furthermore, it becomes immediately
apparent that it is impossible to measure the fluorescence emitted
by the tissue segment using the same pixel of the detector. The
tissue segment and the pixel become dissociated. The schematic
drawing illustrates the corresponding situation, in which the allo-
cation of a pixel with a particular tissue segment becomes
compromised due to motion. A brighter piece of tissue could move
into the position, in which earlier a darker piece of tissue was
located and vice versa. The misalignment in the measurement
procedure may not always be apparent, in particular, if the tissue
surface exhibits a homogeneous texture or vanishing image in-
tensity gradients. In terms of signal deflections, the misalignment
becomes critical if the scene in the fluorescence emission image
exhibits large differences in intensity baseline. This becomes the
case if, for instance, the heart is filmed in front of a dark back-
ground, is illuminated inhomogeneously, or if other objects in the
experimental setup obstruct the field of view or create shadows on
the heart surface. However, even if the scene is illuminated ho-
mogeneously and shows only a locally contracting ventricular wall,
the tissue surface itself typically exhibits a heterogeneous texture
consisting of brighter and darker anatomical structures that can
range in their intensity variations easily in the same order as the
small, physiology-related fractional changes DF in fluorescence
intensity, see Fig. 2. Fig. 2b) illustrates how in such cases even small
amplitudes of motion can cause significant motion artifacts. The
data shows the left ventricular surface of a contracting, fibrillating
rabbit heart filmed using voltage-sensitive optical mapping
(Christoph, 2015). The local texture reflecting the tissue anatomy is
clearly visible as a network-like grayscale pattern. Local shifts due
to motion of the tissue are relatively small, but range in the order of
a few pixels (1� 3 pixels). The two optical traces on the right were
obtained from two adjacent sites on the surface. Despite their
proximity, the time-series that were obtained from the corre-
sponding pixels reveal a significant difference in baseline. The
signal strength of the sequence of action potentials itself, indicated
by gray bars, is smaller than the difference in baseline. It becomes
obvious that in this situation even small shifts of the tissue can lead
to strongmotion artifacts. The time-series contain a significant drift
of the baseline and the normalized videos (not shown) show the
typical high-frequency spatial pattern that is characteristic for
motion artifacts.

Motion artifacts also originate from illumination changes due to
relative motion between the heart surface and the light sources as
the heart moves, see also Fig. 2. The illumination in optical mapping
setups is inhomogeneous. As the heart beats, it changes its position
and orientation with respect to one or multiple different light
sources. These light sources cause an illumination intensity distri-
bution or light-field in three-dimensional space with local minima
and maxima in illumination intensity. As the heart moves through
the scene, illumination changes may lead to baseline drifts, which
then add to motion artifacts already caused by dissociation. Motion
artifacts caused by motion in an inhomogeneous light-field are
likely to emerge particularly during sinus rhythm, when overall
translational motion of the heart is large, and often much larger
than during pacing or arrhythmic cardiac activity. Illumination
motion artifacts are likely to occur in video data that shows large
intensity gradients, for instance, dark vignettes towards the
boundaries of the video image, but they may also occur in video
data that shows a seemingly homogeneously illuminated heart.
Motion artifacts may also originate from other factors, such as ab-
sorption and emission changes of fluorescent dyes during de-
formations of the tissue, but their contribution is difficult to
determine.

Motion artifacts are most easily identifiable by the distortions
that they introduce to the characteristic course of the cardiac action
potential. Typically, the steep upstroke may become disrupted or
the long repolarization plateau of the action potential is shortened
or elongated or includes other deflections that cause an action
potential shape that can be clearly separated from its normal
morphology. In Fig. 2a), the gray time-series illustrates howmotion
may alter the shape of the action potential. For comparison, the
black trace shows the evolution of the action potential recovered
after motion tracking and stabilization, see section 1.3. However,
the manifestation of motion artifacts can be manifold and does not
always have to be immediately apparent. The entire time-series
may contain baseline drifts or modulations, that vary with the
amplitude and frequency of the motion. Video images, inwhich the
signals were converted by normalizing the individual time-series to
their maximal and minimal intensity values in time, typically
include a high-frequency spatial pattern that is modulated by the
motion occurring in the scene. The strength of motion artifacts
increases with the amplitude of the shifts of the tissue and the local
intensity gradients present in the video image. With large



Fig. 2. a) Motion artifacts in optical mapping studies caused, firstly, by dissociation of measurement site on heart surface and pixel on detector due to relative motion and, secondly,
by illumination changes due to relative motion between heart and light sources (here 1, 2 and 3 with different intensities). Black dots on heart surface in video images indicate same,
tracked tissue segment during two different times t1 and t2 in the cardiac cycle during sinus rhythm. The corresponding raw optical trace (gray) without motion tracking and
compensation contains significant distortions of the action potential. The stabilized optical trace (black) obtained through tracking and co-moving analysis shows significantly
reduced motion artifacts. Schematic drawing adapted and modified from Stender et al. (2013). b) Optical traces during ventricular fibrillation on left ventricular surface of con-
tracting rabbit heart obtained during voltage-sensitive optical mapping. The traces were measured in two adjacent sites being located only a few pixels (5� 10) apart from each
other on the detector. The difference in baseline (� 2000 counts) in the time-series can cause potential motion artifacts. The amplitude of the signal (gray bars) in both traces is in
the order of DF � 1000 counts. Even very slight motion can cause the brighter or darker patterns from neighbouring pixels to move into the position fromwhich the time-series was
obtained (dissociation). As a consequence, the baseline of the time-series is modulated.
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translational motion and large intensity gradients in the video
images, motion artifacts can even become so strong that action
potentials become entirely obscured or do not remain recognizable
any longer at all in both the time-series or the normalized videos.

Motion has been suppressed in optical mapping studies by
mechanically restricting hearts (Laurita et al., 1998) or reducing the
calcium concentration in the perfusate (Salama and Morad, 1976).
However, more commonly, the cardiac contractile activity itself has
been suppressed pharmacologically by applying excitation-
contraction uncoupling agents such as diacetyl monoxime (DAM),
(Li et al., 1985), 2,3-butane-dione monoxime (BDM) (Gwathmey
et al. (1991)), or Blebbistatin, (Fedorov et al., 2007). However, the
species-dependent electrophysiological side-effects of these agents
have to be carefully considered. Riccio et al. (1999) show that
diacetyl monoxime reduces the slope of the restitution relation,
prevents the induction of ventricular fibrillation and converts
existing ventricular fibrillation into a periodic rhythm in dog hearts.
Baker et al. (2004) investigated the effects of mechanical un-
couplers, diacetyl monoxime, and cytochalasin-D on the electro-
physiology of perfusedmouse hearts and found that the uncouplers
cause a prolongation of action potential durations and refractory
periods, which, in principle can have proarrhythmic effects.
Fedorov et al. (2007) introduced Blebbistatin as an electro-
mechanical uncoupler. While they did not observe any appre-
ciable electrophysiological side-effects, Brack et al. (2013) report
that Blebbistatin may significantly affect cardiac ventricular elec-
trophysiology and the induction of ventricular arrhythmias in
rabbit hearts. Swift et al. (2012) describe other methodological is-
sues associated with the use of Blebbistatin, such as blockage of the
microcirculation due to precipitate, effects onto tissue metabolism
and spectral shifts in endogeneous fluorescence. Lou et al. (2012)
found that BDM in contrast to Blebbistatin flattens the action po-
tential duration restitution curve and reduces the action potential
wavelength. Furthermore, they found that the incidence of sus-
tained arrhythmias is much lower under Blebbistatin than under
BDM and that while arrhythmias under BDMwere able to stabilize,
the arrhythmias under Blebbistatin were unstable and terminated
spontaneously. We frequently find that the heart rate decreases
during the administering of Blebbistatin, presumably due to
blockage of the heart's microcirculation. The controversial experi-
mental findings and documented issues raise concerns regarding
the validity of optical mapping studies, in which uncoupling agents
have been used and highlight the need for alternate approaches.

1.3. Motion artifact correction

Motion artifacts caused by dissociation can in principle be
overcome by introducing a co-moving video analysis that measures
the fluorescence from the heart surface along a trajectory that
follows precisely each tissue segment as it moves through the
scene. Without motion, the measurements can be performed
conveniently independently in each pixel, as the allocation of one
pixel with an imaged subregion of the tissue remains intact over
time. With motion, however, this approach becomes quickly
compromised. Coherent undistorted wave patterns can only be
retrieved by consecutive measurements in multiple pixels along
the tracked trajectories describing the motion of the tissue. The
trajectories together need to describe the movement of a contin-
uously deforming medium. Performing such a co-moving video
analysis is technically challenging, as small deviations of the
tracked trajectories from the real trajectory of single tissue seg-
ments can, similarly as slight residual motion in uncoupled hearts,
also lead to strong motion artifacts. In other words, it is required to
capture the deformations of the cardiacmuscle sufficiently accurate
using image registration and motion tracking techniques that are
able to resolve shifts and non-rigid body motion of the tissue at
sub-pixel spatial resolutions.

Recent studies have demonstrated that motion artifacts can be
reduced in optical mapping of strongly contracting hearts using
computer vision techniques (Bourgeois et al., 2011; Christoph,
2015; Zhang et al., 2016). The studies employed non-rigid image
registration and motion tracking techniques to compensate motion
artifacts and to simultaneously capture and quantify mechanical
deformations of the heart. Image registration uses numerical
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measures of image similarity to compute shifts and affine defor-
mation maps in between images. The shifts can be used to deform
or morph images such that they match the reference image. This
procedure, generally referred to as warping, yields motion-
stabilized video sequences, in which motion is suppressed if
applied to all images in a video sequence. If the original intensity
values in the video frames are preserved, but only the spatial
configuration of their pixels changes, the warped image sequence
corresponds to the co-moving video sequence, in which motion-
compensated artifact-free time-series of action potentials may be
retrieved. The original video data needs to be resampled according
to the tracked configurations of the tissue. Depending on the image
registration algorithm, shifts can be detected for manually selected
or automatically identified points, which themselves can be either
sparsely, densely, evenly or unevenly distributed throughout the
image. Algorithms may produce displacement maps indicating
global or local shifts, considering rigid or non-rigid deformations.

Using numerical image registration techniques, tracking of the
heart's surface motion has been performed either by tracking
markers attached to the tissue surface (Bourgeois et al., 2011; Zhang
et al., 2016) or by tracking anatomical landmarks, a unique texture
or other characteristic detectable features exhibited by the tissue
itself (Rohde et al., 2005; Svrcek et al., 2009; Rodriguez and Nygren,
2012, 2015; Christoph, 2015; Khwaounjoo et al., 2015). The first
approach has the advantage that the position of markers can be
identified more easily and reliably in that the size, shape and dis-
tribution of markers is known. Also, marker pairs showing the same
marker in two different video images can be associated possibly
more easily with each other as their configuration inwhich they are
attached to the heart surface is known. However, markers restrict
the spatial resolution at which the morphological configuration of
the tissue is captured. To increase spatial resolution, interpolation
of the data may become needed in between markers (Bourgeois
et al., 2011; Zhang et al., 2016). It is furthermore possible that the
attached markers can cause mechanical stresses as the heart wall
deforms. The latter approach that relies on tracking of visible fea-
tures has the advantage that the heart's wall is unaffected by
possible mechanical obstructions and that the spatial resolution at
which the morphological configuration can be captured is only
limited by the frequency of detectable, separate features on the
heart surface that can be resolved and tracked by the image
registration algorithm (Christoph, 2015). In principle, tracking can
be performed on a pixel or sub-pixel level, such that highly resolved
motion-stabilized videos can be obtained (Christoph, 2015). The
identification and tracking of complex landmarks, shapes or fea-
tures may require more sophisticated image registration tech-
niques and could impose other restrictions such as loss of image
similarity between images, if the tissue landmarks or features un-
dergo morphological changes during deformations or movements
and perspective changes. Rohde et al. (2005) demonstrated firstly
that it is possible to retrieve motion-artifact reduced time-series
and optical maps of action potential propagation across the sur-
face of contracting rabbit hearts using image registration tech-
niques. However, in their study the image registration method
considered only global motion including translational, rotational
and shearing motion, suggesting that finer nonlinear local de-
formations were likely still present in the motion compensated
video data. Their data yet contains residual motion artifacts. The
relatively good outcome of their motion compensation, however,
suggests that the contractions of the hearts were moderate. Svrcek
et al. (2009) similarly computed rigid translational and rotational
motion, however, in smaller subregions of the video images. Both
studies used similar measures of image similarity, correlation
indices and image intensity differences, to identify shifts in be-
tween images. Rodriguez and Nygren (2012, 2015) identified
individual anatomical landmarks distributed sparsely across the
heart surface to track and compensate motion and to reduce mo-
tion artifacts in time-series. Christoph (2015) and Khwaounjoo et al.
(2015) computed non-rigid affine deformation maps describing the
continuous motion and deformation of the tissue using block-
matching and optical flow algorithms detecting displacements in
every pixel, using similar measures of image similarity such as
image intensity differences. In particular Christoph (2015)
demonstrated that coherent spatio-temporal patterns of action
potential wave spread across the strongly deforming and moving
heart surface can be recovered, and that the electrical and elasto-
mechanical activity that was measured simultaneously, can be
related to each other. Another imaging technique for the capturing
of heart wall surface mechanics at very high spatial resolutions is
structured light imaging (Laughner et al., 2012).

Lastly, motion artifacts caused by, for instance, relative motion
between the heart and the illumination can be suppressed using
ratiometric imaging (Brandes et al., 1992; Knisley et al., 2000;
Hooks et al., 2001; Tai et al., 2004; Svrcek et al., 2010; Bachtel
et al., 2011). Ratiometry analyzes signal information that is avail-
able at two separate bandwidths in the emission spectra of
particular ratiometric fluorescent dyes to identify signal compo-
nents that have been caused by motion. While ratiometric optical
mapping may reduce motion artifacts caused by relative motion
between the tissue and the illumination, it may not principally
avoid other undesired effects of motion. The technique, unlike
image registration, lacks to solve the dissociation problems occur-
ring in the measurement. Nevertheless, ratiometry may be used as
a complementary technique in conjunctionwith image registration
and tracking techniques (Bourgeois et al., 2011). In this work, we
also report on a novel purely numerical technique for the
compensation of motion artifacts caused by relative motion of the
illumination.

2. Materials and methods

Contracting isolated Langendorff-perfused rabbit hearts (N ¼ 2)
were filmed using a panoramic multi-camera optical mapping
system consisting of four calibrated high-speed cameras. Hearts
were filmed beating freely during sinus rhythm. After imaging the
contracting, fluorescing hearts and capturing the action potential
wave activity on its deforming surface, the excitation-contraction
uncoupling agent Blebbistatin was administered to inhibit con-
tractile motion of hearts. The three-dimensional outer shape of the
non-contracting hearts was reconstructed optically using shape-
from-silhouette algorithms. The three-dimensional surface geom-
etry was then deformed using displacement data, obtained through
marker-free tracking of the heart's surface during optical mapping,
i.e. relying only on the heart's intrinsic superficial features. Action
potential wave spread was then visualized on the reconstructed
three-dimensional deforming ventricular surface geometry using
co-moving video analysis. The experimental procedure is displayed
in Fig. 3b), see also section 2.2.

2.1. Experimental setup

The experimental setup consisted of a panoramic multi-camera
optical mapping systemwith 4 high-speed EMCCD cameras (Evolve
128, Photometrics Inc., USA, 128 � 128 pixels, 16 bit dynamic
range) and a retrograde Langendorff-perfusion system with an
eight-sided bath with glass walls, see Fig. 3a). Isolated rabbit hearts
were positioned at the center of the equilateral, eight-sided bath
(window width ¼ 40mm, height ¼ 120mm) and filmed with the 3
or 4 cameras through 3 or 4 adjacent windows respectively, the
cameras being positioned similarly far from the heart on rails
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separated by angles of 45�. Voltage-sensitive dye was excited using
6 light-emitting diodes operating at wavelengths of 532nm. Hearts
were filmed using high-aperture lenses (objectives Fujinon
1:4=9mm, Fujifilm Corp.) and long-pass filtering (Edmund Optics,
transmission >610nm) to filter the fluorescent light emitted from
the heart surface. The high-speed cameras were synchronized via
TTL triggering and recordings were obtained at a frame rate of
500Hz. An additional high-resolution color DSLR camera (Canon
EOS 500D, EF-S 18e55 mm lens) was positioned looking through
the back right window (see Fig. 3c) and used for taking high-
resolution photographs of the heart during the geometry recon-
struction at the end of the experiment. Hearts were retrogradely
perfused using a Langendorff-perfusion system (Hugo-Sachs
Apparatus, March-Hugstetten, Germany). The system comprised a
motorized rotary stage (T-RSW60A, Zaber Technologies Inc., Can-
ada) providing the possibility to rotate the heart automatically and
at high angular precision for full 360� rotations around the vertical
axis. Custom-written software allowed controlling motor rotation
and synchronized triggering of the high-speed cameras and the
high-resolution DSLR camera.

2.2. Experimental protocol

Experiments were conducted in 4 consecutive parts, see Fig. 3b).
In the first part of the experiment, cameras were aligned and
calibrated, see section 2.4. In the second part of the experiment,
fully contracting hearts were filmed using voltage-sensitive stain-
ing, mapping the electromechanical activity of the heart.
Throughout this part, pharmacological excitation-contraction
uncoupling agents were not used and hearts were allowed to
contract freely. Hearts were stained using voltage-sensitive dye di-
4-ANEPPS (1 ml, 1 mM, bolus injection into bubble trap, recircu-
lated). To guarantee homogeneous distribution of the dye in the
tissue, filming was started at the earliest 5 min after the dye was
Fig. 3. Experimental setup for panoramic electromechanical optical mapping of contracting i
high-speed cameras (128 � 128 pixels, 500Hz) and additional high-resolution DSLR camer
perfusion system with motorized rotational attachment of heart hanging in center of bath. H
the imaging experiment, followed by electromechanical optical mapping experiment with
optical reconstruction of non-moving three-dimensional surface of hearts (15� 20 minutes
filming heart through 4 adjacent windows, all cameras filming ventricular heart wall includin
e) Optical mapping video images from the three different high-speed cameras A, B, C. f) Rot
part of heart for three different angles and reconstructed three-dimensional geometry mes
administered. Normal sinus rhythm was then filmed within
approximately 5 min. In the third part of the experiment, Blebbis-
tatin (�) (8e9 ml, 10 mM, pre-diluted in 0.8 L Tyrode, pre-heated at
37:0±0:5�C, perfused and then recirculated with other Tyrode, see
below) was administered approximately 5 min after the start of the
second part of the experiment and after having acquired sufficient
recording data. Typically, all visible contractile motion had dis-
appeared approximately 10 min after the administration of Bleb-
bistatin. In the fourth part of the experiment, the outer three-
dimensional shape of the non-contracting, quiet heart was
captured optically, see section 2.6. Electrocardiograms were
recorded using two thin electrodes inserted into the bath and ac-
quired using a data acquisition system (MP150, Biopac Systems Inc.,
Goleta, USA) acquiring data at a sampling rate of 2.0 kHz
throughout the entire duration of the experiment.

2.3. Preparation of isolated hearts

New Zealand white rabbits (2.5e3.5 kg) were heparinized and
anaesthesized using 4.0 ml Trapanal (single intraveneous injection,
Thiopental-sodium solution, 50 mg/kg) diluted in 10.0 ml isotonic
sodium chloride (NaCl). Hearts were excised rapidly and inserted
into cardioplegic solution for temporary cessation of cardiac ac-
tivity. Tyrode (15 l) solution was prepared. Isolated hearts were
transferred quickly into a bath filled with warm, oxygenated (95%
O2, 5% CO2) Tyrode and connected to a retrograde Langendorff-
perfusion system (Hugo-Sachs Apparatus, March-Hugstetten, Ger-
many). The flow rate of the perfusate was 30 ml/min at a perfusion
pressure of 50±5 mmHg. Tyrode was kept at a constant tempera-
ture of 37:0±0:5 �C (custom-made temperature control, Max
Planck Institute for Dynamics and Self-Organization, G€ottingen,
Germany) and was constantly reperfused. Blebbistatin was
administered 5 min after the start of the imaging experiment.
Uncoupling agents were not applied during the initial phase or first
solated Langendorff-perfused rabbit hearts. Multi-camera setup using up to 4 calibrated
a and rotational stepping motor for calibrating the cameras. a) Bath, illumination and
eart filmed through 4 adjacent windows. b) Experimental protocol: calibration prior to
contracting heart (0� 5 minutes), administering of Blebbistatin (5� 10 minutes) and
). c) Alignment of cameras around bath. Cameras A, B, C and D oriented at 45� angles
g parts of the right and left ventricle. d) Calibration target at different rotational angles.
ating of heart for surface reconstruction, high-resolution photographs showing imaged
h.
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5 min of the imaging experiment. Any mechanical pressure to the
hearts was avoided to prevent compression of the coronary ar-
teries. All procedures regarding care and use of animals were in
accordance with German animal welfare law.
2.4. Camera calibration

All cameras were calibrated before the start of the imaging
experiment. A flat, rectangular calibration target with checker-
board pattern (5� 7 square tiles, 5 mm lattice constant) was
attached to the motor and placed inside the filled bath. The motor
rotates the calibration pattern around the vertical Z-axis, in order
to ensure that for each camera multiple photos of the pattern
facing the camera can be taken at defined angular positions. The
mounting of each camera was carefully adjusted, such that the
calibration pattern remained fully visible inside the field of view
for all rotational positions, and the imaging plane was oriented
parallel to the glass window, which is important to avoid strong
distortions due to diffraction. The focus of the lenses was adjusted
to ensure sharp imaging of the calibration pattern and the heart
surface. With the combination of lenses and the high power illu-
mination, it was possible to perform imaging with sufficiently
closed apertures to produce large focal depths. As a result, the
heart surface was in focus whenever the calibration patterns were
in focus and also remained in focus as the heart moved back and
forth. We did not observe defocusing of the heart surface. From
here on, all parameters which affected the imaging had to be held
fixed, i.e. the cameras’ position and rotation as well as the lens
focus were not changed during the subsequent experiment. The
calibration target was rotated for a full 360� rotation in 72 steps of
5�, and a video image or high-resolution photograph was taken
with the cameras (Evolve high-speed cameras and high-resolution
DSLR camera) for each step respectively. For this step a custom-
written software was used. The software controls the stepper
motor of the rotary stage and sends trigger signals to the programs
controlling the cameras.

After the experiment, the imaging properties of each camera
were calibrated using the open source computer vision library
OpenCV 3.1.0 (Itseez/Intel, USA, 2015), which provides methods for
camera calibration with a pinhole camera model. The model's
central equation projects a point ðX;Y; ZÞ from three-dimensional
world coordinates to two-dimensional image coordinates ðx; yÞ:
s
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Here, rotation matrix ri;j and translation vector ti position the
camera relative to the world origin and are called extrinsic pa-
rameters. x and y are horizontal and vertical image coordinates of
the projected point in pixel units with the origin in the upper left
corner of the images. The point ðcx; cyÞ is the principal point of the
optical axis, which usually is located near the image center. fx and fy
are the focal lengths expressed in pixel units. Parameter s ¼ Z0

performs the perspective division.
Equation (1) describes the projection for an ideal lens, which is

free of distortions (therefore the term pinholemodel). The model is
extended with nonlinear equations, in order to account for real
lenses with radial and tangential distortion (for details, see OpenCV
documentation (Itseez/Intel, USA, 2015)). The lens-specific focal
lengths, principal point, and distortion coefficients are called
intrinsic parameters.

All model parameters were estimated for each camera with the
following steps, using methods provided by OpenCV library: First,
the pixel locations of the corners of the checkerboard images were
determined to sub-pixel accuracy. Based on this the intrinsic pa-
rameters of the model were estimated, including distortion pa-
rameters. Then the images were undistorted, such that all
subsequent computations could be performed using equation (1).
The three-dimensional locations of the checkerboard corners were
computed for each of the 72 rotated positions, with respect to a
global coordinate frame located at the center of the calibration
target. Finally, the position and orientation (extrinsic model pa-
rameters) were estimated for each camera with a Levenberg-
Marquardt optimization algorithm, given the intrinsic parameters
and corresponding sets of 3D positions and 2D pixel locations of the
checkerboard for the respective camera.
2.5. 2D motion tracking

Motion tracking was performed to obtain two-dimensional in-
plane displacement vector field data indicating the shifts of the
tissue seen in each of the 3 or 4 recordings obtained from the 3 or 4
cameras. Markers attached to the surface of the heart to facilitate or
assist motion tracking were not used. Short video sequences of
1000� 5000 frames of the optical mapping recordings showing the
beating heart for at least 4� 5 cycles were extracted and converted
into video sequences featuring the local tissue contrast. Each pixel's
intensity value Iðx; y; tÞ was renormalized by the maximal and
minimal intensity values within a small disk-shaped sub-region
Sðx;yÞ around the pixel:

Cðx; y; tÞ ¼ ðIðx; y; tÞ �minðSÞÞ=ðmaxðSÞ �minðSÞÞ (2)

the sub-region Sðx;yÞ typically retaining a diameter of 5e7 pixels.
The conversion produced video sequences, inwhich the local tissue
contrast is maximally intensified and the tissues' features and its
unique local texture become very pronounced, see Fig. 4. At the
same time, larger-scale intensity gradients across the images were
removed. Motion was then tracked in the resulting contrast-
enhanced videos. The typical frequency of the detectable features
in the video images is a few pixels (3e10) and given by the granular
appearance of the tissue after staining, see also Fig. 2b). Two-
dimensional in-plane displacements ukðx; y; tÞ2ℝ2 were deter-
mined for each pixel ðx; yÞ in every frame Ck

c ðx; y; tÞ (t2½1;…;N�)
throughout the contrast-enhanced video image sequences ob-
tained from each camera A, B, C and D respectively (k2½A;B;C;D�).
Local displacements or optical flow in the images were computed
using Lucas-Kanade image registration algorithms (Periaswamy
et al., 2000).

Depending on the video image quality, two different tracking
schemes were applied when registering motion in the video data,
see Fig. 5a) and b). The scheme shown in Fig. 5a) was used when it
was possible to obtain a complete set of displacement vectors
throughout the entire sequence of video images that describe the
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shifts of the tissue throughout the images with respect to one video
image Cs showing the static, non-moving, uncoupled heart after the
application of Blebbistatin. Each frame in the video image sequence
was registered individually with respect to the one static video
frame showing the possibly deformed but uncoupled heart. The
scheme could only be applied if the heart's visual appearance had
stayed approximately the same after the application of Blebbistatin.
The data shown in Fig. 7 was obtained using this tracking scheme.
The scheme shown in Fig. 5b) was used when it was not possible to
reliably track all the shifts, because the tissue's appearance had
changed significantly in the meantime in which Blebbistatin was
applied. In some cases we observed that the image registration al-
gorithm was not able to compute shifts in between certain tissue
regions or in all the video images due to lacking image similarity.
Over time, the visual appearance of the heart changed presumably
due to dye bleaching or wash-out or because the heart deformed
significantly and rotated such that parts turned away from the field
of view of the camera. Nevertheless, with the two-stage tracking
scheme shown in Fig. 5b) we could circumvent these issues and
obtain complete tracking data. In a first in-sequence displacement
registration step, shifts uk

r ðx; y; tÞ of the tissue were derived with
respect to one reference frame Ck

r ðx; y; tÞ selected within the video
Fig. 4. Motion tracking using contrast-enhanced video images: a) Different views of rabbit h
minimal and maximal values in entire video. Bottom: Contrast-enhanced video images used
local neighbourhood (disk-shaped region S). Local tissue texture free of larger image gradie
video images over time prior to (�36ms, �12ms) and after (þ12ms) the depolarization of the
images at þ12ms and þ15min are slightly darker due to the depolarization and the decay in
and show very similarly the same anatomical structures. All video images displayed in nor
image sequence showing the beating heart shortly before
(25ms±5ms) the depolarization and contraction of the atria and
ventricles during sinus rhythm. Each frame C1;…;CN was registered
individually with respect to the in-sequence reference frame Cr .
Using thisdisplacementdata, thevideo image framesweremorphed
and resampled to create warped video frames ~C

k
, the frames

showing a similarly deformed tissue configuration as shown in the
reference frame Ck

r . The warped video image sequence was then
registered in a second out-of-sequence displacement registration
step, inwhich all warped frameswere registeredwith respect to the
video frame Ck

s showing the quiet static heart at the end of the
experiment during the reconstruction of the three-dimensional
outer heart shape. Then all registerered displacement fields
~uk
r;1;…; ~uk

r;N from the warped sequence were used to compute an
average displacement field uk

s;r ¼ 1
N
PN

i¼1~u
k
s;i, which describes the

translation and deformation of the heart from the out-of-sequence
reference frame Ck

s showing the heart during the static reconstruc-
tion part of the experiment to the in-sequence reference frame Ck

r of
the first imaging part of the experiment. The averaged displacement
field was added to each in-sequence displacement field to obtain a
direct deformation mapping uk

t ¼ uk
s;r þ uk

r;tzuk
s;r þ uk

r;t from the
static out-of-sequence reference frame to each frame showing the
eart from cameras A, B, C and D during experiment. Top: Pixel intensities normalized to
for motion tracking with pixel intensities normalized by minimal and maximal value in
nts. b) Close-up (black box, camera A) of normal (top) and contrast-enhanced (bottom)
ventricles (at 0ms) and after administering of Blebbistatin (þ15min). The normal video
fluorescence respectively. The contrast-enhanced video images appear to be unaffected
malized units [n.u.] on interval [0 1].
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beating heart. In a reference frame Cr the tissue is shown in its
mechanical reference configuration cr , see also Fig. 12. With this
tracking scheme, we obtained similar data as shown in Figs. 7 and 8
even in situations when the heart changed significantly in its visual
appearance during administering of Blebbistatin. Motion tracking
(Matlab), warping and resampling (custom Cþþ code) and other
processing requires approximately 1e3 min of computation time
Fig. 5. Motion tracking scheme and deforming surface reconstruction: a) Motion was
tracked within the image sequence showing the contracting heart with respect to one
reference frame Ir selected manually from the sequence, showing the heart shortly
before contraction. All other frames I1;…; IN were warped to show the heart in the
same morphological configuration as in the reference frame. All warped images were
registered with respect to the static reference frame showing the uncoupled non-
beating heart, to obtain a uniform mapping of the deformation of the heart from the
reference configuration to the static, non-moving configuration of the heart. b)
Schematic diagram of processing steps and their interdependencies: successful
reconstruction of the deformations of the contracting heart wall relied on calibrated
imaging data, 3D geometry reconstruction and deriving the deformations of the
contracting heart with respect to the morphological configuration of the uncoupled
heart.
per video image on a single CPU.

2.6. Heart shape reconstruction and camera images projection

The three-dimensional outer shape of the uncoupled heart was
reconstructed approximately 15 min after the start of the experi-
ment and approximately 10min after administering of Blebbistatin,
after all visible contractile motion and swinging or translational
motion of the heart had disappeared, see also Fig. 3b) and d). The
heart was rotated in 72 steps of 5� and single video images and
high-resolution photographs were taken with all cameras in the
same way as described in section 2.4. After each 5� rotation step, a
delay of 2� 3 seconds was necessary before the next photo could
be acquired, to ensure that residual swinging motion of the heart
had sufficiently decayed. The total time required for one full 360�

rotation of the heart with acquiring all images at all 72 angles was
approximately 5 min. Two rounds of 72 images were taken. First,
the EMCCD cameras acquired the fluorescence images of the heart
under green LED illumination. Second, the DSLR camera photo-
graphed the heart under white light illumination in front of a black
background.

After the experiment, the heart shape was reconstructed
numerically from the high-resolution color images of the calibrated
DSLR camera using shape-from-contour algorithms, as follows: At
first, the 72 high-resolution color images were undistorted ac-
cording to the distortion parameters of the camera model (see
section 2.4, equation (1) and its extension). Then, the images were
segmented into foreground and background, resulting in black-
and-white silhouette images. Based on the 72 pairs of silhouette
images and corresponding calibration parameters of the DSLR
camera, a point cloud of the heart surface was calculated with the
method of Niem (1994), using virtual ’pillars' in x-, y-, and z-di-
rection with a spacing of 0:25 mm, which are truncated by pro-
jections of the silhouette masks, resulting in a dense point cloud of
the heart's surface. The Screened Poisson Surface Reconstruction al-
gorithm (Kazhdan and Hoppe, 2013) was applied to build a trian-
gulated mesh out of the point cloud using the software MeshLab
(Cignoni et al., 2008). The triangular mesh was cleaned and uni-
formly resampled, also in MeshLab, using the Isoparameterization
algorithm of Pietroni et al. (2010), resulting in a two-manifold,
triangular mesh of topological genus 0, composed of approxi-
mately 25,000 faces with 0:16 mm2 mean surface area.

The triangular mesh was further processed to facilitate texture
mapping. This term from computer graphics describes themethod of
rendering almost photo-realistic images of objects using polygonal
meshes and two-dimensional texture images (maps). First, a spher-
ical parameterization of the convoluted heart surface was obtained
using the FLASH algorithm (Choi et al., 2015), i.e. a unique three-
dimensional point on the unit sphere was assigned to each vertex.
Second, two-dimensional texture coordinates were computed for
each vertex of the mesh, with a polar azimuthal equidistant projec-
tion of the unit sphere to a flat circular map. The center point of the
map was aligned with the apex of the heart, and the outer circular
border of the map corresponded to the ”north” pole located at the
aorta. This choice guarantees that the whole ventricular and atrial
epicardial surface is mapped to a single connected region inside of
the map, which is free of seams, therefore allowing easy application
of traditional image and video analysis algorithms.

Images from multiple cameras (or multiple images of the same
camera showing the heart under different rotations) were pro-
jected onto the mesh and composed into the polar texture map as
follows. For each mesh triangle, it was first determined if it was
visible in a particular camera view, i.e. inside the field of view and
not obstructed. If it was visible, then the three corner points were
projected to camera image coordinates according to equation (1).
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The enclosed pixels of the camera image were transferred to the
corresponding triangular region in the texture map, defined by the
texture coordinates of the vertices. This transfer was done using bi-
linear resampling and was implemented in OpenGL in order to
exploit the capabilities of modern graphics processing units.
Texture images obtained from a single camera image with this
method, were combined and blendedwith texture images obtained
from other cameras. The blendingwas done by assigningweights to
each mesh vertex for each camera view. The weight was computed
from the cosine of the angle between cameras optical axis and the
surface normal at the mesh vertex. The cosine was then raised to
the power of two, resulting in weights favoring that parts of the
surface, where the camera looks onto at a right angle, and dimin-
ishing those surface parts, which the camera sees under a flat angle.
While the spatial resolution of mesh should be chosen high enough
to properly resolve the curvature of the heart surface, the spatial
resolution of the texture map can be chosen independently and
according to the resolution of the cameras, making it is possible to
have a high resolution texture map on a triangular meshwith lower
resolution. Figs.10c) and 11d) show such texture maps composed of
72 color images of the high-resolution DSLR camera. These texture
maps were computed at a resolution of 1024� 1024 pixels. Texture
maps obtained from the low-resolution EMCCD cameras (e.g.
Fig. 11e), were computed at a resolution of 512� 512 pixels. Since
these cameras have a native resolution of only 128� 128 pixels, the
texture maps were over-sampled in order to prevent loss of infor-
mation. The process of texture mapping is accurate not only for
visualization, but also for calculations, because we use 32bit
floating point precision for texture maps of fluorescence in order to
ensure that no precision of the camera data (16bit integer) is lost.
2.7. Reconstruction of deforming ventricular surface

The three-dimensional deforming ventricular surface of the
contracting heart was reconstructed employing the two-
dimensional motion tracking data, see section 2.5, and deforming
the three-dimensional reconstructed geometry mesh, see section
2.6, of the non-moving, uncoupled heart. Deforming the mesh is
achieved by selecting a vertex of the static reference mesh, pro-
jecting its position to 2 or more camera views (if visible), applying
the two-dimensional displacements obtained through tracking at
those locations and computing the rays of the back-projections to
the three-dimensional coordinate system. Computing the inter-
section points of the rays yields then the new shifted three-
dimensional position of the vertex, compare Fig. 6.

In more detail, deforming the mesh is achieved by selecting a
vertex m of the static reference mesh, Xs

m2ℝ3, and computing its
projection to all (3 or 4) camera views, according to the projection
function prk : ℝ3/ℝ2, that projects a three-dimensional vector
from world coordinates to two-dimensional image coordinates as
defined by equation (1), using the calibration coefficients for each
camera k2½A;B;C; ðDÞ�:

ps
k;m ¼ prk

�
Xs
m
�

(3)

Evaluating the two-dimensional displacement field ut
k : ℝ2/ℝ2

obtained through tracking at those locations yields the position of
the displaced vertex vtk;m ¼ ps

k;m þ ut
kðps

k;mÞ in two-dimensional
image coordinates. Theoretically, computing the intersection of
back-projected rays would give the three-dimensional position of
the vertex of the deformed mesh. However, the three-dimensional
displacement of a mesh vertex could not be computed directly from
the two-dimensional displacement vectors in the camera images,
because the back-projected rays would not necessarily intersect in
three-dimensional space. Therefore, we used the Nelder-Mead
optimization method (or downhill-simplex method) to automati-
cally vary the three-dimensional position Xt

m2ℝ3 of each mesh
vertex m at time t, until a best matching position was reached. The
optimal position is defined by the global minimum of an objective
function f ðXt

mÞ. The objective function computes the weighted sum
over the quadratic differences between the projection of the vertex
pt
k;m ¼ prkðXt

mÞ and the target location resulting from the
displacement vector field for each camera view k:

f ðXt
mÞ ¼

X
k

wk;m,kpt
k;m � vtk;mk (4)

The weight wk;m is computed from the angle between the sur-
face normal nm at vertex m and the optical axis zc of camera k:

wk;m ¼
�
cos4 if 4< b4
0 otherwise;

(5)

with 4 ¼ :ðnm; zkÞ and b4 ¼ 80�.
The purpose of the weight is twofold: Firstly, to ensure that

those summands are neglected where the surface normal at the
vertex points away from the camera, i.e. the vertex is hidden from
that camera's view. Secondly, to favor the contributions of those
cameras, where the camera looks at right angle onto the surface.
The cut-off angle b4 was introduced in order to completely suppress
contributions near the edge of the heart, where the displacement
vector field cannot be computed reliably due to interference with
the static background. The value of b4 has to be chosen according to
the specific properties of the 2D trackingmethod. Theweights have
to be non-zero for at least two cameras, otherwise the deformation
cannot be computed and the vertex is discarded.

The result of this reconstruction method is a deforming three-
dimensional triangular mesh, which closely follows the real
three-dimensional deformation of the cardiac surface for each time
step. Therefore the raw fluorescence videos obtained with the 3 or
4 high-speed cameras can be projected onto the deforming mesh
and combined into a video texture map of the electrical activity on
the epicardial surface, using the exact same method as it is
explained in the previous section 2.6 for the static reference mesh.
2.8. Light field estimation for correcting artifacts caused by motion
of tissue in inhomogeneous illumination

The three-dimensional motion tracking and stabilization tech-
nique described in the previous sections is able to inhibit dissoci-
ation motion artifacts, which arise due to the relative motion
between tissue and the camera detector, see also section 1.2.
However, motion artifacts caused by relative motion between the
heart and the illumination or the motion of the heart surface
through an inhomogeneous illumination, see also section 1.2, can
not be compensated by performing a co-moving analysis. To correct
motion artifacts caused by illumination changes, we estimated the
strength and variation of the illumination in three-dimensional
space surrounding each vertex of the surface mesh and corrected
the co-moving measurements of the tissue surface intensity
accordingly. With the availability of accurate tree-dimensional
tracking data of the contracting surface of the heart, we obtained
the possibility to estimate the inhomogeneous three-dimensional
light-field using data from the reconstructed trajectories of each
vertex and the according intensities measured optically along the
trajectories. Fig. 9a) shows the trajectory of a tissue vertex as it
moves through space as part of the reconstructed heart surface
mesh during the full cardiac cycle and during diastole. The trajec-
tory during diastole indicates intensity fluctuations, which at this
stage of the post-processing of the data neither reflect intensity



Fig. 6. Schematic drawing of reconstruction procedure of three-dimensional defor-
mation from two-dimensional displacement data of multiple camera perspectives. a)
Projection of a 3D point on the heart surface into 2D image coordinates for the three
cameras. Back-projection of derived displacement into 3D and shift of mesh vertex
towards new 3D position. b) Top view (not to scale). Outline of the static reference
mesh shown as solid curve. Dashed curve shows the reconstructed outline at time t.
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modulations caused by dissociation or optical flow nor by the ac-
tion potential, but occur due to motion of the tissue in an inho-
mogeneous illumination field. We assumed that this
inhomogeneous illumination field could be estimated locally
around each vertex from the intensity changes appearing at each
vertex as it moves during diastole.

The reconstructed trajectory of vertex i as it moves through
three-dimensional space is given by XiðtÞ ¼ ðXiðtÞ;YiðtÞ; ZiðtÞÞ.
During this movement the intensity of fluorescence IiðtÞ of this
particular point on the heart's surface is measured by the high-
speed cameras and projected into the video texture. The spatio-
temporally varying, measured intensity can be broken down into
the following three main components:

IiðtÞ ¼ liðX; Y ; Z; tÞ,fiðtÞ,ViðtÞ (6)

The first factor liðX;Y; Z; tÞ, denotes the strength of illumination
received by the surface element at vertex i, as it moves through
space and time. The second factor, the strength of fluorescence fiðtÞ
depends on the amount of dye at the surface location of vertex i.
The third factor ViðtÞ contains the time-variance of fluorescence,
which is proportional to the membrane potential.

The spatial and temporal variations of all three factors are a
priori unknown, but under further inspection of equation (6), we
can identify some helpful simplifications. Firstly, we assume that
the net strength of illumination by the various light sources can be
approximated by a scalar-valued light field LðX;Y; ZÞ:

liðX; Y ; Z; tÞzLðXiðtÞÞ (7)

Secondly, fiðtÞ is slowly changing, and can therefore be assumed to
be constant throughout the measurement:

fiðtÞzfi (8)

Lastly, we know that for sinus rhythm, the membrane potential is at
resting potential during the diastolic interval (DI):

ViðtÞzV rest
i for t2DI (9)

Inserting all these assumptions to equation (6) and reordering
leads to:

LðXiðtÞÞz
IiðtÞ

fi,V rest
i

for t2DI (10)

The value of the product in the denominator of the right-hand
side is proportional to the resting (or mean) fluorescence in-
tensity at the surface location of the vertex i, and can therefore be
taken from the vertex's texture coordinate in the texture image,
that is created from the high-speed fluorescence cameras during
reconstruction of the heart surface, see Fig. 11e). By inserting all the
measured intensities along the trajectories of all vertices during
diastole into the right-hand side of equation (10), the left-hand side
gives us an approximation of the light field at the corresponding
points in three-dimensional space.

It is hard to find amathematical model for LðX;Y; ZÞ that globally
fits (10) for all the data points of all vertices i ¼ 1;…;N. Therefore
we chose to estimate the light field locally around the trajectory of
vertex i, using all trajectory data during diastole from neighbouring
vertices j, lying within a small sphere with radius r ¼ 2 mm around
the vertex i. We tried to fit the sparse point data to a three-
dimensional polynomial Pn up to third order (n ¼ 3):

PnðX; Y ; ZÞ ¼
Xn
m¼0

am Xa Yb Zc aþ bþ c � m (11)

Pn
�
XjðtÞ

�¼! IjðtÞ
fj,Vrest

j
t2DI (12)

For our data, we found that a linear (n ¼ 1) polynomial
approximation of the light-field gave satisfactory results. The
polynomial can then be evaluated along the full trajectories
throughout the entire duration of the recordings, in particular, for
multiple complete cardiac cycles:

LiðtÞ :¼ PnðXiðtÞÞ for all t (13)

Finally the time-series of the measured intensities can be
corrected:

Icorr:i ðtÞ ¼ IiðtÞ
LiðtÞ

(14)

Here, we assumed that it would be sufficient to derive a scalar-



Fig. 7. Panoramic electromechanical optical mapping with beating, strongly deforming hearts. a) Reconstructed ventricular surface geometry of beating rabbit heart. Video texture
map obtained from 4 cameras (oriented at 45+) projected onto deforming triangular mesh geometry. Mesh consists of 4;405 faces and 2;286 vertices and shows almost 180+ of the
circumference of the heart and the ventricular wall from apex to base. b) Vertex mesh of reconstructed ventricular surface geometry of beating rabbit heart. Trajectories Ti of each
vertex i describe motion of tissue surface, see Fig. 8 c) Optical traces obtained from 3 sites (P1, P2, P3, red, orange and blue dots) on moving heart surface. Left column: raw traces
obtained from single pixels of cameras including heavy motion artifacts resulting from translational motion and deformation of the tissue. Center column: traces after motion
tracking, stabilization and light-field correction. Action potential shapes and upstrokes recovered. Visible deflections in diastolic interval. Right column: traces from surface of non-
moving, electromechanically uncoupled heart (Blebbistatin) showing action potentials without motion artifacts about 15 min later. d) Action potential wave spread across strongly
moving and deforming heart surface during sinus rhythm (see also Supplementary Movie 2). Maps were computed from the time-series data shown in the central column in panel
c). Maps are moving and deforming three-dimensional surfaces consisting of triangular faces.
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valued, three-dimensional light-field, that represents the net
strength of the illumination from all light sources at a particular
position in space. Directions of light sources and orientations from
surface elements are neglected. If the physical properties and
arrangement of the light sources are known, better models for the
light field may be constructed.

3. Results

We performed optical mapping imaging experiments with
freely beating isolated rabbit hearts using a calibrated multi-
camera optical mapping system filming the deforming ventricular
wall during sinus rhythm. The deforming wall surface was recon-
structed at high spatio-temporal resolutions over time in three
spatial dimensions, firstly, by reconstructing the non-moving sur-
face geometry of the electromechanically uncoupled heart and
then by deforming the three-dimensional surface mesh according
to multiple (2e4) sets of two-dimensional in-camera-plane
displacement vector fields obtained via motion tracking when
filming the contracting heart during electromechanical optical
mapping.

Fig. 7 and 8 show reconstructed wall deformations and maps of
action potential wave spread across the deforming three-
dimensional ventricular surface of a rabbit heart during sinus
rhythm. The data provides quantitative information on both the
electrical and mechanical activity of the heart at high spatial and
temporal resolutions (spatial resolution 0:4 mm , temporal reso-
lution 2 ms). Fig. 7a) shows a rendering of a large part of the
reconstructed three-dimensional deforming ventricular surface of
the rabbit heart captured with 4 cameras. The geometry mesh
consists of 2;286 vertices and 4;405 triangular faces that move
through space as the heart deforms. The reconstructed area in-
cludes almost 180+ of the circumference of the heart and the entire
ventricular wall from apex to base. The rendering displays the tis-
sue texture as seen by the 4 cameras during the optical mapping
experiment under green illumination for excitation of the fluores-
cent dye and with fluorescence being emitted from the heart sur-
face. The geometry mesh moves smoothly through space and
deforms continuously (c.f. Fig. 8). As the tracking data was only
minimally smoothed in space and time (see methods, section 2.5),
the smooth and continuous motion demonstrates the robustness
and accuracy of the tracking andmoving wall shape reconstruction.
Fig. 7b) shows the surface mesh composed of the vertices only. The
motion of the entirety of vertices of the geometry mesh captures
the motion and deformation of the heart wall surface during each
heart beat (c.f. Fig. 8). Both panels a) and b) include three points (P1
blue, P2 red, P3 orange), from which the optical traces and corre-
sponding activity are plotted in Fig. 7c). The left column in Fig. 7c)
shows the raw, unprocessed optical traces obtained in one pixel
that shows approximately the same physical position on the heart
surface in three-dimensional space. The measured intensity fluc-
tuates as the tissue moves back and forth. Due to the loss of cor-
respondence between the pixel and the tissue location, the traces
contain heavy motion artifacts. Even though the activity appears to
be periodic, the characteristic action potential shape can not be
identified. It does not even seem possible to be able to identify
action potential upstrokes, which are usually very pronounced in
optical traces and can be identified quite easily with moderate
motion andmild motion artifacts. Themodulations of the signal are
in large parts due to motion, which occurs in synchrony with the
repetitive electrical activation. The center column shows the
registered and stabilized data, inwhich motion artifacts are in large
parts suppressed or significantly reduced using the co-moving
video analysis (see methods, section 2.7). The traces show the in-
tensity modulations measured in one location on the tissue surface
over time as it moves through space (for each point P1, P2 and P3).



Fig. 8. Deforming heart surface and wall motion captured using electromechanical
optical mapping during sinus rhythm (c.f. Fig. 7). a) Trajectories (red, displayed only
every 20th trajectory) of mesh vertices (black) through 3D space during cardiac cycle.
b) Elliptical trajectories aligned mostly in normal direction of epicardial surface
describing back and forth movements of heart. Color-code (black-red) indicating
instantaneous velocity of vertex along trajectory with highest velocities (5 cm=s)
occurring along long sides of ellipses between systole and diastole (c.f. Fig. 9).

Fig. 9. Light-field correction for compensating motion artifacts caused by relative
motion between tissue and illumination. a) Trajectory of single tissue vertex during
cardiac cycle with intensity of imaged tissue segment over time along trajectory
(normalized units [n.u] on interval [0 1]). During systole the intensity drops due to the
depolarization of the action potential and an associated membrane-dependent and
filtering-mediated drop in intensity on the detector. The lower subgraph shows the
intensity along the trajectory only during the diastolic interval. Even along this part of
the trajectory one can notice a gradient in the intensity likely due to a change in the
illumination as the tissue moves through space. This gradient can be estimated in 3D
space and then be used to correct the time-series accordingly. b) Effect of light-field
correction onto optical trace. Upper graph shows raw unprocessed time-series with
motion artifacts. Center graph shows times-series of same vertex after tracking and co-
moving signal analysis but prior to light-field correction. Lower graph shows times-
series after both tracking and co-moving signal analysis and light-field correction.
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These intensity modulations were solely or in large parts caused by
the action potential, given that the tracking and co-moving analysis
(see section 2.7) and light-field correction (see section 2.8)
removed the effects of optical flow and illumination changes or
kept them minimal. In the co-moving frame, it is now possible to
identify a sequence of action potentials with diastolic intervals in
between the action potentials and the typical morphology of each
individual action potential including its characteristic upstroke,
plateau and repolarization. In particular, the traces show the
characteristic assymmetry in the shape of the action potential with
a steep upstroke and a pronounced diastolic interval rather than a
sinusoidally shaped curve that is frequently seen in the uncom-
pensated traces containing motion artifacts, see also Fig. 9b). Each
tissue location corresponds to one vertex of the mesh shown in
Fig. 7b). Accordingly, the full measurement data contains similar
traces for almost all vertices of the geometry mesh shown in
Fig. 7b), except for vertices close to the boundaries of the mesh
where boundary effects decrease the quality of the tracking,
reconstruction and artifact compensation (see also Supplementary
Movie 2). From the moving vertex and co-moving time-series data
it was then possible to compute maps of action potential wave
spread on the deforming ventricular surface, see Fig. 7d). For
comparison, the right column shows the optical traces from the
surface of the non-moving, electromechanically uncoupled heart
from the corresponding sites P1, P2 and P3. The traces were ob-
tained about 15 min later after the effective removal of any con-
tractile motion using Blebbistatin. The time-series show action
potentials without any noticeable motion artifacts. Comparing
these quasi-perfect optical traces obtained from the static, non-
moving heart with the compensated motion-stabilized traces, it
can be concluded that the traces from the strongly moving and
deforming heart yet contain noticeable motion artifacts, in partic-
ular, in the form of deflections during the diastolic interval. How-
ever, action potentials are sufficiently well recovered and at no time
obscured, such that it becomes possible to perform activation time
measurements or reconstructing maps of wave propagation across



Fig. 10. 3D surface reconstruction of rabbit heart #1 using 3 cameras. a) Photograph of
rabbit heart in perfusion bath. b) Reconstructed, high-resolution triangular mesh
rendered as wireframe (left) and with color texture map (right). Blue outline indicates
surface region, for which 3D deformation tracking was applied. c) Polar color texture
map of entire heart surface, generated from projection of 72 photographs onto the
mesh. Blue outline indicates Tracking Area as in panel b. d) Polar texture map with
outlines of field of views of three cameras, which were arranged at 45�looking through
adjacent windows of an 8-sided bath.
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the deforming heart surface. Action potentials could be recovered
from almost the entire reconstructed surface. Fig. 7d) shows the
corresponding maps of action potential wave spread across the
deforming ventricular surface (see also Supplementary Movie 2).
The first image shows the heart surface during the diastolic interval
approximately 140ms before the depolarization of the tissue. The
course of the action potential is displayed in normalized units
([n.u.]), with the time-series being normalized individually by their
minimal and maximal values over time, the resulting normalized
time-series being flipped or inverted (all activity is mapped onto
the interval [0 1]). Accordingly, the undepolarized tissue surface is
shown in black. The second image shows the heart surface during
the depolarization of the ventricular muscle during sinus activa-
tion. Accordingly, depolarized tissue is shown in white. The ven-
tricular muscle is activated almost instantaneously everywhere on
its surface. At the same time, the heart surface is visibly deformed
compared to its shape and mechanical configuration in the left
image. The dashed line is a reference line that is supposed to
facilitate viewing of the motion and deformation of the tissue. The
mechanical configuration of the mesh and its evolution over time
captures non-rigid deformations as well as rigid body or trans-
lational motion and rotations. The maps are moving and deforming
three-dimensional surfaces in three-dimensional space consisting
of triangular faces defined by 3 vertices. The right image shows a
later phase of the action potential shortly before or during the
repolarization of the muscle about 60ms after the upstroke of the
action potential. The image data shows a homogeneous map of the
action potential wave, but yet contains residual motion artifacts
(see also Supplementary Movie 2).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.pbiomolbio.2017.09.015.
The motion and mechanical deformation of the wall surface

captured during the electromechanical optical mapping experi-
ment is depicted in Fig. 8. Fig. 8a) shows the vertex mesh (black
dots) of the same heart as depicted in Fig. 7 and the trajectories (red
lines) of some of their vertices (every 20th vertex from the un-
structured vertex grid). The trajectories exhibit an elliptical shape,
the main axis of the ellipses being aligned in normal direction to
the tissue surface, the entirety of trajectories describing a trans-
lational back and forth movement of the tissue surface in radial
direction of the heart, see Fig. 8b). The heart moves approximately
3mm back and forth, which is in the order of 15� 20% of its
diameter (see also SupplementaryMovies 1 and 2 for an impression
of the strong movements and contractions). The motion corre-
sponds to a movement in and out of the image plane in Fig. 7d). The
ellipses are closed and collapse onto each other over many cardiac
cycles (we measured up to 5 s), indicating that the motion of the
heart is very regular and similar over the different cardiac cycles.
Fig. 8b) shows that in addition to the trajectory it is also possible to
compute and display the velocity of each vertex along its trajectory.
The color-code (black-red) indicates the strength of the instanta-
neous velocity of the vertex along its trajectory, the highest ve-
locities (5cm=s) occurring along the long sides of ellipses between
systole and diastole during translational motion of the entire heart
(c.f. Fig. 9).

Fig. 9 shows the efficacy of the light-field correction for
compensating motion artifacts caused by relative motion between
tissue and light sources and related illumination changes, see also
section 2.8. We found that the light-field correction could signifi-
cantly improve the quality of the recovery of action potentials from
parts of the surface of strongly moving and deforming hearts dur-
ing electromechanical optical mapping. As an additional post-
processing step after the tracking and motion stabilization pro-
cedure, the light-field correction enabled to recover action poten-
tials from heavily distorted optical traces and enhanced action
potential morphology, see Fig. 9b). We estimated the local light-
field or effective illumination intensity around each vertex from
the residual intensity fluctuations during the diastolic interval.
Fig. 9a) shows the trajectory of a single tissue vertex during the full
cardiac cycle. The intensity of the imaged tissue segment that was
measured over time along the trajectory is shown in normalized
units (black-and-white color code, [n.u]). During systole, the in-
tensity drops abruptly with the depolarization of the action po-
tential, which produces due to membrane-dependent emission
spectrum shifts and the bandpass filtering a drop in intensity on the
detector (black part of the trajectory). During diastole, we would
expect the the intensity to be constant if the tracking of the tissue
segment through space was accurate and effects of optical flow
were minimized. However, we consistently observed a gradient in
intensity suggesting that the illumination changes whenever the
tissue moves along the direction of an illumination gradient. Using
the intensity data from the trajectory and its neighbouring trajec-
tories during the diastolic interval, we estimated the effective in-
tensity distribution or light-field using equation (12) and corrected
the traces accordingly. The effect of the light-field correction onto
the optical traces is shown in Fig. 9b). The raw unprocessed optical
trace containing heavy motion artifacts is shown in the upper time-
series. The graph in the central panel corresponds to the times-
series after tracking and the co-moving signal analysis but prior
to the light-field correction. It can be noticed that the trace appears
to contain positive deflections prior to the upstroke of the action
potential. The lower graph shows the times-series after both
tracking and the co-moving signal analysis and the light-field
correction. With the light-field correction, the positive deflections
disappeared, leading to a more abrupt action potential upstroke

https://doi.org/10.1016/j.pbiomolbio.2017.09.015


Fig. 11. 3D surface reconstruction of rabbit heart #2 using 4 cameras. a) Photograph of rabbit heart in perfusion bath. b) Reconstructed, high-resolution triangular mesh of the
ventricles rendered as wireframe. c) Triangular mesh rendered with color texture map. Blue outline indicates surface region, for which 3D deformation tracking was applied. d)
Polar color texture map of the ventricular surface, generated from projection of 72 photographs onto the mesh. Outlines show field of views of four cameras, which were arranged at
45� looking through adjacent windows of an 8-sided bath. e) Polar fluorescence texture map of the ventricular surface, generated from projection of 72 images of the rotating heart
with camera B under green illumination. Blue outline indicating Tracking Area as in panel c. f) Comparison of reconstructed trajectories of three vertices of a triangle face
reconstructed using two (red) or three (blue) cameras, arranged at 90� or 45� , respectively. The location of the triangle is indicated by a black star in panel d. g) Plot of time series of
triangle shown in panel f. First row: X (blue), Y (green), and Z (red) coordinates around mean position of first triangle point. Second row: velocity of first triangle point. Third row:
corrected fluorescence intensity at first triangle point. Fourth row: Surface area of triangle.
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and a flat diastolic interval in between the action potentials.
During the electromechanical optical mapping experiment,

large parts of the heart are not visible by any of the high-speed
cameras and only parts, which can be seen by at least two
cameras can be tracked in three-dimensional space. The deforming
ventricular wall surface, which is shown in Fig. 7a), and on which
we measured electrical and mechanical data at high spatial and
temporal resolutions, is only part of a larger 360+ reconstruction of



Fig. 12. Efficacy of tracking tissue motion in optical mapping videos. Image registration algorithm tracks tissue landmarks, features or texture through the image plane, here shown
for three exemplary sequences in each row: the first column shows the uncoupled tissue at the end of the experiment, the second and third columns show the tissue during the
electromechanical optical mapping experiment during diastole and systole. The black dots (part of a regular grid, every 10th data point is shown) indicate examplary tissue
segments, which are being tracked through the video images with respect to the reference configuration. The tracked shifts can be verified by simple visual inspection.
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the entire surface of the uncoupled heart. Figs. 10 and 11 show the
full 3D reconstruction of two different hearts, one imaged with 3
cameras (10) and one imaged with 4 cameras (11, 7) during elec-
tromechanical optical mapping. For both hearts, the entire static
surface geometry of the heart was reconstructed optically using the
same methodology as described in section 2.6 at the end of each
experiment after the administration of Blebbistatin. However, the
comparison of Figs. 10 and 11 illustrates the difference that using 3
or 4 cameras in the optical mapping experiment make onto the size
of the dynamically reconstructed deforming heart wall. Figs. 10a)
and 11a) show a photograph of a rabbit heart hanging inside the
perfusion bath, the photograph being taken from a similar
perspective through the glass walls of the aquarium as fromwhich
it was filmed with one camera. Fig. 10b) 11 b-c) show the three-
dimensional reconstruction of the outer shape of the non-
moving, electromechanically uncoupled heart as a triangular
mesh, rendered both as a wireframe model (left) and with color
texture map applied (right). As described in the methods section,
the entire surface geometry including the ventricles, atria and aorta
was reconstructed optically at the end of the experiment after the
administration of Bebbistatin by rotating the heart. The triangular
mesh indicates the high spatial resolution (Fig. 10: 23;550 faces,
0:16 mm2 average surface area per face) of the surface recon-
struction. In both Figs.10 and 11, themorphological configuration of
the heart corresponds to the electromechanically uncoupled, non-
moving configuration cs of the heart at the end of the experiment
(15� 20 minutes, see also Fig. 3b), as the three-dimensional shape
reconstruction could only be performed with non-moving hearts.
The area enclosed by the blue line indicates the area on the ven-
tricular surface, which was filmed during the electromechanical
optical mapping part of the experiment with 3 or 4 cameras
respectively, and for which tissue displacement data and optical
maps could be computed. The area in Fig. 10 is smaller than in
Fig. 11 as it was only filmed with 3 cameras instead of with 4
cameras. Fig. 10c) shows the corresponding area in one polar
texture map of the entire ventricular surface obtained from 72
photographs of the heart during the 360+ rotation projected onto
the reconstructed geometry and blended together, the entire epi-
card surface being shown in one image with the apex at the center
of the image. Correspondingly, Fig. 11e) shows the tracking area in a
polar map obtained from 72 video images from the high-speed
cameras during the rotation. The reconstructed deforming area of
the heart filmed with 4 cameras is substantially larger than from
the one filmed with 3 cameras and corresponds to almost 180+ of
the surface of the heart. Fig. 10d) shows the the same polar texture
map as in 10c), however, the three fields of view of the three high-
speed cameras A, B and C are displayed on top of the map as red,
yellow and green lines respectively. The right ventricular wall is
covered partially by the field of view of camera A, parts of both the
right and left ventricular walls are covered by camera B and the left
ventricular wall is covered by camera C. At 45+ camera angle, there
is a large overlap in the fields of view of the cameras and, in
particular, there is a region inwhich all three fields of view overlap.
The same degree of overlap is achieved in Fig. 11d) and with 4
cameras only a small part of the ventricles at the bottom of the map
between the pink and red line can not be observed by any of the
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cameras. This suggests that the entire heart could presumably be
observed by 6 cameras. Nevertheless, for the computation of the
dynamically deforming meshes of both hearts it was necessary that
at least two of the fields of view of 2 of the high-speed cameras
overlapped. Accordingly, in Fig. 11d) only the region in the upper
half of the map between the yellow and the green line could be
used to reconstruct three-dimensional wall motion. The effective
tracking area enclosed by the blue line shown in Fig. 11e) corre-
sponds approximately to this area and is only slightly smaller
because some of the vectors close to the boundaries of the fields of
view were discarded.

Texture maps as shown in Fig. 10c) or Fig. 11d) can be computed
at arbitrarily high resolutions. Due to the high resolution of the
DSLR camera, the color texture map can also be computed at high
resolution. Even at a resolution of just 1024� 1024 pixels as shown
here, the detail provided by the texture map exceeds the resolution
of the triangular mesh, meaning that each triangular face of the
mesh contains a texture patch that may consist of multiple pixels of
the original photograph, resulting in almost photo-realistic
rendering of the textured mesh. From the photographs and color
texture it is possible to identify anatomical structures on the heart
surface and to compare them to the activity in the optical maps. For
instance, in the color texture map one can easily identify the left
descending artery, which separates the right and the left ventricle.

The efficacy of tracking motion in the two-dimensional video
data is demonstrated in Fig. 12. The image registration algorithm
tracks tissue landmarks, features or texture through the image
plane andwas used to determine shifts of the tissue in the contrast-
enhanced video images (c.f. Fig. 4). The figure contains 3 � 3 panels
with video images showing the same part of the heart surface as
seen from one of the cameras. The first row shows a close-up of the
video image from camera A, the second row shows a close-up of the
video image from camera B, and the third row shows an enlarge-
ment of the first row. The first column shows the tissue at the end of
the experiment in its reference configuration cs. The second and
third columns show the tissue approximately 15� 20 minutes
earlier during the electromechanical optical mapping part of the
experiment during diastole and systole, respectively. The second
column shows the tissue in the reference configuration cr in the
reference frame Ir or Cr respectively within the sequence. The black
dots indicate tissue segments (subsampled from a regular grid with
higher resolution), which are being tracked with respect to the
reference configuration in the static reference frame Is or Cs
respectively and through the sequence of video images I1;…; IN (or
C1;…;CN). Notice that the heart surface seen in the video images in
the first column appears differently than the video images in the
second and third columns. In particular, the texture of the tissue in
the video images in the second and third columns is much more
similar, because the images were acquired within a short time,
typically within a few hundreds of milliseconds or seconds. In
contrast, the video images in the first column were acquired
15� 20 minutes later. During this time, the heart's visual appear-
ance was changed significantly, likely due to photo-bleaching,
washout or redistribution of the fluorescent dye or administering
of Blebbistatin. The figure demonstrates that the motion tracking
algorithm and scheme, see Fig. 5b), was nevertheless able to relate
the video images to each other and to detect shifts in between all
images reliably. Nevertheless, the differences in the visual
appearance in between the instantaneous video images I1;…; IN (or
C1;…;CN) and the static reference video image Is (or Cs), caused the
tracking to be insufficiently robust if the scheme shown in Fig. 5b)
had not been applied, but rather the shifts were aimed to be
computed in between each video image I1;…; IN and the reference
image Is directly, as in Fig. 5a). For the tracking to work reliably, it
was necessary to warp all instantaneous video images to the in-
sequence reference configuration cr and then to register all war-
ped images ~I1;…;~IN with respect to the static reference image Is to
obtain an averaged map for the deformation that occurred during
administering of Blebbistatin.

4. Discussion

We demonstrated that optical mapping can be performed with
beating, strongly contracting hearts and that action potential waves
can be visualized on the three-dimensional deforming ventricular
wall as the heart contracts during sinus rhythm. In particular, we
demonstrated that movements and deformations of the heart
surface can be captured at high spatial resolutions without markers
being attached to the heart. We used an approach, in which at first
the beating heart was filmed with multiple calibrated cameras and,
afterwards, as the heart's motionwas suppressed using uncoupling
agents, the immobilized heart's geometry was reconstructed,
which then could be deformed according to the tracking data ob-
tained while filming the beating heart. This approach is funda-
mentally different from another approach reported by Zhang et al.
(2016), in which heart wall shapes and wall movements were
tracked and reconstructed immediately and directly using the
video image data only, while relying on the use of markers attached
to the heart surface. Moreover, we demonstrated that it is possible
to use a purely numerical approach to compensate motion artifacts,
which are related to inhomogeneous illumination and relative
motion between the heart and the light sources. Our approach has a
series of advantages and disadvantages.

One of the main advantages of our approach is that we did not
have to use markers and that the heart's outer shape could be
reconstructed at very high spatial resolutions independently of any
given number of markers, the spatial resolution being limited only
by the spatial resolution of the high-speed cameras and the
tracking of the video images. As the tracking was conducted in each
pixel, we obtained essentially the same resolution given by the
detector of the high-speed cameras (128� 128 pixels). At the same
time, the optical three-dimensional geometry reconstruction pro-
vided even higher spatial resolutions than the projected pixel sizes
of the high-speed cameras. Each vertex of the geometry mesh was
displaced using data from multiple cameras. While Zhang et al.
(2016) relied on markers in order to obtain corresponding pairs
of tissue coordinates in two cameras, our approach provided such
corresponding pairs automatically as it associated two corre-
sponding pairs via the readily existing mesh of the reconstructed
surface geometry, see Fig. 6.

Another advancement in our approach is the introduction of the
numerical removal or inhibition of motion artifacts caused by
inhomogeneous illumination and relative motion between tissue
and light sources using a light-field correction, see section 2.8 and
Fig. 9. The technique achieves similarly as ratiometric imaging a
reduction of baseline drifts which are independent of dissociation
effects. Therefore, it could be used as a complementary technique in
conjunction with ratiometric imaging or presumably also as a
stand-alone solution. However, further research would be required
to systematically evaluate the technique's performance for various
situations and in comparison to ratiometric imaging. At the
moment, we are unaware of how different movements of the heart
(see trajectories in Fig. 9) affect the quality of the light-field esti-
mation. It is important to note at this point, that the light-field
correction did not always improve the action potential shape as
shown in Fig. 9b). In many cases (approx. 50%), it did not have a
noticeable effect onto the traces and in some fewer cases it even
seemed to decrease the quality of the recovery. However, this could
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be due to the particularly regular motion of the heart and relatively
restricted volume around each vertex, fromwhich we were able to
sample the intensity distribution caused by the light-field. The very
regular motion of the heart restricted us to sampling along the
elliptical trajectories in a quasi two-dimensional plane. In situa-
tions with less regular motion, the trajectories would presumably
be more complex and allow volumetric sampling, which could in
turn improve the quality of the light-field estimation. In principle,
the light-field correction could also be used to compensate motion
artifacts during arrhythmic activity. However, due to the absence of
a diastolic interval during arrhythmic activity, the light-field
correction would have to be modified in that the whole trajec-
tories including intensity modulations caused by the action po-
tential would have to be used in the sampling process. Then
sampling over long times could average out the contributions by
the action potential. Alternatively, the light-field could be esti-
mated prior to staining with fluorescent dye, recording movements
of the heart surface and probing baseline drifts for various shifts of
the tissue without the heart emitting fluorescence. In principle,
light-field correction could also be used with 2D video data.

In our experiments the 8-sided bath limited us to camera po-
sitions of 45� or 90�. Fig. 11f) compares the trajectories of a triangle
reconstructed with three cameras arranged at consecutive 45�

positions versus just two cameras positioned at 90�. The recon-
structed trajectories do not differ much, suggesting that separa-
tions larger than 45� can also be used for 3D deformation tracking.
However, with our current approach it would not be sufficient to
use four cameras arranged at 90� for panoramic tracking of the
whole 360� heart surface, because the usable overlap between two
cameras is currently limited in our approach due to lacking 2D
tracking data at the boundaries between heart and background, as
described in section 2.7. We anticipate that full 360� panoramic 3D
deformation tracking should be possible with 6 cameras using our
technique. If cameras with a higher spatial resolution were used,
then even 5 cameras might be sufficient. Fig. 11g) shows recon-
structed time-series for this triangle. Position, velocity and cor-
rected fluorescence are plotted for the first point of the triangle. The
last row in Fig. 11g) shows the surface area of this triangle and il-
lustrates how the reconstructed mechanical motion can be pro-
cessed further.

One of the major drawbacks of our approach is the long delay
(10� 15 minutes) between the electromechanical optical mapping
experiment and the reconstruction of the three-dimensional ge-
ometry of the heart at the end of the experiment. The relatively
long delay time is required to administer Blebbistatin and to wait
for the uncoupling agent to become effective, because the outer
shape reconstruction is a lengthy process (5� 8 minutes), involves
the 360� rotation and taking photographs of the heart and can only
be performed with non-moving hearts. The long delay time is
problematic for two reasons: on the one hand the heart's visual
appearance can change in that time to a degree that the tracking
between the fluorescence video images acquired during the
reconstruction and the video image sequence acquired during op-
tical mapping becomes compromised, see Figs. 4b) and 12. To
overcome this problem we had to introduce the tracking scheme
presented in Fig. 5b). On the other hand, one can often have the
situation that the heart's size and volume increases significantly
(length changes in the order of a few percent), which prohibits
further analysis of the experimental data. We experienced signifi-
cant volume changes and swelling, such that in 2 out of 4 experi-
ments, which we performed overall, it became immediately clear
after the experiment that we could not analyze the data. The heart's
size and volume increased in both the time in which Blebbistatin
was administered as well as in the time that was required to
perform the 360� rotation of the heart for the geometry
reconstruction (72 photographs, 5� 8 minutes), likely due to os-
motic pressure. In cases in which the heart size changed mildly but
reconstruction was yet considered possible, the analysis contained
systematic errors due to the mismatches of silhouettes that may
have gotten included in the geometry reconstruction. Particularly,
shape changes during which either the heart elongated along an
arbitrary axis deviating from the vertical rotational axis, or during
which the heart moved out of the field of view of one of the cam-
eras were prohibiting further analysis.

We performed the entire experiment in relatively short times of
typically less than 30min tominimize the abovementioned effects.
To avoid critical shape changes of the heart during reconstruction, it
would be advantageous to decrease the time that is necessary to
perform the optical reconstruction down to a few seconds. Gener-
ally, it could be possible to compensate undesired heart volume
increase pharmacologically, yet, we did not test this option. We also
did not verify whether the dynamic reconstruction of the three-
dimensional geometry of the heart could be performed after
several hours of the experiment. It could be a challenge in this case
to be able to register and relate the video data with the video data
that was acquired several hours earlier. A solution could be to
performmultiple recordings and registrations in themeantime and
stitching such registrations together, to ultimately register de-
formations that occurred in between longer periods of time. We are
aware that the time constraints imposed by the geometry recon-
struction constitute a serious limitation as optical mapping exper-
iments can last for up to several hours and are typically also
performed over several hours. Of course, in general, the problems
associatedwith uncoupling the heart electromechanically for shape
reconstruction and the long delay times that come with that pro-
cedure could be circumvented by using panoramic imaging or
stereo imaging approaches, in which the deforming surface is
captured instantaneously.

Ground truth data of the actual, instantaneous deformation of
the epicardial surface, to which the reconstructed three-
dimensional deformation could have been compared to, was not
available in the experiments. Therefore, the quality of the recon-
struction method and their results could only be inferred from the
efficacy of motion-artifact-removal. Co-moving time series depic-
ted in Fig. 7c) show drastically reduced motion artifacts. Residual
artifacts were partly caused by incomplete motion-compensation
or light-field correction. This issue could be addressed with
different experimental methodology, e.g. additional ratiometric
optical mapping, or with numerical post-processing like high-pass
filtering.

The strength of our method lies in the easy experimental
execution and the simplicity of the numerical, two- and three-
dimensional tracking and reconstruction procedures described in
sections 2.5 and 2.7. Nonetheless, there are several possibilities for
improvements. The weight wk;m for summation of the quadratic
differences in equation (5) was set to zero for angles 4> b4 ¼ 80�.
This limit was chosen, because the optical flow cannot be computed
accurately at the border of the heart, where the angle of observation
is near 90�, due to inference with the static background. The hard
limit b4 could be replaced by an additional multiplicative factor,
describing the quality of the displacement vector field ut

k at each
pixel. Furthermore, this simple formula should be extended, such
that possible occlusions of the geometry with itself are respected,
and the normal vector Nm be recomputed for every time t.

5. Conclusions

We demonstrated that it is possible to perform panoramic op-
tical mapping experiments with beating hearts. Motion and de-
formations of hearts could be reconstructed at high spatial
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resolutions using numerical image registration andmotion tracking
techniques. Maps of action potential wave spread across the
deforming surface could be visualized with significantly reduced
motion artifacts. The future of optical mapping will be mapping
freely beating and contracting hearts.
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Supplementary material

Two supplementary movie files are available online. Supple-
mentary movie 1 shows the reconstructed triangular mesh of the
heart surface as well as the three-dimensional deformation of the
tracked area of the contracting heart #1 during sinus rhythm.
Supplementary movie 2 shows the same for heart #2, and addi-
tionally shows the projected and normalized fluorescent mem-
brane potential before and after applying the light field correction.
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