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Objective: The human ascending aorta becomes markedly prone to rupture and
dissection at a diameter of 6 cm. The mechanical substrate for this malignant
behavior is unknown. This investigation applied engineering analysis to human
ascending aortic aneurysms and compared their structural characteristics with those
of normal aortas.

Methods: We measured the mechanical characteristics of the aorta by direct epi-
aortic echocardiography at the time of surgery in 33 patients with ascending aortic
aneurysm undergoing aortic replacement and in 20 control patients with normal
aortas undergoing coronary artery bypass grafting. Six parameters were measured in
all patients: aortic diameter in systole and diastole, aortic wall thickness in systole
and diastole, and blood pressure in systole and diastole. These were used to calculate
mechanical characteristics of the aorta from standard equations. Aortic distensibility
reflects the elastic qualities of the aorta. Aortic wall stress reflects the disrupting
force experienced within the aortic wall. Incremental elastic modulus indicates loss
of elasticity reserve.

Results: Aortic distensibility falls to extremely low levels as aortic dimension rises
toward 6 cm (3.02 mm Hg�1 for small aortas versus 1.45 mm Hg�1 for aortas larger
than 5 cm, P � .05). Aortic wall stress rises to 157.8 kPa for the aneurysmal aorta,
compared with 92.5 kPa for normal aortas. For 6-cm aortas at pressures of 200 mm
Hg or more, wall stress rises to 857 kPa, nearly exceeding the known maximal
tensile strength of human aneurysmal aortic wall. Incremental elastic modulus
deteriorates (1.93 � 0.88 MPa vs 1.18 � 0.21 MPa, P � .05) in aneurysmal aortas
relative to that in normal aortas.

Conclusion: The mechanical properties of the aneurysmal aorta deteriorate dramat-
ically as the aorta enlarges, reaching critical levels associated with rupture by a
diameter of 6 cm. This mechanical deterioration provides an explanation in engi-
neering terms for the malignant clinical behavior (rupture and dissection) of the
aorta at these dimensions. This work adds to our fundamental understanding of the
biology of aortic aneurysms and promises to permit future application of engineer-
ing measurements to supplement aneurysm size in clinical decision making in
aneurysmal disease.

Previous reports from our research group, as well as others, have shed light on
the natural history of thoracic aortic aneurysm and dissection.1 We can now
predict, on a fairly rigorous statistical basis, the yearly likelihood of dissec-

tion or rupture according to the diameter of the thoracic aneurysm.2 Specifically,
when the aorta reaches 6 cm in diameter, the yearly risk of rupture, dissection, or
death rises dramatically—to a striking 14.1% per year.2

Pioneering work by Toutouzas and colleagues3 has applied engineering princi-

ples to elucidate the mechanical properties of the normal aorta, including changes
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associated with sex, hypertension, and age. The aorta, we
are realizing, is “much more than a tube”4—more complex
than a passive, hollow conduit for delivery of blood. Rather,
the aorta, through its elastic properties, actively participates
in the propulsion of the blood and interplays elegantly with
the left ventricle in a “game of catch” with the stroke
volume.5-7 A properly functioning aorta actually unloads
the left ventricle.8 In the abdominal aorta, mechanical prop-
erties in disease states are beginning to be explored.9,10 As
yet, the powerful techniques of mechanical analysis have
not been widely applied to study of the thoracic aorta.

This study analyzed the mechanical properties of the
aneurysmal ascending aorta in vivo in human patients and
compared the findings with the mechanical characteristics
of normal (nonaneurysmal) aortas. Our actual in vivo mea-
surements distinguish this study from theoretical engineer-
ing models and from ex vivo investigations on resected
tissue. All measurements were taken by direct epiaortic
echocardiography done at the time of aortic replacement
(subjects) or nonaneurysm heart surgery (controls).

As will be seen, a full profile of the mechanical proper-
ties of the aorta can be gleaned by measuring six specific
physical characteristics: blood pressure (systolic and dia-
stolic), aortic diameter (systolic and diastolic), and thick-
ness of the aortic wall (systolic and diastolic). In general,
the aortic diameter increases during systole (aorta enlarges
under increased distensile pressure), and the thickness of the
aortic wall decreases during systole (aortic wall thins under
increased distensile pressure).7

From these six measurements, a complete mechanical
profile of the aorta can be constructed. The engineering
characteristics that can be calculated are aortic wall disten-
sibility, aortic wall stress, and incremental elastic modulus
(Einc).

This study was designed to use data obtainable from
intraoperative echocardiography to compute key mechani-
cal properties of ascending aortic aneurysms. These data,
obtained by epiaortic echocardiography, were compared
with similar data from normal ascending aortas serving as
controls. The aims of this investigation were as follows: (1)
to calculate mechanical properties of the aneurysmal aortic
wall, (2) to evaluate the evolution of these values as aneu-
rysm diameter increases, (3) to explore the relation of cal-
culated aortic wall stress to the maximum aneurysm wall
strength, and (4) to estimate at what aneurysm diameter the
applied stress approaches the intrinsic wall strength, leading
to high probability of rupture or dissection.

Such analysis could lead to greater understanding of the
pathophysiology of aortic diseases. It is conceivable that
increased understanding of the deterioration of mechanical
properties of the aneurysmal aorta could lead to better

echocardiographically based prediction of the catastrophic
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events of rupture and dissection than is possible today on
the basis of aneurysm size alone.

Methods
Patient Group
All patients were operated on at Yale-New Haven Hospital be-
tween April 2002 and December 2003. The study was preceded by
a 3-month period during which the epiaortic echocardiography
technique was standardized by development of a specific routine
and extensive repetition, which resulted in high data reproducibil-
ity. One group (“normal” aortas) consisted of 20 patients with
coronary artery disease who underwent coronary artery bypass
grafting. The second group consisted of 33 patients who underwent
elective ascending aortic aneurysm resection. Patients with a doc-
umented diagnosis of Marfan syndrome or evidence of dissection
or aortitis of any etiology were excluded. Our aneurysm group
consisted of patients with aneurysms caused by atherosclerosis or
medial degeneration. This study was approved by the human
investigation committee of Yale University. For study design
purposes, the aneurysm patient group was afterward divided into
four different subgroups according to aneurysm diameter: group 1,
diameter less than 4 cm (n � 12); group 2, diameter 4 to 5 cm (n
� 13); group 3, diameter 5 to 6 cm (n � 5); and group 4, diameter
greater than 6 cm (n � 3).

There were no significant differences between the control and
aneurysm groups with respect to age (64 � 2.61 years vs 64.8 �
4.7 years, respectively, P not significant), sex (female/male ratio
6:14 vs 4:29, P not significant), heart rate (72 � 8.4 beats/min vs
69 � 7.2 beats/min, P not significant), and either systolic or
diastolic blood pressure (systolic 107.1 � 2.45 mm Hg vs 108 �
5.2 mm Hg, diastolic 59 � 1.67 mm Hg vs 61.5 � 3.84 mm Hg,
both P not significant) during the performance of
echocardiography.

Epiaortic Echocardiography
After median sternotomy and pericardiotomy and before cannula-
tion, a 6- to 15-MHz echocardiographic probe (Phillips model
21390A, Andover, Mass) with added ultrasonographic gel was
inserted into a sterile sheath. The probe was connected to a
standard ultrasonographic station (Phillips series 5500). A cushion
constructed from a surgical glove finger filled with normal saline
solution was used as an echocardiographic interface between the
probe and the aneurysm. On application of the probe, the peak-
systolic and end-diastolic diameters, as well as the peak-systolic
and end-diastolic wall thicknesses, were recorded under continu-
ous synchronous blood pressure monitoring. To maximize accu-
racy, measurements were made independently for three separate
cardiac cycles. The aorta was visualized first in 2-dimensional
mode. When optimal aortic cross-sections had been identified, the
images were switched to M-mode. Measurements were taken in
triplicate from the M-mode display with the distance cursor. In 15
of the 33 patients with aneurysms, measurements were taken both
at the “neck” (or narrow zone) and the “belly” (or widest acces-
sible portion) of the aneurysm. It should be noted that the diam-
eters measured at the belly may fall short of the largest known
diameter of the aneurysm if part of the aneurysm is inaccessible to
direct application of the echocardiographic probe (especially true

in the case of annuloaortic ectasia, in which the immediate supra-
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annular aorta hides under the ventricular outflow tract). This is the
reason that some echocardiographic measurements for patients
with aneurysms give small aortic diameters, when our usual cri-
terion for surgical intervention in symptom-free patients is the
presence an aneurysm of 5 to 5.5 cm or greater diameter.

Aortic Wall Engineering Characteristics
From the six epiaortic echocardiographic measurements, a com-
plete mechanical profile of the aorta was constructed. The engi-
neering characteristics calculated, and their general significance,
are as follows: (1) Distensibility refers to the capacity of the vessel
wall to dilate during changes in intraluminal pressure. Vessel wall
distensibility is directly related to elastin and collagen content and
their structural characteristics. At a more elemental level, disten-
sibility reflects the absorbance of energy and resultant elongation
(strain) of distensible elements of the aortic wall during systole.
During diastole, this energy is largely transferred back, as kinetic
energy, to the fluid and cellular blood components, constituting the
so-called “diastolic pumping action of the aorta.” Distensibility is
different at different levels of blood pressure (the stretch from
100-120 mm Hg is different from that from 200-220 mm Hg). (2)
Wall stress refers to the amount of pressure (force per unit of
surface area) applied by the circulating, pressurized blood to the
vessel wall. Small segments of vessels can be viewed as cylinders,
so wall stress can be construed conceptually as either longitudinal
(tending to elongate the cylinder) or circumferential (tending to
make the cylinder wider). In the case of the aorta, circumferential
wall stress is of major importance and thus is the component of
wall stress on which we concentrated in this study. Wall stress

TABLE 1. Mechanical parameters in normal ascending ao

Parameter
Normal
(n � 20)

All aneur
(n � 3

Mean end-systolic diameter (cm) 2.88 � 0.3 4.483 �
Mean end-diastolic diameter (cm) 2.723 � 0.38 4.093 �
Percentage variation in diameter (%) 6.745 4.85
Mean end-systolic wall thickness (cm) 0.2275 � 0.02 0.245 �
Mean end-diastolic wall thickness (cm) 0.256 � 0.02 0.252 �
Distensibility (mm Hg�1) 2.499 � 0.49 2.498 �
Wall stress (kPa at 85-100 mm Hg) 92.51 � 6.35 157.8 �
Einc (MPa) 1.18 � 0.21 1.93 �

All data except percentage variation in diameter are mean � SEM. Einc,

TABLE 2. Comparisons of mechanical parameters betwee

Parameter
Normal
(n � 20)

Aneurysms
<4 cm

(n � 12)

Distensibility (mm Hg�1) 2.499 � 0.49 3.02 � 0.5
Wall stress (kPa) 92.51 � 6.35 108 � 12,
Einc (MPa) 1.18 � 0.21 0.908 � 0.1
All data are mean � SEM. NS, Not significant; Einc, incremental elastic modulu
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must always be constrained by the wall strength of the aorta.
Rupture or dissection occurs when wall stress reaches and sur-
passes wall strength. (3) Einc describes the amount of strain (de-
formation) that elastin and collagen can absorb for a specific stress
(pressure). Thus this term describes the stress/strain relationship.
The study of the stress/strain relationship, that is, the quantification
of how much force is needed to produce a specific diameter
increase, is of great importance. High Einc values essentially imply
that in a prerupture phase applied force tends to cause less defor-
mation (strain) simply because the aortic wall tissue has already
been stretched to its maximum. At some point, an applied stress
may exceed the inherent structural strength of the aortic wall. If
this transition can be predicted, catastrophic aortic rupture or
dissection can be avoided by timely surgical intervention.

Calculation of Mechanical Properties
The equations used to calculate the mechanical properties in this
study are given in Appendix E1.

Statistical Analysis
Statistical evaluation was performed with the use of the commer-
cially available biostatistical Primer of Biostatistics software by
Stanton A. Glantz, PhD (McGraw-Hill Health Professions Divi-
sion, New York, NY). Data are presented either as mean or mean
� SEM. Best fit lines were calculated with the least-squares
method. The Fisher exact test, t test, 1-way analysis of variance,
and Kruskal-Wallis test were implemented as needed to define
correlations between normal and aneurysm groups.

and ascending aortic aneurysms
Aneurysms

<4 cm
(n � 12)

Aneurysms
4-5 cm

(n � 13)

Aneurysms
5-6 cm
(n � 5)

Aneurysms
>6 cm
(n � 3)

3.6 � 0.12 4.53 � 0.18 5.35 � 0.16 6.72 � 0.67
3.42 � 0.14 4.37 � 0.17 5.13 � 0.19 6.518 � 0.52

6.28 5.56 4.31 2.92
0.264 � 0.021 0.251 � 0.02 0.242 � 0.03 0.164 � 0.025
0.279 � 0.019 0.261 � 0.017 0.266 � 0.012 0.166 � 0.035
3.02 � 0.595 2.616 � 0.654 1.91 � 0.34 0.81 � 0.32

108.5 � 12.72 150.6 � 13.26 177.39 � 45.7 376.9 � 146.6
0.908 � 0.16 1.535 � 0.26 2.01 � 0.37 6.42 � 0.53

ental elastic modulus.

rmal ascending aortas and ascending aortic aneurysms

Aneurysms
>5 cm
(n � 8)

P value

Normal
vs

<4 cm

Normal
vs

>5 cm

<4 cm
vs

>5 cm

1.45 � 0.375 NS �.05 �.05
245 � 63.4 NS �.01 �.01

3.56 � 0.88 NS �.01 �.01
rtas

ysms
3)

1.04
0.98

0.019
0.017
0.35
18.76
0.32
n no

95
72
6

s.
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Results
Results for all three parameters— distensibility, wall
stress, and Einc—are presented in Tables 1 and 2. Wall
stress was much greater for aneurysms than for normal
aortas (157 vs 92.5 kPa, P � .01). Einc was also much
higher for aneurysms than for normal aortas (1.93 vs 1.18
MPa, P � .05). Distensibility did not differ until we
separated small (�4 cm) from large (�5 cm) aneurysms
(Tables 1 and 2). As is seen in Table 2, all parameters—
including distensibility, wall stress, and Einc— had dete-
riorated in the larger aneurysms (P � .01 to P � .05). As
can be seen from both tables, large aneurysms were
stiffer (lower distensibility), experienced higher wall
stress, and had a poorer (higher) Einc.

Distensibility
Figures 1 and E1 display aortic distensibilities in normal
and aneurysmal aortas. It can be noted that normal aortas
and very small aneurysms had similar distensibilities (2.499
� 0.49 mm Hg�1 vs 3.02 � 0.595 mm Hg�1, P not
significant; Table 2). Note that as aneurysm size increased,
aortic distensibility decreased progressively (in aneurysms
with diameter �4 cm vs those with diameter �5 cm, 3.02 �

Figure 1. Distensibility values in normal aortas and aortic aneu-
rysms of different diameters. Distensibility of ascending aortic
aneurysms decreases rapidly as diameter increases, to very low
values at dimensions greater than 6 cm.
Figure 2. Wall stress in aortic aneurysms.
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0.595 mm Hg�1 vs 1.45 � 0.375 mm Hg�1, P � .05; Table
2). By 6 cm aortic diameter, distensibility was extremely
low. Aortas of this dimension were almost completely in-
elastic and nondistensible.

Wall Stress
The mean wall stress value for normal aortas (92.51 � 6.35
kPa) was significantly lower than that for ascending aortic
aneurysms (157.8 � 18.76 kPa, P � .01; Table 2). Wall
stress is displayed more fully in Figure 2. Table 1 shows that
as aneurysm size increased, wall stress values increased
dramatically. This is seen diagrammatically in the scatter
plot of Figure 2, which emphasizes the rise in wall stress
with increasing aortic size. Ascending aortic aneurysms
with a diameter of at least 5 cm had significantly higher wall

Figure 3. Exponential relationship between wall stress and an-
eurysm size in ascending aortic aneurysms. Dark bars represent
blood pressure of 100 mm Hg; light bars represent blood pressure
of 200 mm Hg. Lines at 800 to 1000 kPa represent range of
maximum tensile strength of human aorta. Bar heights represent
mean; error bars represent SEM.

Figure 4. Relationship between Einc and aortic diameter in as-
cending aortic aneurysms (n � 33). E rises as aortic diameter
inc

increases.
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stress values than did smaller aneurysms and normal aortas
(P � .05). Ascending aneurysms with diameter greater than
6 cm had a mean wall stress of 376 � 146.6 kPa at a blood
pressure of 100 mm Hg. At a mathematically extrapolated
systolic blood pressure of 220 mm Hg, which in real life
corresponds to strenuous activity, an episode of emotional
crisis, or a hypertensive crisis of other etiology, aneurysms
of this size (�6 cm) would experience a wall stress value of
857 � 290.8 kPa. The corresponding values of wall stress
for blood pressures of 100 mm Hg and 220 mm Hg are
shown in Figure 3. The extremely serious implications of
wall stresses in this range are explored in the Discussion
section.

Incremental Elastic Modulus
Einc mean values in ascending aortic aneurysms were sig-
nificantly higher than in normal aortas (1.93 � 0.88 MPa vs
1.18 � 0.21 MPa, P � .05; Table 1). Within ascending
aortic subgroups of different sizes, aneurysms less than 4
cm in diameter had significantly lower Einc values than
those with diameter higher than 5 cm (0.908 � 0.16 MPa vs
3.56 � 0.88 MPa, P � .01; Table 2), implying that larger
ascending aortic aneurysms have already been stretched
near their limits. Einc increased progressively with each rise
in aneurysm diameter (Table 1 and Figure 4).

Distensibility and Wall Stress Evolution in the Neck of
the Aneurysm
In 15 of 33 patients with aneurysms, sequential application
of the epiaortic probe was performed at both the neck and
the belly of the aneurysm, permitting valuable calculation of
mechanical parameters at two sites within the same patient.
These results are shown in Figure 5. During epiaortic im-
aging, the neck was chosen as an area of smaller (often

normal) aortic diameter beyond the most aneurysmal por-
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tion, not as the transition zone between aneurysmal and
normal aorta.

Distensibility in the neck of the aneurysm was higher
than in normal aortas (4.1 mm Hg�1 vs 2.49 mm Hg�1),
consistent with an inherent connective tissue deficiency.
Note that this is a valuable comparison, because aortic
diameter at the neck of the aneurysms was similar to that of
the normal aortas (3.1 cm vs 3.0 cm). Also, distensibility at
the neck was higher than at the belly of the aneurysm (4.1
vs 2.1 mm Hg�1), reflecting within a single patient the
deterioration of mechanical properties that accompanies
aortic dilatation. Wall stress was higher at the belly than at
the neck of the aneurysms.

Discussion
This investigation contributes in two ways to our under-
standing of the pathophysiology and appropriate manage-
ment of ascending thoracic aortic aneurysmal disease. First,
this study expands our understanding of the mechanical
basis for the adverse biologic behavior of ascending aortic
aneurysms. Second, this study suggests a means of refining
our criteria for surgical intervention in ascending thoracic
aortic aneurysmal disease.

This study demonstrates that echocardiographic imaging
can provide meaningful assessment of the mechanical char-
acteristics of the human ascending aorta. Specifically,
through these means, we have shown that (1) large aneu-
rysms are stiffer than normal aortas (lower distensibility and
higher elastic modulus), (2) large aneurysms experience
dramatically increased wall stress, (3) within the same pa-
tient mechanical characteristics are better maintained at the
neck than in the belly of the aneurysm, and (4) large
aneurysms in a physiologic range of blood pressure found in

Figure 5. Comparison of distensibility (and wall
stress) at neck and belly of ascending aortic aneu-
rysms. Bar heights represent mean.
daily life exhibit wall stress that equals or exceeds the

nd Cardiovascular Surgery ● Volume 130, Number 3 677.e5
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known ultimate tensile strength of aortic tissue. These find-
ings indicate a marked mechanical deterioration of the
structural properties of the aortic wall in large ascending
aortic aneurysms.

Okamoto and associates11 have shown that the intrinsic
mechanical properties of the ascending aorta are affected
principally by age rather than by clinical diagnosis. Age
affects mechanical properties by two means: by element
fatigue (the accumulated total amount of systolic/diastolic
movements of the aortic wall) and by age-related changes in
wall composition. In our study the age factor was obviated
because age was identical between normal and aneurysm
groups.

We were intrigued to discover a striking correlation
between this study of the mechanical properties of the
aneurysmal human ascending aorta and our previous
studies on the natural behavior of aortic aneurysms on
different diameters. Specifically, our previous clinical
studies had shown that when the aortic diameter reaches
6 cm, the risk of catastrophic acute events (rupture or
dissection) increases dramatically. It is for this reason
that we have previously recommended a diameter crite-
rion of 5.5 cm for preventive surgical extirpation of the
aneurysmal ascending aorta.

In this study of the mechanics of ascending aortic aneu-
rysm, we found that the mechanical properties of the human
aorta deteriorated dramatically at precisely the same diam-
eter of 6 cm. At this size, the aorta became essentially a
nondistensible tube (Figures 1 and E1.) As a correlate, at
this level of nondistensibility at the same 6-cm size, wall
stress experienced in the aorta rapidly approached the pre-
viously known values of ultimate tensile strength of aortic
wall tissue (Figure 3.)

In an important recent study, Vorp and colleagues12

mechanically stretched tissue strips from ascending aor-
tic aneurysms obtained at surgery to the point of mechan-
ical failure. They determined the maximum tensile
strength of aneurysmal ascending aortic tissue to be
approximately 1000 kPa. This value is very close to the
857 � 290 kPa we calculated for large ascending aortic
aneurysms at an ambient blood pressure of 200 to 220
mm Hg. On the basis of our data and those of Vorp and
colleagues,12 one can conclude that in aneurysms 6 cm or
more in diameter a sudden rise in blood pressure can
create wall stress values that equal or exceed the breaking
point of the aneurysm wall. This scenario of an enlarged
aorta subject to wall stress near the maximum shear stress
of human tissue sets the stage for catastrophic aortic
events on the precipitous rises in blood pressure that form
part of everyday life.13

We believe that the observation of mechanical deteri-
oration at 6 cm in a way explains the malignant behavior

seen clinically at this same dimension. Because the aorta
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becomes nondistensible at 6 cm, all the force of cardiac
contraction can no longer be dissipated in enlarging the
aorta but rather increases the stress in the aortic wall
isometrically, leading to rupture or dissection. Thus en-
gineering analysis and clinical observations dovetail per-
fectly. The fact that aortic wall stress calculated in our
patients at these dimensions reaches the values for ulti-
mate tensile strength of human ascending aortic aneu-
rysms provides additional strong evidence in favor of
preventive surgical extirpation of the aneurysmal ascend-
ing aorta at a criterion size smaller than 6 cm.

Recent findings in the molecular biology of the aortic
wall may well explain the mechanism of deterioration of the
mechanical properties of the aortic wall. It is becoming
increasingly evident in the abdominal aorta that increased
proteolysis contributes to degradation of the cellular and
interstitial components of the aortic wall in patients with
aneurysms.14,15 Similarly, we have recently shown16,17 that
certain matrix metalloproteinases (MMP-1 and MMP-9) are
upregulated, and their inhibitors (TIMP-1) are downregu-
lated, in human thoracic aortic aneurysms with or without
associated diseases. The overall proteolytic equilibrium
(MMP-9/TIMP-1 ratio) is also significantly unbalanced to-
ward the side of increased proteolysis in patients with
aneurysms. The degradation of fibrillin, elastin, and colla-
gen as a consequence of such proteolytic activity probably
underlies the mechanical deterioration of the aorta that this
investigation documents.

A limitation of this study is the fact that measurements
were obtained by epiaortic echocardiography performed at
the time of predetermined aortic replacement. It remains to
be demonstrated that we can obtain similarly reliable data
through transthoracic or transesophageal echocardiography.
Such noninvasive determination of mechanical characteris-
tics would be necessary to enable mechanical properties to
be used in preoperative decision making. Another limitation
is that the differences in mechanical properties between
normal and aneurysmal aortas may be due to purely me-
chanical factors (size) rather than to intrinsic tissue charac-
teristics. Our measurements cannot conclusively differenti-
ate these possibilities.

We are confident that as our knowledge of the mechan-
ical properties of the aneurysmal human aorta increases, we
will be able to predict the likelihood of rupture or dissection
not only by measuring the diameter of the aorta as we do
now but also by calculating, on the basis of echocardiogra-
phy, its mechanical properties, including distensibility and
wall stress. Such assessment should lead to increased safety
of our patients by selecting for preemptive surgical extirpa-
tion, on the basis of accessible and reproducible biome-
chanical data, those individuals most at risk of rupture or

dissection.
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Appendix E1
Equations used in calculation of mechanical properties are as
follows.

Distensibility. Distensibility (Dist) at a pressure P is
calculated as follows: Dist(Psyst) � 1/LCSAsyst � �LCSA/
�P, where LCSA is the lumen cross-sectional area, �LCSA is
the difference of the LCSA between systole (syst) and
diastole, and �P is the difference between systolic and
diastolic blood pressures. LSCA (assuming that the ascend-
ing aorta is circular) is �r2, or �(d/2)2. Distensiblity is
measured in mm Hg�1.

Wall stress. Wall stress (WS) is measured at peak sys-

tole. WS(�) at a blood pressure P is expressed from the

677.e8 The Journal of Thoracic and Cardiovascular Surgery ● Se
following equation: WS(�)(P) � 2LCSA � Psyst/MCSA,
where MCSA is the surface area of the aortic wall cross
sectional area, the aortic wall thickness (Wsyst) multiplied
by the aortic perimeter (2�r). Wall stress is measured in
pascals (1 Pascal � 1 N/m2) and usually expressed in
kilopascals (1 kPa � 103 Pa).

Incremental elastic modulus (Einc). Einc at a specific
blood pressure P is defined as the tangent of the stress/strain
curve of the aortic wall and is expressed by the following
equation: Einc � 3/Dist(P) � (1 � LCSA/MCSA). Einc is
measured in pascals and usually expressed in megapascals
(1 MPa � 106 Pa).
ptember 2005
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Figure E1. Relationship between aortic distensibility and aortic diameter in normal aortas (n � 20, white circles)
and ascending aortic aneurysms (n � 33, gray circles).
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