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Abstract—The tricuspid annulus shows significant alterations
in patients with functional tricuspid regurgitation–tricuspid
valve dysfunction that is secondary to other diseases such as
pulmonary hypertension. Early changes in annular shape and
dynamicsmayprovide anunderstanding of diseasemechanisms
and could predict disease progression. To gain a mechanistic
insight into these early changes we perform a spatially-resolved
analysis of the effect of acute pulmonary hypertension on the
tricuspid annulus in sheep. To this end, we suture sonomicrom-
etry crystals to the annulus of nine sheep and record their
locations in the beating heart, before and after inducing acute
pulmonary hypertension. Using least-squares cubic splines, we
derive mathematical representations of the annulus to describe
pulmonary hypertension-induced annular shape changes via
strain, relative curvature, and relative annular height between
the control group and the acute pulmonaryhypertension group.
Moreover, we determine hypertension-induced alterations to
annular dynamics as within-group strains, relative curvature,
and relative height throughout the cardiac cycle for each group.
We confirm that the annulus in acute pulmonary hypertension
dilates significantly, becomes more circular, and flattens. Our
regional analysis reveals that annular dilation, circularization,
and flattening are driven by highly localized changes in annular
strains, curvature, and height. Additionally, we find that acute
pulmonary hypertension alters annular dynamics, albeit min-
imally. This regionally-resolved analysis of acute hypertension-
induced changes of annular shape and dynamics provides
insight into early disease mechanisms, and may inspire future
generations of annuloplasty devices and techniques that address
spatial annular heterogeneities.

Keywords—Functional tricuspid regurgitation, Least-squares

cubic splines, Shape, Dynamics, Sonomicrometry.

INTRODUCTION

The tricuspid annulus has a complex three-dimen-
sional shape with peaks and valleys, and an approxi-
mately elliptical two-dimensional projection.13,14,31 Its
shape is likely of teleological origin and may aid in
minimizing leaflet stresses, similarly to the mitral
valve.3,24,29 Furthermore, this three-dimensional con-
figuration changes sphincterically throughout the car-
diac cycle ensuring successful valve closure.13,38

Consequently, insults to annular shape and its
dynamics contribute to valvular dysfunction and
regurgitation of blood from the right ventricle into the
right atrium.2,32,33,39 To date, approximately 1.6 mil-
lion Americans suffer from tricuspid valve dysfunction
or tricuspid regurgitation.1,37

In most cases, tricuspid valve dysfunction is sec-
ondary or functional in nature, meaning that leakage is
not due to a primary valve lesion. Rather, leakage re-
sults from other conditions that cause annular dilation
and ventricular remodeling, subsequently preventing
proper leaflet coaptation.9,12 For example, functional
tricuspid regurgitation can be secondary to pulmonary
hypertension.8 Patients with pulmonary hypertension
present with chronically elevated right ventricular
blood pressure leading to significant ventricular
remodeling, concomitant papillary muscle displace-
ment, and restricted leaflet motion. These, combined
with annular dilation, result in valvular dysfunction.33

We are interested in the acute effects of pulmonary
hypertension because they may provide insight into the
early development of functional tricuspid regurgitation
and possibly serve as predictors for disease progres-
sion.22
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Toward this goal, we have begun to characterize the
shape and dynamics of the tricuspid annulus in an
open-chest, beating heart, ovine model. We previously
employed sonomicrometry technology to calculate
polygon approximation-based metrics of annular
shape and dynamics before and after acute pulmonary
hypertension (APH).18 We found some evidence that
regions of the tricuspid annulus are affected differen-
tially by APH, thus highlighting the importance for
spatially-resolved analyses of the annulus.

Now we revisit our study by extending our analysis
to include spatially-resolved metrics strain, curvature,
and displacement as measures of annular shape and
dynamics before and after APH.5,15 Specifically, we
aim to gain mechanistic insight into the origin of acute
hypertension-induced shape changes and hope that
these additional data may improve our understanding
of the tricuspid annulus in disease and consequently
functional tricuspid regurgitation, with the ultimate
goal of better treatment strategies.

METHODS AND MATERIALS

Animal Surgeries and Data Acquisition

All animal procedures were approved by the local
IACUC committee and were performed according the
Principles of Laboratory Animal Care and the Guide
for Care and Use of Laboratory Animals.

A detailed description of surgical steps, drugs, and
dosages are provided in Refs. 16–18. Here, we only
briefly describe the surgical procedures and data
acquisition. First, we premedicate, anaesthetize, intu-
bate, and mechanically ventilate nine healthy adult
male sheep. For arterial blood pressure measurements
and blood gas analysis, we catheterize the left carotid
artery. Next, we perform a median sternotomy and
expose the heart in the pericardial cradle. On car-
diopulmonary bypass and after arresting the heart, we
implant nine 2 mm sonomicrometry crystals around
the tricuspid annulus (Fig. 1). We externalize the
crystal electrodes through the atriotomy. Additionally,
we place micromanometer pressure transducers in the
left and right ventricles, and in the right atrium. Lastly,
we place a pulmonary artery pneumatic occluder
around the main pulmonary artery and externalize the
tubing through the sternotomy.

After concluding all procedural steps, we resuscitate
the animals, wean them off cardiopulmonary bypass,
and ensure normal hemodynamics. After 30 min of
stabilization, we record the sonomicrometry crystal
marker positions under open-chest, open-pericardium
conditions. Subsequently, we occlude the pulmonary
artery until reaching at least 150% right ventricular

pressure before recording the marker data again. After
the experiments, we sacrifice the animals.

Annulus Approximation, Interpolation, and Alignment

We previously quantified the effects of APH on the
tricuspid annulus using scalar metrics only. We expand
this study by adding a spatially-resolved analysis via
strain, curvature, and displacement along the perime-
ter of the annulus. We performed these same analyses
on the pre-hypertension data before.27

To this end, we use the discrete marker data to
mathematically describe the tricuspid annulus via least-
squares cubic splines.5,6 To this end, we minimize the
objective function presented in Eq. (1). Here, the first
term penalizes the distances between nine spline seg-
ments, cn s; tð Þ; and their corresponding marker coor-
dinates vn. Thus, minimizing this part of the objective
function ensures that the spline segments pass through
the marker coordinates. Additionally, the integrand
penalizes the curvature of the spline segments via a
penalty parameter �, which ensures a minimum degree
of smoothness. We determine the penalty parameter by
means of a synesthetic problem, in which we overlay
actual marker data with artificial noise and optimize �
to minimize the root-mean-square error between signal
and spline. Moreover, continuity between segments is
ensured via linear constraints.

X9

n¼1

vn � cn s; tð Þj j2þ�

Z
@2
s c s; tð Þ

� �2
ds; ð1Þ

Based on this C2-continuous representation of the
annulus, we then calculate strains, curvature, and dis-
placements (see next section).
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FIGURE 1. Tricuspid valve annulus with approximate loca-
tions of commissural (open circles) and non-commissural
markers (filled circles), and the arc-length parameter s. Num-
bers correspond to annular regions as defined by the inter-
marker spaces.
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To create population averaged annuli, we first align
all marker sets of the control group (CTL) and all
marker sets of the pulmonary hypertension group
(APH) using a singular value decomposition-based ri-
gid registration algorithm. Once we have optimally
aligned all marker sets for each group, we arithmeti-
cally average their locations. Subsequently, we repeat
the above described spline-approximation technique
on the averaged marker data to obtain a mathematical
description of a population averaged annulus, acquir-
ing one average CTL annulus and one average APH
annulus.

Also, because heart rates vary between animals
while the data acquisition rate remains constant, we
align data sets before temporally averaging them.26,28

To this end, we divide marker data sets into four seg-
ments throughout the cardiac cycle based on end-di-
astolic (ED), end-isovolumic contraction (EIVC), end-
systolic (ES), and end-isovolumic relaxation (EIVR)
time points. Subsequently, we normalize segment
lengths, resample, average, rescale, and reassemble
these segments to obtain average temporal evolutions
of all data.

Global and Spatially-Resolved Annular Metrics

For the remainder of the text, we refer to tricuspid
annular area, annular eccentricity, annular perimeter, and
annular height as ‘‘global’’ annular metrics in contrast to
the spatially-resolved metrics strain, relative curvature,
and relative height. We calculate tricuspid annular area as
the area enclosed by the two-dimensional projection of the
spline-approximationof the annulus onto its best-fit plane.
Similarly, we base the calculation of eccentricity on the
same two-dimensional projection of the annulus. We cal-
culate annular perimeter as the arc-length integral along
the annulus. Lastly, we calculate global annular height as
theEuclidiandistance between the pointmost caudal from
the best-fit plane and the point most cephalic from the
best-fit plane.

We calculate spatially-resolved strain, relative cur-
vature, and relative height as previously described.25

Here, we perform two different types of calculations.
Between-group calculations (BTW) describe the chan-
ges in shape between CTL and APH at ED, EIVC, ES,
and EIVR. Within-group calculations describe the
dynamics of the annulus separately for CTL and APH
at EIVC, ES, and EIVR relative to ED. We chose ED
as the reference configuration assuming that the
annular and peri-annular tissue is approximately
stress-free at this time point. To this end, we first cal-
culate between-group Green–Lagrange strain via

EBTW s; tð Þ ¼ kBTWðs; tÞ2 � 1
h i

=2; ð2Þ

where kBTWðs; tÞ is the tangential stretch at arc-length
parameter s defined as the ratio between the norm of
the tangent to the APH annulus and the norm of the
tangent to the CTL annulus. We repeat this calculation
for all four time points, i.e., t = {ED, EIVC, ES,
EIVR},

kBTW s; tð Þ ¼ @scAPHðs; tÞj j= @scCTLðs; tÞj j: ð3Þ

In addition, we calculate Green–Lagrange strain
separately within CTL and APH at the current con-
figuration t = {EIVC, ES, EIVR} relative to each
group’s respective reference configuration at t = ED
(Fig. 2),

ECTL=APH s; tð Þ ¼ kCTL=APH s; tð Þ2�1
h i

=2: ð4Þ

To this end, we follow

kCTL=APH s; tð Þ ¼ @scCTL=APHðs; tÞ
�� ��= @scCTL=APHðs; tEDÞ

�� ��:
ð5Þ

Similarly, we calculate relative curvature changes
between groups and within groups. Thus,

DjBTW s; tð Þ ¼ jAPH s; tð Þ � jCTL s; tð Þ; ð6Þ

where, for between-group comparison, t = {ED,
EIVC, ES, EIVR}. On the other hand, for within-
group comparison for CTL and APH separately, we
calculate

DjCTL=APH s; tð Þ ¼ jCTL=APH s; tð Þ � jCTL=APH s; tEDð Þ;
ð7Þ

where t = {EIVC, ES, EIVR}. For both metrics, we
determine the absolute curvature values j s; sð Þ
according to

j s; sð Þ ¼ @scðs; sÞ � @2
s cðs; sÞ

�� ��= @scðs; sÞj j3; ð8Þ

see Ref. 10.
Finally, we compute relative height changes as the

arithmetic difference between annular height in the
current configuration and the reference configurations,
where, once more, we differentiate between-group
comparisons and within-group comparisons. Annular
height itself, we calculate as the signed Euclidean dis-
tance between all points along the annular perimeter
and their best-fit plane. We assign positive values to
cephalic points and negative values to caudal points.

Statistics

All data are reported as mean ± 1 standard devia-
tion, unless stated otherwise. We perform statistical
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inference testing on hemodynamic data (Table 1) and
global metrics (Table 2) via paired Student’s t-tests.

To compare between-group and within-group
strain, relative curvature, and relative height, we per-
form a repeated measure three-way ANOVA with
Tukey–Kramer multicomparison. For the ANOVA,
we consider the dependent factors treatment (CTL,
APH), time points (ED, EIVC, ES, EIRV), and regions
between consecutive marker locations (regions 1
through 9, see Fig. 1). For this analysis, we reduce field
data on strain, relative curvature, and relative height to
scalar data by three means: (i) by averaging the
otherwise continuous fields over each of the nine
regions, (ii) by calculating the maximum of the fields
for each region, and (iii) and by calculating the mini-
mum of the fields for each region.

We define statistical significance at 0.05 and perform
the model fit and statistical analyses in Matlab
R2016b.

RESULTS

All nine animals successfully recovered from surgery
with stable hemodynamics before and after APH
(Table 1).

Figure 3 summarizes the average temporal evolu-
tions of the global metrics-tricuspid annular area,
perimeter, height, and eccentricity-for both CTL and
APH. Qualitatively, for all four global metrics, we see
relatively little difference between groups. In both
groups, area and perimeter decrease during systole
and recover during diastole, undergoing the classic
‘‘sphincter’’ motion.38 On the other hand, annular
height increases during systole, albeit marginally,
accentuating the tricuspid annulus’ three-dimensional
configuration. Also, each group’s eccentricity
increases during systole, implying that the annulus
takes a more elliptical shape during ventricular con-
traction.

Control

EIVR

ES
EIVC

ED

Within Group Changes

EIVR

ES
EIVC

ED

Pulmonary Hypertension

Between Group Changes

FIGURE 2. Graphical explanation for between-group changes and within-group changes. Between-group calculations are per-
formed between end-diastole (ED), end-isovolumic contraction (EIVC), end-systole (ES), and end-isovolumic relaxation (EIVR) of
the control group (red) and the acute pulmonary hypertension group (blue). Within-group calculations are performed at EIVC, ES,
and EIVR relative to ED for each group separately.

TABLE 1. Hemodynamic data, control (CTL) vs. acute pulmonary hypertension (APH): heart rate (HR), right ventricular pressure
(RVP), right ventricular volume (RVV), left ventricular pressure (LVP), central venous pressure (CVP) at end-diastole (ED) and end-

systole (ES).

CTL APH p

HR [min�1] 100 ± 17 104 ± 19 0.09

RVP ED [mmHg] 12 ± 8 15 ± 8 0.08

RVP max [mmHg] 31 ± 9 46 ± 13 0.001

RVV ED [ml] 56 ± 10 64 ± 14 0.002

RVV ES [ml] 46 ± 11 56 ± 14 0.001

LVP ED [mmHg] 19 ± 14 8 ± 11 0.002

LVP max [mmHg] 111 ± 24 78 ± 36 0.02

CVP [mmHg] 11 ± 3 14 ± 5 0.01

Data are shown as mean ± 1 standard deviation and p-values are calculated according to paired two-tailed Student t-tests with a ¼ 0:05.
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Quantitatively, the CTL group and APH group vary
significantly in terms of global metrics (Table 2).
Annular area and perimeter increase between CTL and
APH significantly in terms of maximum and minimum
values during systole (all p < 0.05) and maximum
values only during diastole (p = 0.011 and p = 0.008
for area and perimeter, respectively). Eccentricity also
changes between CTL and APH significantly, with
maximum and minimum values being significantly
smaller during systole and diastole (all p < 0.05).
Thus, the annulus becomes larger and more circular
with APH. In contrast, global annular height is not
significantly different during either systole or diastole
(all p > 0.4).

Differences in global metrics of annular shape do
not translate into significant differences in global
metrics of annular dynamics. Global dynamics
throughout the cardiac cycle, calculated as changes
between systolic and diastolic extrema relative to
diastolic extrema, remain virtually the same (all
p > 0.1).

Thus, based on these global metrics, the absolute
dimensions of the annulus do change with APH, but
the global dynamics of the annulus do not.

Of the spatially-resolved metrics, we first report
between-group measurements. Figure 4 shows that
APH induces predominantly positive strains at ED and
EIVC, where the annulus expands. At ES and EIVR
APH induces negative strains as well as positive
strains. The largest length changes are induced in the
anterior-septal (region 1) and the posterior-septal
regions (region 6). APH-induced strains are statisti-

cally significant based on regional average strain
(p = 0.022, Table 3) and regional maximum strain
(p = 0.004, Table 4).

We also find that APH induces significant curvature
changes. This observation is also supported by the
ANOVA based on regional average curvature
(p = 0.034, Table 3), regional minimum curvature
(p < 0.001, Table 5), and regional maximum curva-
ture (p = 0.001, Table 4). While curvature increases
around the antero-posterior commissure (region 3) and
the mid-septal segment (region 8), curvature decreases
in the anterior-septal region (region 1) and posterior-
septal region (region 6).

Annular height also changes with APH. This
observation, again, is supported by the ANOVA in
terms of the maximum regional height (p < 0.001,
Table 4) and the minimum regional height (p < 0.001,
Table 5). Changes are driven during ED and EIVR
primarily by increased height in the antero-posterior
region (region 3) and the mid-septal region (region 7/
8). At EIVC and ES, height changes are driven by
height increases in the antero-septal region (region 1)
and the postero-septal region (region 6/7).

Additionally, we report dynamic changes in terms of
spatially-resolved metrics within each group and
compare them for CTL and APH side by side (Fig. 5).
We find that within-group strain patterns between
CTL and APH are qualitatively and quantitatively
similar. Most significant differences appear at ES and
EVIR, where the CTL group shows larger strain in the
antero-postero regions (region 3/4) and the postero-
septal region (region 7), while the APH group shows

TABLE 2. Maximum (Max) and minimum (Min) geometric dimensions of tricuspid annuli during diastole and systole, before (CTL)
and after inducing acute pulmonary hypertension (APH).

Diastole Systole

Dynamic changeMax Min Max Min

Area [mm2]

CTL 865.36 ± 197.67 736.11 ± 190.76 826.62 ± 210.89 716.74 ± 190.17 � 17.53 ± 7.79

APH 937.73 ± 233.42 825.92 ± 249.05 907.29 ± 253.23 811.55 ± 251.68 � 14.41 ± 7.47

p 0.011 0.051 0.035 0.030 0.136

Perimeter [mm]

CTL 111.17 ± 12.73 103.60 ± 13.34 108.62 ± 13.68 102.13 ± 13.81 � 8.38 ± 3.49

APH 114.27 ± 13.90 107.83 ± 16.01 112.32 ± 15.18 107.12 ± 16.40 � 6.57 ± 3.42

p 0.008 0.071 0.021 0.026 0.124

Height [mm]

CTL 6.76 ± 4.55 5.33 ± 4.05 6.55 ± 4.72 5.63 ± 4.13 19.70 ± 12.26

APH 6.88 ± 4.67 5.51 ± 4.53 6.81 ± 4.63 5.57 ± 4.67 22.42 ± 9.74

p 0.678 0.512 0.462 0.852 0.590

Eccentricity [�]

CTL 0.75 ± 0.07 0.65 ± 0.08 0.75 ± 0.07 0.65 ± 0.09 13.95 ± 6.34

APH 0.65 ± 0.11 0.55 ± 0.12 0.65 ± 0.10 0.57 ± 0.10 15.14 ± 10.16

p 0.001 0.0018 0.001 0.012 0.534

Dynamic change between systolic and end-diastolic extrema are calculated relative to end-diastolic values. Data are shown as mean ± 1

standard deviation and p-values are computed according to paired two-tailed Student t-tests with a ¼ 0:05.
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mostly negative strains at those time points and those
regions. While these observations are not supported by
the ANOVA, we see a clear trend with average re-
gional values (p = 0.074) and maximum regional
values (p = 0.067) being close to significant.

Changes in dynamics between CTL and APH in
terms of curvature are also subtle. Both qualitatively
and quantitatively curvature changes throughout the
cardiac cycle are similar before and after APH, al-
though the ANOVA identifies a significant difference
in terms of minimum regional values (p = 0.034).

As with strains and curvature, height changes
throughout the cardiac cycle are very similar between
CTL and APH. Thus, pulmonary hypertension does
not induce significant changes to tricuspid annular
dynamics measured by height changes. The only dif-

ference is an alteration in the regions of height increase
between the CTL and the APH group at ES, where
height increases appear in the antero-posterior region
(region 3/4) and the mid-septal region (region 8/9) in
CTL. On the other hand, height changes at ES appear
in the antero-septal (region 9/1) and postero-septal
regions (region 5/6) in APH.

DISCUSSION

The goal of our present study was to investigate the
effects of APH on the tricuspid annulus toward a
better understanding of FTR, a syndrome that afflicts
as many as 1.6 million Americans.19 To the best of our
knowledge, this is the first detailed report on APH-
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induced annular changes of the tricuspid valve
employing the spatially-resolved metrics strain, cur-
vature, and height.

Although pulmonary hypertension leads to severe
tricuspid regurgitation over the course of many years,36

we were interested in the hypertension-induced acute

FIGURE 4. Between-group changes of annular shape after inducing acute pulmonary hypertension measured as strain, relative
curvature, and relative height. All data are calculated between the average representation of all control annuli and the average
representation of all pulmonary hypertension annuli at four time points: end-diastole (ED), end-isovolumic contraction (EIVC), end-
systole (ES), and end-isovolumic relaxation (EIVR). Numbers correspond to annular regions as defined by the inter-marker spaces.

TABLE 3. Between-group average regional strain, relative curvature, and relative height values obtained by averaging the field
quantities over each region (1–9) and calculating their mean among all animals at each time point.

Average regional values

Regions

1 2 3 4 5 6 7 8 9

Strain* [%]

ED 9.48 6.83 4.90 4.74 2.68 6.78 5.77 2.16 6.90

EIVC 11.60 4.18 4.54 2.67 4.86 7.02 4.80 2.31 6.98

ES 13.97 � 1.83 � 1.26 � 0.20 2.73 1.96 1.18 0.38 5.12

EIVR 10.10 0.03 0.96 0.89 1.41 2.95 2.80 1.41 6.99

Curvature* [1/m]

ED � 15.10 � 5.26 3.57 � 5.93 � 8.76 � 12.15 � 3.89 3.84 � 6.37

EIVC � 14.74 � 2.35 3.51 0.64 � 12.85 � 10.59 � 3.69 5.44 � 11.49

ES � 12.91 7.56 9.87 3.66 � 9.94 � 8.03 0.45 10.08 � 5.36

EIVR � 15.39 4.93 6.89 1.88 � 10.88 � 6.97 � 2.32 9.36 � 6.29

Height [mm]

ED � 0.20 � 0.03 0.30 0.10 � 0.27 � 0.03 0.19 0.13 � 0.17

EIVC 0.04 � 0.03 � 0.02 0.01 0.09 0.11 � 0.12 � 0.05 � 0.04

ES 0.26 � 0.06 � 0.20 � 0.07 0.24 0.36 � 0.21 � 0.35 0.04

EIVR � 0.06 0.09 0.10 0.07 � 0.21 0.15 0.12 � 0.05 � 0.20

Strain* and curvature* imply that strain and relative curvature were found to be statistically different from zero via repeated measure three-

way ANOVA.
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changes of the annulus as likely mechanobiological
stimuli for long-term remodeling that ultimately results
in FTR.7 Of course, our hope is that such insight will
lead to improved surgical techniques and medical de-
vices.

Spline-Based Shape Approximation

In our current study, we employed a marker-based
spline approximation technique to mathematically
represent the annulus. This approach provides two
advantages. Firstly, based on the spline approxima-

tion, we were able to calculate spatially-resolved met-
rics of shape change (see next paragraph). Secondly,
our spline approximation technique provides a better
fit to the naturally smooth annulus than the commonly
applied polygonal approximation technique. There-
fore, our spline-based technique results in more accu-
rate marker-based global metrics of annular shape,
such as tricuspid annular area, perimeter, etc. Figure 6
illustrates the advantage of a spline-based approxi-
mation by comparing spline-based and polygon-based
area estimates of an ellipse as a function of marker
number.

TABLE 4. Between-group maximum regional strain, relative curvature, and relative height values obtained by computing the
maxima of the field quantities across each region (1–9) and by calculating their mean among all animals at each time point.

Maximum regional values

Regions

1 2 3 4 5 6 7 8 9

Strain* [%]

ED 15.78 12.69 7.15 9.20 7.34 12.36 11.08 4.78 11.56

EIVC 22.11 10.08 6.45 5.42 11.27 13.94 7.81 4.51 16.88

ES 25.02 6.72 1.70 3.99 9.33 9.41 3.93 2.15 13.74

EIVR 17.30 6.86 2.72 3.48 5.25 7.39 5.74 3.90 12.67

Curvature* [1/m]

ED 0.51 16.66 18.43 23.53 7.43 5.94 10.32 14.09 8.37

EIVC 9.20 24.07 18.69 26.64 2.04 9.89 12.32 17.68 9.03

ES 37.25 50.93 29.61 32.35 7.40 20.59 19.02 22.50 19.59

EIVR 10.20 24.80 19.26 26.36 5.39 21.27 14.74 22.23 8.52

Height* [mm]

ED 0.03 0.26 0.45 0.50 0.05 0.27 0.37 0.32 0.13

EIVC 0.17 0.26 0.12 0.25 0.41 0.34 0.16 0.19 0.17

ES 0.50 0.26 0.03 0.17 0.57 0.58 0.14 � 0.07 0.26

EIVR 0.17 0.32 0.29 0.31 0.19 0.37 0.29 0.15 0.02

Strain*, curvature*, and height* imply that all three were found to be statistically different from zero via repeated measure three-way ANOVA.

TABLE 5. Between-group minimum regional strain, relative curvature, and relative height values obtained by computing the
minima of the field quantities across each region (1–9) and by calculating their mean among all animals at each time point.

Minimum regional values

Regions

1 2 3 4 5 6 7 8 9

Strain [%]

ED 4.24 2.20 2.89 0.24 � 1.15 1.58 1.64 0.25 2.63

EIVC 1.95 � 0.52 1.85 0.32 0.72 1.48 1.50 0.47 1.09

ES � 0.96 � 9.02 � 5.43 � 5.01 � 2.58 � 4.06 � 2.71 � 1.41 � 0.48

EIVR � 0.21 � 5.06 � 2.01 � 1.83 � 2.26 � 0.74 � 0.45 � 0.29 2.14

Curvature* [1/m]

ED � 42.43 � 25.61 � 14.45 � 36.06 � 32.17 � 36.53 � 17.60 � 7.88 � 22.98

EIVC � 57.54 � 23.97 � 7.10 � 26.58 � 36.33 � 38.00 � 16.42 � 8.16 � 45.34

ES � 64.26 � 16.07 � 1.94 � 19.85 � 34.09 � 40.59 � 12.84 � 2.49 � 32.75

EIVR � 52.13 � 12.30 � 3.97 � 18.99 � 31.28 � 32.23 � 16.94 � 4.41 � 24.56

Height* [mm]

ED � 0.45 � 0.24 0.07 � 0.35 � 0.53 � 0.35 � 0.04 � 0.09 � 0.43

EIVC � 0.16 � 0.26 � 0.14 � 0.23 � 0.20 � 0.18 � 0.36 � 0.27 � 0.21

ES � 0.14 � 0.37 � 0.36 � 0.34 � 0.07 0.01 � 0.46 � 0.54 � 0.19

EIVR � 0.36 � 0.16 � 0.06 � 0.30 � 0.47 � 0.14 � 0.07 � 0.24 � 0.38

Curvature* and height* imply that relative curvature and relative height were found to be statistically different from zero via repeated measure

three-way ANOVA.
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Global Metrics

Previously, we reported changes in annular dimen-
sion following APH without spatially-resolved metrics.
We discovered that the annulus dilates along all
annular regions, challenging the assumption that the
septal annulus remains unchanged in functional tri-

cuspid regurgitation.11 Moreover, we found that
annular contractility was affected differentially along
the annulus under APH.18 Both observations underline
the importance of regionally-resolved annular analy-
ses.

In this study, we recalculated all global metrics
based on our annular spline approximations and

FIGURE 5. Within-group changes of annular shape throughout the cardiac cycle measured as strain, relative curvature, and
relative height. All data are calculated based on the average representations of the control annuli (CTL) and the average repre-
sentations of the acute pulmonary hypertension annuli (APH) at three time points, end-isovolumic contraction (EIVC), end-systole
(ES), and end-isovolumic relaxation (EIVR), relative to end-diastole (ED). Numbers correspond to annular regions as defined by the
inter-marker spaces.

Effect of Acute Pulmonary Hypertension



reported their temporal evolution throughout the car-
diac cycle. Although our spline-based global metrics,
specifically annular area and perimeter, vary quanti-
tatively from our previous reports, we reconfirmed our
previous findings qualitatively. Annular area, perime-
ter, and eccentricity are significantly different between
control and APH. Therefore, acute effects of pul-
monary hypertension mimic those of patients with
FTR, albeit with smaller magnitude.33,40

Also, in accordance with our previous analysis, we
found that global metrics of annular dynamics did not
change between the control group and the APH group.
Dynamic changes in annular area, perimeter, height,
and eccentricity throughout the cardiac cycle were al-
most identical before APH and after.

Spatially-Resolved Metrics

To further spatially resolve our analysis of the tri-
cuspid annulus before and after APH, we employed a
least-squares cubic spline-based approach to compute
a mathematical representation of the annulus. With
this approach, we could determine the spatially-re-
solved metrics strains, relative curvature, and relative
height. Based on these metrics we found that increased
annular area and annular perimeter following APH
arise from extensions of the annulus mostly at the
antero-septal and postero-septal commissures. Also,
the circularization of the annulus, as seen in patients
with FTR, result from a decrease of curvature, again,
at the antero-septal and postero-septal commissures,

and an increase in curvature in the septal and antero-
posterior regions.16,20

Hence, these data suggest that during APH the peri-
annular tissue pulls the annulus laterally by extending
it at the antero-septal and postero-septal segments.
Subsequently, those regions decrease in curvature,
while all other regions increase in curvature. This
compound motion increases the annular area and cir-
cularity. Similarly, we found that annular flattening is
also driven by heterogeneous annular changes.
Specifically, increasing height in the antero-posterior
region and the postero-septal region flatten the annu-
lus.

Additionally, the spatially-resolved metrics of
annular dynamics revealed a moderate effect of APH
on annular dynamics. Specifically, we found that car-
diac cycle strains, which are a measure of annular
contraction, vary in the antero-posterior section of the
annulus at ES and EIVR. Curvature data and height
data also revealed minor differences in annular
dynamics between the CTL group and the APH group.
While our spatially-resolved analysis of annular
dynamics illustrated small local changes that global
metrics of annular dynamics did not reveal, it failed to
support these observations statistically.

Clinical Importance

The deformation of the tricuspid annulus in APH as
measured in terms of strain, curvature, and height may
correlate directly and indirectly with mechanical effects
on chordae tendineae, as well as the peri-annular
myocardium and tricuspid leaflets. The coupled effects
between annulus, myocardium, and chordae have not
been explored in detail on the tricuspid side, but are
well understood on the mitral side.21,30 Acute, local
deformations of the annulus may predict increased
leaflet and chordal stresses and thus potential device/
repair failure via dehiscence or chordal rupture,
respectively.4,23 Chronic changes in the mechanobio-
logical equilibrium of myocardium, leaflets, and chor-
dae may further predict regional tissue remodeling as
shown in the mitral valve.34,35

Therefore, insight into the mechanics of the tricuspid
annulus following APH may not only improve our
understanding of the early stages of functional tricuspid
regurgitation, but also aid in designing optimal medical
devices. Specifically, our data may provide regionally-
resolved target values for annular reduction and suggest
regionally-specific design specifications for device stiff-
ness, strength, and shape to minimize device-induced
tissue remodeling and device failure. Moreover, these
data may be used to inform and/or validate in vitro and
in silico models of the tricuspid valve.
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FIGURE 6. Area estimation of a synthetic tricuspid annulus
(planar ellipse) via a least-squares cubic spline approximation
and a polygonal approximation as a function of marker num-
ber.
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Limitations

Our data is subject to limitations. For example, we
studied the acute effects of pulmonary hypertension.
As such, the reported global and spatially-resolved
metrics of annular deformation and of annular
dynamics represent an early time point toward the
development of functional tricuspid regurgitation but
do not replace studies in chronically hypertensive
animals. Future studies, hopefully, will explore addi-
tional time points painting a more complete picture of
annular mechanics during disease progression. In
addition, all data were acquired in an open-chest,
open-pericardium approach. Therefore, annular
mechanics observed in our study may be different from
those collected under healthy closed-chest, closed-
pericardium conditions in which the heart and there-
fore the tricuspid annulus may be more constrained.
Lastly, sheep are different from human patients. Thus,
when interpreting our data, this limitation must be
acknowledged before extrapolating our findings to
humans.

CONCLUSION

We computed spatially-resolved metrics to analyze
APH-induced changes of annular shape and dynamics.
We found that the annulus expands, becomes more
circular, and flattens minimally. Spatially-resolved
metrics revealed that these changes are mechanistically
driven by an extension (i.e., positive strain) of the
annulus at the antero-septal and postero-septal com-
missures, by a curvature increase at the antero-poste-
rior commissure and the mid-septal annulus, and
regionally varying changes in annular height. Although
we found that APH also affects annular dynamics,
these changes were comparably small. In conclusion,
we provide mechanistic insight into APH-induced
changes of annular shape and dynamics which may
help us understand functional tricuspid regurgitation
disease mechanisms and design novel technologies for
the treatment of functional tricuspid regurgitation.
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