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Background and aim of the study: In a previous sonometric study, changes were described that occurred in
the normal tricuspid valve during the cardiac cycle.
However, the wealth of data available suggested the
need for reporting further findings that should contribute to a better understanding of the dynamics of
the tricuspid valve.
Methods: Thirteen sonomicrometry transducers were
placed in the hearts of each of seven sheep. Six transducers were placed in the tricuspid annulus (TA), at
the base of each leaflet, and at each commissure;
three at the tips of the papillary muscles (PMs); three
in the free edges of the leaflets; and one transducer
was placed at the apex. Distances between transducers, pulmonary and right ventricular pressures, and
pulmonary flow were recorded simultaneously.
Results: The TA area underwent two major contractions and expansions during the cardiac cycle, reaching its maximum during isovolumic relaxation and
its minimum in diastole. The TA height-to-width

ratio changed from 8.4 ± 1.9% to 15.3 ± 4.2%. The
leaflets began to open before end-systole. By the end
of isovolumic relaxation, the leaflets had completed
54.1 ± 13.4% of their opening. The PM and TA planes
were not parallel, but were offset by 11.5 ± 1.9° to 17.8
± 2.1º. The PM rotated 6.9 ± 0.9° with respect to the
TA, with 3.1 ± 1.1° of the rotation occurring during
ejection.
Conclusion: The tricuspid valve is not a passive structure but rather forms a dynamic part of the right ventricle. Its orifice area changes not only due to the
contraction and expansion of its perimeter but also to
changes in its saddle shape. Leaflet opening and closure is not simply a response to pressure. The PMs
rotate in relation to the TA. These data should impact
upon the diagnosis and surgery of functional tricuspid regurgitation.

There is a paucity of information available on the
functional anatomy of the tricuspid valve when compared with other cardiac valves. In an attempt to analyze the geometric changes of the tricuspid valve
during the cardiac cycle, previous experience with
sonomicrometry in studies of the aortic (1,2) and mitral
valves (3) was applied. Although the preliminary
results of the present study were reported previously
(4), the wealth of data available suggested a need to
publish further findings that contribute to a better
understanding of the dynamics of the tricuspid valve.

Materials and methods
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Experimental design
Seven adult Targhee sheep (bodyweight 69 ± 9 kg)
underwent implantation of 13 sonomicrometry transducers on the tricuspid valve using cardiopulmonary
bypass (CPB); the mean pump time was 135 ± 4 min,
and cross-clamp time 88 ± 2 min.
The surgical techniques used have been reported
previously (4). In brief, while the animal was under
general anesthesia, the heart was approached through
a right lateral thoracotomy, and the sheep was placed
on normothermic CPB with bicaval and aortic cannulations. The aorta was cross-clamped, and antegrade
cold crystalloid cardioplegia employed.
In order to study the tricuspid valve complex, 13
transducers (Sonometrics Corporation, London,
Ontario, Canada) were implanted. To avoid inter-operator variability, all transducers were placed by the
same surgeon. Ten 2-mm ultrasonic transducers were
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510; Millar Instruments, Houston, TX, USA) were
placed within the lumen of the pulmonary artery and
in the right ventricle. A flowmeter ring (Transonic
Systems Inc., Ithaca, NY, USA) was placed around the
pulmonary trunk.
After discontinuing CPB, and when the animal was
hemodynamically stable (≥15 min), the transducer distances were recorded along with right ventricular pressure, pulmonary trunk pressure, and pulmonary
artery flow. All recordings were performed at 200 Hz.
Epicardial, two-dimensional echocardiography with
color Doppler was used to assess the competence and
anatomy of the tricuspid valve before and after
implantation of the transducers. On completion of the
experiment the heart was arrested by a lethal injection
of potassium chloride, and the correct positions of the
transducers verified.
All animals received humane care in compliance
with the principles of the Animal Welfare Act, the
Guide for Care and Use of Laboratory Animals from the
United States Department of Agriculture, and the
Institutional Animal Care and Use Committee of The
University of Montana.

Figure 1: Location of the 13 transducers placed in the
tricuspid valve at the apex of the left ventricle (Apex); the
midpoint of the bases of the anterior (A), posterior (P), and
septal (S) leaflets; the free edges of the anterior (AL),
posterior (PL), and septal (SL) leaflets; the anteroposterior
(A-P), anteroseptal (A-S), and posteroseptal (P-S)
commissures; and the anterior (Apm), posterior (Ppm), and
septal (Spm) papillary muscles.

sutured along the tricuspid annulus (TA) (n = 6) at the
anteroseptal, anteroposterior, and posteroseptal commissures, and at the relative midpoint of the base of
the septal, anterior, and posterior leaflets (Fig. 1).
Transducers were also placed inside the right ventricle
(n = 3) at the tips of the septal, anterior, and posterior
papillary muscles (PMs). Smaller, 0.7-mm transducers
(n = 3) were sutured to the free edge of the septal, anterior, and posterior leaflets. The electrodes of the transducers on the TA and leaflets were exteriorized
through the right atriotomy, and the electrodes of the
transducers on the PMs were exteriorized through the
right ventricular wall. One transducer was sutured to
the apex of the heart as a reference transducer. Highfidelity, catheter-tipped pressure transducers (Model

Data acquisition and processing
A postprocessing program (Sonometrics Corporation, London, Ontario, Canada) was used to examine
each distance measurement between transducers. All
distances and pressures were synchronized with the
electrocardiogram and recorded at the same time with
the Sonometrics system. Another postprocessing program (SonoXYZ; Sonometrics Corporation) was then
used to generate distance measurements between all
transducers.
The distances were used to create a three-dimensional
(3-D) coordinate system based on the least-squares plane
of the TA using MATLAB software (The Math Works,
Inc., Natick, MA, USA). The distances were first used to
define an arbitrarily placed Cartesian coordinate system.
The coordinate system was then shifted to the TA to
establish a meaningful reference frame, as described previously by Gorman et al. (5). The centroid of the TA
transducers was calculated and set as the origin of this
system. The approximate plane of the TA was determined by least-squares regression of the TA transducer
coordinates and set as the x-y plane. The positive z axis
was aligned normal to the least-squares plane opposite
to the direction of blood flow. The x-z plane was directed through the posteroseptal transducer. The x-z plane
and the least-squares x-y plane thus defined the x axis.
Finally, the y axis was chosen orthogonal to positive x
and positive z in a right-handed coordinate system. The
resulting system represented an approximation of the
apicobasal direction (z axis), the anterior-posterior direction (x axis), and the medial-lateral direction (y axis).
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Table I: Percentage changes in tricuspid orifice area (% open) during the phases of the cardiac cycle.

Orifice area
(% open)

ED

IVC

ES

IVR

Max.

Min.

63.6 ± 9.6

27.4 ± 8.2

14.1 ± 4.2

54.1 ± 13.4

100

0

ED: End-diastole; ES: End-systole; IVC: Isovolumic contraction; IVR: Isovolumic relaxation.

Analysis of tricuspid geometry
The coordinates of the transducers formed a 3-D
skeleton of the tricuspid valve, which allowed for the
precise measurement of specific anatomic features and
an approximation of the entire valve geometry.
The TA area, measured by the addition of six triangles (each containing two contiguous TA transducers
projected into the least-squares plane and the centroid), was calculated using the Heron formula (6,7).
A variation of the method of Salgo et al. (8) was used
to define the saddle shape of the mitral valve annulus
as the ratio between annulus height and commissural
width: annulus height-to-width ratio (AHWR). For this
study of the tricuspid valve, the ratio was calculated as
the ratio of annular maximum height (the dimension
normal to the least-squares plane of the TA) to the maximum in-plane dimension. The relationship between
AHWR and TA area was investigated by Fourier analysis (9). The correlation between changes in AHWR and
TA area at the three frequencies of most significant
change was then calculated. The resulting correlation
coefficients related changes in AHWR to TA area.
The tricuspid orifice area, defined as the triangular
area formed by the leaflet tips, was used to determine
the opening and closing of the valve. The valve was
defined as being 0% open at minimum orifice area, and
100% open at maximum orifice area; intermediate values were calculated on a linear scale.
Angles of PM excursion were calculated between the
least-squares plane and a vector from the PM transducer to the corresponding annular commissure.
Rotation of the three lines forming the PM triangle was
measured relative to their position at end-diastole, and
the average of the three measurements was calculated
to measure PM rotation. Counter-clockwise rotation
with respect to the TA, as viewed from the heart base,
was defined as positive.
Geometric changes were time-related to each phase
of the cardiac cycle using pulmonic and right ventricular pressure curves. End-diastole, or the beginning of
systole, was defined as the point of increasing right
ventricular pressure tracing (dP/dt > 0). The end of
isovolumic contraction (IVC) was defined as the beginning of ejection at the crossing point of the right ventricular and pulmonic pressure curves. The dicrotic
notch in the pulmonic pressure curve defined the end

of systole. The end of isovolumic relaxation (IVR) was
defined as the lowest point of the right ventricular
pressure tracing after ejection (dP/dt = 0) (10). The
ventricular ejection and filling periods were then split
in half (S1 and S2; D1 and D2, respectively).
After close examination of the data, three consecutive heartbeats with the least amount of noise were
chosen for analysis. Summary statistics were reported
as mean ± SEM. Changes in distance were tested by
conducting the two-tailed t-test for paired comparisons with a significance level of p ≤0.05. All statistical
analyses were performed using Excel (Microsoft
Corporation, Seattle, WA, USA) and MATLAB.

Results
Model characteristics
At the time of recording, the hemodynamic conditions were: heart rate 99 ± 6 beats/min; arterial pressure 67/40 ± 2/3 mmHg; stroke volume 33 ± 2 ml; and
cardiac output 2.9 ± 0.4 l/min. The valves were shown
to be competent on epicardial echocardiography in all
animals. At necropsy, all transducers were in the correct positions in six animals. In one sheep, two PM
transducers were incorrectly placed. All calculations
which were dependent on the correct positioning of
these two transducers were excluded.
Tricuspid annulus changes
The TA orifice area expands and contracts twice during the cardiac cycle (see Table I). During IVC and at
the beginning of ejection, the TA contracts 18 ± 8% of
the total change in TA area, reaching a minimum area
of 480 ± 80 mm2 (Figs. 2 and 3). During the rest of the
ejection and the first half of IVR, the TA underwent
major expansion (46 ± 12% of its total relaxation),
reaching a maximum area of 610 ± 90 mm2. During the
second half of IVR, a second TA contraction occurred
(27 ± 7% of the total change in area). The latter contraction continued during D1, and was followed by reexpansion during D2.
The reduction in the TA area was due in part to contraction of its perimeter, as reported previously (4).
However, this total contraction of 7.9 ± 1.0% was not
homogeneous. The septal contraction was slightly
smaller than that of the anterior or posterior segments,
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Figure 3: Changes in tricuspid annulus area during the
phases of the cardiac cycle as a percentage of the total
change from minimum to maximum. IVR1: First half of
the isovolumic relaxation phase; IVR2: second half of
isovolumic relaxation phase; D1: first half of diastole; D2:
second half of diastole; IVC: isovolumic contraction phase;
S: systole.
ed by 16.8 ± 1.5% (from 21.2 ± 2.0 mm to 17.8 ± 1.9
mm). This reduction of 9.3 ± 0.8% was greater than the
contraction of the maximum diameter (roughly parallel with the septum), from 40.1 ± 2.6 mm to 36.4 ± 2.4
mm (p <0.0001). This change in minimum diameter
has a strong linear relationship with the TA area (r =
0.88 ± 0.08), because the orifice becomes more ellipsoid
(area = π/4 × minor diameter × major diameter).
Vertical displacement of the transducers placed
around the TA was also observed throughout the cardiac cycle (Figs. 4b and c). When the TA contracted, its
AHWR was changed from a minimum of 8.4 ± 1.9 to a
maximum of 15.3 ± 4.2 (median ± SEM; here, the median was used rather than the mean to mitigate the effect
of possible outliers). This change in AHWR was due to
a 69.5 ± 10.5% increase in annular height (r = 0.97 ±
0.01 for the correlation between AHWR and annular
height).

Figure 2: Top: Pressure curves of blood flow in the
pulmonary artery (Pulm Flow), the right ventricle (RVP),
and the pulmonary artery (Pulm P). Bottom: Changes in
the areas delineated by the ultrasound transducers placed
around the tricuspid annulus (Annulus), the tips of the
three papillary muscles (PM), and the free edges of the
three leaflets (Leaflets) during two cardiac cycles. These
recordings allowed the cardiac cycle to be split into
diastole, systole, isovolumic contraction (IVC), and
isovolumic relaxation (IVR).
but not statistically significant (p = 0.254 and p = 0.089,
respectively).
Perimeter contraction alone does not explain the
reduction in TA area. The minimum diameter of the TA
(approximately perpendicular to the septum) contract-

Table II: Changes during the phases of the cardiac cycle in the angles formed by vector of papillary muscle (PM) tips to
corresponding commissure and the annulus plane.
PM region
Septal
Anterior
Posterior

D2
84.9 ± 10.1
95.0 ± 8.8
89.0 ± 7.6

IVC
83.4 ± 9.2
92.3 ± 9.6
88.4 ± 6.9

S1

S2

IVR

D1

Min.

Max.

87.7 ± 9.8
79.4 ± 8.4
87.8 ± 5.9

89.8 ± 9.6
76.8 ± 7.4
85.2 ± 5.8

87.6 ± 11.2
86.4 ± 10.0
86.0 ± 5.8

87.0 ± 11.0
93.0 ± 9.6
87.5 ± 7.7

81.7 ± 9.7
74.6 ± 7.4
83.2 ± 6.2

91.8 ± 10.3
96.3 ± 9.1
92.3 ± 6.8

D1: First half of diastole; D2: Second half of diastole; IVC: Isovolumic contraction; IVR: Isovolumic relaxation; S1: First half of
systole; S2: Second half of systole.
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Figure 5: Projection of papillary muscle rotation in the x-y
plane. Three lines connect the anterior (Apm), posterior
(Ppm), and septal (Spm) papillary muscles to form a
triangle. Each triangle shows a different phase of the
cardiac cycle: end of diastole (ED), end of isovolumic
contraction (End IVC), end of systole (ES), and end of
isovolumic relaxation (End IVR). Rotation is clockwise as
seen from the base of the heart (arrow).

Leaflet motion
Figure 2 shows that the leaflets began to open near
the end of systole, completing 54.1 ± 13.4% of their
opening by the end of IVR; however, in three sheep,
opening was complete at that point (Fig. 2 represents
one of these animals). The second peak in opening
occurred near end-diastole, followed by closure during
IVC.

Figure 4: Orthogonal representations of the tricuspid
annulus at maximum (dotted line) and minimum
(continuous line) area during the cardiac cycle. Circles and
squares represent the location of transducers at the
midpoint of the bases of the anterior (A), posterior (P), and
septal (S) leaflets, and at the anteroposterior (A-P),
anteroseptal (A-S), and posteroseptal (P-S) commissures.
Two relative maxima can be noted in the x-z (4b) and y-z
(4c) planes. P and A-S represent the pommel and the cantle
of the tricuspid valve’s saddle shape. The representation of
the x-y plane is shown in Fig. 4a.

Papillary muscle movement
The motion of the PMs relative to the TA plane can
be described as a combination of shifting, bending, and
twisting of the right ventricle. During the cardiac cycle,
the centroid of the three PMs moved by 4.9 ± 1.3 mm
in the y-direction, approximately perpendicular to the
septum, and only 1.8 ± 0.7 mm in the x-direction,
roughly parallel to the septum. In systole, the centroid
moved 4.1 ± 1.1 mm towards the septum.
Angular displacements of the PMs below the corresponding commissures are summarized in Table II,
and showed that, during IVR and D1, the septal PM
moved toward the lateral wall by 19.0° and 16.9°,
respectively. Simultaneously, the anterior PM moved
by 30.3° and 29.5° in the same direction.
While all PM tips had a similar displacement in the
z-direction (septal 3.0 ± 0.5 mm; anterior 2.8 ± 0.4 mm;
posterior 2.4 ± 0.7 mm), the PM centroid moved only
1.4 ± 0.5 mm. Therefore, the PM plane is not parallel to
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Figure 6: Schematic representation of the lateral bending
and rotation of the right ventricle extrapolated from
angular values of the anterior (Apm) and septal (Spm)
papillary muscles in respect to the tricuspid annulus (for
one sheep). Open circles represent the location of
commissural transducers between the anterior (A),
posterior (P), and septal (S) leaflets. During ventricular
filling, the anterior and posterior papillary muscles move
outward, and the opening angle of the septal leaflet is
limited to less than 60°, directing blood flow towards the
lateral wall.
the TA plane, and the PMs do not move together in the
z-direction. In fact, the angle between the two planes
changed by 6.4 ± 1.5º, from 11.5 ± 1.9º in diastole to 17.8
± 2.1º in systole.
The maximum rotation of the PMs from end-diastole
was 2.1 ± 1.0º, and the minimum value was -4.9 ± 1.1º,
with a range of 6.9 ± 0.9º. The rotation at the end of IVC
(0.5 ± 0.6º) was practically the limit of the systolic
counter-clockwise rotation (as seen from the base of
the heart). From IVC to end of systole, the PMs rotated
clockwise by 3.3 ± 1.1º (Fig. 5).

Discussion
Previously, the diagnostic and surgical methods for
treating functional tricuspid regurgitation have very
closely followed those applied to the mitral valve.
However, the tricuspid valve has distinguishing characteristics that are often ignored. Its tendency to vary
in degree following hemodynamic changes makes its
evaluation difficult and unreliable. Because its pathology has also been considered secondary to left-sided
lesions and pulmonary hypertension, tricuspid disease
has been assumed spontaneously to revert after these
lesions had been treated. These factors, together with
its characteristic paucity of clinical manifestations,
have resulted in a lack of solid principles for its diagnosis, indications, and appropriate surgical maneuvers. Advances in echocardiography and its increasing
use in heart-failure patients have revealed a high
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prevalence of functional tricuspid regurgitation.
Indeed, an awareness of its importance has led to a
critical analysis of the results of tricuspid annuloplasty. A recent review of 790 patients who underwent a
variety of tricuspid annuloplasties showed that
between 15% and 37% of these cases had recurrent
severe regurgitation at eight years’ follow up (11).
These results suggest that present annuloplasty techniques are either unreliable or insufficient. A deeper
knowledge of the continuous changes in the shape of
the tricuspid valve should aid in both understanding
the mechanisms of its dysfunction and in developing
new interventional therapies.
Previous experimental and clinical studies have
shown that the TA continuously changes size and
shape (4,12,13). In the present study, although the TA
area contracted to 22% of its maximum area, the maximum reduction of the TA perimeter was only 7.9 ±
1.0%. The change in TA shape appears to be the main
method of orifice reduction. An earlier report (4)
showed that the ratio of the minimum-to-maximum
diameters changed from 0.55 ± 0.05 to 0.46 ± 0.04 as the
TA became less circular. In the present study, a high
linear correlation was found between TA area and minimum TA diameter, with a displacement of the anteroposterior commissure toward the septum, resulting in
a more elliptical TA. This change in shape is the main
mechanism responsible for the TA area reduction, and
questions the efficiency of rigid annuloplasty devices
that interfere with this mechanism. This feature, which
also was observed by Tsakiris et al. (12) using biplane
angiography, has been attributed in recent magnetic
resonance imaging (MRI) studies to septum thickening
and twisting (14,15). The present model does not allow
any description to be made of the absolute movements
of transducers, and therefore these observations cannot be confirmed.
The perimeter contraction is consistent with the
observed 15% shortening of the heart’s sarcomeres (16)
if it is postulated that both the anterior and posterior
segments, as a part of the right ventricle free wall, are
made from the transverse-oriented muscle fibers
described macroscopically by Torrent-Guasp et al. (17)
and histologically by Greenbaum et al. (18). As in the
anterior segment of the mitral valve’s annulus (which
has been shown to change in health and disease
(19,20)), the length of the tricuspid valve’s septal segment also changes significantly during the cardiac
cycle. This finding challenges both the standard
method of using the length of the septal leaflet base to
select the correct ring size as well as the use of open
annuloplasty bands, which may not prevent further
dilatation of the diseased TA.
The biphasic nature of the TA area curve is comparable to that observed in the mitral valve by Gorman et
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al. (21), and in the tricuspid valve by Tei et al. (13) and
Tamiya et al. (22). The maximum TA area occurred
during IVR. This has not been reported previously, and
is most likely due to relaxation of the right ventricular
transverse fibers in late systole (23). TA contraction
begins during IVR and continues through the first half
of diastole; this period is not well understood, but it
may help to empty the right atrium.
Starting with the beginning of IVC, a second contraction occurs, which reduces the TA to its minimum
area for the entire cardiac cycle. This TA contraction
corresponds to closure of the valve completed at the
end of IVC.
Changes in the saddle shape of the TA also contribute to its orifice area. The increase in AHWR - that
is, the increase in the saddle shape during contraction
- has a ‘folding’, reducing effect on the TA. The high
and low points of the saddle move away from each
other in the apical/basal direction during TA area contraction. The saddle shape of the mitral valve annulus
has been shown to minimize leaflet stress (8); it also
allows a ‘folding’ of the annulus that effectively
reduces its orifice area without a dramatic reduction in
perimeter. Again, this annulus-reducing mechanism is
compromised when a rigid, mono-planar annuloplasty ring is implanted.
The tricuspid leaflets start to open at the beginning
of IVR, and reach maximum opening at the end of IVR.
This finding raises questions about the mechanism of
valve opening. Because the right ventricular pressure
is greater than the right atrial pressure until the end of
IVR, a pressure gradient cannot be the only mechanism for valve opening; indeed, TA contraction and
PM motion may pull the leaflets open. Previously (4),
it was shown that the TA had completed more than
half of its contraction by the time of maximum leaflet
excursion.
Higashidate et al. (24) reported that the two peaks of
maximum orifice area corresponded to rapid ventricular filling and atrial kick, suggesting that valve closure
could not occur before the beginning of ventricular
systole. The results of the present study confirm these
data, and show that complete valve closure occurs
only at the end of IVC, providing further evidence that
leaflet motion is not simply a result of the pressure gradient.
The chordae which anchor the septal leaflet to both
PMs have been shown to be shorter in the tricuspid
valve (25). Thus, the observed rightward displacement
of the septal PM and posterior PM during the first part
of ventricular filling is consistent with the restrictive
pattern of septal leaflet opening reported earlier (4).
Moreover, the anterior PM moved simultaneously in
the same direction, which may indicate that blood flow
is directed preferentially from the right atrium to the
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lateral part of the right ventricle. The pattern is
reversed during ejection, and both PMs are displaced
toward the left ventricle, aligning the flow toward the
right outflow tract (Fig. 6).
Studies with tagged MRI (26) and tantalum markers
(27) have described the main systolic pattern of rotation of the left ventricle; however, little is known about
the twisting motion of the right ventricle. The clockwise rotation of the PMs (representing the apical loop
of the right ventricle) relative to the TA (representing
the basal right ventricle) is evidence of the twisting of
the entire right ventricle. However, further non-invasive MRI studies are required to confirm this finding.
Study limitations
All data were acquired in an acute, anesthetized,
open-chest, open-pericardium animal model. The deleterious effect of CPB and ischemia might have resulted
in abnormal valve and ventricular behavior. The high
heart rate and depressed diastolic arterial blood pressure as compared to pre-CPB measurements might
have altered tricuspid motion during the cardiac cycle.
The pericardium was not closed during measurements, eliminating its restraining effect on the right
ventricle. The pre- and after-load conditions at the time
of data recording were not controlled, and most likely
varied extensively between animals. However, findings on the changes in TA area and leaflet opening
motion were very similar to those reported previously.
Right ventricular motion analysis was deducted
from the lateral and angular displacements of the
transducers placed on the tip of each PM. Although
these displacements should not be affected by contraction of the PM (which mainly occurs parallel to the
long axis of the heart), further myocardial studies are
needed to confirm these findings.
Variability in the precise location of the transducers
must also be considered. To minimize this problem, all
surgeries were performed by the same individual. The
presence of transducers and electrodes is a problem
which is inherent to all sonometric studies. Additionally, it must be emphasized that findings in sheep are
not necessarily applicable to humans. Although most
dynamic valve studies have used an ovine model,
species differences in tissue compliance and leaflet
thickness might influence the results obtained.
In conclusion, studies of functional tricuspid regurgitation have been limited by the anatomic complexity of
the normal tricuspid valve, the absence of simple
methods to study right ventricular function, and a
paucity of its clinical manifestations. In the present
study, the tricuspid valve was shown to form a dynamic part of the right ventricle, and that its opening and
closure is not simply a response to changes in pressure.
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These data should have a significant impact on the
evaluation and surgical treatment of functional tricuspid valve disease.
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