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Quantifying ventricular deformation in health and disease is critical to our understanding of normal heart
function, heart disease mechanisms, and the effect of medical treatments. Imaging modalities have been
developed that can measure ventricular deformation non-invasively. However, because of the small
thickness, complex shape, and anatomic position of the right ventricle, using these technologies to
determine its deformation remains challenging. Here we develop a first fiduciary marker-based method
to assess heterogeneity and anisotropy of right ventricular epicardial strain across the entire free wall. To
this end, we combine a high-density array of sonomicrometry crystals implanted across the entire right
ventricular epicardial surface with a subdivision surface algorithm and a large deformation kinematics
framework. We demonstrate our approach on four beating ovine hearts and present a preliminary
regional analysis of circumferential, longitudinal, and areal strain. Moreover, we illustrate maps of the
same strains across the entire right ventricular epicardial surface to highlight their spatial heterogeneity
and anisotropy. We observe in these animals that RV epicardial strains vary throughout the cardiac cycle,
are heterogeneous across the RV free wall, and are anisotropic with larger compressive strains, i.e., con-
traction, in the longitudinal direction than in the circumferential direction. Average peak compressive
strains vary by region between �3.34% and �8.29% in circumferential direction, and �4.02% and
�10.57% in longitudinal direction. In summary, we introduce an experimental framework that will allow
us to study disease- and device-induced deformations, and long-term consequences of these deforma-
tions, including heterogeneous and anisotropic effects.

� 2018 Published by Elsevier Ltd.
1. Introduction

Quantifying normal right ventricular (RV) deformation is criti-
cal to our understanding of RV function. It may also provide
insights into mechanisms of RV diseases, such as right heart failure
(Voelkel et al., 2006). To date there is a number of non-invasive
imaging modalities that allow assessing ventricular function in
patients, such as tagged MRI (Lee et al., 2011; Yeon et al., 2001)
and DENSE MRI (Zhang et al., 2017; Zhong et al., 2010), Tissue Dop-
pler Echocardiography and Speckle Tracking Echocardiography
(Bleeker, 2006; La Gerche et al., 2010), and 3D Echocardiography
(Zhang et al., 2013). However, quantifying RV deformation non-
invasively can be challenging because of the RV’s complex geome-
try, thin wall, and anatomic position (Haddad et al., 2008; Ho and
Nihoyannopoulos, 2006). Moreover, none of the above methods
employ fiduciary markers, which ensure accurate tracking of
specific material points and allow to quantify strains between con-
figurations with large temporal separation, i.e., tracking of defor-
mations that occur over periods longer than a few cardiac cycles.
Therefore, these imaging techniques are not ideal for assessing
disease- and device-induced deformations (Genet et al., 2015;
Kroon et al., 2009; Lee et al., 2016).
tricular
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To overcome these challenges, in this current study, we demon-
strate the feasibility of a sonomicrometry-based experimental
technique to study heterogeneous and anisotropic RV epicardial
strains in an ovine model.
2. Materials and methods

2.1. Surgical procedure and experimental protocol

We perform the following surgical procedure and experimental
protocol according to the Principles of Laboratory Animal Care,
which was formulated by the National Society for Medical
Research, and the Guide for Care and Use of Laboratory Animals
prepared by the National Academy of Science and published by
the National Institutes of Health. Furthermore, this protocol was
approved by our local Institutional Animal Care and Use Commit-
tee (IACUC #: 17-05).

We described the animal procedure and all administered med-
ications in detail previously (Malinowski et al., 2016b, 2016a;
Rausch et al., 2017b). Briefly, we pre-medicate four healthy, male
sheep (47 ± 4 kg), anesthetize them intravenously, intubate and
mechanically ventilate them, and maintain anesthesia. We
catheterize the jugular vein and the carotid artery for central
venous and arterial access, respectively, before we perform a med-
ian sternotomy and prepare the heart for cardiopulmonary bypass.
Once on bypass, while the heart is beating, we place pressure
sensors in the RV and left ventricle (LV) via the apex. Next, we sur-
gically implant 20 sonomicrometry crystals on the RV epicardium,
spanning the entire free wall (Fig. 1). Following placement of
pressure sensors and sonomicrometry crystals, we collect crystal
position data at 128 Hz sampling frequency under open chest,
open pericardium conditions. At the end of the experiment, we
euthanize all animals.

2.2. Ventricular strain calculations

To calculate RV epicardial strain in the beating ovine heart we
use an approach we previously described (Rausch et al., 2012,
2011). Specifically, we manually create a triangular connectivity
list between the sonomicrometry-derived crystal coordinates and
subsequently interpolate each triangular element via linear shape
functions in terms of the local curvilinear coordinates ha, with
a ¼ 1;2: Thus, we only characterize the surface deformations of
Fig. 1. Sonomicrometry crystal placement across the right ventricular epicardial
surface with triangular connectivity. In total, we implanted 20 crystals to create a
triangular mesh of 25 elements. Vectors indicate the approximate circumferential
(blue) and longitudinal (red) directions for each element. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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the RV. We describe the reference coordinates Xðh1; h2Þ and spatial
coordinatesxðh1; h2Þ of the RV epicardial surface for each animal as
per

X h1; h2
� � ¼

Xn

I¼1

NI h1; h2
� �

XI; and x h1; h2
� � ¼

Xn

I¼1

NI h1; h2
� �

xI; ð1Þ

respectively, where NI h1; h2
� �

are aforementioned linear shape func-
tions, and XI and xI are the crystal positions in the reference config-
uration and spatial configuration. Based on the partial derivatives of
the shape functions, we next compute covariant base vectors in
both configurations,

Gaðh1; h2Þ ¼
Xn

I¼1

@NI=@h
aXI; and gaðh1; h2Þ ¼

Xn

I¼1

@NI=@h
axI ð2Þ

We determine the contravariant counterparts to the above
bases via the covariant surface metric in the reference configura-
tion Gab ¼ Ga � Gb, viz.,

Ga ¼ GabGb; where Gab ¼ Gab
�1; with a; b ¼ 1;2 ð3Þ

and via the covariant surface metric in the current configuration
gab ¼ ga � gb; viz.,

ga ¼ gabgb; where gab ¼ gab
�1 ð4Þ

Additionally, we can compute the Green-Lagrange strain tensor
as

E ¼ EabG
a � Gb; where Eab ¼ 1

2
gab � Gab
� �

: ð5Þ

We compute the circumferential and longitudinal strains, Ec

and El, as the projections of the Green-Lagrange strain tensor onto
the circumferential and longitudinal direction vectors, nc and nl;

respectively, which we determine for each triangular element, i.e.,

Ec ¼ nc � E � nc; and El ¼ nl � E � nl: ð6Þ
Specifically, for each triangular element, we calculate nl as the

vector connecting the triangular element’s centroid with the apical
crystal, projected onto the triangular element’s surface. Subse-
quently the result is normalized. We calculate the circumferential
direction vector nc as the cross-product between nl and the trian-
gular element’s outward normal vector (Fig. 1).

Finally, we compute areal strain, Ea, as the relative change in
each triangular element’s surface area between the current and
the reference configuration.

2.3. Smooth right ventricular epicardial surface representation

To recreate smooth surface representations of the RV epicardial
surfaces, we use the Loop subdivision scheme (Cirak et al., 2000;
Göktepe et al., 2010; Loop, 1987). Generally, approximating subdi-
vision schemes create surfaces that are off-set from the original
control mesh. To circumvent this obvious shortcoming, we subse-
quently employ an augmented fixed point method (Rausch et al.,
2017a). To this end, we perform three iterations of the Loop subdi-
vision algorithm to obtain an approximating, C2-continuous RV
epicardial surface. Next, we calculate an error vector between each
crystal and the closest subdivision surface point. Subsequently, we
iteratively displace each original control mesh node by their
respective scaled error vectors and re-compute a new smooth sur-
face based on this updated control mesh (Fig. 2).

3. Results

All four subjects included in our study recovered well from
bypass with normal hemodynamics (Table 1).
ed framework to assess heterogeneity and anisotropy of right ventricular
/10.1016/j.jbiomech.2018.08.036



Fig. 2. Subdivision iterations from a piece-wise planar surface representation of the right ventricular epicardial surface (Iteration 0) to a C2-continuous, smooth
representation of that same surface (Iteration 3). Each iteration subdivides all original triangular elements into four elements. Thus, each iteration quadruples the number of
triangular elements that represent the surface. The top row presents the result for the original, non-interpolating Loop subdivision scheme, while the bottom row presents the
results for an optimized algorithm that ensures that the resulting smooth surface interpolates the original crystal coordinates.

Table 1
Hemodynamic data for experimental animals presented as mean ± 1 standard
deviation: Heart Rate (HR), Right Ventricular Volume (RVV), Right Ventricular
Pressure (RVP), Left Ventricular Pressure (LVP), and Central Venous Pressure (CVP) at
End-Diastole (ED) and End-Systole (ES).

HR (min�1) 101 ± 6
RVP ED (mmHg) 12 ± 4
RVP max (mmHg) 24 ± 4
RVV ED (ml) 127 ± 9
RVV ES (ml) 102 ± 8
LVP ED (mmHg) 12 ± 4
LVP max (mmHg) 107 ± 5
CVP (mmHg) 9 ± 1
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Fig. 3 presents the temporal evolutions of the regional circum-
ferential strain, Ec , longitudinal strain, El, and areal strain, Ea, where
we chose end-diastole (ED) as the reference configuration. With
the exception of region 7 (apical), regional circumferential strains
are negative throughout most of the cardiac cycle, with a brief pos-
itive deflection immediately after ED. While there are strong regio-
nal variations, most regional strains are largest (by magnitude)
immediately following end-isovolumic relaxation (EIVR). The lar-
gest circumferential strains, by magnitude, are found on the ante-
rior wall in regions 4 and 6.

Regional longitudinal strains show a similar temporal and spa-
tial behavior as circumferential strains. However, longitudinal
strains are larger in magnitude than circumferential strains in all
regions.

Areal strains combine changes in circumferential and longitudi-
nal directions and thus represent the directionally-independent,
total deformation. Qualitatively, areal strains behave similarly to
circumferential and longitudinal strains in that they are negative
for most of the cardiac cycle following a brief positive deflection
after ED. Also, peak areal strains occur in most regions immediately
after EIVR. Interestingly, the largest areal strains (by magnitude)
occur in regions 3 and 4, which are on the posterior and anterior
wall, respectively, approximately halfway between base and apex.

Table 2 summarizes the between-animal averaged peak com-
pressive circumferential, longitudinal, and areal strains. These data
reflect the average of the peaks irrespective of time of occurrence,
rather than the peak of the average as observed in Fig. 3. We find
that average peak compressive strains vary by region between
�3.34% (region 5) and �8.29% (region 4) in circumferential direc-
Please cite this article in press as: Meador, W.D., et al. A fiduciary marker-bas
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tion, �4.02% (region 6) and �10.57% (region 1) in longitudinal
direction, and �11.07% (region 6) and �24.48% (region 3) in area.
Additionally, Table 3 summarizes the average times to peak com-
pressive circumferential, longitudinal, and areal strains. Again,
these data are complimentary to Fig. 3 in that they provide the
average time to peak compressive strain, rather than the time to
the peak of the average compressive strain. Specifically, peak com-
pressive strains occur approximately within one standard devia-
tion of EIVR irrespective of region, or type of strain.

Fig. 4 presents the full spatial map of circumferential strain at
ED, end-isovolumic contraction (EIVC), end-systole (ES), and EIVR
for each animal and the average animal. The full spatial distribu-
tions reflect regional trends in Fig. 3, with the RV epicardial surface
mostly under compression (i.e., the ventricle is contracted)
throughout the cardiac cycle. The only exception, the apical region,
shows positive values for some portion of the cardiac cycle in two
out of the four animals. The spatial distributions also illustrate the
general trend toward larger circumferential strains (by magnitude)
in the mid-segment of the wall between base and apex.

Fig. 5 presents the full spatial distribution of longitudinal strain
at ED, EIVC, ES, and EIVR for each animal and the average animal.
Generally, full spatial maps of longitudinal strain present similar
distributions as circumferential strain. A notable difference
between circumferential and longitudinal strain distributions are
the predominantly positive strains at EIVC in the latter and mark-
edly positive strains at EIVC, ES, and EIVR close to the base. Overall,
qualitatively and quantitatively, spatial distributions of circumfer-
ential and longitudinal strains are well-aligned with the regional
analysis.

The supplemental videos (Online Resources 1 and 2) depict spa-
tial and temporal patterns of circumferential and longitudinal
strain throughout ten cardiac cycles.
4. Discussion

Quantifying RV deformation is critical to our understanding of
healthy and diseased RV function. Here we developed an experi-
mental method that allows us to resolve the spatial and temporal
maps of RV epicardial strains in an ovine model. Specifically, we
combined a high-density sonomicrometry crystal array spanning
the entire RV free wall with a large deformation kinematics frame-
work to elucidate the magnitudes of strains, and their spatial
heterogeneities and anisotropies.
ed framework to assess heterogeneity and anisotropy of right ventricular
/10.1016/j.jbiomech.2018.08.036
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Fig. 3. Temporal evolutions of right ventricular epicardial strains with end-diastole as the reference configuration. To obtain regional right ventricular epicardial strains, we
average strain values for groups of triangular elements. Specifically, we divide 25 triangular elements into seven regions and average their strain values within each region at
each time point. a) Circumferential strains for all regions (mean ± 1 standard error) b) Longitudinal strains for all regions (mean ± 1 standard error), c) Areal strains for all
regions (mean ± 1 standard error): End-Isovolumic Contraction (EIVC), End-Systole (ES), End-Isovolumic Relaxation (EIVR), End-Diastole (ED).

Table 2
Average peak compressive circumferential (Ec min), longitudinal (El min), and areal (Ea min) strain for each region ± 1 Standard Deviation (Std.).

Region 1 2 3 4 5 6 7

Ec min (%) Mean �4.10 �3.69 �4.41 �8.29 �3.34 �7.58 �4.69
±Std. 1.86 0.77 2.24 3.52 1.48 1.93 2.83

El min (%) Mean �10.57 �6.55 �10.53 �9.60 �6.27 �4.02 �4.58
±Std. 1.47 1.85 1.72 2.14 1.82 1.66 3.86

Ea min (%) Mean �20.43 �12.80 �24.48 �20.57 �17.42 �11.07 �11.31
±Std. 2.11 2.00 1.75 3.20 4.28 2.73 3.07

Table 3
Average times to peak compressive circumferential (tc min), longitudinal (tl min), and areal (ta min) strain for each region ± 1 Standard Deviation (Std.).

Region 1 2 3 4 5 6 7

tc min (ms) Mean 322 330 283 309 334 307 326
± Std. 32 64 77 69 100 79 113

tl min (ms) Mean 311 297 338 281 266 217 396
± Std. 73 57 81 79 65 145 68

ta min (ms) Mean 295 309 348 289 322 270 367
± Std. 73 65 34 90 42 88 57
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4.1. Comparison to previous measurements

Sonomicrometry crystals are considered the gold-standard for
quantifying LV or RV deformations. Therefore, we first compare
our results to previously published data on sonomicrometry
crystal-derived strains. Of those studies, to the best of our knowl-
edge, none employed more than a few crystals and usually only
Please cite this article in press as: Meador, W.D., et al. A fiduciary marker-bas
epicardial strains in the beating ovine heart. J. Biomech. (2018), https://doi.org
pairs of two. Thus, our study is the first to make use of a high-
density array and the first to provide access to full spatial distribu-
tions of strains across the entire RV epicardial surface based on
sonomicrometry.

Zhang et al. reported circumferential and longitudinal RV epi-
cardial strains based on an array of three sonomicrometry crystals
placed on the RV basal free wall (Zhang et al., 2013). Their reported
ed framework to assess heterogeneity and anisotropy of right ventricular
/10.1016/j.jbiomech.2018.08.036



Fig. 4. Circumferential right ventricular epicardial strain maps of four animals and the average animal at four time points, relative to end-diastole. To compute strains across
the smooth, interpolating, right ventricular epicardial surface, we apply the methods detailed in Section 2.2 to the subdivided triangles rather than the original, piecewise
planar surface. Red indicates positive strains, meaning that the right ventricular epicardium expands locally in the circumferential direction relative to end-diastole. Blue
indicates negative strains, meaning that the right ventricular epicardium contracts locally in the circumferential direction relative to end-diastole. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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temporal evolutions of circumferential and longitudinal strains fit
our data qualitatively very well. Moreover, the magnitude of their
reported peak strains of approximately 11% and 13% in the circum-
ferential and longitudinal directions reflect our longitudinal strain
in the basal region (approximately 10%), while deviating from our
findings in the circumferential direction (approximately 4%). It is
important to note that Zhang et al. report sonomicrometry-
derived strain estimates in the basal region of the RV based on
crystal pairs only. Thus, their strains reflect local effects in compar-
ison to our values, which span a larger segment of the RV base.
Additionally, Zhang et al.’s study was performed on pigs, while
ours was performed on sheep.

Sonomicrometry-derived strains in the RV were also reported
by Jamal et al. (Jamal et al., 2003). Qualitatively, their findings
compare well with ours, while they compare quantitatively less
Please cite this article in press as: Meador, W.D., et al. A fiduciary marker-bas
epicardial strains in the beating ovine heart. J. Biomech. (2018), https://doi.org
favorably with our data (they report a magnitude of peak longitu-
dinal strains of 17%). However, their crystals were implanted
within the myocardium as opposed to on top of the epicardium
as in our case.

In the same study as above, Zhang et al. performed a RV strain
analysis from three-dimensional echocardiography using tempo-
rally diffeomorphic motion estimation. Their regional RV epicardial
strain analysis shows very similar results to ours with values rang-
ing by region from �2.6 to �8.1% in the circumferential direction
and �5.3 to �10.4% in the longitudinal direction.

4.2. Patterns of right ventricular contraction

We found that circumferential strains and longitudinal strains
(and consequently areal strains) were largest in magnitude in the
ed framework to assess heterogeneity and anisotropy of right ventricular
/10.1016/j.jbiomech.2018.08.036



Fig. 5. Longitudinal right ventricular epicardial strain maps of four animals and the average animal at four time points, relative to end-diastole. To compute strains across the
smooth, interpolating, right ventricular epicardial surface, we apply the methods detailed in Section 2.2 to the subdivided triangles rather than the original, piecewise planar
surface. Red indicates positive strains, meaning that the right ventricular epicardium expands locally in the longitudinal direction relative to end-diastole. Blue indicates
negative strains, meaning that the right ventricular epicardium contracts locally in the longitudinal direction relative to end-diastole. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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mid-section between base and apex. We believe strain maxima
may be found in this segment as it is the least constrained. For
example, in contrast to the mid-section, the free motion of the base
is constrained by the mechanical coupling between RV and right
atrium. Additionally, the tissue between RV and right atrium is
more collagenous and less muscular, thus additionally limiting
the contractility of the tissue (Haddad et al., 2008).

Moreover, we observed that longitudinal epicardial strains are
larger than circumferential strains. Dominance of longitudinal
strains, despite a myocyte orientation at the epicardium predomi-
nantly in circumferential direction, runs counter to a direct corre-
lation between myocyte orientation and direction of contractile
patterns. This disagreement may be due to a dominance of the
muscle bulk, whose orientation deviates from circumferential
Please cite this article in press as: Meador, W.D., et al. A fiduciary marker-bas
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and may also reveal a significant role of mechanical boundary con-
ditions due to ventricular interdependence, for example (Hsu et al.,
1998).

Finally, we also observed in our study that time-to-peak strain
appeared early in the RV, when compared to findings in the LV.
This observation has been made previously and may be related
to the differing embryogenic origin of the RV and LV myocardium
and the RV’s anatomic proximity to the sinoatrial node (Addetia
et al., 2016; Marcus et al., 2008).

4.3. Limitations

Among other limitations, all sonomicrometry and hemody-
namic data were acquired in open-chest animals with open
ed framework to assess heterogeneity and anisotropy of right ventricular
/10.1016/j.jbiomech.2018.08.036
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pericardium and under anesthesia. RV epicardial strain measure-
ments reported here may therefore deviate from strains under
closed chest, closed pericardium, conscious conditions. Moreover,
we surgically attached sonomicrometry crystals to the RV. Their
weight and wire attachments may further affect kinematic data.
5. Conclusion

In this work, we present the first high-density sonomicrometry
crystal array-based method for quantifying heterogeneous and ani-
sotropic RV epicardial strains in a sheep model. We show that we
are able to transform sonomicrometry-based crystal data into con-
tinuous deformation fields that encode the magnitude of strains
and their directions. By means of our new methodology, we
observe in four animals that RV epicardial strains vary throughout
the cardiac cycle, are heterogeneous across the RV free wall, and
are anisotropic with larger compressive strains, i.e., contraction,
in the longitudinal direction than in the circumferential direction.
In the future, we will use this method to evaluate the acute and
chronic effects of disease and surgical treatment on RV kinematics.
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