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Abstract: Many techniques used to measure the deformation of biological
tissue are inadequate for measuring deformations of hearts in vivo. Bull
Frogs (Rana Catesbeiana) were double-pithed and dissected to expose the
amphibian heart for the measurements conducted in this study. White
titanium dioxide powder and black charcoal were applied to the surface of
the heart to create an artificial surface pattern with high contrast that does
not react with the heart muscle or mask surface details. This pattern was
then used in conjunction with three dimensional Digital Image Correlation
(DIC) to measure full field deformations of the heart through several
cardiac cycles. These deformations were measured with a spatial resolution
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Introduction

Interest in monitoring deformation of a heart in
vivo is partially fueled by cardio vascular disease being
the leading cause of deaths in the United States
(Mozaffarian et al., 2016). The anisotropic,
inhomogeneous and non-linear behavior of the
myocardium coupled with its passive and active
relaxation and contraction during the cardiac cycle make
it difficult to conduct in vitro studies that can replicate
the complex system interactions and material responses
that occur during in vivo heart deformation.

Lionello et al. (2014; Zhang et al., 2002) report
that many standard techniques for evaluating the
deformation of biological specimens are difficult to
adapt to in vivo measurements because they are
limited to small strains, require contact with the
specimen, or do not have appropriate spatial
resolution. One technique that is not limited to small
strains, is non-contact and can provide appropriate
spatial resolution in all three dimensions is the Stereo
(or 3D) Digital Image Correlation technique (DIC)
(Sutton et al., 2009).

Critical to the successful application of the DIC
technique is having either a natural occurring or
artificial stochastic pattern on the surface of the
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of approximately 0.4 pm and temporal resolution of 50 Hz.

Amphibians, In vivo

specimen. This pattern should consist of high contrast
components (background and speckles), should not
react with the specimen, should adhere to the
specimen and should not mask the details of the
underlining deformations. The speckles size in the
stochastic pattern should be larger than three pixels in
diameter to avoid aliasing issues during correlation
and care should be taken to minimize the speckle size
to avoid compromising spatial resolution. /n vivo
heart studies complicate pattern selection because the
heart is wet, subject to large-rapid deformations and
the cardiac cycle is controlled by an electro-chemical
process in the myocardium that could be impacted by
the materials used to pattern the surface.

Zhang et al. (2002; Miri et al., 2012; Lionello ef al.,
2014; Affagard et al., 2015) have all successfully used
2D DIC on both hard and soft in vitro biological
specimens. 2D DIC is limited to a single plane that
has to be parallel to the sensor or parallax can occur in
the recorded image. Bucinell ef al. (2010) successful
used 3D DIC to characterize complex three
dimensional load paths in primate mandibles subject
to in vitro loads.

Gaudette ef al. (2001) and Chiang (2010) used 2D
DIC to characterize in vitro myocardial tissue of rabbit
hearts. In their study they were able to show that the 2D
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DIC results were comparable to sonomicrometry results.
Hokka et al. (2015; 2016) were the only reported 3D
DIC in vivo deformation measurements of a human
heart during surgery. It should be noted that the
natural pattern of the heart was used for DIC
correlation causing severe limits in spatial resolution.
Even with poor spatial resolution, the DIC results
were used to assist surgeons in assessing the success
of the surgery prior to closing the thoracic cavity.

Further development of the spatial and temporal
resolution of the 3D DIC techniques for in vivo heart
deformation studies have to be conducted on species
other than humans because of ethical and regulatory
issues, this study uses Bull Frogs (Rana Catesbeiana).
The primary difference between a frog heart and a
human heart is that the frog heart has two atria and
one ventricle, while the human heart has two atria and
two ventricles. However, the frog and human hearts
do have similar myogenic mechanisms for controlling
the cardiac cycle. One advantage of using a frog for in
vivo heart studies is that the difficulties associated
with anesthetizing mammals are avoided when frogs
are pithed.

The remainder of this paper will describe a 3D DIC
technique that was successfully used to measure in vivo
heart deformations in a frog with high spatial and
temporal resolution.

Materials and Methods

The following subsections will cover the specimen
preparation, stochastic pattern generation, lighting and
the 3D DIC configuration.

Specimen Preparation

In this study Bull Frogs (Rana Catesbeiana) were used
in the experiments. In preparation for heart observation
the frogs was first cooled to ensure it was serene and
remained in a normotensive state prior to the experiments.
The frogs were then double-pithed following protocols
established and approved by the Union College
Institutional Animal Care and Use Committee (IACUC).
This procedure destroys the brain and spinal cord,
immobilizes the frog and renders the nervous system
insensitive. In this state the circulatory system continues
to operate rhythmically for up to one hour in the absence
of nervous system input.

Post pithing the frogs were placed on a dissection
tray exposing their ventral side. The dissection started
with a midline cut from the bottom of the abdomen to
the bottom of the jaw. “T” cuts were made at the base of
the jaw and the bottom of the abdomen to fully expose
the thoracic cavity. The skin flaps were pinned back
using dissecting pins so that measurements could be
taken without obstruction.
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Stochastic Pattern Generation

Critical to the DIC technique is the application of a
stochastic pattern on the surface of the specimen. In
these experiment the pattern is being placed on a heart
in vivo, therefore it is critical that the materials used
dose not react with the electro-chemical process in the
myocardium that control the cardiac cycle.
Unsuccessful attempts were made to generate the
stochastic pattern using both acrylic and latex paints.
The paints either had difficulty adhering to the heart,
were too thick to enable an unobstructed views of the
deformation, or in some instances reacted with the
heart causing it to stop beating.

The technique used by Gaudette et al. (2001) and
Chiang (2010) to produce the stochastic pattern was to
disperse small silicon carbide particles (approx.. 40 pm)
on the surface of the heart which created a dark speckle
pattern on the light tissue surface. This technique worked
primarily because the experiments were performed in
vitro and the pumping action was being generated by a
latex balloon inside the heart. In this study the in vivo
heart surface changes color dramatically as blood is
pumped through it. Our attempt to use this technique
lead to an unsuccessful result.

It became clear that the heart needed to be coated
with one color with a contrasting color being used as
speckles. Because the sensors being used only recorded
gray scale images, the two contrasting colors chosen
were white and black. First chalk dust and charcoal
shavings were tested to see if they were appropriate for
applying the stochastic pattern. The moist environment
around the heart caused the chalk dust to dissolve again
leading an unsuccessful result.

Finally, titanium dioxide powder was applied to the
surface of the heart as the base and charcoal powder was
used to form the speckles. These contrasting powders
proved successfully in place a durable stochastic pattern
on the surface of the heart that gave an appropriate
speckle size, did not react with the heart and did not
mask the details of the hearts deformation during the
cardiac cycle. Additionally, the pattern could be easily
removed from the heart by gently rubbing a moist gauze
pad over the specimen. This was necessary replace the
pattern on the heart.

As will be discussed in one of the following section,
the sensor being used for these experiments were 1280
px by 1024 px photo arrays. The frog hearts used in
these experiments fit into a 15mm diameter circle, so a
25x20 mm field of view was calibrated. This
corresponds to 19.5 um per pixel. The stochastic pattern
speckle size needs to be greater than 3 pixels in diameter
to avoid aliasing, but must be minimized to maximize
spatial resolution. These requirements lead an optimal
charcoal particle size of around 60 um. To achieve this
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particle size, powdered charcoal was crushed to the
appropriate size in a pestle and mortar. The crushed
charcoal powder was then placed in a desiccator for a
minimum of 24 h prior to application to insure the
particles did not clump together during the speckle
application procedure.

The as-purchased titanium dioxide powder was also
crushed in a pastel and mortar to reduce the size of the
powder so it would not mask the details of the hearts
deformation once applied. The crushed powder was also
placed in a desiccator for a minimum of 24 h prior to
application to make the powder easier to apply to the
heart in a uniform manner.

The application of the stochastic pattern to the heart
started by placing a small amount of the dried titanium
dioxide powder on a sheet of paper. The paper was held
just above the dissected frog while a pipette was used to
slowly blow a thin coating of powder over the surface of
the heart. Care was taken to insure the final surface
coating of powder was uniform and thin.

The next step in the process of generating the
stochastic pattern on the surface of the heart is applying
the charcoal particles that will make up the speckles.
This process starts by placing a small amount of charcoal
powder on a piece of paper. The paper is held over the
dissected frog and a pipette is used to create a small
cloud of charcoal powder over the thoracic cavity. After
the cloud falls and settles on the surface of the heart, the
process is repeated until an appropriate density of
charcoal particles in on the surface.

Figure 1 shows a stochastic pattern that has been
placed on the surface of a heart using the procedure
outlined above. The application of the stochastic pattern
in vivo requires considerable practice to master. Training
in this technique was performed using damp tofu to
avoid the unnecessary dissection of frogs.

Lighting

The complete cardiac cycle for a frog is about 1 to 2
sec long. To capture the complex motion associated with
the deformation of the heart during a cardiac cycle a
frame rate of 50 frames per second was used in this
study to avoid blurring of the images recorded by the
photo sensors. This frame rate requires the surface to be
illuminated with intense light which also gave rise to
glare on the surface.

Several lighting sources were considered for this
study. Direct incandescent, fluorescent, halogen and
light-emitting diodes at intensity levels that would
properly illuminate the heart were all found to
generate enough heat on the surface of the heart to
alter the normal cardiac cycle. Fiber optic illuminators
with a quartz halogen light source (cool lighting
system, Dolan-Jenner Fiber Lite DC-950) were found
to provide light at the property intensity without
heating of the surface.
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The fiber optic illuminators still generate glare on
the surface of the heart. For this application glare was
minimized by placing linear polarizing filters on the
light sources and lenses of the photo sensors. The
intensity of the fiber optic illuminators were increased
to compensate for the reduction in light intensity on
the surface of the heart that resulted from the use of
the filter.

3D DIC Configuration

The experiments set-up used in this study is shown
in Fig. 2. Two Basler A504 (Basler Vision
Technologies) high speed cameras were mounted
above the specimen on a tripod with an extension
equipped with two axis positioning stages. Each of
these cameras were equipped with a 50 mm Unifoc
Schneider Componon-S 2.8/50 lens. The cameras
were controlled by the ARAMIS DIC System (GOM
mbH, Braunschweig, Germany).

Fig. 1. The stochastic pattern created using titanium dioxide
powder and powder charcoal on the surface of the
dissected frog heart

| ol
Fiber Light
Source

High
Speed

Manfrotto .
gl Focusing / S8 W=
Frog Being ||| =

S Polar Lens = 2
— stodied | N

= SN

~—

>

|

Fig. 2. The experimental set-up used in this study including the
high speed DIC photo sensors, lighting and specimen
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The DIC sensors in the Basler cameras were
1280px by 1024px. The field of view of the cameras
was calibrated to 25 mm (x) by 20 mm (y) 10 mm (z-
depth of field). This results in a pixel dimension of
19.5 um. The system was calibrated to 0.02 pixels of
displacement or approximately 0.4 um displacement.
The cameras were then set to take 50 frames per
second with a shutter speed of 10 ms.

The two fiber optic light sources were held in position
over the specimen using Manfrotto Magic Arms.

Results

Figure 3 shows the out-of-plane displacements
(Displacement Z) on the surface of the heart, overlaid
on the heart, at four point in the cardiac cycle (A, B,
C, D). The strip chart below the images tracks point
displacements through three cardiac cycles at the
location of the red (e), blue (o) and black (e) dots in
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Fig. 3A. These three dots are respectively placed on
the ventricle, lower atrium and upper atrium. All
displacements are in millimeters. The red vertical line
on the strip chart shows the location in the cardiac
cycle where the image above was taken. The scale to
the right of the image is for the overlaid z-
displacement field shown in the image. Displacement
fields in the x and y (in the plane of the image) could
also have been produced for the cardiac cycle, but
were not included in this study.

The 3D DIC technique uses the stochastic pattern
to calculate the deformations on the surface of the
heart in the x, y and z directions. These deformations
are used in continuum mechanics to compute surface
strains. Figure 4 shows the Major (Maximum
Principle) strain calculated using the displacement
field of the heart at the same time as the z-
displacement in Fig. 3B. The scale to the right of the
image is in percent strain.
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Fig. 3. A sequence of images of the out-of-plane displacement (z) overlaid on the patterned heart at various points in the

cardiac cycle
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Fig. 4. Map of the major (maximum principal) strains on the surface of the heart at the same point in the cardiac cycle as the z-

displacements in Fig. 3B

Discussion

The advantage of 3D DIC over 2D DIC is that
deformation measurements out of the plane of the
sensors on the surface of the specimen can be measured.
Because this is a white-light technique, the out-of-plane
deformation measurement is limited. This limitation is
a result of the lenses having a singular point of focus.
As objects move away from this point they go out of
focus. The algorithm used to track the deformation of
the speckle pattern can tolerate only a limited amount
of optical aberration. This limit controls the depth of
field, which is calculated and reported during
calibration of the 3D DIC system.

The 3D DIC technique captures the complex
deformation on the surface of the heart as it progresses
through the cardiac cycle. The results of this study
showed that different regions of the heart expand and
contract at different times during the cycle. Being able to
capture this detail requires a proper stochastic pattern to
insure spatial resolution and the appropriate shutter time
settings to insure temporal resolution.

The generation of the stochastic pattern is more of
an art than a science. The procedure outlined above
requires a great deal of practice to master. This is why
training is conducted on moist tofu. Using this analog
allows the researcher to become familiar with the
application technique and gives them a sense of what
patterns will work and which will not. After the tofu
was speckled it was be placed under the 3D DIC
system shown in Fig. 2 and two images of the surface
were taken. These images were then correlated by the
system. If the pattern was good, displacement fields
were calculated which indicate the error of the
measurements. If the pattern was not good, no
displacement field was calculated or a partial
displacement field was calculated. Poor patterns
typically resulted from lack of speckle density or not
enough contrast in between the speckles and the
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background. Use of tofu enabled the technique to be
mastered and reinforced using a tactile approach.

Imaging techniques require objects to have limited
deformation while the camera shutter is open and the
sensor is recording. This typically means that the
object cannot move more than a pixel during this time.
The shutter time is also a function of light intensity. In
this study light intensity was limited by fiber optic
light sources having polarizing filters placed on them
to minimize glare. Seeking out the proper shutter time
was a result several trials that started at the lower
shutter time limit and progressed to longer times until
the minimum shutter time that would produce an
image was found.

The time between images was also determined
through trial and error. The cameras used in this study
were capable of up to 500 frames per second at full field
and 8000 frames per second at partial field. The number
of frames taken during the cardiac cycle means longer
computation times. The minimum number of frames per
second that would provide the adequate detail
deformations details was determined through several
trials. 50 frames per second appeared to be the
appropriate balance between temporal resolution and
computational intensity.

Conclusion

The 3D DIC technique has been shown to be a robust
technique for measuring the complex deformations on
the surface of a heart in vivo. Turnkey systems are
widely available to the researcher to control cameras,
calibrate the field of view and correlate the results.
Special care needs to be taken in applying a stochastic
pattern to the surface to avoid aliasing, maximize spatial
resolution and make sure the materials being used do not
react with the electro-chemical process in the
myocardium. Special care needs to be taken when
choosing lighting to make sure the intensity is high
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enough to accommodate shutter times and to minimize
glare on the specimen’s surface.

The detailed three dimensional deformations and
strains measured on the surface of the heart using 3D DIC
can be used as both a research tool and diagnostic tool.
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