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Tricuspid valvular dynamics and 3-dimensional geometry
in awake and anesthetized sheep
Tomasz Jazwiec, MD,a,b Marcin Malinowski, MD,a,c Alastair G. Proudfoot, MD,a Lenora Eberhart, BS,d

David Langholz, MD,d Hans Schubert, BS,a Jeremy Wodarek, BS,a and Tomasz A. Timek, MD, PhDa
ABSTRACT

Objectives:Clinical and experimental tricuspid valve physiology data are derived
predominantly from anesthetized subjects, but normal tricuspid valve geometry
and dynamics may be altered by general anesthesia and mechanical ventilation.
We set out to investigate 3-dimensional geometry and dynamics of the tricuspid
valve complex in awake and anesthetized sheep.

Methods: While on cardiopulmonary bypass and with the heart beating, 6 adult
sheep (50 � 8 kg) underwent implantation of 6 sonomicrometry crystals around
the tricuspid annulus. One crystal was implanted on the anterior, posterior, and
septal papillary muscle tips, 4 on the right ventricular free wall and 1 on its
apex. Pressure transducers were placed in both ventricles. Sonomicrometry and
pressure transducer cables were externalized to subcutaneous buttons. After
7 days of recovery, hemodynamic and sonomicrometry data were recorded with
animals awake and anesthetized.

Results: Hemodynamic parameters did not differ between groups. Tricuspid
annular area contraction decreased with anesthesia (16.4% � 4.2% vs
11.2% � 3.2%, P ¼ .047) as did tricuspid annular perimeter contraction
(8.1% � 2.2% vs 5.4% � 1.7%, P ¼ .050), predominantly due to reduced
contraction of the septal annulus (10.5% � 2.9% vs 7.5% � 3.5%, P ¼ .019).
Tricuspid annular height did not differ between groups. Minimal distance from
anterior, posterior, and septal papillary muscle tips to the annular plane did not
change with anesthesia. Regional right ventricle free wall contraction was
depressed under anesthesia in anterior (16.3% � 3.1% vs 12.3% � 2.2%,
P ¼ .027) and lateral (14.9% � 1.3% vs 11.5% � 2.8%, P ¼ .016) segments,
whereas the posterior remained unchanged.

Conclusions: General anesthesia did not alter tricuspid annular or subvalvular
3-dimensional geometry but reduced right ventricular contraction and tricuspid
annular dynamics. (J Thorac Cardiovasc Surg 2018;156:1503-11)
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Central Message

The TA in awake animals demonstrates dy-

namic motion and complex 3D geometry. Gen-

eral anesthesia did not affect valvular geometry

but reduced tricuspid annular dynamics.
Perspective

Dynamic behavior and 3D geometry of the

tricuspid complex may differ in awake and

anesthetized animals. Current data offer unique

insight into tricuspid annular physiology in

awake, ambulatory animals and provide

context for interpretation of tricuspid dynamics

and geometry under general anesthesia during

intraoperative decision-making.
See Editorial Commentary page 1512.
The tricuspid valve is a complex 3-dimensional (3D) struc-
ture that requires fine coordination of its separate compo-
nents to achieve timely and efficient valve closure.
Functional tricuspid regurgitation is increasingly recog-
nized as an important clinical entity,1 with growing
emphasis on more aggressive therapy with reductive annu-
loplasty.2 Surgical results of annular reduction are still sub-
optimal,3,4 and our knowledge of the precise 3D geometry
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Abbreviations and Acronyms
ECG ¼ electrocardiogram
ED ¼ end-diastole
ES ¼ end-systole
IV ¼ intravenously
LV ¼ left ventricle
PEEP ¼ positive end-expiratory pressure
RV ¼ right ventricle
TA ¼ tricuspid annulus
3D ¼ 3-dimensional
RV-FAC ¼ right ventricle fractional area change
RV-FVC ¼ right ventricle fractional volume change
RV-V ¼ right ventricle volume
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and dynamics of the tricuspid valve remains incomplete.
Early studies in intact dogs demonstrated the
‘‘sphincteric’’ role of the tricuspid annulus (TA) in
facilitating valve closure by reducing annular area in
biphasic fashion.5 Clinically, normal tricuspid annular
shape and motion have been investigated using echocardi-
ography6-8 with demonstrated TA circumference and area
reduction during the cardiac cycle of up to 20% and
30%.6,9 These studies have also revealed the TA to have a
complex saddle-shaped geometry9 confirmed by recent
ovine experiments using implanted sonomicrometry crys-
tals.10-12 However, these animal studies were performed
in open-chest, mechanically ventilated animals under gen-
eral anesthesia. The depressive cardiovascular effects of
inhalational agents have been well characterized,13-17 and
it is known that general anesthesia can alter preload,
afterload, or right ventricular function,18,19 which may in
turn affect accurate echocardiographic assessment of
tricuspid insufficiency2 or valvular dynamics. Currently,
no experimental studies in the published literature exist
describing precise tricuspid valvular dynamics in awake,
ambulatory animals or the potential effect of general anes-
thesia and mechanical ventilation on these dynamics. Using
sonomicrometry crystals, we set out to characterize 3D ge-
ometry and dynamics of the tricuspid valvular complex in
awake and anesthetized sheep.

MATERIALS AND METHODS
All animals received humane care in compliance 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 National Insti-

tutes of Health. The study was approved by the local Institutional Animal

Care and Use Committee.

The study was designed for 12 adult castrated Q-fever negative Dorset

male sheep. Six sheep (50 � 8 kg) underwent a successful procedure and

completed the study protocol. Four animals died during the recovery

period, and 2 others were excluded because of damage to sonomicrometry

crystal wires and lack of data acquisition.
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Operative Procedure
During acclimation, a health screening transthoracic echocardiogram

was performed to evaluate each animal for any preexisting conditions

that may exclude the animal from the study. Before the surgical procedure,

the animals were premedicated with ketamine (25 mg/kg intramuscularly)

and an intravenous catheter was placed into the left external jugular vein

(BDAngiocath, Franklin Lakes, NJ). Sheep were anesthetized with propo-

fol (2-5 mg/kg intravenously [IV]), intubated, and mechanically ventilated.

Atropine (0.1 mg/kg IV) was given as needed for bradycardia (heart rate

<60 beats/min). General anesthesia was maintained with isoflurane

(1%-2.5%), and fentanyl (5-20 mg/kg/min) was infused for analgesia.

An 18Ga arterial catheter (TeleflexArrow,Morrisville, NC) was introduced

through the left carotid artery for arterial blood pressure measurements and

blood gas analysis. Muscle paralysis was achieved using vecuronium

(0.1 mg/kg IV). The operative procedure was performed via a right lateral

thoracotomy through the fourth intercostal space while the right neck was

exposed for cardiopulmonary bypass cannulation. After obtaining adequate

surgical exposure, the animals were fully heparinized (300 IU/kg IV) and

the right carotid artery was cannulated using a 14F (Medtronic EOPA,

Minneapolis, Minn) cannula. By using the Seldinger technique, the right

jugular vein was cannulated with a 25F Medtronic venous cannula (Med-

tronic Bio-Medicus, Minneapolis, Minn), which was advanced to the infe-

rior vena cava, thus permitting isolation of the right atrium. After activated

clotting time exceeded 480 seconds, normothermic cardiopulmonary

bypass was initiated, both venae cavae were snared, and the right atrium

was opened. With the heart beating, each animal underwent implantation

of 14 (2-mm) sonomicrometry crystals (Sonometrics Corporation, London,

Ontario, Canada) using 5-0 polypropylene suture. Six crystals were sutured

around the TA, with 1 crystal at each commissure, defining 3 separate

annular regions: anterior, posterior, and septal. One crystal was sutured

on the anterior papillary muscle tip, posterior papillary muscle tip, and

septal papillary muscle tip, 4 on the right ventricle (RV) free wall epicar-

dium and 1 on the RV apex. Complete crystal array is shown in Figure 1.

Annular crystal electrodes were externalized through the right atriotomy,

and papillary muscle crystal wires were externalized through the RV

apex. An electrocardiogram (ECG) electrode connected to the sonomicr-

ometry systemwas sutured to the right ventricular free wall. Pressure trans-

ducers (Transonics Endogear Inc, Davis, Calif) were placed through the

right and left ventricle (LV) apex and connected to a subcutaneously placed

EndogearVR biotelemetry system. Subsequently, the animals were weaned

from cardiopulmonary bypass. Sonomicrometry crystals, ECG, and pres-

sure transducer connectors were externalized to subcutaneous buttons.

Two chest tubes were advanced through the fifth intercostal space. The tho-

racotomy incision was approximated in standard fashion, and the inter-

costal nerves in the region of incision were infiltrated with 0.25%

bupivacaine. The animals were recovered in standard fashion and weaned

off the ventilator within 3 hours of surgery and were taken from the safety

cage back to the pen when standing up and eating (on average 10� 5 hours

postoperatively). The chest tubes were removed when drainage was less

than 20mL per hour, usually within 24 hours after thoracotomy. Prophylac-

tic antibiotics (cefazolin 2 g IVevery 12 hours, gentamicin 240mg IVevery

24 hours) were given for 7 days postoperatively, beginning with preopera-

tive doses. Buprenorphine (0.005-0.01 mg/kg IV) was given for pain as

needed, every 5 to 7 hours. An additional dose of dilaudid (0.03 mg/kg)

was given if analgesia from buprenorphine was not sufficient. Carprofen

(2-4 mg/kg IV) was used for all 7 days postoperatively to minimize the

inflammation and prevent pain.

Data Acquisition
After 7 days of recovery, the sonomicrometry data acquisition unit was

connected to the subcutaneous buttons with the animals awake and stand-

ing in the pen. Simultaneous transthoracic echocardiography, hemody-

namic, and sonomicrometry data were recorded without administration

of any additional medications. Subsequently, the animals were
gery c October 2018



FIGURE 1. The sheep heart with crystal array (1-14). A, RVwith tricuspid valve complex. B, Cross-sectional view of RVand LVat the level of RV papillary

muscles. SL, Septal leaflet; PL, posterior leaflet; AL, anterior leaflet; SPM, septal papillary muscle; PPM, posterior papillary muscle; APM, anterior papillary

muscle; RV, right ventricle; LV, left ventricle.

VIDEO 1. Intraoperative view of implanted sonomicrometry crystals.

Video available at: https://www.jtcvs.org/article/S0022-5223(18)31052-3/

fulltext.
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premedicated with propofol (2-5 mg/kg IV), intubated, and mechanically

ventilated. Anesthesia was maintained with 1% to 2% isoflurane. After

30 minutes of stabilization, simultaneous, echocardiographic, hemody-

namic, and sonomicrometry data collection was repeated.

Data Analysis
All sonomicrometry data were acquired using Sonometrics 32-channel

Digital Ultrasonic Measurement System DS3 (Sonometrics Corporation,

London, Ontario, Canada) as previously described.20,21 Data from 10

consecutive cardiac cycles during sinus rhythm were averaged for each

animal. Data were acquired at 128 Hz with simultaneous LV, RV

pressure, and ECG recordings.

TA area, perimeter, and septolateral and anteroposterior annular diam-

eters were calculated from 3D crystal coordinates. Tricuspid annular height

was defined as the distance between the 2 maximally displaced crystals

above and below the TA plane. The distance from each papillary muscle

tip to annular plane and interpapillary muscle area (area circumscribed

by crystals 12, 13, and 14) was used to represent subvalvular geometry.

The RV cross-sectional area was defined as the area circumscribed by crys-

tals 1, 2, 3, 4, 13, and 14 (Figure 1 and Video 1). The RV volume (RV-V)

was calculated using the convex hull method based on annular and epicar-

dial crystal coordinates. Tricuspid annular area was calculated without

assumption of planar geometry using an annular centroid, and annular

perimeter was calculated as the sum of individual annular segment

lengths.20 Regional annular length was calculated on the basis of corre-

sponding crystal coordinates: anterior (crystals 6-7-8), posterior (crystals

8-9-10), and septal (crystals 10-11-6). Septal-lateral annular diameter

was defined as the distance between crystals 8 and 11, and anterior-

posterior diameter was defined as the distance from crystal 7 to crystal 9.

All parameters were calculated at their maximal andminimal values during

the cardiac cycle and at end-systole (ES) and end-diastole (ED). ED was

defined as a point of positive deflection beginning in ECG voltage (R

wave), and ES was determined as a time of minimal RV-V.
The Journal of Thoracic and Car
Regional TA perimeter and RV free wall contraction were calculated as

the differences between the maximal and minimal distances throughout the

cardiac cycle [(Dmax�Dmin)/Dmax3 100%] for the particular region of

TA (anterior, posterior, and septal) and RV free wall 3 segments: anterior

(crystals 1-2), lateral (crystals 2-3), and posterior (crystals 3-4)

(Figure 1). To determine TA area contraction, RV fractional area change

(RV-FAC), and RV fractional volume change (RV-FVC), similar measure-

ments were done.

The degree of valvular insufficiency was assessed using American So-

ciety of Echocardiography criteria. Grading included comprehensive eval-

uation of color flow and continuous-wave Doppler. TR was graded

accordingly and categorized by an experienced cardiologist as none or
diovascular Surgery c Volume 156, Number 4 1505
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trace (0), mild (þ1), moderate (þ2), moderate to severe (þ3), and severe

(þ4).

Statistical Methods
All data are presented asmean� standard deviation. Themeasured vari-

ables were compared between control (awake) and study group (anesthe-

tized) conditions using the Student 2-tailed t test for dependent

observations or the Wilcoxon signed-rank test.

RESULTS
Hemodynamics

Heart rate did not differ between groups (awake 116� 17
vs anesthetized 115 � 13 beats/min, P ¼ .932). Moreover,
the maximal LV pressure (110 � 9 vs 106 � 27 mm Hg,
P ¼ .207), maximal RV pressure (36 � 11 vs 34 � 4 mm
Hg, P ¼ .784), and minimal RV pressure (11.2 � 9.3 vs
8.1 � 7.5 mm Hg, P ¼ .246) remained unchanged under
general anesthesia.

Tricuspid Annular Geometry
Figure 2 illustrates the 3D shape of TA at ED in the awake

animals. Two-dimensional projection of the annular area for
both groups is displayed in Figure 3, with associated area
change from maximum to minimum during the cardiac cy-
cle. Displacement of individual crystals from the annular
plane appeared unaffected by anesthesia and mechanical
ventilation at ES or ED (Figure 4). Tricuspid annular height
FIGURE 2. The 3D tricuspid annular geometry of awake animals (N ¼ 6) at E

refers to annular plane. The numbers (6-11) show the location of the consecutive

the figure; (6-7-8): anterior annulus; (8-9-10): posterior annulus; (10-11-6): septa

anterior papillary muscle; SPM, septal papillary muscle; PPM, posterior papill

1506 The Journal of Thoracic and Cardiovascular Sur
was similar, being 3.9 � 1.0 mm and 4.2 � 1.2 mm for
awake and anesthetized animals, respectively (P ¼ .357).

Variables representing tricuspid annular geometry and
dynamics are shown in Table 1. Tricuspid annular area
contraction during the cardiac cycle decreased significantly
from 16.4% � 4.2% to 11.2% � 3.2% (P ¼ .047), with
anesthesia as illustrated in Figure 3. Likewise, TA perimeter
contraction decreased under general anesthesia from
8.1% � 2.2% to 5.4% � 1.8% (P ¼ .050), mostly due
to reduced contraction of the septal annulus. Septolateral
and anteroposterior diameter lengths did not change with
general anesthesia; however, contraction of S-L diameter
decreased significantly.

In awake and anesthetized sheep, TA reached its
maximum area directly before atrial depolarization, and
TA area contraction was biphasic, with contraction during
both atrial and ventricular systole. A representative sample
of simultaneous hemodynamic, ECG, annular area, and
RV-V recordings of a single animal awake and under gen-
eral anesthesia is shown in Figure 5.

Subvalvular and Right Ventricle Geometry
Minimal distance from anterior, posterior, and septal

papillary muscle tips to the annular plane did not change
with anesthesia. Likewise, minimal interpapillary muscle
area did not differ between groups (Table 2).
D. The thick line with red spheres represents the annulus, and the thin line

annular crystals as visualized on the RV scheme in the right upper corner of

l annulus. AL, Anterior leaflet; SL, septal leaflet; PL, posterior leaflet; APM,

ary muscle; RV, right ventricle.

gery c October 2018



FIGURE 3. The 2-dimensional view of tricuspid annular area change in awake and anesthetized animals. Maximal and minimal tricuspid annular areas are

visualized, with shaded field representing the area change during contraction. The numbers (6-11) show the location of the consecutive annular crystals as

visualized on the RV scheme in the right upper corner of the figure; (6-7-8): anterior annulus; (8-9-10): posterior annulus; (10-11-6): septal annulus.Dashed

lines represent septolateral diameter (8-11) and anteroposterior diameter (7-9). AL, Anterior leaflet; SL, septal leaflet; PL, posterior leaflet; APM, anterior

papillary muscle; SPM, septal papillary muscle; PPM, posterior papillary muscle; RV, right ventricle.
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Minimal RV cross-sectional area and sonomicrometry-
derived RV-V were greater under general anesthesia, which
caused a decrease of RV-FAC and RV-FVC, respectively, in
that group (Table 2).

Regional RV free wall contraction was depressed in 2
segments (crystals 1-2 and 2-3), whereas the third segment
FIGURE 4. Orthogonal displacement of annular markers from the least-squa

numbers (6-11) show the consecutive annular crystals as visualized in Figure

annulus. ED, End-diastole; ES, end-systole.

The Journal of Thoracic and Car
(crystals 3-4) remained unchanged under anesthesia
(Table 2).

Echocardiography
Echocardiographic evaluation of the tricuspid valve re-

vealed increased tricuspid regurgitation under general
res annular plane at ED and ES in awake and anesthetized animals. The

1; (6-7-8): anterior annulus; (8-9-10): posterior annulus; (10-11-6): septal

diovascular Surgery c Volume 156, Number 4 1507



TABLE 1. Tricuspid annular dynamics and geometry

N ¼ 6 Awake Anesthetized P value

TA area

Maximum (mm2) 696 � 169 683 � 143 NS

Minimum (mm2) 583.8 � 158.0 608.9 � 143.1 NS

ED (mm2) 638.9 � 171.8 649.1 � 145.0 NS

ES (mm2) 611.8 � 145.8 631.7 � 142.9 NS

Contraction (%) 16.4 � 4.2 11.2 � 3.2 .047

TA perimeter (mm)

Total

Maximum (mm) 101 � 12 100 � 11 NS

Minimum (mm) 92.8 � 12.6 94.7 � 11.7 NS

Contraction (%) 8.1 � 2.2 5.4 � 1.8 .050

Anterior (6-7-8)

Maximum (mm) 29.7 � 6.2 29.3 � 6.0 NS

Minimum (mm) 25.3 � 6.3 26.0 � 5.6 NS

Contraction (%) 15.6 � 4.9 11.5 � 2.7 NS

Posterior (8-9-10)

Maximum (mm) 26.4 � 5.4 26.2 � 5.1 NS

Minimum (mm) 23.1 � 5.3 23.5 � 5.5 NS

Contraction (%) 13.0 � 2.6 10.8 � 4.4 NS

Septal (10-11-6)

Maximum (mm) 34.3 � 6.6 34.3 � 6.0 NS

Minimum (mm) 30.7 � 6.1 31.7 � 5.4 NS

Contraction (%) 10.5 � 2.9 7.5 � 3.5 .019

TA dimensions

Septolateral (8-11)

Maximum (mm) 27.4 � 3.6 27.3 � 3.6 NS

Minimum (mm) 23.4 � 2.9 23.8 � 3.1 NS

Contraction (%) 14.5 � 3.8 12.8 � 3.6 .046

Anteroposterior (7-9)

Maximum (mm) 28.4 � 6.3 28.8 � 6.2 NS

Minimum (mm) 24.4 � 6.3 25.4 � 6.3 NS

Contraction (%) 13.9 11.6 NS

Values are means � standard deviation; N: number of subjects. The numbers (1-9)

represent the consecutive annular crystals as shown in Figure 1. TA, Tricuspid

annulus; NS, not significant; ED, end-diastole; ES, end-systole.
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anesthesia (awake: 0.3 � 0.5 vs anesthetized: 1.16 � 0.4;
P ¼ .043).
DISCUSSION
The current study is the first to report precise 3D geom-

etry and dynamic motion of the tricuspid valve in awake,
ambulatory sheep. General anesthesia reduced dynamic
motion of the TA and RV function, but annular and subvalv-
ular geometry remained unchanged. The 3D geometry of
the annulus reconstructed in our study was that of a
saddle-shaped structure with 2 peaks (horns), 1 located
near the anteroseptal commissure and 1 located in the pos-
terior section of annulus. Neither the shape nor the height of
the TA appeared to be altered by general anesthesia. These
data corroborate our previous findings of ovine TA 3D
structure and geometry in acute experiments.20,21 Other
investigators have reported comparable results.10,11

However, these studies were performed in open-chest
1508 The Journal of Thoracic and Cardiovascular Sur
anesthetized animals in the acute setting. Similar bimodal
shape of the TA was observed with 3D echocardiography
in human subjects.22 The presence of a ‘‘saddle’’ geometry
also has been reported for the mitral annulus,23 and preser-
vation of such geometry may permit optimal leaflet stress
distribution particularly on the anterior mitral leaflet.24

Whether conservation of this shape in the TA has a similar
effect on the tricuspid valve leaflets remains to be
established.

In the current study, a biphasic tricuspid annular contrac-
tion was observed with annular area reduction both during
atrial and ventricular systole. Similar annular dynamics
were reported by Tsakiris and colleagues5 in anesthetized
dogs. The pattern of biphasic annular reduction in our study
was also maintained under anesthesia. The ability of the TA
to contract in a ‘‘sphincteric’’ fashion has been described as
crucial for maintaining tricuspid valve competency.5 In the
present study, TA area contraction in awake animals was
16.4% and decreased to 11.2% under anesthesia. This
was a meaningful reduction, although with borderline sta-
tistical significance. In prior studies of healthy anesthetized
open-chest, open pericardium sheep, we reported an annular
area reduction of 18%.20 Avalue of 21.9%was reported by
Hiro and colleagues11 in a similar ovine model. The differ-
ences among the observed TA area reduction in these anes-
thetized animal studies may be partially explained by higher
heart rate in our study, because higher heart rate was asso-
ciated with decreased TA area contraction in anesthetized
dogs.5 Depth of anesthesia and analgesia may have contrib-
uted further.

TA area reduction is related to annular perimeter short-
ening. In our study, perimeter contraction changed under
general anesthesia, decreasing from 8.1% to 5.4%; how-
ever, the statistical significance was marginal. The septal
annular region has been found to be least involved in
annular perimeter contraction,10,20,21 but its contraction
was most affected by anesthesia in our study. Indeed, it
was the only portion of the annulus that significantly
diminished its contraction. These findings suggest an
important role of the ventricular septum in mediating
annular dynamics. Recent high-definition transesophageal
echocardiography–based reconstruction of human
tricuspid valves revealed similar heterogeneity of regional
tricuspid annular contraction.25 In our study, anterior
annulus contraction did not change after anesthesia even
though the underlying RV free wall segments were signif-
icantly affected. It has been shown that much of the ante-
rior annulus originates from the supraventricular crest,
which does not arise from the free wall.26 Supraventricular
crest acts as an adductor muscle connecting the RV with
interventricular septum. These anatomic features suggest
that the changes in anterior annulus reduction may not
directly reflect anterior RV wall contraction (Crystals
1-2 and 2-3). The posterior annulus, which originates
gery c October 2018



FIGURE 5. The dynamic changes of the tricuspid annular area during the cardiac cycle in 1 representative animal.Dashed line indicates maximal tricuspid

area directly before atrial depolarization. LVP, Left ventricle pressure;ECG, electrocardiogram; TA, tricuspid annulus;RVV, right ventricle volume;ED, end-

diastole; ES, end-systole.
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from the posterior RV wall, maintained dynamic changes
that closely tracked the posterior RV free wall (Crystals
3-4).

We assume that the previously described ability of TA to
fold26,27 may contribute to TA area contraction. In our
study, septal-lateral diameter contraction was reduced by
general anesthesia, whereas anterior-posterior diameter
contraction remained unchanged. We speculate that the
RV free wall might participate in the TA folding phenome-
non because the anterior RV free wall showed decreased
contractility after anesthesia.
The Journal of Thoracic and Car
Isoflurane-based general anesthesia has been shown to
decrease arterial blood pressure, cardiac output, stroke vol-
ume, and LV and RV contraction.13,14,17,19 In addition, it
decreases preload by direct venous dilation.18 Thus,
decreased annular area reduction during anesthesia may
bemediated by direct myocardial depression and altered he-
modynamic milieu. Mechanical ventilation with positive
end-expiratory pressure (PEEP) has a preload reducing ef-
fect on the RV,28 and PEEP may also increase RVafterload
and decrease RV contractility in a range-dependent
fashion.28 In our study, PEEP was maintained at 5 mm Hg
diovascular Surgery c Volume 156, Number 4 1509



TABLE 2. Subvalvular and right ventricle geometry

N ¼ 6 Awake Anesthetized P value

Subvalvular geometry

APM-TAP min distance (mm) 19.3 � 2.5 20.4 � 3.5 NS

PPM-TAP min distance (mm) 17.1 � 3.0 18.2 � 3.4 NS

SPM-TAP min distance (mm) 19.3 � 3.3 20.0 � 3.3 NS

Inter-PM min area (mm2) 139.1 � 66.3 152.5 � 88.9 NS

RV geometry and function

RV-CSA max (mm2) 1385.4 � 240.7 1400.3 � 149.8 NS

RV-CSA min (mm2) 957.0 � 229.6 1037.1 � 198.7 .020

RV-FAC (%) 31.6 � 7.7 26.6 � 6.9 .041

RV-V max (mL) 49.9 � 11.3 50.2 � 11.0 NS

RV-V min (mL) 35.1 � 6.6 38.4 � 9.0 .046

RV-FVC (%) 29.0 � 4.4 23.6 � 3.3 .027

RV free wall contraction

Anterior (1-2) (%) 16.3 � 3.1 12.3 � 2.2 .027

Lateral (2-3) (%) 14.9 � 1.3 11.5 � 2.8 .016

Posterior (3-4) (%) 10.2 � 2.7 8.7 � 2.6 NS

Values are means� standard deviation; N: number of subjects. The numbers (1-4) represent the consecutive RV free wall crystals as shown in Figure 1. APM, Anterior papillary

muscle; TAP, tricuspid annular plane;min, minimal;NS, not significant; PPM, posterior papillary muscle; SPM, septal papillary muscle; PM, papillary muscle; RV-CSA, RV cross-

sectional area; RV-FAC, RV fractional area change; RV-V, RV volume; max, maximal; RV-FVC, RV fractional volume change; RV, right ventricle.
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throughout anesthesia, which may favor a preload reducing
effect. Nonetheless, according to the study of Couture and
colleagues,18 it is possible that the influence of mechanical
ventilation in our study might represent a balance between
an increase in RVafterload and a reduction of RV preload.18

In contrast, Murray and colleagues29 suggest that because
of the normal ongoing volume loss replacement during
anesthesia, decrease in stroke volume depends more on
myocardial depression rather than reduced RV preload.
Maximal RV-V did not change under anesthesia in our
study, whereas both RV-FAC and RV-FVC decreased signif-
icantly. Furthermore, regional RV free wall contraction was
depressed in 2 segments. These data lend support to previ-
ously published findings.19,29

Clinical echocardiographic studies of the mitral valve
have demonstrated that general anesthesia may significantly
influence functional valvular insufficiency.30-32 Because of
reduced preload, filling of the LV in functional mitral
regurgitation is reduced, resulting in less leaflet tethering
and improved coaptation observed on transesophageal
echocardiography.30-32 Similar mechanisms may be
assumed to influence the tricuspid valvular complex under
general anesthesia. Dreyfus and colleagues2 proposed that
in nonanesthetized patients with mild TR and annular diam-
eter of more than 40 mm, any additional changes in preload,
afterload, or right ventricular function may lead to
increased valvular insufficiency. General anesthesia is
known to influence these hemodynamic variables; there-
fore, it is reasonable to conjecture that anesthesia and me-
chanical ventilation might be important modulators of
tricuspid valve regurgitation.

However, tricuspid valve leaflet coaptation is perhaps
more complex because of the presence of 3 leaflets and
1510 The Journal of Thoracic and Cardiovascular Sur
the influence of the interventricular septum. The septal
leaflet, whose papillary muscle is attached to the ventricular
septum, is affected by a right to left septal shift,2 which may
decrease coaptation. This mechanism has been described in
acute LV unloading conditions mimicking reduced LV
preload.33 Theoretically, reduced LV preload during
anesthesia may increase septal leaflet tethering through
displacement of the septum, but in the current study, we
found no effect of general anesthesia on papillary muscle
position. Neither maximal RV-V nor RV cross-sectional
area changed during general anesthesia, although minimal
RV cross-sectional area and volume increased significantly.
This systolic increase in chamber size did not affect
subvalvular geometry. Nonetheless, these were normal
sheep hearts, and no intervention was undertaken to induce
clinically significant RV dilation through pressure or
volume overload. We did find increased degree for tricuspid
insufficiency under general anesthesia, although the
severity of insufficiency was still only mild. Whether this
finding was due to better acoustic windows in an
anesthetized animal or a real physiologic phenomenon is
difficult to discern.

Clinically, intraoperative assessment of the tricuspid
valve with transesophageal echocardiography during car-
diac surgery warrants consideration of these data. Although
3D annular geometry remains stable under anesthesia,
annular contraction may be altered. Therefore, the balance
between reduced RV preload and annular contraction may
be the determinant of valvular competence, and this equilib-
rium deserves close attention during clinical imaging. How-
ever, any further clinical extrapolation would require a
chronic model of RV dysfunction and functional tricuspid
regurgitation.
gery c October 2018



Jazwiec et al Adult: Mitral Valve: Basic Science

A
D
U
L
T

Study Limitations
The results of our study must be interpreted in the context

of important limitations. The experimental group was small,
and larger confirmatory studies are needed. However, the
paired design of the study gives us confidence in its results.
In addition, this study did not investigate leaflet dynamics
that may also be affected by general anesthesia. Only
healthy animals were included in the experiment, and as
such, extrapolation of results into clinical practice should
be performed with caution.

CONCLUSIONS
Our study of healthy adult sheep describes in detail the

dynamic motion and complex geometry of the tricuspid
valve in awake, ambulatory animals. General anesthesia
and mechanical ventilation reduced annular dynamics and
right ventricular contractility, but annular and subvalvular
geometry remained unaffected. These data provide unique
insight into normal tricuspid valve shape and motion and
provide context for interpretation of tricuspid dynamics
and geometry under general anesthesia during intraopera-
tive decision making and perioperative care.
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