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The increased popularity of stentless valves (1-3),
aortic valve reconstruction with pericardium (4,5) and
valve-sparing procedures (6-8) demands a better
understanding of the anatomy and physiology of the
aortic valve complex. The importance of the sinuses of
Valsalva for the opening and closure of the aortic valve
was intuitively shown by Leonardo da Vinci (9) and
confirmed 500 years later by Bellhouse and Bellhouse
(10) in an in-vitro model. Early in-vivo dynamic stud-
ies of the aortic root showed its significant expansion

during the cardiac cycle, but without consideration of
the possible asymmetry of each sinus (11-13). Becker’s
group (14) showed the complete asymmetry between
sinuses in a large post-mortem study of human aortic
roots, whilst more recently Choo et al. (15) showed the
presence of a particular pattern in this symmetry.
Recent dynamic studies with better instrumentation
have shown in vivo that this anatomic asymmetry cor-
responds to a dynamic deformation of the aortic root
(16,17). However, information on the precise time-
related geometric changes of the individual compo-
nents of the root during the cardiac cycle is lacking.
The present study considered that the normal aortic
root is basically formed by three unequal sinuses of
Valsalva (15) that, by behaving differently during the
cardiac cycle, determine significant conformational
changes of the whole root that might have hemody-
namic consequences. The use of three-dimensional
(3D) sonomicrometry, which provides 200 data points
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Background and aim of the study: The presence of
conformational changes in the aortic root during the
cardiac cycle is well known, but precise information
on time-related changes at each level of the root is
lacking.
Methods: High-resolution, 3D sonomicrometry (200
Hz) was applied in an acute sheep model. Twelve
crystals were implanted in eight sheep at each base
(n = 3), commissure (n = 3), sinotubular junction (n =
3) and ascending aorta (n = 3). Under stable hemody-
namic conditions, geometric changes of the perime-
ter of each sinus of Valsalva, sinus height, and twist
and root tilt angles were time-related to left ventri-
cluar (LV) and aortic pressures.
Results: Expansion of the perimeter of the three
sinuses of Valsalva was homogeneous, but in signif-
icantly different proportions (p <0.001): the right
sinus expanded (+32.4 ± 2.4%) more than the left
(+29.3 ± 3.2%), and more than the non-coronary (NC)
sinus (+25.8 ± 1.7%). A similar pattern was found for

aortic root height: right greater than left, and left
greater than NC sinus (p <0.001). This asymmetry
resulted in changes of the root’s twist and tilt angles.
Although the twist deformation was consistent for
each sheep, no general pattern was found. The aortic
root tilt angle (between the basal plane and the com-
missural plane) was 16.3 ± 1.5° at end-diastole (angle
oriented posteriorly and to the left). During systole,
it was reduced by 6.6 ± 0.5°, aligning the LV outflow
tract with the ascending aorta. This tilt angle
returned to its original value after valve closure.
Conclusion: Aortic root expansion is asymmetric, gen-
erating precise changes in its tilt angle. During sys-
tole, tilt angle reduction resulted in a straight cylinder
that probably facilitates ejection; during diastole, the
tilt angle increased, probably reducing leaflet stress.
These findings should impact upon surgical proce-
dures and the design of new prostheses.
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per second, has further elucidated this issue (18-20).
Herein are reported the findings with this technique in
an acute, open-chest sheep model.

Materials and methods

Animals
Eight adult sheep (mean ± SEM body weight 42.5 ± 2

kg) underwent implantation of 12 ultrasonic crystals in
the aortic root using cardiopulmonary bypass (mean
pump time 158 ± 8 min; mean cross-clamp time 74 ± 3
min). 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
approved by The Institutional Animal Care and Use
Committee of The University of Montana.

Surgical protocol
Anesthesia was induced with intravenous ketamine

(1.0 mg/kg) and propofol (4.0 mg/kg) and maintained
with endotracheal isoflurane (1.5-2.5%). The electro-
cardiogram (ECG) was monitored continuously.
Artificial ventilation was achieved with a volume-reg-
ulated respirator (North American Drager, Telford, PA,
USA) supplemented with oxygen at 2 l/min. The heart
was exposed with a standard left thoracotomy through
the fourth intercostal space. The left femoral (16 Fr)
and left internal thoracic (10 Fr) arteries were cannu-
lated. A venous cannula was inserted into the right
atrium (32 Fr). The aorta and single arch vessel were
cross-clamped, and cold, crystalloid cardioplegia was
infused into the root. Twelve ultrasonic crystals
(Sonometrics Corporation, London, Ontario, Canada)
were implanted through a transverse aortotomy
approximately 1 cm distal to the sinotubular junction
(STJ) to study the aortic valve complex. To avoid inter-
operator variability, the same surgeon placed all crys-
tals. Ultrasonic crystals (1 mm) were placed and
secured with 5-0 polypropylene sutures at: (i) the low-
est point of each sinus of Valsalva, corresponding to
the so-called aortic base (B; n = 3); (ii) the aortic com-
missures (C; n = 3); (iii) the highest point of each supra-
aortic crest or STJ (n = 3); and (iv) at the wall of the
ascending aorta (AA; n = 3) (Fig. 1). On the ascending
aorta, the left, right and non-coronary (NC) crystals
were lined up with the crystals placed at the left, right
and NC of the base and STJ. The crystals were orient-
ed so that they all pointed toward the lumen. The crys-
tal’s electrodes were exteriorized through the aortic
wall at each point of insertion to reduce their possible
interference with aortic valve movements. High-fideli-
ty, catheter-tipped pressure transducers (Model 510;
Millar Instruments, Houston, TX, USA) were placed in
the proximal ascending aorta and in the left ventricu-

lar (LV) cavity. A flowmeter ring was placed around
the ascending aorta (Transonic flowmeter T206;
Transonic Systems, Ithaca, NY, USA).

Experimental design
After discontinuing cardiopulmonary bypass and

when the animal was hemodynamically stable (at least
15 min), recordings were taken at 200 Hz. Epicardial
two-dimensional (2D) color Doppler echocardiogra-
phy was used to confirm the competence of the aortic
valve. At the end of the experiment, the heart was
arrested by lethal injection of potassium chloride,
explanted, and the correct position of the crystals was
checked.

Definition of different phases of the cardiac cycle
The aortic root geometric changes were time-related

to each phase of the cardiac cycle, as defined from the
aortic and LV pressure tracings (Fig. 2) (21,22). End-
diastole, or beginning of systole (beginning of isovolu-
mic contraction), was defined as the beginning of LV
pressure increase (dP/dt > 0). The end of isovolumic
contraction, or beginning of ejection, was determined
at the crossing point of the LV and aortic pressure trac-
ings (gradient aortic/LV pressure = 0). The dicrotic
notch in the aortic pressure curve defined end ejection.
The end of isovolumic relaxation was defined as the
lowest point of LV pressure after ejection (dP/dt = 0)
(17).

Definition of aortic root anatomic regions
The aortic root and the ascending aorta were each

divided into four cross-sectional areas defined by three
crystals: basal, commissural, STJ, and ascending aorta
(Fig. 1). The perimeter of the sinuses of Valsalva (right,
left, NC) was defined by one area calculated from four
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Figure 1: Location of the sonomicrometry crystals (black
dots) in the aortic root. AA: Ascending aorta; B: Base; C:

Commissures; STJ: Sinotubular junction.



crystals (basal, STJ, and two adjacent commissures)
and two lengths (intercommissural distance and root
height). Left, right and NC intercommissural lengths
were defined as the distances between each pair of
commissural crystals. The root height was defined by
the distance between crystals at the STJ and the base of
each sinus of Valsalva. The right-left, left-NC and NC-
right coronary sinus basal lengths were defined as the
distances between each pair of basal crystals.

Data acquisition and calculation of aortic root defor-
mation

Sonometrics Digital Ultrasonic Measurement System
TRX Series 1-mm transmitter/receiver crystals were
used to measure displacements. A post-processing pro-
gram (Sonometrics Corporation) was used to examine
each individual length between crystals and for 3D
reconstruction of the crystal coordinates. All distances,
pressures and flows were synchronized and recorded
at the same time line on the same screen using the

Sonometrics system.
Length data were obtained directly from the meas-

ured distances between pairs of crystals, and
Lagrangian strain was used to define the deformation
from the original length at end-diastole (23). Each level
of the aortic root was represented by a triangular area
defined from the three corresponding crystals and cal-
culated using Heron’s formula (24). A post-processing
program (Sonovol; Sonometrics Corporation) was
used to calculate aortic root volumes using the convex
hull approach. Crystals at the base, commissures and
STJ were used for these calculations. Methods to calcu-
late these parameters are provided in Appendix I.

The angle between the plane formed by the three
basal crystals and the plane formed by the three com-
missural crystals was calculated using Vector and
Analytic Geometry in Space (25). This angle was iden-
tified as the aortic root tilt angle. For each sinus, a
shear angle was calculated using two adjacent com-
missural crystals and the corresponding basal crystal
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Table I: Changes in the aortic root during the cardiac cycle. Data are displayed: (i) as percent changes of area or lengths
relative to total change over the entire cycle; (ii) as raw area value. 

Parameter IVC Ejection Ejection IVR Mid-diastole End-diastole Total 
(first third) (last two-thirds) expansion

Right sinus area (%) +30.9 ± 2.5* +69.0 ± 2.5* -50.0 ± 2.4* -39.1 ± 1.8* -18.6 ± 2.2* +7.8 ± 1.1* 32.4 ± 2.4*

Area (mm2) 76.3 ± 4.4 91.9 ± 4.4 81.2 ± 3.8 72.6 ± 4.1 68.3 ± 4.1 70.0 ± 4.5 22.0 ± 2.1
Left sinus area (%) +34.6 ± 3.9* +65.3 ± 3.9* -49.8 ± 2.1* -44.9 ± 2.8* -16.1 ± 2.0* +10.9 ± 1.8* 29.3 ± 3.2*

Area (mm2) 100.7 ± 6.2 117.7 ± 6.0 105.3 ± 5.5 93.8 ± 7.2 89.4 ± 7.0 92.2 ± 6.9 25.6 ± 3.8
NC sinus area (%) +24.7 ± 2.4* +75.2 ± 2.4* -61.3 ± 4.1* -29.7 ± 2.5* -18.4 ± 2.5* +9.5 ± 2.7* 25.8 ± 1.7*

Area (mm2) 69.8 ± 4.8 82.4 ± 3.8 72.8 ± 3.6 67.8 ± 4.83.9 64.7 ± 4.2 66.0 ± 4.6 16.4 ± 1.4
Right sinus height (%) +27.5 ± 3.0* +72.5 ± 3.0* -12.0 ± 2.5* -57.1 ± 5.6* -36.9 ± 3.1* +5.9 ± 2.0* 11.5 ± 1.0*

Length (mm) 11.3 ± 0.9 12.1 ± 0.9 11.9 ± 0.9 11.3 ± 0.9 10.9 ± 0.9 10.9 ± 0.9 1.2 ± 0.1
Left sinus height (%) +44.5 ± 6.6* +53.5 ± 6.4* -17.5 ± 4.1* -79.8 ± 11.4* -22.2 ± 3.7* +21.5 ± 6.8* 8.7 ± 1.4*

Length (mm) 12.7 ± 0.8 13.2 ± 0.8 13.0 ± 0.8 12.3 ± 0.8 12.1 ± 0.8 12.2 ± 0.8 1.0 ± 0.3
NC sinus height (%) +43.4 ± 6.3* +56.3 ± 6.3* -24.7 ± 4.8* -66.1 ± 11.4* -32.0 ± 6.2* +23.1 ± 11.7* 5.1 ± 0.6*

Length (mm) 10.5 ± 0.5 10.8 ± 0.5 10.6 ± 0.5 10.4 ± 0.4 10.2 ± 0.4 10.2 ± 0.5 0.5 ± 0.1
Right inter-commissural +32.8 ± 4.0* +67.1 ± 4.0* -64.8 ± 2.0* -29.4 ± 2.7* -11.5 ± 1.9* +5.8 ± 2.0* 26.7 ± 1.5*

length (%)
Length (mm) 13.0 ± 0.4 15.2 ± 0.6 13.1 ± 0.5 12.1 ± 0.5 11.7 ± 0.4 12.0 ± 0.4 3.3 ± 0.3
Left inter-commissural +37.6 ± 3.8* +62.3 ± 3.7* -65.6 ± 2.9* -36.3 ± 2.9* -8.5 ± 1.7* +10.4 ± 4.1* 24.4 ± 1.3*

length (%)
Length (mm) 13.7 ± 0.6 15.5 ± 0.4 13.7 ± 0.5 12.8 ± 0.5 12.5 ± 0.5 12.7 ± 0.5 2.9 ± 0.3
NC inter-commissural +35.1 ± 4.9* +64.8 ± 4.9* -62.6 ± 1.5* -32.0 ± 2.4* -10.5 ± 1.8* +5.2 ± 1.5* 31.3 ± 2.2*

length (%)
Length (mm) 12.4 ± 0.7 14.8 ± 0.6 12.6 ± 0.5 11.6 ± 0.6 11.2 ± 0.6 11.3 ± 0.6 3.5 ± 0.3
Right-left basal length (%) +52.1 ± 5.0* +47.9 ± 5.0* -53.5 ± 2.4* -42.2 ± 2.9* -14.6 ± 1.3* +10.4 ± 3.4* 19.2 ± 2.0*

Length (mm) 17.8 ± 0.6 19.4 ± 0.3 17.8 ± 0.5 16.6 ± 0.6 16.2 ± 0.6 16.4 ± 0.6 3.0 ± 0.5
Left-NC basal length (%) +37.8 ± 8.5* +44.5 ±.0* -37.7 ± 7.6* -40.5 ± 13.1* -37.5 ± 3.8* +33.4 ± 5.5* 12.9 ± 2.0*

Length (mm) 17.7 ± 1.3 18.8 ± 1.1 18.1 ± 1.1 16.9 ± 1.1 16.2 ± 1.2 16.8 ± 1.3 2.0 ± 0.5
NC-Right basal length (%) +49.5 ± 4.6* +45.7 ± 4.2* -110.2 ± 18.9* -10.0 ± 13.5* -10.6 ± 2.5* +35.6 ± 6.7* 8.4 ± 0.8*

Length (mm) 19.9 ± 0.8 20.7 ± 0.7 19.3 ± 0.8 18.9 ± 0.9 18.7 ± 0.9 19.2 ± 0.8 1.5 ± 0.2

Results are expressed as mean ± SEM.
*p <0.001. A univariate generalized linear model was used to test for significant differences.
IVC: Isovolumic contraction; IVR: Isovolumic relaxation; NC: Non-coronary sinus.



with the 2D Green’s theorem (25). The twist deforma-
tion was calculated from the instantaneous shear
angle, root diameter and root height, and was defined
as the twist angle between the plane of the base and
the plane of the STJ for each sinus of Valsalva (26).

Changes in length, area and volume were defined
by: (i) total percentage change with reference to the
original value at end-diastole; and (ii) proportional
percentage change during each phase of the cardiac
cycle relative to the total changes over the entire cycle.

Statistical analysis
After close examination of the data, the three consec-

utive heartbeats that contained the least amount of
noise were chosen for analysis. The summary statistics
were reported as mean ± SEM. Univariate generalized
linear model (GLM) statistical methods were used to
test for significant differences (significance level, p
<0.001). All statistical analyses were carried out using
the SPSS 0.9 program (SPSS, Inc. Chicago, IL, USA).

Results

Experimental conditions
At the time of recording, hemodynamic conditions

were: heart rate 145 ± 8 beats/min; aortic pressure
70/45 ± 5/4 mmHg; stroke volume 20 ± 2 ml; and car-
diac output 2.8 ± 0.3 l/min. Seven sheep had no regur-
gitation, and one animal had trivial regurgitation on
epicardial echocardiography control. At necropsy, all
crystals were confirmed to be in the correct position.

Asymmetric aortic root expansion
During the cardiac cycle, the aortic root volume

increased by 33.7 ± 2.7%. Each level of the aortic root
underwent a cyclic deformation in three phases: (i)
expansion during the isovolumic contraction and the
first third of ejection; (ii) a decrease during the last
two-thirds of ejection until mid-diastole; and (iii) re-
expansion during end-diastole (Fig. 2; Table I).

The expansion of the root was asymmetrical (Table
I). During systole, the percentage area expansion of the
perimeter of each sinus of Valsalva was significantly
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Table II: Changes in tilt angle of the aortic root during the cardiac cycle in relation to its maximum value at end-diastole
(16.3 ± 1.5°).

IVC Ejection Ejection IVR Mid-diastole End-diastole Total change
(first third) (last two-thirds)

Tilt angle (°) -2.1 ± 0.3 -4.1 ± 0.7 +1.4 ± 0.2 +2.8 ± 0.3 +2.3 ± 0.3 -0.4 ± 0.3 6.6 ± 0.5

Results are expressed as mean ± SEM.
IVC: Isovolumic contraction; IVR: Isovolumic relaxation.

Figure 2: Dynamic changes of the right, left, and non-
coronary sinus of Valsalva perimeter area time related to

left ventricular (LV) and aortic root pressures. Each curve
shows the systolic and diastolic changes in the surface of
each sinus of Valsalva. Vertical lines define the beginning
of each phase of the cardiac cycle as described in Table I. 1,
isovolumic contraction; 2, ejection (first third); 3, ejection
(last two-thirds); 4, isovolumic relaxation; 5, mid-diastole;

6, end-diastole.

Figure 3: Dynamic changes of the twist angle of the
sinuses of Valsalva time related to left ventricular (LV) and

aortic root pressures. Note that the left coronary sinus is
twisting in opposite direction to the non- and right
coronary sinuses during systole (sheep 7). Left: Left

coronary sinus; Right: Right coronary sinus; Non: Non-
coronary sinus.



different (p <0.001): the right expanded more than the
left, and more than the NC sinus. The same pattern
was found for the increase in each sinus height (p
<0.001). However, the intercommissural distances fol-
lowed a different pattern (p <0.001): the NC expanded
more than the right and more than the left. All three
basal lengths expanded during ejection, but to a differ-
ent degree (p <0.001). The right to left distance expand-
ed more than the left to NC, and more than the NC to
right base. In other words, during systole, the septal
portion of the aortic annulus (NC-right basal length)
expanded the least, while the aortomitral junction (cor-
responding to the left-NC basal length) expanded by
+12.9 ± 2.0%.

Changes in twist and tilt angles during the cardiac
cycle

The asymmetrical expansion of the perimeter of the
sinuses of Valsalva indicated a rotation or twist of the
root and a change in the tilt angle between the basal
and the commissural planes. As shown in Figure 3, the
left sinus changed first, followed by the non-coronary
and then the right, resulting in an anti-clockwise rota-
tion, as seen from the aorta. This deformation was het-
erogeneous because when one sinus was
systematically expanding, the other two were contract-
ing with a delay, resulting in a clockwise or anti-clock-
wise twist. Although this twist deformation between
the three sinuses was consistent within each sheep, no
general pattern was found. It was not the same sinus

that always started twisting in the opposite direction
to the other two sinuses in every sheep. In four of six
sheep, the left coronary sinus was the initiator, in the
other two it was the right, and in no case, the non-coro-
nary sinus.

A pattern was found in the aortic tilt angle formed by
the basal and commissural planes (Fig. 4). At end-dias-
tole, the aortic root was tilted by 16.3 ± 1.5° and orient-
ed posteriorly and toward the left. The degree of tilting
was inversely related to the root expansion (Fig. 5).
During systole, the root tilt angle was reduced by 6.6 ±
0.5° while the root expanded (Table II). In other words,
the root became a straighter cylinder. As soon as the
aortic root volume began to decrease and the aortic
valve started to close during the second half of ejec-
tion, the tilt angle increased toward its initial diastolic
value - that is, the root became more curved (Fig. 5).
Most of this recoil occurred after aortic valve closure
during the isovolumic relaxation until mid-diastole.
During end-diastole, although the aortic root volume
re-increased by 11.3 ± 2.4%, the tilt angle started to
decrease before the beginning of a new cycle.

Discussion

During the 1970s, Brewer et al. (11), followed by
Thubrikar et al. (12,13), pioneered the field of aortic
dynamic anatomy. These authors described commis-
sural expansion during the cardiac cycle as part of the
initial mechanism of valve opening to reduce shear
stress on the leaflets. Most anatomic descriptions have
reported an asymmetric aortic root with random vari-
ability in the size of different structures of the aortic
root (14) or following particular patterns according to
species. The pattern of a larger, non-coronary sinus fol-
lowed by the right and then by the left has been
described for the human heart. This difference in sinus
size corresponded to their volume, height, width and
leaflet size and thickness (15,27-30). In an anatomic
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Figure 4: Diagram of the tilt angle between the basal and
commissural planes of the aortic root at end-diastole (16.3

± 1.5° and oriented posterior and to the left).

Figure 5: Dynamic changes of tilt angle of the aortic root
time related to left ventricular and aortic pressures. AoR:

Aortic pressure; LV: Left ventricular pressure.



study of the aortic valve in different species, Sands et
al. (27) found significant differences between the
human and the sheep. Whether this difference in size
between sinuses has particular consequences in the
dynamics of the aortic root remains to be shown. In the
present study, the area of the left coronary sinus
perimeter was the largest in all sheep, but the pattern
of the left being larger than the right and, in turn, larg-
er than the non-coronary was present in only half of
the animals. However, the order of sinus expansion
was the right first, followed by the left, and then the
non-coronary sinus. The anatomic position of the sinus
and the presence of coronary ostia might possibly play
an important role in the order of sinus expansion.

In 1988, van Renterghem et al. (16) first described
aortic annular base dynamics based on a sampling rate
of 150 images per second. This group showed that dur-
ing ejection, the basal segments adjoining the
myocardium (NC-right, and right-left basal lengths)
shortened while the aortomitral junction (left-NC basal
length) lengthened. The present study with a data
acquisition of 200 images per second confirmed van
Renterghem’s findings. The base and commissural
areas changed homogeneously - that is, they all
expanded and recoiled similarly during the cardiac
cycle. However, significant (p <0.001) differences in the
degree of expansion between the individual segments
of the root base were observed. The septal portion
(NC-right) of the base of the aortic root expanded the
least (8.4 ± 0.8%), whereas the aortomitral junction
(corresponding to the NC-left basal length) expanded
by +12.9 ± 2.0%.

Dagum et al. (17) described the shear and torsion
deformation of the aortic root during the cardiac cycle
using six videofluoroscopic (60 Hz) markers in an
ovine model. Despite the fact that these studies used
triplets of markers defining each interleaflet triangle
(one commissural and two basal), and the present data
were calculated using triplets of markers defining each
sinus of Valsalva (one basal and two commissural),
both studies show a heterogeneous torsion of the three
sinuses of Valsalva - that is, one sinus twisting in the
opposite direction to the other two. The underlying
mechanism and physiological relevance of these find-
ings is unknown. It could be hypothesized that the
twist deformation of the aortic root is somehow relat-
ed to the presence of the coronary ostia in only two
sinuses (and/or dominance in the coronary circula-
tion) because the non-coronary sinus never twisted in
opposition to the other two, and the left coronary sinus
was the most involved in this dynamic.

The observed pattern in the changes of the aortic root
tilt angle might have more obvious physiological rele-
vance. Previously, an 11-degree angle was described
between the plane of the base and the plane of the

sinotubular junction in pressurized and fixed isolated
cryopreserved human aortic roots (15). The present
study describes the tilting dynamics of the aortic root
during the cardiac cycle for the first time. Despite
model and species differences, both maximum angles
were similar (human 11° versus sheep 16.3°). The angle
changed inversely to the aortic root expansion. During
systole - while the root expanded - the tilt angle
decreased, whereas during diastole - as the root
recoiled - the angle increased. When the angle is
reduced during ejection (valve opening), the plane of
the base and the plane of the commissures become
more parallel, lining up the LV outflow tract with the
ascending aorta and therefore maximizing ejection.
During diastole, the angle tilts back to its original
angle (16.3 ± 1.5° oriented posterior and left), mainly
after aortic valve closure. This geometric change sug-
gests a possible mechanism as a shock absorber to
reduce shear stress on the leaflets while LV pressure is
dramatically falling.

The present findings highlight the need to approach
the aortic valve as a precise and delicate apparatus that
must include the whole aortic root and possibly the
coronary arteries, mitral valve and LV outflow tract. A
better understanding of this complex mechanism
should impact upon the development of new surgical
interventions and the design of new prostheses.

Study limitations
The main limitation of the present study was the

invasive, acute and open-chest nature of the animal
model. The deleterious effect of cardiopulmonary
bypass and ischemia might have resulted in an abnor-
mal aortic root behavior. It could also be argued that
the high heart rate present at the time of data acquisi-
tion (probably due to catecholamine release) might
alter aortic root motion recorded during the shorter
cardiac cycles. No autonomic blockade was used to
avoid LV function depression. The blood pressure and
stroke volume at recording was lower by 10-20 mmHg
compared with pre-bypass measurements. Therefore,
expansion of the aortic root might have been underes-
timated compared with normal physiological condi-
tions. It must be specified that the aortic root volume
measured using the convex hull approach did not
include the entire volume of each sinus, but corre-
sponded to the volume of a cylindrical portion of the
aortic root defined by nine crystals (base, commis-
sures, STJ). However, the consistent pattern found in
all animals - and the fact that all geometric changes
were related to the cardiac phases - advocates the
validity of these findings. A possible source of error
due to the presence of crystals and attached electrodes
is inherent to all marker techniques. The aortic root
electrodes were passed through the aortic wall at each
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location and were therefore outside the aortic lumen.
Furthermore, variability in the precise location of the
crystals must be considered, though in an attempt to
avoid this problem all operations were performed by
the same surgeon. Finally, it must be noted that this
study was conducted in young sheep with a very elas-
tic aortic root; in comparative terms, the human adult
aortic root may behave differently.
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Heron’s formula
Given the lengths of the sides a, b, and c, and the

semi-perimeter, s, of a triangle:

s � 1s � – (a + b = c)s � 2

Heron’s formula gives the area ∆ of the triangle as:

∆ = � s(s – a) (s – b) (s – c).

Larangian strain
A unit strain defined as the ratio of (a) the change in

length of a line segment to (b) its initial length.
S = a/b

Convex hull

The convex hull of a set of points S in n dimensions
is the intersection of all convex sets containing S. For N
points p1, …, pN, the convex hull C is then given by the
expression:

Shear angle

Shear angle θ = ∠C1BC2 - ∠C1’BC2’

(Clockwise)

Twist angle
Twist angle, dθ = δ/r, where r is the root radius and

δ is given by root height, dz multiplied by tan (shear
angle).

C � ��
N

j=1
λjpj : λj ≥ 0 for all j and �

N

j=1
λj = 1� .

Appendix I: Calculation of parameters.


