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Abstract—Functional tricuspid regurgitation is a significant
source of morbidity and mortality in the US. Furthermore,
treatment of functional tricuspid regurgitation is suboptimal
with significant recurrence rates, which may, at least in part,
be due to our limited knowledge of the relationship between
valvular shape and function. Here we study the dynamics of
the healthy in vivo ovine tricuspid annulus to improve our
understanding of normal annular deformations throughout
the cardiac cycle. To this end, we determine both clinical as
well as engineering metrics of in vivo annular dynamics based
on sonomicrometry crystals surgically attached to the annu-
lus. We confirm that the tricuspid annulus undergoes large
dynamic changes in area, perimeter, height, and eccentricity
throughout the cardiac cycle. This deformation may be
described as asymmetric in-plane motion of the annulus with
minor out-of-plane motion. In addition, we employ strain
and curvature to provide mechanistic insight into the origin
of this deformation. Specifically, we find that strain and
curvature vary considerable across the annulus with highly
localized minima and maxima resulting in aforementioned
configurational changes throughout the cardiac cycle. It is
our hope that these data provide valuable information for
clinicians and engineers alike and ultimately help us improve
treatment of functional tricuspid regurgitation.

Keywords—Functional tricuspid regurgitation, Strain, Cur-

vature, Sonomicrometry, Splines.

INTRODUCTION

The tricuspid annulus describes the transition zone
between the tricuspid leaflets and the surrounding
right-sided myocardium.35 Similarly to the mitral
annulus, the tricuspid annulus takes on a complex
three-dimensional in vivo configuration with peaks and
valleys and a non-circular in-plane shape.11 Through-
out the cardiac cycle this configuration changes dra-
matically and it may be assumed that the particular
nature of this deformation is critical to the functioning
of the valve.15 In fact, changes in annular configura-
tion, specifically annular height, annular area, and
annular eccentricity and changes in their evolution
throughout the cardiac cycle, are correlated with dys-
function of the tricuspid valve in the absence of any
insults to the valve itself, i.e. functional tricuspid
regurgitation.29,33,34

Understanding functional tricuspid regurgitation is
important as it is a significant cause of morbidity and
mortality in the US. For example, up to 35% of
patients with atrial fibrillation as well as roughly half
of patients with severe pulmonary hypertension suffer
from functional tricuspid regurgitation.20,23,37 Fur-
thermore, up to 58% of patients depending on left
ventricular assist devices and one in three patients
receiving mitral valve replacement show signs of
functional tricuspid regurgitation.7,30 Additionally,
treatment of functional tricuspid regurgitation is sub-
optimal with recurrence rates as high as 30% beyond 1
year after surgery.22,36

High recurrence rates may, at least in part, be due to
our limited understanding of the relationship between

Address correspondence to Manuel K. Rausch, Department of

Aerospace Engineering and Engineering Mechanics, University of

Texas at Austin, 210 E 24th Street, WRW Building, Room 305b,

Austin, TX 78712, USA. Electronic mail: manuel.rausch@utexas.edu

Annals of Biomedical Engineering, Vol. 46, No. 3, March 2018 (� 2017) pp. 443–451

DOI: 10.1007/s10439-017-1961-y

0090-6964/18/0300-0443/0 � 2017 Biomedical Engineering Society

443

http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-017-1961-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-017-1961-y&amp;domain=pdf


valvular shape and function. Thus, we aim to take
another step toward a better understanding of the
tricuspid annulus. In contrast to previous analyses that
have mostly focused on the shape of the tricuspid
annulus only, we are using additional, continuous
metrics to describe shape changes.9 Specifically, our
goal is to delineate the normal annular dynamics by
means of clinical metrics as well as engineering metrics
strain and curvature.8,24 We chose these metrics as they
provide objective and spatially resolved measures of
how the shape of the annulus changes throughout the
cardiac cycle.2 As such, these metrics may not only
provide critically needed mechanistic insight into the
normal function of the valve, but may also serve as
therapeutic target values during the development of
surgical repair techniques as well as tricuspid annular
repair devices.

MATERIALS AND METHODS

Surgical Procedure and Experimental Protocol

We performed 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 pro-
tocol was approved by our local Institutional Animal
Care and Use Committee (IACUC#: 12-05).

We described the animal procedure as well as all
administered medications in detail previously.18,19

Briefly, we pre-medicate the animals, anesthetize them
intravenously, intubate and mechanically ventilate
them, and maintain anesthesia. We perform a median
sternotomy and prepare the animals for cardiopul-
monary bypass. Once we initiate bypass, we arrest the
heart, open the right atrium and surgically place nine
2 mm sonomicrometry crystals (Sonometrics Corpo-
ration, London, ON, Canada) around the tricuspid
annulus as per Fig. 1. Subsequently, we exteriorize the
crystal wires through a right atriotomy together with a
triple-lumen central catheter, place micromanometer
pressure transducers (PA4.5-X6; Konigsberg Instru-
ments, Inc., Pasadena, CA, USA) in the left and right
ventricles and exteriorize the catheters through the
apex. Finally, we close the atriotomy, remove the
cross-clamp from the aorta and wean the animals from
cardiopulmonary bypass. Before we collect any marker
data (at 128 Hz sampling frequency) under open chest,
open pericardium conditions, we recover the animals
until hemodynamics are stable and normal. At the end

of the experiment, we euthanize all animals and ensure
proper marker placements.

Annular Approximation, Interpolation, and Averaging

We calculate engineering metrics along the tricuspid
annulus and throughout the cardiac cycle based on
cubic spline-based spatial approximations to discrete
sonomicrometry crystal data. Toward this end, we
follow an approach we previously applied to the mitral
valve annulus and described in detail.27 Briefly, we
obtain piecewise cubic splines that minimize the dis-
tance to the surgical markers and meet a minimal
smoothness requirement by minimizing the following
objective function,

X9

n¼1

vn � cnðs; tÞk k þ �

Z
@2
s cðs; tÞ

� �2
ds; ð1Þ

where the first term minimizes the distance between the
marker coordinates vn and the spline segments cn ðs; tÞ
in a least-square sense. The second term enforces
smoothness of the overall annular representation
through the penalty parameter �. The resulting spline is
a function of the arc-length parameter and time, s and
t, respectively. Based on this procedure, we obtain a
continuous and sufficiently smooth mathematical rep-
resentation of the tricuspid annulus through time with
which we can determine spatially and temporarily
varying engineering metrics of annular dynamics, see
‘‘Engineering Characterization’’ section.

Because heart rates and relative lengths of systole
and diastole vary between animals while acquisition
rates are constant, evolutions of clinical as well as
engineering metrics vary between animals in duration
and number of time points. Thus, we cannot compute
mean evolutions of these data by simple averaging. We
solve this problem by dividing the cardiac cycle into
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FIGURE 1. Illustration of the tricuspid valve leaflets and
annulus with sonomicrometry crystal marker locations.
Starting with the antero-septal marker, the average arc-length
parameters between consecutive crystals along the annulus
at end-diastole are {0,0.11,0.21,0.33,0.43,0.53,0.62,0.72,0.87,1}.
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four segments, from end-diastole (ED) to end-isovol-
umetric contraction (EIVC), from EIVC to end-systole
(ES), from ES to end-isovolumetric relaxation (EIVR),
and, finally, from EIVR to ED. We identify these four
time points in the cardiac cycle as peaks of the QRS
complex (ED), the instance of maximum negative left
ventricular pressure drop (ES), and as the end-points
of the linear segments during isovolumetric contrac-
tion and relaxation (as seen in left ventricular pressure
recordings), respectively (EIVC, EIVR). Subsequently,
we normalize the duration of each segment, linearly
interpolate between time points of each segment, scale
each segment by the average segment duration between
animals, calculate mean segments, and finally re-
assemble all segments to obtain average temporal
evolutions throughout the cardiac cycle.26

Similar to the temporal averaging above, annuli
between animals cannot simply be spatially averaged
to obtain a ‘‘mean annulus’’ because reference coor-
dinate systems for the markers vary for each animal.
Thus, we first perform a singular value decomposition
to determine an optimal rigid transformation that
aligns the markers of all animals. Subsequently, we
average the marker locations and then perform the
same spline approximation on these average marker
data as described above.

Clinical Characterization

Annular dynamics are routinely characterized by
simple clinical metrics.15,16,18 In this tradition, we re-
port tricuspid annular area, tricuspid annular perime-
ter, annular height, and annular eccentricity to
complement engineering metrics. We calculate annular
tricuspid area by projecting the spline approximations
of the three-dimensional annular configuration onto its
best-fit plane. Then, we calculate the inscribed area.
Also, based on the same best-fit plane, we calculate the
annular height as the plane-normal distance between
the most caudal point along the annulus and the most
cephalic point. We calculate the tricuspid annular
perimeter as the integral of the spline representation
along its arc length. Finally, we fit an ellipse to the two-
dimensional projection of the tricuspid annular repre-
sentation. Employing the ellipse’s major and minor
axes, we determine the eccentricity of the tricuspid
annulus.25 As a reminder to the reader, a circle has an
eccentricity of 0, while an ellipse has an eccentricity
between 0 and 1. Hence, an increase in eccentricity
implies that a shape is becoming more elliptical.

Engineering Characterization

We have described our approach to calculating
engineering metrics of annular dynamics before in

detail.26,27 Here, we calculate strain and curvature
along the tricuspid annulus. Specifically, we calculate
Green–Lagrange strain throughout the cardiac cycle as

E s; tð Þ ¼ kðs; tÞ2 � 1
h i

=2; ð2Þ

where k(s, t) is the tangential stretch calculated via

k s; tð Þ ¼ @scðs; tÞj j= @scðs; tEDÞj j: ð3Þ

In Eq. (3), we chose the tricuspid annulus at ED as
the reference configuration. For the curvature, in
addition to reporting absolute values at ED, we also
compute relative changes throughout the cardiac cycle
by additionally calculating the difference in curvature
between the current configuration and the reference
configuration at ED according to

Dj s; tð Þ ¼ j s; tð Þ � j s; tEDð Þ; ð4Þ

where the absolute curvature is calculated as per

j s; sð Þ ¼ @scðs; sÞ � @2
s cðs; sÞ

�� ��= @scðs; sÞj j3: ð5Þ

Finally, we compute annular height of each point
along the annulus to illustrate the out-of-plane shape
and dynamics of the annulus, where we report absolute
values (at ED) and relative values. The latter, we cal-
culate by simply subtracting the annular distance from
the best-fit plane at each time point from the annular
distances in the reference configuration (ED).

Statistics

Unless stated otherwise, we report data as
mean ± 1 standard deviation. Results are compared
via paired Student’s t test with a = 0.05.

RESULTS

All nine subjects included in our study recovered
well from bypass with normal hemodynamics, see
Table 1. Also, we successfully acquired and analyzed
marker locations for all annular locations and verified
their correct placement at the end of our study.

Based on these data we successfully described the
annuli of all nine subjects via cubic splines throughout
one cardiac cycle. The resulting annular configurations
for all nine subjects are shown at ED in Fig. 2. We
overlay these spline fits with approximated commis-
sural and non-commissural markers to delineate the
anterior, posterior, and septal portions of the annulus.
Although all nine annuli took on similar three-di-
mensional configurations, the figure also illustrates
inter-subject variations that represent geometric pop-
ulation variances in the context of which the average
configurations in Figs. 4 and 5 should later be viewed.
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Using the averaging technique described in ‘‘An-
nular Approximation, Interpolation, and Averaging’’
section we calculated clinical metrics of tricuspid
annular dynamics throughout the cardiac cycle. In
Fig. 3, we find that, after a brief delay, tricuspid
annular area rapidly decreases after the onset of sys-
tole. Additionally, we find that tricuspid annular area
reduction begins reversing at mid-systole so that at ES
tricuspid annular area has nearly returned to ED val-
ues. In the course of diastole, tricuspid annular area
continues to increase reaching its peak value around
mid-diastole before beginning its descend toward ED
values. Not surprisingly, we find the same qualitative
trend in tricuspid annular perimeter. In contrast, tri-
cuspid annular height increases starting at ED all the
way through about one-third of diastole before it de-
creases and remains approximately constant for the
latter half of diastole. Lastly, tricuspid annular eccen-
tricity undergoes the most marked change of the
reported metrics. After a brief drop immediately fol-
lowing ED, eccentricity increases rapidly, i.e. the
annulus becomes more elliptical, until the ES, when it
drops at a nearly constant rate toward ED values,
where the annulus becomes more circular again.

While temporally interpolated evolutions provide
insight into average trends of our clinical metrics,
peaks in these metrics that are not aligned may be
smoothed out. Thus, we also report average peak
values in all four metrics, see Table 2.

Figure 4 illustrates mean annular curvature and
annular height projected onto the average annulus at
ED. The average annulus is approximately elliptically
shaped with its major axis extending from the anterior
to the posterior-septal aspects of the annulus, where
the annular curvature is maximal. It’s out of plane
shape is dominated by peaks in annular height at the
antero-septal commissure and toward the antero-pos-
terior to mid-posterior segment.

We further illustrate the spatially and temporally
varying values of relative height, tangential strain, and
relative curvature at EIVC, ES, and EIVR (all relative
to ED) in Fig. 5 by projecting their mean values onto
the average annular configuration. We find that the
annulus takes on a more pronounced out-of-plane
configuration with the largest increases in height close
to its mid-septal and antero-posterior aspects. Tan-
gential strains reveal mechanistic insight into qualita-
tive trends that we observed in annular area and
annular perimeter earlier. Specifically, between ED and
EIVC, when the area of the annulus decreases, tan-
gential strains become predominantly negative imply-
ing that the annulus contracts (mostly in the anterior
and posterior regions). In contrast, at ES and EIVR
the annulus partially expands relative to ED mostly
driven by changes in the antero-posterior and septal
annulus, while the antero-septal region and, to a lesser
extent, the posterior region remain contracted. Espe-
cially changes in annular eccentricity are explained by
variations in relative curvature. We find that curvature
increases from ED to EIVC, ES, and EIVR highly
focused on the antero-septal region and the postero-
septal region, while all other regions become more flat.
Thus, the increases in eccentricity and hence the
transformation of the annulus into a more elliptical
shape, is driven by an in-plane motion of the annulus
that hinges at its antero-septal and postero-septal as-
pects.

DISCUSSION

This is the most detailed engineering analysis of
tricuspid annular dynamics in the beating ovine heart
to date. In addition to calculating clinical metrics of
annular dynamics such as area, perimeter, height, and
eccentricity, we also calculated engineering metrics
strain and curvature. While the clinical metrics mostly
confirm intuitive expectations for temporal changes,
our engineering characterization provides mechanistic

TABLE 1. Hemodynamic data for experimental animals
presented as mean 6 1 standard deviation.

HR (min21) 100 ± 17

RVP ED (mmHg) 12 ± 8

RVP max (mmHg) 31 ± 9

RV ED (ml) 56 ± 10

RV ES (ml) 46 ± 11

LVP ED (mmHg) 19 ± 14

LVP max (mmHg) 111 ± 24

CVP (mmHg) 11 ± 3

HR heart rate, RV right ventricular, RVP right ventricular pressure,

LVP left ventricular pressure at ED end-diastole, ES end-systole.

FIGURE 2. Spline approximations of annuli at end-diastole
for all studied animals with approximate commissural and
non-commissural marker locations.
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insight into the origin of these changes. Additionally,
we were able to resolve spatial changes along the
annulus. Thus, we provide information on the
heterogeneity of tricuspid annular deformation.

Clinical Metrics

The dynamic changes of the tricuspid annulus, in terms
of clinical metrics, are best described as an asymmetric
contraction with in-plane motion and minor out-of-plane
motion during systole. This deformation is, qualitatively as
well as quantitatively, similar to the deformation of the
mitral valve annulus throughout the cardiac cycle. In fact,
based on the same approximation technique and similar
marker technique, we found dynamic changes in mitral
valve annular area, annular height, and eccentricity of

2 14.6, 65.0 and 13.5%, respectively.25 On the other hand,
tricuspid annular changes for the samemetricswere2 17.5,
19.7, and 14.0% (these results compare favorably to previ-
ous findings based on the same technology and animal
modelwith tricuspid annular area and perimeter changes of
2 21.9 and 12.5%, respectively14). Thus, only dynamic
changes in annular height vary significantly between the
mitralannulusand the tricuspidannulus,possiblydue to the
tri-leaflet structure of the tricuspid valve likely giving rise to
a more complex shape with larger variations.1

Engineering Metrics

We support our observation on the annular trans-
formation via clinical metrics with spatially resolved
engineering metrics. Specifically, we find that out-of-
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FIGURE 3. Temporally aligned and averaged clinical metrics reported as mean 6 standard error where 0 s coincides with end-
diastole. Vertical lines indicated end-isovolumetric contraction (EIVC), end-systole (ES), and end-isovolumetric relaxation (EIVR).

TABLE 2. Clinical metrics of tricuspid annular dynamics.

Annular Diastole Systole Change p

Area (mm2) 865.36 ± 197.67 716.74 ± 193.17 2 17.53 ± 7.79% < 0.001

Perimeter (mm) 111.17 ± 12.72 102.13 ± 128.10 2 8.28 ± 3.49% < 0.001

Height (mm) 5.33 ± 4.05 6.55 ± 4.72 19.70 ± 12.26% < 0.01

Eccentricity (2) 0.65 ± 0.08 0.75 ± 0.06 13.95 ± 6.34% < 0.001

Diastole are the mean peak values of each metric during diastole (maxima of Area and Perimeter, minima of Height and Eccentricity), while

Systole are the mean peak values of each metric during systole (minima of Area and Perimeter, maxima of Height and Eccentricity). We

calculate Change as the percentage change between peak values during diastole and peak values during systole. p< 0.05 implies that

Change is significantly different from 0%.
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plane motion of the tricuspid annulus is driven by at
least two distinct locations around the annulus. This
type of out-of-plane deformation has been shown to be
critical to the functioning of the mitral valve by mini-
mizing leaflet tissue stresses.1,31,33 Presumably, the
tricuspid ‘‘saddle’’ has a similar function on the right
side. However, to date, no detailed analysis has been
provided to this end. Thus, further study of the tri-
cuspid annular saddle shape may be warranted. We
found that the in-plane motion of the tricuspid annulus
is governed by asymmetric contraction during systole.
Tangential strain and relative curvature seem to imply
that this deformation originates from local contrac-
tions at the vertices (antero-septally and postero-sep-
tally) of the presumed ellipse and slight elongation at
the co-vertices (antero-posteriorly and mid-septally).
These changes impose an increased curvature in the
contractile areas, specifically the vertices, and decreases
(flattening) at the co-vertices. Thus, the annulus folds
in plane at hinges that approximately coincide with the
commissures of the three leaflets.

FIGURE 4. Mean values of engineering metrics of annular
shape projected onto a spatially aligned and averaged annu-
lus at end-diastole from an atrial view (left) and an isometric
view (right).

FIGURE 5. Mean values of engineering metrics of annular dynamics projected onto a spatially aligned and averaged annulus at
end-diastole (ED), end-isovolumetric contraction (EIVC), end-systole (ES), and end-isovolumetric relaxation (EIVR).
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Clinical Significance

From a clinical perspective, the importance of our
findings may be two-fold. Firstly, we provide the most
detailed analysis of the normal in vivo dynamics of the
tricuspid annulus to date. As such, these data provide a
fundamental understanding of what is ‘‘normal’’.
Assuming that the ultimate goal of valve repair and
valve replacement is to approximate the healthy valve,
detailed knowledge of the healthy annular dynamics is
critical to both approaches.10 To this end, our data
may provide target values for surgeons and thus aid in
optimizing current repair techniques. Secondly, by
providing regionally resolved information on annular
dynamics we may help inspire future designs of novel
and improved medical devices that accommodate the
natural motion of the annulus.4,32 On the mitral side,
for example, the typical saddle-shape was found to be
optimal for minimizing leaflet stresses.31 In conse-
quence, a number of medical device manufacturers
have developed saddle-shaped annular prostheses or
annuloplasty rings.3,5,6,28 In this spirit, dynamic data
on the deformation of the annulus may inspire more
devices that account for the in-plane and out-of-plane
motion of the tricuspid annulus with regionally-de-
pendent properties that mimic the ‘‘asymmetric con-
traction with in-plane and minor out-of-plane motion
during systole’’ mentioned above.21

Limitations

Of course, this study is not without limitations.
Among them, all data were acquired in open-chested
animals with open pericardium. Thus, the heart and
therefore the tricuspid annulus may be less constraint
in our study than under normal conditions. Moreover,
we surgically attached sonomicrometry crystals to the
annulus whose weight and wire attachments may also
affect its normal dynamics. In addition, all animals,
necessarily, underwent open-heart surgery prior to
data collection. Thus, the valve may have undergone
some geometric changes as a result of the surgical
intervention. Finally, these data were collected in non-
humans. Although, sheep have been used extensively
as models for human cardiovascular function and
disease, all knowledge derived from our data should be
interpreted in this context and with caution.12,13,17 On
the mathematical side, due to a smoothing term in our
objective function our optimized spline functions do
not exactly interpolate the marker data collected
in vivo. However, the choice of our smoothing
parameter was based on robustness considerations that
were tested on synthetic data with super-imposed
noise. Essentially, we argue that large changes in cur-
vature are non-physiological and are due to spurious

motion artifacts and inaccuracies in sonomicrometry
crystal data acquisition.

CONCLUSION

We provide the most detailed engineering analysis
of tricuspid annular dynamics in the healthy beating
ovine heart to date. Our data confirm basic assump-
tions about annular dynamics, which we believe are
best described as an asymmetric contraction with in-
plane motion and minor out-of-plane motion. In
addition, we compute engineering metrics that provide
mechanistic insight into the origin of these motions.
Specifically, curvature data and strain data spatially
resolve the hinges of these motions as well as areas that
dominate annular contraction, respectively. It is our
hope that these data will help clinicians and engineers
alike in improving our current treatment of functional
tricuspid regurgitation.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/
10.1007/s10439-017-1961-y) contains supplementary
material, which is available to authorized users.
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