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Abstract—Tricuspid annuloplasty is a surgical procedure INTRODUCTION

that cinches the valve’s annulus in order to reduce regurgi-

tant blood flow. One of its critical parameters is the degree of Tricuspid valve annuloplasty is a surgical procedure
downsizing. To provide insight into the effect of downsizing, that is frequently performed to address leaking tricuspid

we studied the annulus of healthy sheep during suture
annuloplasty. To this end, we implanted fiduciary markers
along the annulus of sheep and subsequently performed a

heart valves.'>! In patients with so-called functional
tricuspid regurgitation, right ventricular remodeling

DeVega suture annuloplasty. We performed five downsizing dilates the tricuspid annulus and increases the valve’s
steps in each animal while recording hemodynamic and orifice area.>’>%* Due to the limited redundancy of the
sonomicrometry data in beating hearts. Subsequently, we tricuspid valve leaflets, continued annular dilation

used splines to approximate the annulus at baseline and at
each downsizing step. Based on these approximations we
computed clinical metrics of annular shape and dynamics,

eventually prevents full leaflet coaptation and allows for
retrograde or regurgitant blood flow. The intention of

and the continuous field metrics height, strain, and curvature. tricuspid annuloplasty is to counteract the pathological
With these data, we demonstrated that annular area reduc- dilation of the tricuspid valve annulus by cinching it via
tion during downsizing was primarily driven by compression implantation of an annuloplasty device®?* or via De-

of the anterior annulus. Similarly, reduction in annular
dynamics was driven by reduced contractility in the anterior
annulus. Finally, changes in global height and eccentricity of

Vega suture annuloplasty.® Naturally, when repairing
the tricuspid valve, the surgeon does not know the

the annulus could be explained by focal changes in the original size or shape of the native annulus and must
continuous height profile and changes in annular curvature. estimate the proper degree of downsizing in the attempt
Our findings are important as they provide insight into a to re-establish normal valve function.'” Some recom-

regularly performed surgical procedure and may inform the
design of transcatheter devices that mimic suture annulo-
plasty.

mendations go so far as to suggest downsizing the
annulus beyond the native annular orifice area during
so-called ‘“‘overcorrected” or ‘‘undersized” tricuspid
valve annuloplasty.®* The consequence of too little
downsizing is an incomplete repair with residual leak-
age. The consequences of too much downsizing are
currently not clear but could be multi-fold by affecting
any of the valvular components, e.g., the valve annulus,

the valve leaflets and chordae tendineae, as well as the
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approach to tricuspid valve repair,**! resulting in more

frequent procedures, and (ii) the recent, surgical trend
toward larger degrees of downsizing.”'® Given the cen-
tral role of the tricuspid annulus as the interface between
the tricuspid leaflets'**® and the peri-valvular myo-
cardium of the right ventricle®® and the right atrium,'® it
is a natural starting point to study the consequences of
annular downsizing.

The objective of our present work is to use DeVega
suture annuloplasty as an experimental platform that
allows us to study the effect of annular downsizing
using a within-subject design.'” We have previously
performed similar experiments in an animal model of
acute right heart failure with significant tricuspid
regurgitation.”’ However, there were limitations to our
previous study, which our present work will address.
First, we previously performed only two cinching
steps, which did not allow evaluating the potentially
non-linear relationship between the degree of down-
sizing and mechanical effects on the annulus. Second,
we performed these experiments in animals with tri-
cuspid regurgitation, which did not allow studying the
effect of annular downsizing in isolation. Specifically,
during downsizing, in our previous study, we simul-
taneously altered the size of the annulus and dimin-
ished tricuspid regurgitation. Thus, changes in annular
shape and dynamics may have been due to mechanical
and/or hemodynamic effects. Here, we perform
experiments on healthy animals and use five cinching
steps. Therefore, the data arising from this current
work will allow us to separate mechanical and hemo-
dynamic effects and make direct observations on the
mechanical effects of downsizing on the annulus alone.

METHODS

Animal Experiments

We performed all animal procedures in accordance with
the Principles of Laboratory Animal Care 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 Na-
tional Institutes of Health. All procedures were approved
by our local Institutional Animal Care and Use Committee
(Spectrum Health IACUC #: 18-01).

Detailed descriptions of the surgical procedures are
available in our previous publications.'”?® In short, we
intravenously anesthetized ten (n=10) Dorset male sheep
(60 + 3 kg) with propofol before intubating and mechan-
ically ventilating the animals. Under anesthetic mainte-
nance via isoflurane and fentanyl, we performed a mid-
sternotomy and exposed the heart. While on cardiopul-
monary bypass and on the beating heart, we performed an
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atriotomy and placed the suture annuloplasty around the
tricuspid annulus as described before,? see Fig. 1. To this
end, we used 2-0 polypropylene sutures in two layers
around the tricuspid valve orifice and anchored the sutures
with pledgets at the antero-septal commissure and the mid-
septal annulus. For external control of the degree of
downsizing, we externalized the annuloplasty suture
through the antero-posterior commissure to a tourniquet.
Next, we implanted six, 2mm sonomicrometry crystals
(Sonometrics Corp, London, Ontario, Canada) around
the tricuspid annulus with one crystal at each of the three
commissural and mid-commissural points, subdividing the
annulus into six regions, see also Fig. 2. For a separate
study, we also implanted mm sonomicrometry crystals on
each tricuspid valve leaflet. We externalized the crystal
wires for data acquisition through an atriotomy. For
hemodynamic measurements, we additionally placed
pressure transducers (PA4.5-X6; Konigsberg Instruments,
Inc, Pasadena, CA) in the left ventricle, right ventricle, and
right atrium. After these procedures, we weaned the animal
off cardiopulmonary bypass and recovered them for 30
min under anesthesia while their hemodynamics stabilized.
During this period and during data acquisition, we also
intravenously administered lidocaine to prevent ventricu-
lar ectopic beats.

Data Acquisition

After the hemodynamics normalized, we recorded
hemodynamic data, sonomicrometry data, and

FIGURE 1. Artistic depiction of DeVega tricuspid valve
annuloplasty as performed in our study.
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echocardiographic data for at least three cardiac cycles
under baseline conditions. Once recorded, we snared
the externalized sutures by 5 mm to reduce the annular
orifice area in the first downsizing step (DeVegal).
After hemodynamics had stabilized once again, we
recorded an additional set of data. We repeated this
sequence for a total of five downsizing steps (DeVe-
gal-5) each time snaring the sutures by 5 mm, see
Fig. 3. Upon completion of the experiments, we
euthanized the animals by administering sodium pen-
tothal and potassium chloride. Postmortem, we dis-
sected the hearts and verified proper crystal
positioning.

FIGURE 2. Photograph of tricuspid valve annulus with
sonomicrometry crystals. Crystals 1-3 delineate the anterior
annulus, crystals 3-5 delineate the posterior annulus, crystals
5-1 delineate the septal annulus.
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Spatial Annular Approximation and Temporal
Interpolation

Sonomicrometry uses a least-squares triangulation
procedure to determine the temporospatial distribution
of small ultrasonic crystals in the beating heart of our
experimental animals. We have extensively reported on
our methodology to fit least-squares cubic splines to
approximate the annulus based on these discrete
marker coordinates, both in the mitral valve®”-*** and
the tricuspid valve.*'? In our previous and present
work, we used splines to represent the tricuspid
annulus because, (i) we have shown that spline
approximations provide more accurate clinical metrics
of annular shape than simple linear interpolation of
inter-crystal spaces, and (ii) through the order of the
splines we can ensure sufficient continuity to compute
strain and curvature fields along the annulus.®

In brief, we performed the following minimization
problem,

6
St — enls, ) + / e(s, )| *ds — min, (1)
n=1 s

where n is the number of annular crystals, ¢,(s, t) are
cubic spline segments, y, are our physical marker
coordinates, s is the normalized arc-length parameter, ¢
is time, and A is a penalty parameter with which we can
control the smoothness of the resulting curve. Thus,
once performed, the minimization problem provided a
smooth cubic spline representing the tricuspid annulus
at each time point throughout the cardiac cycle.
Because heart rates varied between animals while
the data acquisition rate remained constant at 128 Hz,
we aligned data sets for all clinical metrics and field

(b)

DeVegal = DeVega2

= DeVega3 =— DeVega4 = DeVega5

FIGURE 3. (a) We implanted one sonomicrometry crystal at each commissure and mid-commissural point, dividing the annulus
into six segments. Markers 1-3, 3-5, 5-1 span the anterior, posterior, and septal annulus, respectively. The end-points for the
suture annuloplasty were the antero-septal commissure and the mid-septal crystal (dashed line). (b) lllustrates the average annular
shape for baseline and for each subsequent downsizing step, i.e., DeVega1-5.
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data before averaging them between animals, see
the “Clinical and Field Metrics” section for specifics
on how we computed those metrics. To this end, we
divided these temporal data into four segments
throughout the cardiac cycle based on the following
time points: end-diastole (ED), end-isovolumic con-
traction (EIVC), end-systole (ES), and end-isovolumic
relaxation (EIVR). Subsequently, we normalized the
length of each segment, resampled the data uniformly,
averaged the segments between animals, rescaled the
data, and reassembled the segments into full temporal
evolutions.

Clinical and Field Metrics

We report on annular area, perimeter, global height,
and eccentricity as classic, clinical metrics of annular
shape and dynamics. We computed area as the in-
scribed area of the cubic spline, ¢(s, f), approximating
the six annular crystals as described in ‘“Spatial
Annular Approximation and Temporal Interpolation”
section. To this end, we first projected the spatial
curves representing the annulus onto the curves’ best-
fit planes. On those same projected curves, we com-
puted the perimeter via the arc-length integral and
eccentricity by means of identifying a best-fit ellipse
and using standard formulae. Finally, we calculated
global height as the maximum orthogonal distance (to
the best-fit plane) between any two points of the spatial
annulus curve.*®

To report continuous height changes along the tri-
cuspid annulus in response to annular downsizing, we
first computed distance vectors between the annuli at
DVn (with n € [1,5]) and baseline (BSL) as a function
of the arc-length parameter s and time ¢, i.e.,

d,,(S, l‘) = CDVn(S7 [) — CBSL(S, l). (2)

Next, we projected those vectors onto the surface
normal to the curve’s least-squares plane and reported
their lengths.

We computed DeVega strain, Epy,(s, 1), between
DVn and BSL, by first determining the tangent vectors
to each annulus, again as a function of ¢ and s, i.c.,
t(s, 1) = Ose(s, t). Next, we computed DeVega strain as

Epyu(s, 1) = [Apy, — 1]/2, (3)

where  Apy, = [tpya(s, 1)|/|tpsc(s,1)].  Similarly, we
computed cycle strain (E¢c), i.e., strain throughout the
cardiac cycle, as

Ecc(s, 1) = [lEe — 1]/2, (4)

where Acc = |t(s,1)|/]t(s, tep)| with #(s, ) being the
tangent vectors to ¢py,/psi(s,t). Thus, for cycle strain,
we chose ED as the reference configuration.
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Finally, we computed curvature change as the rel-
ative change in curvature at DVn relative to BSL. To
this end, we calculated the curvature

Kx(s, 1) = H@Scx(s, 1) x Ofcx(s, Z)H/||8Sc;((s, l)||3 (5)
for X € [BSL, DVn] and compute curvature change as

Kn(S, l) = K])Vn(s7 l) — KBSL(S, l). (6)

Statistics

We report all data in tables as mean + 1 standard
deviation, while we report data in figures as mean +
standard error. We performed all statistical analyses
via 1-way or 2-way, repeated measure ANOVA in
Matlab (R2017b) and the multi-comparisons using
Tukey—Kramer, also in Matlab. We considered p <
0.05 as statistically significant.

RESULTS

All animals recovered well from surgery and were
successfully weaned off cardiopulmonary bypass. Ta-
ble 1 summarizes hemodynamic data at baseline and
after each downsizing step.

Figure 4 shows the average transducer-derived,
trans-valvular pressure gradient between animals for
each downsizing step. Note, that we used atrial pres-
sure as the reference. Thus, during diastole, a pressure
drop across the valve results in a negative gradient.
The figure illustrates that hemodynamics were
stable and comparable between steps. However, during
diastole it becomes apparent that downsizing increased
the transvalvular gradient. Specifically, the gradient
increased from —7.43 £+ 2.87 to — 11.36 + 5.47 mmHg
between baseline and DeVega5. Most of this gradient
is due to the DeVega3-5 downsizing steps, while the
first two downsizing steps affect the gradient only
marginally. Although ANOVA shows that the gradient
changed with downsizing (p < 0.001), the increase in
gradient reached significance only between baseline
and DeVega5 (p = 0.048). The transducer-derived
transvalvular gradient is not to be confused with the
echo-derived transvalvular gradient, which we report
among other hemodynamic metrics in Table 1. Those
values are smaller with the largest value reaching 3.343
+ 1.78 mmHg at DeVega$.

Figure 5 depicts annular area as a function of time
for baseline and each downsizing step. Annular area
under baseline conditions changed throughout the
cardiac cycle with the area being the largest during
diastole and the smallest during systole. For a more
complete discussion on normal annular dynamics, see
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TABLE 1. Hemodynamics for baseline and each DeVega downsizing step. Heart rate (HR), left ventricular pressure (LVP), right
ventricular pressure (RVP), echo-derived transvalvular gradient (TVP), end-diastole (ED), end-systole (ES).

Region Baseline DeVegai DeVega2 DeVega3 DeVega4 DeVega5
HR (bpm) 115.0 £5.1 112.6 £6.3 112.8+6.3 109.7 + 8.4 1106 £7.4 111.7+7.2
LVPES (mmHg) 60.91 +£10.42 63.44 +£11.97 59.69 + 16.64 57.72 £ 18.55 55.10 £ 17.29 53.06+ 15.27
LVPEP (mmHg) 12.61 £5.06 1229 +£5.64 10.33 +£6.24 9.55 +£5.20 9.77 £5.44 10.18 £ 4.87
RVPES (mmHg) 20.27 £ 4.65 22.00 £ 3.71 25.74 +5.96 2529 +8.27 23.29 +5.86 22.88 +6.89
RVPE? (mmHg) 8.12+3.27 8.55 +2.84 8.88 £2.12 10.48 +2.77 11.13+£3.77 11.80 +4.01
RAPES (mmHg) 13.10 £ 3.35 13.13 + 3.01 12.96 +2.27 13.66 + 2.46 13.95+3.02 14.37 +£2.73
RAPE? (mmHg) 4.68 +£2.84 4.83+3.25 5.51 £ 3.53 5.13+2.98 4.37 £ 3.51 4.39 £3.99
TVP (mmHg) 0.98 +£0.36 1.08 +£0.50 1.40 £0.62 1.70 £ 0.84 2.34 +£1.52 3.34+1.78
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FIGURE 4. Annular downsizing progressively increased the transducer-derived transvalvular gradient during filling (p < 0.001).
(a) The average transvalvular gradient throughout the cardiac cycle calculated as the right ventricular pressure minus the right
atrial pressure with standard error. (b) Zoom-in on the gradient during filling where it is clear that progressive downsizing
increased the transvalvular gradient. Note, errors were omitted for visual clarity. End-diastole (ED), end-isovolumetric contraction

(EIVC), end-systole (ES), end-isovolumetric relaxation (EIVR).

Ref. 32. After downsizing, annular size and annular
dynamics markedly decreased (p < 0.001 for both, via
1-Way ANOVA).

We quantitatively analyze both diastolic area and
changes in annular area throughout the cardiac cycle
in Figs. 6a and 6b, respectively. We found that dias-
tolic area decreased significantly (p < 0.05) between all
steps, except for the second downsizing step. Addi-
tionally, using annular area change throughout the
cardiac cycle as a surrogate for annular dynamics, we
found significant difference due to the second and third
downsizing step only. Thus, the effect of downsizing on
annular dynamics diminished after the third downsiz-
ing step.

In addition to area changes, we also report on three
other clinical metrics in Table 2: annular perimeter,
annular eccentricity, and global annular height. Of the
three, annular perimeter and eccentricity changed with
annular downsizing (p < 0.001 and p = 0.01, respec-
tively). Global annular height did not change signifi-
cantly according to 1-way ANOVA (p = 0.15). In
detail, perimeter decreased monotonically with each

downsizing step, i.e., DeVegal-5. On the other hand,
eccentricity underwent non-linear changes with
increased downsizing. Eccentricity decreased for
DeVegal-3, which implies that the annulus first be-
came more circular, but then increased for DeVega4-5,
implying that the annulus became more elliptical
again.

We identified the mechanisms of annular downsiz-
ing by computing DeVega strain, i.e., the strain
between each downsizing step and baseline at ED.
Figure 7 demonstrates the average strain for the
anterior, posterior, and septal annulus. We found that
annular strain was significantly different between
regions (p < 0.001) and between downsizing steps (p
< 0.001). Specifically, the annulus was compressed
during each DeVega step, with the anterior segment
shortening the most. On the other hand, the septal and
posterior regions compressed approximately the same,
but less than the anterior region.

We identified the mechanism of reduced annular
dynamics by depicting tangential strain over the car-
diac cycle for baseline and each DeVega step. Figure 8
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FIGURE 5. The annular area decreased with each downsizing step and the dynamics became suppressed. Curves show
the average area change throughout the cardiac cycle with standard error for baseline and each downsizing step, i.e., DeVega1-5.
End-diastole (ED), end-isovolumetric contraction (EIVC), end-systole (ES), end-isovolumetric relaxation (EIVR).
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FIGURE 6. Annular area and area changes decreased significantly after downsizing via DeVega (DV). (a) Average diastolic annular
area decreased linearly with each downsizing step (p < 0.001). (b) Using annular area change throughout the cardiac cycle as a
surrogate for quantifying annular dynamics, annular dynamics decreased non-linearly as a function of degree of downsizing (p <
0.001). After the first two downsizing steps (DeVegal and DeVega2) further downsizing did not reduce annular dynamics more.
Note, bars indicate standard error and multiple comparisons were performed using Tukey—Kramer.
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TABLE 2. Downsizing changed annular perimeter (p < 0.001) and eccentricity (p = 0.01), but not height (p = 0.15).
Region Baseline DeVegai DeVega2 DeVega3 DeVega4 DeVega5
Perimeter (mm) 96.92 + 5.12 88.62* + 7.34 82.08* + 9.45 73.24* + 9.46 65.41* + 12.53 57.43* + 11.23
Change (%) —8.56 —15.31 —24.43 —32.51 —40.74
Eccentricity (-) 0.74 + 0.14 0.66 + 0.13 0.68 + 0.18 0.71 +£ 0.14 0.79 + 0.13 0.79+ 0.1
Change (%) —10.76 —8.48 —3.58 6.92 6.77
Height (mm) 3.50 &+ 0.93 3.06 + 1.06 2.63 + 1.38 291+ 145 3.25 + 1.47 3.41 +£1.52
Change (%) —12.62 —24.75 —16.91 -7.10 —2.63

We calculated change relative to baseline, where positive change means that the quantity increased and negative change means that the

quantity decreased.

*Different from baseline accordingly to Tukey—Kramer post-hoc analysis.

Regional Average Strain (%)

1 Ll

i [ ]Anterior M Posterior [ Septal

i

DV1 Dv2

DvV3

Dv4 DV5

FIGURE 7. Annular downsizing via DeVega (DV) was driven primarily by compressive strains in the anterior annulus and
secondarily by compressive strains in the posterior and septal annulus. Regional strains were measured relative to baseline at
end-diastole. 2-Way ANOVA reveals difference with degree of downsizing (p < 0.001) and region (p < 0.001).

illustrates that annular contraction under baseline
conditions was driven primarily by the anterior and
posterior segments. Moreover, we found that the
magnitude of the anterior segment compression pro-
gressively increased for each downsizing step to the
point where it became positive in DeVega3—5. It is this
change in anterior dynamics that rendered the annulus
less contractile overall, see Fig. 6b. In contrast, the
septal and posterior dynamics changed only marginally
with each downsizing step.

To analyze changes from baseline to DeVegal-5 in
a spatially continuous manner, we computed continu-
ous DeVega strain, height change, and curvature
change at ED for an averaged annulus between all
animals. Figure 9a depicts DeVega strain along the
annulus for each downsizing step. These data confirm
that downsizing was driven by changes in the anterior
annulus (between markers 1 and 3) and to a lesser
degree by changes at the posterior-septal commissure
(around marker 5).

Furthermore, we found that the annulus changed its
height profile during downsizing. In Fig. 9b we show
relative height changes, i.e., where the annulus
increased and decreased in height relative to its best-fit
plane. We found that the annulus raised its profile at
the antero-posterior annulus and along the septum,

while dropping it everywhere else. Those changes were
qualitatively consistent between DeVega steps and
increased in magnitude between DeVega 1-5. In other
words, the annulus folds out of plane as its perimeter is
reduced.

Similarly, we found that the annulus changed its
shape between baseline and each downsizing step. To
characterize these changes, we depict change in cur-
vature between baseline and DeVegal-5 in Fig. 9c.
Negative change in curvature means that the annulus
straightened locally, while positive change in curvature
means that the annulus became more acute. We iden-
tified the antero-posterior (marker 3) and the postero-
septal commissures (marker 5) as notable regions of
increased curvature; they essentially function like hin-
ges at which the annulus “kinks’ as it is being down-
sized. Data in Figs. 9b and 9c¢ are supported by
quantitative, reduced data in Table 3 and 4, respec-
tively.

In Table 3, we identify average height for each
annular segment. We found that height changes with
DeVega (p < 0.001) by increasing in some regions (2—
3, 5-6) and decreasing in all others, reflecting our
findings in Fig. 9. The magnitude of those changes
increased consistently (with few exceptions) with each
downsizing step. This finding contradicts that of global
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FIGURE 8. Reduction in annular dynamics was predominantly driven by reduced contractility of the anterior annulus. (a) Annular
contraction was driven by contraction of the anterior and posterior annulus as indicated by negative, i.e., compressive strains, in
those regions. On the other hand, the septal annulus expanded during systole. (b—f) Progressive downsizing suppressed primarily

the contraction of the anterior annulus.

height, where we did not find a significant difference.
This difference is due to the global vs. local nature of
the two metrics and illustrates the need for detailed,
spatially-resolved metrics. In Table 4, we list the
average curvature for each annular segment, i.c.,
between marker 1 and 2, 2 and 3, efc. First, we found
that average curvature differed significantly between
regions (p < 0.001) and between downsizing steps (p
< 0.001). Specifically, we found that average curvature
increased in all regions as annular size decreased. Focal
changes at markers 3 and 5, as seen in Fig. 9, were
averaged out by this current analysis, again, illustrat-
ing the value of spatially-resolved metrics.
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DISCUSSION

Tricuspid annuloplasty is a frequent, but imperfect
surgical procedure that aims at re-establishing the
function of leaking tricuspid valves. Here, we studied
how the degree of downsizing affects the tricuspid
annulus. To this end, we used suture annuloplasty as a
technique that allowed us to externally cinch the
annulus in the beating hearts of ten sheep. We down-
sized the annulus in five steps, i.e., DeVegal-5, while
recording sonomicrometry data and hemodynamic
data. All animals recovered well from the procedure
and we were able to collect complete data on all sub-
jects.
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FIGURE 9. Field metrics strain, height change, and curvature change (all relative to baseline) reveal distinct spatial patterns that
are driven by annular downsizing. (a) Compressive tangential strain in the anterior and posterior annulus drive annular
downsizing. (b) During downsizing, relative height changes revealed a periodic out-of-plane bending of the annulus with peaks in
the anterior and posterior annulus and valleys in the mid-septal annulus and the antero-posterior commissure. (c) Curvature
overall increases during downsizing owing to the overall size reduction of the annulus. Focal increases in curvature at markers 3

and 5 may be interpreted as the hinges of the annular shape changes during downsizing.

TABLE 3. Height changed predominantly around the antero-posterior commissure (regions 2-3, 3-4) after downsizing via
DeVega. Repeated 2-way ANOVA revealed differences with DeVega and region (both p < 0.001). Note, for regional designations see

Fig. 3. Data are reported as mean * 1 standard deviation.

Baseline DeVegal DeVega2 DeVega3 DeVega4 DeVega5
Region (mm) (mm) (mm) (mm) (mm) (mm)
1-2 0.64 + 0.58 0.54 + 0.58 0.50 £+ 0.65 0.50 £+ 0.55 0.54 £+ 0.52 0.56 + 0.49
Change (%) —16.14 —21.84 —22.18 —16.22 —13.80
2-3 —0.69 £+ 0.50 —0.42 £ 0.53 —0.35 £ 0.45 —0.03 £ 0.45 0.01 £+ 0.60 0.14 £ 0.64
Change (%) 39.96 49.38 95.36 100.63 119.53
3-4 —0.13 £ 0.87 —0.26 £ 0.77 —0.26 + 0.82 —0.46 + 0.76 —0.58 £ 0.78 —0.70 £ 0.82
Change (%) —100.61 —105.75 —258.25 —351.58 —447.12
4-5 0.77 £ 0.45 0.62 £+ 0.44 0.56 + 0.53 0.51 £ 0.46 0.50 + 0.44 0.42 £ 0.43
Change (%) —19.62 —27.80 —33.56 —34.48 —45.49
5-6 —0.61 £0.40 —0.36 £ 0.42 —0.33+£0.35 —0.17 £ 0.30 —0.12 £ 0.38 —0.03 £0.39
Change (%) 40.19 45.96 71.76 79.98 95.09
6-1 —0.01 £0.83 —-0.15 £ 0.76 —-0.21+£0.85 —0.57 £ 0.91 —0.66 + 1.09 —-0.75+ 114
Change (%) —1168.20 —1602.13 —4585.95 —5315.34 —6104.75

The Effect of Downsizing Via Hemodynamic Metrics

found

that downsizing indeed

increased trans-

One major concern of annular downsizing is creat-
ing significant transvalvular gradients during ventric-
ular filling that would oppose diastolic function. We

ducer-derived pressure gradients by as much as
4 mmHg for the largest downsizing step (DeVega5). In
contrast, we found that when the transvalvular gradi-
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TABLE 4. Curvature changed predominantly in the anterior annulus (regions 1-2, 2-3) after downsizing via DeVega. Repeated 2-
way ANOVA revealed differences with DeVega and region (both p < 0.001). Note, for regional designations see Fig. 3. Data are
reported as mean = 1 standard deviation.

Baseline DeVegal DeVega2 DeVega3 DeVega4 DeVega5
Region (1/mm) (1/mm) (1/mm) (1/mm) (1/mm) (1/mm)
1-2 0.08 + 0.01 0.09 + 0.01 0.09 + 0.02 0.13 + 0.05 0.20 £+ 0.15 0.30 + 0.25
Change (%) 4.92 15.32 57.60 151.57 271.48
2-3 0.08 + 0.01 0.09 + 0.02 0.09 + 0.02 0.13 + 0.05 0.19 +£ 0.12 0.24 + 0.15
Change (%) 12.54 19.77 63.86 145.61 208.25
3-4 0.06 + 0.01 0.07 + 0.01 0.08 + 0.01 0.09 + 0.02 0.10 £+ 0.03 0.12 + 0.04
Change (%) 17.78 27.20 49.12 72.22 107.60
4-5 0.08 + 0.01 0.09 + 0.01 0.09 + 0.01 0.10 £+ 0.02 0.13 £+ 0.04 0.20 + 0.04
Change (%) 9.7 14.95 32.72 67.95 102.99
5-6 0.08 + 0.01 0.09 + 0.01 0.10 £+ 0.02 0.12 £+ 0.02 0.14 £+ 0.04 0.17 + 0.04
Change (%) 13.25 21.17 4217 78.00 111.16
6-1 0.06 + 0.01 0.07 + 0.01 0.07 + 0.01 0.08 + 0.01 0.09 + 0.03 0.11 + 0.03
Change (%) 12.23 19.52 35.51 58.57 93.16

ent was measured via echo, it increased by approxi-
mately 2.3 mmHg, leading to a total gradient of 3.3
mmHg. Thus, even for the most aggressive downsizing
step, transvalvular gradients remained below the clin-
ically significant mark of 5 mmHg.

The Effect of Downsizing Via Clinical Metrics

The annulus provides the interface between the tri-
cuspid valve leaflets and the surrounding peri-valvular
myocardium of the right ventricle and the right atrium.
Thus, the shape and dynamics of the annulus are
strongly reflective of changes in the boundary condi-
tions of the leaflets and thus likely affect the leaflets’
mechanics.”*%® Similarly, the shape and dynamics of
the annulus reflect the local mechanics of the sur-
rounding myocardium. Hence, knowledge of the
annular changes during downsizing is also a critical
determinant of right heart function. Indeed, we re-
cently reported that annular downsizing affects right
ventricular epicardial mechanics in normal sheep."
Here, we first identified changes in the tricuspid
annulus via classic, clinical metrics: area, perimeter,
global height, and eccentricity. Naturally, we found
that annular downsizing reduced annular area.
Importantly, we could demonstrate that our successive
cinching of the suture produced a strictly linear
reduction in area. This area reduction was accompa-
nied by a marked reduction in annular dynamics,
which depended non-linearly on the degree of area
reduction. This finding is important as it implies that
annular reduction may come at the cost of losing
annular dynamics and may thus disrupt the natural
dynamics of the right ventricle and the tricuspid leaf-
lets; the latter of which we recently reported on in
healthy animals.”> Not unexpectedly so, changes in
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annular perimeter closely resembled those of area. In
contrast, we found that global annular height and
eccentricity changed non-monotonically with area
reduction. Again, this is important because it may
imply that annular downsizing disrupts the natural
state of the right ventricle and leaflets and, through
mechanobiological pathways, may induce (mal-)adap-
tive remodeling in those tissues.'' In summary, we
showed via clinical metrics that annular downsizing
does not only change the shape of the tricuspid
annulus, but also reduces its dynamics in healthy ani-
mals.

The Effect of Downsizing Via Field Metrics

While clinical metrics of annular shape and
dynamics have been and are useful, they are inherently
limited in their information content. We used field
metrics to identify mechanistically how downsizing
changes annular shape and dynamics. Specifically, we
took advantage of the C2-continuity of our cubic
spline approximations to calculate the continuous
metrics: height, strain, and curvature of the annulus.
We have used these techniques previously to charac-
terize the mitral and the tricuspid annulus in healthy
sheep models and disease sheep models.”>*!** Using
these metrics, again, in our current study we were able
to identify the local annular changes that led to a
reduction in area and perimeter, changes in height, and
changes in shape. In detail, we were able to use strain
to identify the anterior annulus as the primary source
of area reduction and reduced contractility. Similarly,
we found that very focal changes in annular curvature
resulted in shape changes during downsizing. Knowing
the locations of what we called “hinges” may be crit-
ical for designing medical devices that mimic suture
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annuloplasty, where those regions may become areas
of increased stress and thus potential fatigue failure
loci. Finally, we found that the annulus changed its
height profile through periodic reduction and increase
in height, i.e., peaks and valleys, along its perimeter.
These changes, as pointed out earlier, likely affect the
mechanics of the tricuspid leaflets as the annulus may
be considered the proximal boundary of the leaflets.
Also, similar to focal regions of increased/decreased
curvature, knowing where those peaks and valleys are
may help optimize medical devices and surgical pro-
cedures.

Correlation Between Our Findings and Annular
Microstructure

The tricuspid valve annulus is a heterogeneous
structure whose composition varies along its length. Its
makeup depends on the peri-annular tissue, with which
the annular tissue shares characteristics, e.g., septal
myocardium differs from lateral wall myocardium and
so does the annular tissue bordering those mus-
cles."*7?> Additionally, the annular tissue, through
mechanobiological pathways, has likely evolved to
meet and accommodate the local mechanical demands,
which may additionally explain variations in its
structure and composition. For example, Basu et al
found in porcine tissue that annular tension, a measure
for the normalized kinetic interaction between leaflets
and annulus, is highest in the septal segment of the
annulus.” Such higher demand may translate into
variations of the annulus’ mechanical properties along
its length as measured in vitro. Again in porcine tissue,
Basu et al found that the stiffness of the annular tissue
varies spatially.® They found that the annulus is stiffest
in the septal region, which the authors successfully
correlated to the highest collagen content of all annular
regions. Also, Paul et al and Madukauwa-David et al,
in sheep and humans, respectively, found that suture
pull-out forces are highest in the septal and antero-
septal regions, again, demonstrating a correlation
between mechanical metrics and the collagen content
of the tissue.'”?® The reported variations in annular
composition along the annulus length and the associ-
ated increased stiffness and strength, may partially
explain our findings. We found that the anterior
annulus underwent the largest compression during
annular downsizing, which may be related to its
smaller collagen content when compared to the septal
annulus. This increased compression may subsequently
be theorized to also lead to lower dynamics. However,
it is important to keep in mind that the DeVega pro-
cedure, as studied in our work, spares portions of the
septal annulus, which may also be responsible for the
reduced shortening of the septal annulus when com-

pared to the anterior and posterior segments, see
Fig. 1.%°

Comparison to Our Previous Study in Animals
with Acute Right Heart Failure

Before, we have studied the effect of annular
downsizing on tricuspid annular shape and dynamics
in animals with acute right heart failure and tricuspid
regurgitation.” In this previous study, we found that
annular downsizing did not affect annular dynamics or
3D geometry (as measured via the clinical metric
annular height). Importantly, in both our previous
study and our current study, the size of the tricuspid
valve annulus was reduced significantly beyond the
normal annulus. Thus, both studies report on compa-
rable degrees of downsizing. One important difference
being that in our previous study, hemodynamic effects,
due to the diminishing of tricuspid valve regurgitation,
and mechanical effects could not be isolated. On the
other hand, in our current study, because the animals
were healthy, only the mechanical effects were present.
Interestingly, in our current study, we did find that
annular dynamics changed (decreased) in contrast to
our ecarlier finding in diseased animals. This reduction
was reflected in both percentage area change
throughout the cardiac cycle and strain throughout the
cardiac cycle. We also identified the anterior annulus
as the region where most dynamics were lost. The non-
congruency of our data may imply that the reduction
of tricuspid regurgitation via annuloplasty may have a
positive effect on annular dynamics and overcome the
diminishing effect of compressing the annulus during
downsizing.

Potential Impact on Tricuspid Valve Repair Techniques
and Devices

DeVega annuloplasty has been repeatedly criticized
for its sub-par performance when compared to device-
based annuloplasty.'**” However, recent reports indi-
cate that lack of standardization and too conservative
downsizing may have negatively biased these data.**
More recent publications suggest that DeVega annu-
loplasty, after various incremental improvements, may
be more successful than previously thought. In the
future, surgical tricuspid valve repair will likely be re-
placed with less invasive, catheter-based approaches,
which will likely resemble DeVega suture annuloplasty.
Thus, improvements in suture annuloplasty and
information gathered on the technique are going to be
pivotal to the successful design of catheter-based
technologies. The information presented in our current
work will serve the medical device community in two
ways: 1) our data illustrates the spatially-heterogeneous
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mechanisms through which DeVega suture annulo-
plasty successfully downsizes the annulus, and ii) our
data identifies areas of increased strain and curvature
that may indicate locations of heightened risk for de-
vice failure. Thus, our data may be important not only
to our understanding of DeVega suture annuloplasty,
but also to future, catheter-based repair technologies
for the tricuspid valve annulus.

Limitations and Future Directions

This study is naturally limited by a number of
shortcomings. First off, this study was performed on
animals, not human patients. Thus, any extrapolation
of our findings must be done with care. Furthermore,
we performed this study on healthy animals without
tricuspid regurgitation. Hence, we did not evaluate the
surgical efficacy of DeVega suture annuloplasty. In-
stead, our goal was to identify the effects of suture
annuloplasty on the tricuspid annulus only, without
the confounding effects of valvular or right heart dis-
ease. Importantly, in disease, the tricuspid annulus
dilates primarily in the anterior, antero-posterior
regions. Thus, DeVega annuloplasty may have spa-
tially heterogeneous effects beyond what we observed
in healthy animals in our current study.?® Because, we
limited our analysis to the annulus only, we did not
report or identify changes in the right ventricle or the
leaflets. Those analyses are reserved for future studies.
Specifically, we suggest numerical studies of full valve
complexes which explore the effect of annular changes
on the leaflets.'** From a technological perspective,
we based our analysis on spline approximations to six
sonomicrometry crystals. Although, our technique
provides significant advantages over other, non-inva-
sive imaging-based techniques with higher spatial res-
olution (due to the fiduciary character of our markers),
we had to make assumptions about the inter-marker
spaces. Specifically, here we assumed that the annulus
behaved smoothly between markers and may thus be
represented with cubic splines. While this assumption
is supported by visual and echocardiographic obser-
vations, it should be kept in mind when interpreting
our data.

Conclusion

We reported for the first time on the shape and
dynamics of the healthy tricuspid annulus following
downsizing via DeVega suture annuloplasty. We found
that annular downsizing via DeVega suture annulo-
plasty resulted in complex shape changes measured via
clinical metrics: annular area, perimeter, global height,
and eccentricity. Employing the field metrics height,
strain, and curvature, we identify the local mechanisms
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that resulted in the annular changes. Specifically, we
found that annular downsizing was primarily driven by
compressive strains in the anterior annulus, and sec-
ondarily by compressive strains in the septal and pos-
terior annulus. Changes in annular dynamics, which
we observed via reduced annular area contraction
throughout the cardiac cycle following downsizing,
were explained by a reduction in contractility of the
anterior annulus. Finally, we found that non-linear
changes in global annular height and eccentricity with
degree of downsizing were driven by focal changes in
annular height and curvature. Our findings will be
critical to our basic understanding of DeVega suture
annuloplasty, which is regularly performed in clinical
practice. Moreover, understanding the role of the
annulus during downsizing will provide critical infor-
mation for future studies on right ventricular
mechanics and leaflet mechanics during annuloplasty.
Finally, our findings may be important to the design of
transcatheter technologies that aim to mimic DeVega
suture annuloplasty. Specifically, our data provide
targets for technologies aimed toward mimicking tra-
ditional suture annuloplasty and may inform device
design by highlighting areas of increased deformation
and thus potential damage nucleation sites.
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