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Detection of abnormal aortic elastic properties in
asymptomatic patients with Marfan syndrome by
combined transoesophageal echocardiography and
acoustic quantification

Andreas Franke, Eberhard G Miihler, Heinrich G Klues, Katja Peters, Wolfgang Lepper,
Gotz von Bemuth, Peter Hanrath

Abstract
Objective-To evaluate the potential
value of transoesophageal echocardiogra-
phy combined with automated border
detection and acoustic quantification for
the assessment of elastic properties of the
thoracic aorta in patients with Marfan
syndrome.
Subjects-16 patients with Marfan syn-
drome and 12 age matched normal con-
trols.
Methods-Transoesophageal echocardio-
graphy was performed in all subjects.
Miniimum and maximum diameters ofthe
descending thoracic aorta were obtained
from M mode images and acoustic quan-
tification was used for the on-line evalua-
tion ofcross sectional aortic area and peak
positive area changes over time.
Compliance, distensibility, and stiffness
index were calculated using M mode data
and non-invasively measured blood pres-
sure and were compared with the indices
derived from acoustic quantification.
Results-Aortic dimensions normalised for
body surface area were not statistically dif-
ferent between patients and normal con-
trols, but there were significant differences
for all elasticity indices except compliance.
Marfan patients had a lower distensibility
[4.2 (SD 1.8) v 5 8 (2-1) cm2/dyn, P < 0-05]
and a higher stiffness index [9.7 (3.0) v 7-1
(1.8), P < 005]. The dynamic indices
derived from the acoustic quantification
were significantly smaller in Marfin
patients [peak positive area change: 5.1
(1.0) v 7-7 (1.7) cm2/s; P < 0-001; and nor-
malised peak positive area change: 2-5 (1-2)
v 4 0 (0.8) cm2/s respectively, P < 0.001] and
were suitable to discrnninate between nor-
mal and abnormal elastic properties.
Conclusions-In Marfan syndrome elastic
properties ofthe descending aorta are sig-
nificantly different from normal controls,
even in the absence ofvessel dilatation. In
addition to established static indices,
indices derived from acoustic quantifica-
tion reflect dynamic changes of the cross
sectional area for the evaluation of
regional vessel mechanics. The on-line
assessment of peak positive area change
allows differentiation from normal indi-
viduals and may be more accurate than
standard M mode measurements.
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Prognosis in Marfan syndrome is strongly
influenced by cardiovascular complications.
The majority of all deaths in this patient
group-nearly 75%-result from aneurysms,
dissection or rupture of the thoracic or
abdominal aorta, or cardiac failure caused by
dilatation of the aortic root and concomitant
aortic valve regurgitation."-3 Life expectancy
has improved during the last 20 years because
of successful cardiovascular surgery in many of
these patients.45

Vascular pathology in Marfan syndrome is
caused by abnormal elastic properties68 ini-
tially not associated with clinical symptoms.
These abnormal properties are most likely to
be caused by defective synthesis, secretion,
and extracellular matrix formation of the fib-
rillin protein, which is widely distributed in
elastic tissues.9 The gene coding for fibrillin
has been identified on chromosome 15 and is
the site of mutations causing Marfan syn-
drome.9 10
A non-invasive method for the evaluation of

elastic properties with reproducible results
should be clinically helpful in Marfan patients,
especially before morphological changes
occur. Transthoracic echocardiographic visu-
alisation of the aorta is limited to the ascend-
ing aorta and parts of the aortic arch."I A
reproducible short axis plane of the ascending
aorta cannot usually be achieved. Adequate
visualisation of the descending thoracic aorta
by the transthoracic approach cannot be
obtained. Transoesophageal echocardiogra-
phy, however, allows optimal visualisation of
the thoracic aorta in transverse planes with
good image quality" providing detailed infor-
mation of heart cycle dependent changes of
aortic diameter and cross sectional area.

This study was performed to assess the
potential value of transoesophageal echocar-
diography in combination with automated
border detection and on-line acoustic quantifi-
cation in evaluating the elastic properties of
the descending thoracic aorta in Marfan
patients and normal controls, in comparison
with standard measurements of elastic proper-
ties (compliance, distensibility, and stiffness
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index) derived from diameters measured by M
mode echocardiography.

Methods
Twenty four consecutive patients with the
diagnosis of Marfan syndrome were studied.
All fulfilled the diagnostic criteria for Marfan
syndrome. 12-14

Eight of the 24 patients were excluded from
the study because there were significant mor-
phological abnormalities of their native
descending aorta (two aneurysms, one dissec-
tion), because of prosthetic replacement (four
patients), or because of severe aortic regurgita-
tion (one patient). The remaining 16 patients
had a native descending thoracic aorta without
morphological abnormalities and formed the
final study group. The demographic data of all
the patients included and the normal controls
are given in the table. At the time of the study
none of the patients was on cardiovascular
medication or had mitral or aortic regurgita-
tion. Two patients had previous cardiovascu-
lar surgery with replacement of the aortic valve
and the ascending aorta. Thirteen of the 16
Marfan patients had a family history of Marfan
syndrome.

Demographic and haemodynamic variables of 16 Marfan patients and 12 normal controls.
Values are mean (SD) or (range).

Normal subjects Marfan patients P value

n 12 16
Sex 5m,7f 7m,9f NS
Age (years) 27 (9) (range 20-57) 28 (13) (range 12-57) NS
Height (cm) 174 (6) 188 (9) <0 001
Weight (kg) 58 (19) 71 (21) NS
Body surface area (m2) 1 77 (0 1) 2-00 (0-17) <0 001
Functional class
No limitation 12 14
NYHAII 0 2

Heart rate (beats/min) 77 (8) 80 (17) NS
Blood pressure (mm Hg)

Systolic 113 (14) 120 (15) NS
Diastolic 64 (11) 68 (12) NS
Mean 80 (12) 86 (12) NS
Pulse pressure 49 (7) 52 (10) NS

NYHA, New York Heart Association

Figure 1 Cross section of the descending aorta with automated border detection. The area
within the automatically detected intimal border marked by the thin line is measured on-
line and plotted as a graph.

All patients underwent a complete clinical
examination as well as transthoracic and (after
given written informed consent) trans-
oesophageal echocardiography (Hewlett
Packard Sonos 1500, with a 2-5 MHz trans-
thoracic and a 5 MHz transoesophageal multi-
plane transducer). All echocardiographic
studies were stored on videotape for further
quantitative off-line analysis.
The descending aorta was imaged by trans-

oesophageal echocardiography in an optimised
cross sectional strictly circular plane at the
level of the left atrium. Great care was taken to
visualise the complete circumference of the
descending thoracic aorta throughout the
whole cardiac cycle.
Minimum and maximum diameters of the

descending aorta were determined by conven-
tional M mode echocardiography. Non-invasive
oscillometric blood pressure measurements at
the right upper limb were performed every 2
min and the average of five measurements dur-
ing M mode and acoustic quantification was
used for further calculations. The following vari-
ables were calculated based on minimum and
maximum diameters and blood pressure.15-'7

Compliance (cm2/dyn)

C Amax -Amin
BPmean

Distensibility (cm2/dyn)

D - 2-(dmax -dmin)
dmin- (BPsyst- BPdiast)

Stiffness index

SI-ln(BP- Y _BPdiast)(dmax dm.n)/dmin
Amax; Amn = maximum and minimum cross
sectional area.
dmax; dmin = maximum and minimum diameter.
BPsyst; BPdiast; BPmean = systolic, diastolic, and
mean blood pressure.

The echocardiographic system used for quanti-
tative integrated backscatter imaging has been
described elsewhere.'8 In brief, backscatter
data from each A-line are integrated (over
3 2 Ms) and then used for on-line, real time
image reconstruction. Time gain settings were
carefully optimised to improve the visualisa-
tion of endothelial aortic borders. Lateral gain
compensation was not used to avoid artificial
underestimation of the aortic cross sectional
area. A region of interest was manually traced
around the descending thoracic aorta.
Integrated software then calculates the identi-
fied area along the internal aortic border and
displays the results as trace and digital data on
the monitor (fig 1). For the present study the
minimum and maximum cross sectional area
(cm2) and peak positive area change (cm2/s)
were calculated as an average from five con-
secutive heart cycles derived from the area and
dA/dt graphical recording (fig 2).
The normalised peak positive area change (per

second) was defined as peak positive area change
divided by the minlimum cross sectional area:

ddt = dAdtmaxAmin
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For comparison, 12 age matched normal sub-
jects without cardiovascular diseases or con-

- , _ _,2nective tissue disorders underwent the same
protocol after giving their informed consent.

STATISTICAL ANALYSIS
Data were expressed as mean (SD). An
unpaired Student t test and a bivariate linear
correlation analysis as well as a xI test were
used where appropriate to study the relation
between different echocardiographic and

^__._ haemodynamic variables. A P value of less
_ -'WS than 0 05 was considered significant.

Results
Elm_. DEMOGRAPHIC AND HAEMODYNAMIC VARIABLES

There were no significant differences between
Marfan patients and controls in age, weight,
heart rate, systolic and diastolic blood

(A) pressure, or pulse pressure, though there was
a slight but not statistically significant
tendency for larger pulse pressure in Marfan
patients (table). Marfan patients were signifi-

_--I,,- i-cantly taller than controls, with corresponding
larger body surface area.

4 - ..~- M MODE BASED INDICES
_W ^ There were no significant differences in

minimum and maximum aortic diameters and
_ ~_ cross sectional areas normalised for body

surface (fig 3), even though absolute dimen-
sions were larger in Marfan patients [mini-
mum diameter: 1-9 (SD 0-5) v 1-6 (02) cm;
maximum diameter: 2-1 (0-5) v 1-8 (0 1) cm;

____________________ minimum cross sectional area: 2-6 (1-8) v 2-0
(0-5) cm2; maximum cross sectional area: 3-1
(1-8) v 2-5 (0 5) cm2; P < 0 05 for all
differences].

There was no difference in compliance
between both groups (fig 4A), but Marfan-I-

(B)
Figure 2 (A) Descending thoracic aorta of a normal subject with simultaneous acoustic NS P<0.05 P<0.05
quantification and on-line display of cross sectional area (upper line) and its changes over
time (dA/dt, lower line). Peak positive area change (dA/dtm,) as a distinct maximum is A
marked as the cross sectional area increases with ariving pulse wave. Minimum and
maximum cross sectional areas are also marked (Ami, Amaj). (B) Imaging of the thoracic
aorta in a patient with Marfan syndrome. Note the flattened graph of cross sectional area
and the low maxima of the dAldt graph compared to the normal control.

54T56 4.2
5.8 771

(2) (17) (8) (2.1) (0) (1.8)2.0 _ NS NS NS NS2.0~~~~~~~~Compliance Distensibility Stiffness index
(10 cm2dyn-) (cm2dyn-1

1.5 Marfan patients, n=16_; Controls, n=12L|

TT_lTP<0 001 ~ P<0.001
1.0 10T 9 8-B f7 T

0-5 I5 1. 1 1r1

1 1.0 1 0-9 1 1.4 m 11 Tt F
0 7(7(3)7(0.1) (053)1(0- 1)4(009)(0-2)J (0.9) (0-2)Max diameter Min diameter Max area Min area

(cm/m ) (cm/m ) (cm /m ) (cm /m
2

Max dA/dt Norm dA/dt

(cm_2s-__(s21
Marfan patients, n=16_; Controls, n=12 = (

Figure 4 (A) Comparison of both groups for elasticity
Figure 3 Aortic dimensions ofMarfan patients and controls, normalisedfor body surface indices based onM mode measurements. (B) Elasticity
area. indices based on the results ofautomated border detection.
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patients had a significantly lower distensibility
[4-2 (1-8) v 5-8 (2.1) cm2/dyn, P < 0 05] and a
higher stiffness index than normals [9-7 (3-0)
v7 1 (1-8),P< 005].

INDICES DERIVED FROM ACOUSTIC
QUANTIFICATION
Qualitative individual analysis of the on-line
registered cross sectional area graph revealed a
flattened curve for Marfan patients compared
to normals (fig 2B).

Highly significant differences were obtained
between both groups for peak positive area
change and normalized peak positive area
change (fig 4B). Peak positive area change was
lower in Marfan patients than in normals [5 1
(1.0) v 7-7 (1-7) cm2/s, P< 0-001]. The
difference between the mean values of both
groups was even higher for normalised peak
positive area change [2-5 (1-2) v 4 0 (0 8) s-',
P < 0o001].

LINEAR CORRELATIONS
There was a good linear correlation between
the cross sectional area calculated from M
mode derived diameters and the area
registered on-line by acoustic quantifi-
cation (Pearson's p correlation coefficient
r = 0-82, P < 0-001). With higher age
minimum and maximum diameters as well as
cross sectional areas increased (for both:
r = 0-60, P < 0-001), distensibility as well as
normalised peak positive area change
decreased (r = -0 50, P < 0-01) and stiffness
index increased (low correlation, r = 0 4;
P < 0 05). There was a low positive
correlation between systolic blood pressure
and maximum diameters (r = 0 45, P < 0.01)
and a negative correlation between systolic
pressure and distensibility (r = - 0 55,
P < 0 005). These correlations apply for the
group of Marfan patients as well as to the
normal controls.

There was no statistically significant influ-
ence of heart rate, diastolic blood pressure,
pulse pressure, or previous operation on any of
the diameters, areas, or elasticity indices. Even
the absolute diameters and cross sectional
areas had no statistical influence on the corre-
sponding elasticity indices.

Discussion
Pathomorphological and functional abnormali-
ties of the thoracic and abdominal aorta are
major determinants of the clinical course and
prognosis in Marfan syndrome. Therefore, it is
important to be able to obtain reliable, repro-
ducible, and non-invasive methods for the
early detection of abnormalities in vascular
elastic properties. Transoesophageal echocar-
diography is of proven benefit in the cross sec-
tional visualisation of the thoracic aorta as
compared to transthoracic echocardiography."

Until recently measurements of the aortic
elastic properties were based either on
transthoracic M mode derived calcula-
tions, 161719 on invasive haemodynamic
measurements,1620 or on magnetic resonance
imaging (MRI).21-23

PREVIOUS STUDIES ON VASCULAR ELASTIC
PROPERTIES
Transthoracic and transoesophageal M mode
measurements have been used to evaluate the
elastic properties of the aortic wall, which has
proved to be age dependent in normal individ-
uals. Lower distensibility and a higher stiffness
index, calculated from these measurements,
have been observed in patients with arterial
hypertension, coronary artery disease,17 24 25
and Marfan syndrome.6

Three recent papers have described the
potential value of MRI for evaluating elastic
vascular properties and have confirmed the
lower distensibility of the thoracic aorta in
patients with coronary artery disease2' and
Marfan syndrome.2223

Intravascular ultrasound techniques have
also been used to determine aortic wall stiff-
ness index in animals20 and humans.26 As for
MRI, calculations were based on manual trac-
ing of the minimum and maximum cross sec-
tional area. The invasive character of this
method limits its application, especially for
serial investigations.
The accuracy of the calculations of elastic

property indices with all the methods
described above depends on the reliability of
vessel diameter or area measurements. In con-
trast to ventricular measurements, maximum
and minimum diameters or areas of the
descending aorta are not equal to end systolic
and end diastolic diameters or areas; they have
to be chosen manually. Obviously it is a prob-
lem to select the true minimum and maximum
in a circular structure with small area changes.
For M mode measurements, heart cycle
dependent motion of the descending thoracic
aorta leads to sideshift artefacts causing an
underestimation of vessel diameters, because
the M mode beam may not be located cen-
trally throughout the whole cardiac cycle. An
advantage of the M mode technique, however,
is the higher time resolution as compared to
acoustic quantification.

PREVIOUS STUDIES USING A COMBINATION
OF ACOUSTIC QUANTIFICATION AND
TRANSOESOPHAGEAL ECHOCARDIOGRAPHY
Recently introduced automated border detec-
tion and acoustic quantification allow the
automatic detection and calculation of the
maximum and minimum areas of any cardio-
vascular structure as well as graphical display
of the continuous area change during the heart
cycle (dA/dt). First studies using this tech-
nique focused on the estimation of left ventric-
ular performance.'8 Gerber et al used acoustic
quantification of the thoracic aorta in combi-
nation with transoesophageal echocardiogra-
phy for the cross sectional analysis of aortic
cross sectional area and for the calculation of
compliance and distensibility. They found an
age dependent decrease of compliance and
distensibility as well as slightly increased aortic
diameters in healthy subjects.27
Our study for the first time uses the combi-

nation of transoesophageal echocardiography
and acoustic quantification in Marfan patients
for the evaluation of elastic properties. The
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results for standard indices (distensibility,
stiffness index) are in concordance with those
previously reported by Hirata et aP6 and
showed a significant difference between
Marfan patients and normal controls. We also
found a negative correlation between age and
distensibility, whereas absolute minimum and
maximum diameters or cross sectional areas
had no influence on any of the elasticity
indices.
The indices that we have now introduced

(peak positive area change and normalised
peak positive area change)-derived from
acoustic quantification and reflecting the
dynamic process of area changes-probably
discriminate better than standard indices
between normal individuals and Marfan
patients.

LIMITATIONS
Measurements of the present study were lim-
ited to the descending thoracic aorta.
Neighbouring structures such as the left
atrium, pulmonary artery, and right ventricle
make it too difficult to place the region of
interest on the ascending aorta without inter-
ference, so that acoustic quantification and
on-line measurements of the cross sectional
area cannot be performed with the same preci-
sion and reliability in the ascending as they can
in the descending aorta. There is a problem of
limited recognition of intimal borders near to
the transducer. This will have more effect on
the distance measurements by M mode than
on the area measurements using acoustic
quantification.
The integrated backscatter technique is lim-

ited to a time resolution of about 30 to 35
frames per second. It also requires 3-2 /is per
frame for the integration of all A-line data,
causing a slight time delay. This delay, how-
ever, is not relevant for the present study,
because measurements of minimum and maxi-
mum diameters and areas were not based on
ECG triggering.

FUTURE DIRECTIONS
Combined transoesophageal echocardiogra-
phy and acoustic quantification for the evalua-
tion of elastic properties of the aorta including
indices such as maximum and normalised area
change over time might be a good tool for the
long term control of Marfan patients. This
method seems to be suitable for measuring the
influence and postulated benefit of ,B adrenergic
blockade28 on the elastic properties of vessel
walls and might have a prognostic value
regarding evolving cardiovascular complica-
tions. To prove this, further investigations
with a larger group of patients and follow up
studies are necessary.
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