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Abstract Rationale and objectives:
To detect distensibility changes that
might be an indicator for an increased
risk of rupture, cross-sectional area
changes of abdominal aortic aneu-
rysms (AAA) have been determined
using ECG-gated CT. Materials and
methods: Distensibility measure-
ments of the aorta were performed in
67 patients with AAA. Time-resolved
images were acquired with a four
detector-row CT system using a
modified CT-angiography protocol.
Pulsatility-related cross-sectional area
changes were calculated above and at
AAA level by semiautomatic seg-
mentation; distensibility values were
obtained using additional systemic
blood pressure measurements. Values
were compared for small @< 5 cm
(n=44) and large @> 5 cm (n=23)

Introduction

In patients with asymptomatic abdominal aortic aneurysm
(AAA) the fate of any individual patient is hard to predict
[1]. Increasing aortic wall stiffness with a subsequent change
in the wall’s capacity to withstand tension changes of the
pressure peaks, as a consequence of the aortic wall elastin

aneurysms. Results: The aorta could
be segmented successfully in all
patients. Upstream AAA distensibility
D was significantly higher than at
AAA level for both groups: means
above AAA gat AAA) Dypove =
(1.3+0.8)-10° Pa ' (D444 = (0.6+
0.5)-107° Pa ') t-test pp<0.0001.
Differences of the distensibility be-
tween smaller and larger aneurysms
were not found to be significant.
Conclusion: Distensibility can be
measured non-invasively with ECG-
gated CT. The reduction of distensi-
bility within aneurysms compared to
normal proximal aorta is subtle; the
lack of difference between both small
and large aneurysms suggests that this
reduction occurs early in the aneu-
rysm’s development. Hence, reduced
distensibility might be a predictive
parameter in patients with high risk of
aortic disease.

Keywords MDCT - ECG-gating -
Aorta - AAA - Elasticity

fiber loss, could be predictive of subsequent rupture [2, 3]. In
this work aortic distensibility is evaluated with ECG-gated

CT [4, 5] to investigate whether distensibility would be
higher in the aneurysmatic than in a non-affected segment,
as postulated by Wilson [6], or rather lower, according to our
own assumption. Furthermore, the difference of distensi-
bilities for small (<5 cm) and large (>5 cm) aneurysms was
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investigated, a diameter which by current standards con-
stitutes a major rupture risk and warrants repair.

Materials and methods

Sixty-seven consecutive patients with known infrarenal
abdominal aortic aneurysm who had presented to the
Department of Vascular Surgery were studied. The decision
to subsequently operate or not upon a patient in this study
was entirely at the discretion of the surgeons in charge.
Approval of the local ethics committee and informed con-
sent were obtained properly. Twenty-three patients pre-
sented an aneurysm diameter of less than 5 cm (mean, 3.9; +
0.9 cm); 44 presented with aneurysms of more than 5-cm
diameter (mean 5.6; 0.6 cm). The clinical characteristics of
the population collected for this study are listed in Table 1.
Mean age for the patients with larger sized aneurysms was
67+9 years including 35 men and 9 women. Mean age for
the patients with smaller sized aneurysms was 6949 years
including 21 men and 2 women. Mean heart rate during
examination was 6712 bpm; no medication was used to
reduce the heart rate during the examination.

Data acquisition

Examinations were performed using a four detector-row
CT system (SOMATOM Volume Zoom; Siemens Medical
Solutions, Erlangen, Germany). To reconstruct time-resolved
CT data, separate retrospective ECG-gating was added to our
standard CT angiography protocol. There was no adaptation
of dose to morphology for the individual patient. Each
patient’s DLP (dose length product) is registered routinely.
The acquired raw data set was used to obtain two image sets.
First, standard angiography images without ECG synchro-
nization were calculated. Second, time-resolved images
were obtained with an ECG-gating algorithm developed for
separate image reconstruction [4, 7] because at the time of
the study no multi-phasic image reconstruction algorithm
with sufficient temporal resolution was commercially avail-

Table 1 Patients’ clinical characteristics

able. Temporal resolution depends on the number of ro-
tations used for interpolation, heart rate and the scanner’s
rotation time [4, 8], [9]. For an interpolation range of four
rotations, i.e., a 2-s time window, as used in this study, data
from four consecutive rotations were used. The temporal
window that corresponded to this range depended on the
heart rate: for example, a heart rate of 60 bpm to the window
was two heart beats long. In this study the temporal
resolution ranged between 90 and 250 ms. The patient’s
abdomen was scanned after an i.v. pump infusion of 130 ml
Iomeprol 300 (Imeron, Altana Pharma, Konstanz, Germany)
at a flow rate of 4 ml/s. The automated bolus tracking
program implemented on the scanner was applied, and a
ROI was placed in the abdominal aorta using a threshold of
110 HU.

The scans of the four detector-row CT scanner covered
the whole abdomen and were performed with a rotation
time of 0.5 s at 120 kV peak voltage, a current-time product
of 120 mAs (effective), a pitch of 0.375, an acquisition
slice thickness of 2.5 mm and thus a collimation of 10 mm
(i.e., 4x2.5 mm). Reconstruction thickness was 2.5 mm. A
collimation of 10 mm (4x2.5 mm) was used to cover the
whole examination region within an image acquisition time
of about 30 s and thus to acquire all images during a single
breath hold period. The protocol was the same as our
standard CT-angiography protocol.

From the so derived data set, 20 time frames per heart
cycle were calculated at each position, i.e., images were
reconstructed at 0%, 5%, 15%...95% of the RR interval by
half scan reconstructions. This temporal resolution is
required to define the phases of minimum and maximum
aortic distension. Aortic cross-sectional area changes were
determined at two positions of the aorta, immediately
above the infrarenal AAA and at the level of its maximal
diameter (Fig. 1). The positions were selected by a senior
radiologist experienced in vascular CT.

In order to exclude major subclavian artery stenosis,
bilateral brachial arterial blood pressure was registered
non-invasively using an arm cuff before examination.
Directly after image acquisition unilateral blood pressure
was registered for distensibility calculation. To minimize

All subjects, n=67

@>5 cm, n=44 =5 cm, n=23

56:11
68 (43-89; +9)

Gender ratio (male:female)
Mean age (range; +SD) [years]
Body mass index (range; +SD) [kg/m”]

Smokers 26
Diabetes 15
Systolic blood pressure [mmHg] 145420
Diastolic blood pressure [mmHg] 82+17
Mean of maximal aortc diameter (£SD) [cm] 4.8 (x1.3)

27.0 (19.2-35.5; +3.2)

40:4
69 (44-89; +9)
26.9 (19.3-35.5; +3.5)

16:7
66 (43-85; +£9)
27.1 (21.2-33.8; +2.8)

21 5
9 6

143420 145420
84431 81£10
6.0 (+0.8) 4.0 (£0.8)
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Fig. 1 Surface reconstruction of
the CTA data showing the two
positions above the branching of
the renal arteries and at the level
of the aneurysm (AAA) for
functional image reconstruction
indicated as horizontal lines (a)
in a patient presenting a small
aneurysm, (b) in a patient pre-
senting a big aneurysm

the error in pressure estimation, an automatic pneumatic
sphygmanometer was used (Maglife C, Schiller Medical
SA, Wissembourg, France). The measurement accuracy of
this system as given by the manufacturer is 2%.

Determination of vessel area

The vessel area was determined from the ECG-gated time-
resolved image series of 20 images. Because of the high
degree of operator-dependence with manual outlining of
the aortic wall area, we preferred to use a semi-automatic
segmentation algorithm, which detected the arterial wall in
all CT images of the cardiac cycle. The algorithm has been
described in the literature [10, 11] and tested previously
[12]. Briefly, a seed point was defined near the center of the
aorta. Next, the algorithm inflated a so-called active
contour starting at the seed point like a balloon until the
vessel wall was found. In order to better fit the boundary,
the final contour was refined by an iterative process (Figs. 2
and 3).

Elasticity quantification

The visco-elastic properties of the aortic wall are typically
characterized by two parameters: dilation d [mm] and dis-
tensibility D [pa™']. The dilation is defined as the maximum
systolic-to-diastolic diameter change of the selected area [13]:

d= dsys _ddia (1)

Distensibility D [pa™] is defined as the relative change in
vessel cross-sectional area 4 [mm?] that occurs during the
cardiac cycle, divided by the corresponding change in
blood pressure Ap [Pa].

A
—A()Ap

@

Ay is the minimum vessel area over the cardiac cycle, and
AA is the difference between maximum and minimum area
[14]; Ap can be estimated using sphygmomanometry [15].

In order to compare results with literature values,
distensibility was also converted into pulse wave velocity
PWV [m/s] [14]:

PWV = 3)

:

Here p = 1055 - 10® [kg/m®] denotes the mass density of
blood that is assumed to be constant.

For each time series the segmentation process was
repeated five times, and the reproducibility coefficient of
variation was determined. Distensibility values were calcu-
lated using Eq. 2. Paired t-test was performed to assess the
statistical significance of differences at the AAA level and
adjacent aorta; difference between large and small aneurysms
were tested by t-test with SAS software (version 9.1; SAS
Institute Inc., Cary, NC). Box plots were generated using R
software (version 2.4.1. The R Foundation for Statistical
Computing).
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Fig. 2 Illustration of the processing steps required to calculate the
vessel area. The example shows a single time frame of the functional
images aortic diameter <5 cm of the patient presented in Fig. 1a (a)
of the suprarenal aorta. The CT images are segmented using an
active contour algorithm, setting a seed point and defining two ROIs
in between which the vessel wall is found (b). The resulting area-
versus-time curve (in percent of RR interval) is shown for the
patient’s area change in the aorta and at the level of aneurysm AAA

(©

Results

With the active contour algorithm the cross-sections of the
aorta could be segmented successfully in all 67 patients
(Fig. 2), although some minor streak artifacts were visible
due to the limited amount of data for reconstruction. Mean
signal variation on the streak artifacts was on the order of
32 HU. Difference in density between the vessel lumen and
the surrounding fatty tissue was 297 HU. Coefficient of
variation for the five measurements in each patient was
8.6%. The mean patient DLP (dose length product) was
900+232 mGy x cm for the two helicals (native, arterial

ECG-gated contrast phases). CTDI,, for the applied pro-
tocol was CTDIw=41 mGy.

Distensibility, pulse wave velocity values and dilation
were calculated (Tables 2, 3, 4). A significant difference in
distensibility D (dilation d) between the adjacent aorta wall
and the aneurysm was found for both aneurysm sizes.
Upstream (AAA) means for both groups together were
Deapove=(1.3£0.8)110 > Pa '], D 1.14=(0.6+0.5)-[10 > Pa'],
t-test large AAA: pp<0.0001, (pg=0.04) and t-test small
AAA: pp<0.0001, (pg=0.045) visualized in the box plot in
Fig. 4.

However differences between large and small AAA were
not found to be significant. Distensibility values were very
low for both groups. The upstream AAA distensibility range
for both groups was D=(0.4-3.7) [10Pa™']. At AAA the
range was D=(0.1-3.6) [10Pa™']. This corresponds to a pulse
wave velocity (PWV) range of above AAA level PWV=
(5.1-15.9) m/s and at AAA level of PWV=(5.1t029.9) m/s.
Likewise dilation was very small at the AAA with a range of
(0.1-2.8) mm and slightly higher above the AAA with a
range of (0.4-2.5-29.9) mm.

Discussion

The main characteristic of an abdominal aortic aneurysm
(AAA) is the replacement of the medial elastic fibers by
connective tissue, with a loss of elastic properties, increase
in diameter and, finally, wall rupture. Other factors, such as
parietal calcification, intrasaccular thrombus and maximum
diameter, may possibly modify the behavior of the aortic
wall. Thus, distensibility might provide information about
the constitution of the arterial wall.

Several techniques have been proposed to measure
vascular distensibility non-invasively: These include pulse-
wave velocity measurements employing either magnetic
resonance velocity mapping [ 15—18], or Doppler ultrasound
[19], and methods that monitor the change of the vessel
cross-sectional area during the cardiac cycle [20]. From the
change in cross-sectional area between systole and diastole
and an estimate of the corresponding intra-arterial pressure
difference, the distensibility can be calculated. The latter
has been done using magnetic resonance imaging [21, 22]
and ultrasound [20, 23]. Ultrasound image data cannot
image all parts of the aorta in a single view. MR pulse wave
velocity measurements are unreliable in situations with
complex flow patterns [24]; availability of MR systems is
limited, the acquisition of several pulse sequences prolongs
scan time, and monitoring of instable patients can be
difficult. Finally, spatial resolution of MRI is currently
inferior to that of CT. Therefore, in spite the radiation
exposure, CT angiography still is the preferred method to
screen aortic pathologies [25-27].

In this study, the distensibility was assessed indirectly by
measurement of the change over time of the vessel cross-
sectional area, using ECG-gated MDCT and by measuring
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Fig. 3 Processing steps re- a
quired to calculate vessel area,
shown for an example measure-
ment at aneurysm level @<5 cm.
The example shows the func-
tional image (a) of the aneurys-
matic aorta of the patient
presented in Fig. 1b. The
reconstructed CT images are
segmented using the active
contour algorithm, setting a seed
point and defining two ROIs in
between which the vessel wall is
found (b). The resulting
area-versus-time curve (in
percent of RR interval) is shown
for the patient’s area change at
the AAA (c)

24804

area [mm?)

peripheral systemic blood pressure. The vessel cross-
sectional area was determined from CT image data by a
semiautomatic segmentation algorithm in AAA patients. It
was tested whether substantial distensibility changes can be
found above the AAA vs. AAA level for two aneurysm
sizes, since smaller aneurysms are known to be less likely
to rupture than larger aneurysms. The technique applied in

Table 2 Distensibility of small vs. large aneurysms

D[10°Pa'] D[10°Pa!] D[10°Pa]

all subjects <5 cm 0>5 cm
Above aneurysm 1.30+0.8 1.12+0.6 1.41£0.9
At aneurysm 0.6+0.5 0.56+0.4 0.69+0.6
P value* p<0.0001 p<0.0001 p<0.0001

*P value is given for the difference in distensibility between the
values above aneurysm vs. AAA level

30 40 50 60 70 80 90 100
normalizedtime P RR intenval]

this study has already been validated to derive cyclic cross-
sectional area changes of the aorta [4, 28] and tested on
angiography data sets from patients undergoing routine
MDCT [29].

We found that the distensibility D was significantly lower
in the aneurysms than in the proximal, non-aneurysmatic
parts of the aorta and that there was no apparent difference
between small and larger aneurysms. This finding supports
our hypothesis that the normal vessel is more distensible
and can better withstand systemic pressure peaks, whereas
the wall of the AAA is stiffer. We believe that this is a
plausible explanation for the pathomechanism that ulti-
mately leads to an aneurysm in this area, since in a stiffened
vessel wall, the impact of distending forces is more likely to
cause damage than in a compliant wall.

The results did not show any statistical difference in
aneurysmal aortic wall mechanics in AAAs with a diameter
of more than 5 cm vs. smaller aneurysms, which are gen-
erally treated conservatively. The number of individuals
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Table 3 Results-pulse wave velocity of small vs. large aneurysms

PWV [ms'] PWV [ms'] PWV [ms]
all subject <5 cm 0>5 cm
Above aneurysm  9.554+2.6 9.96+2.6 9.334+2.6
At aneurysm 15.08+5.5 15.39+5.3 14.92+45.7
P value* p<0.0001 p<0.0001 p<0.0001

*P value is given for the difference in pulse wave velocity between
the values above aneurysm vs. AAA level

with aneurysms of less than 5 cm was quite small (n=23),
which makes it difficult to rule out smaller differences
between the groups.

The time-resolved images show streak artifacts that lead
to artificial contour changes using the described algorithm.
This systematic error fundamentally limits the achievable
precision in the distensibility calculations. Streak artifacts
will simulate vessel dilation in completely stiffened vessels.

Indirect measurement of arterial blood pressure may lead
to a small systematic error of the obtained pressure values.
However, in patient studies this error is consistent [30].
Furthermore, invasive blood pressure measurements would
not be practicable in patients undergoing routine CT
examinations.

In a recent study, an age-dependent loss of distensibility
was found in patients without known vascular diseases,
using the same method [29]. Averaging over all of our
patients with aneurysm yielded a low mean distensibility:
D=1.35 10" Pa ' above and D=0.65 10> Pa ' at the an-
eurysm level, whereas the expected distensibility (according
to extrapolation of the literature data) for a 68.5-year-old
human, representing the mean age group, not suffering from
abdominal aorta aneurysm would have been D=1.9 10> Pa™"'
above and D=1.06 10 > Pa ' below the renal arteries.

The pitch used in this study is not small enough for
cardiac imaging; however, for aortic vessel area determi-
nation a lower temporal resolution is acceptable if a certain
temporal smearing of the data is tolerated. To measure the
maximum and minimum vessel area the exact temporal
correlation within the heart cycle is not required, because
the changes do not occur as rapidly as in the heart. Al-
though low pitch values are necessary to reconstruct time-
resolved images, relatively high pitch values of 0.375
were used here to limit radiation dose. These pitch values

Table 4 Results-dilation of small vs. large aneurysms

d [mm] d [mm] d [mm)]
all subjects ¥ =5cm > 5 cm
Above aneurysm 1.8+09 1.6+0.8 1.9+1
At aneurysm 1.5+0.8 1.2+0.6 1.6+0.9
P value* p<0.045 p<0.045 p<0.040

*P value is given for the difference in dilation between the values
above aneurysm vs. AAA level

D[10'5 Pa"] G<S5cm @25cm
1
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Fig. 4 Box plot: Comparison of the distensibilities in the aorta and
at aneurysm level (AAA) for small and big aneurysm. The box
stretches from the lower hinge (defined as the 25th percentile) to the
upper hinge (the 75th percentile). The median is shown as a line
across the box. The “H-spread” is defined as the difference between
the hinges, and a “step” is defined as 1.5 times the H-spread. Inner
fences are one step beyond the hinges. Outer fences are two steps
beyond the hinges.There are two adjacent values: the largest value
below the upper inner fence and the smallest value above the lower
inner fence. For the data plotted in the figure, the minimum value is
above the lower inner fence and is therefore the lower adjacent
value. The maximum value is the inner fences so it is not the upper
adjacent value. As shown in the figure, a line is drawn from the
upper hinge to the upper adjacent value and from the lower hinge to
the lower adjacent value. Every score between the inner and outer

@ 9

fences is indicated by an “o

correspond to our routine non ECG-gated CT angiography
protocol. With the mean DLP of 900+232 mGy x cm (dose
length product) for the two helicals (native, arterial ECG-
gated contrast phases), this scan protocol did not exceed the
diagnostic reference value given by the German Federal
Radiation Protection Authority for abdominal scan proto-
cols, where a DLP of 1,500 mGy x cm for 2.5 helicals is
indicated [31].

In this study arterial wall distensiblity was assessed in
AAA patients by ECG-gated CT angiography. As CT an-
giography is routinely performed for many aortic diseases,
the presented method can be integrated into a clinical
protocol. The small additional effort is appropriate for
routine clinical use. The image protocol provides correct
morphological as well as functional information about the
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vessel distensibility. With a semiautomatic segmentation
algorithm, vessel cross-sectional area was measured. Fur-
ther improvements of the segmentation algorithm will
facilitate the determination of distensibility as a by-product
of CT angiography. Thus, the proposed method will benefit
from the ongoing improvements in CT technology [32].
In the literature it is controversial whether a difference in
aortic wall mechanics indicates those AAAs that subse-
quently rupture. Wilson et al. [6] applied an ultrasound B-
mode echo-tracking device and found that baseline AAA
compliance was significantly related to rupture. He also
hypothesized that aneurysms with low stiffness are the
ones with risk of rupture [33], whereas Moritake et al.
hypothesized that the stiffest aneurysms might be the ones
most prone to rupture [34]. Sonesson et al. [35] as well
as Mac Sweeney et al. [3] so far failed to show any
relationship between the stiffness of aneurysms and their
size, which is in agreement with our results. Possibly the
loss of elastic properties precedes the formation of the
aneurysms, so that, once this has happened, the ensuing
changes are only destructive ones, resulting in further
dilatation, ultimately rupture, but only minimal alterations
of the already deteriorated elastic properties. So far, we
remain unable to determine the signs that herald an
imminent rupture of an aneurym. However, stiffening of an
aortic wall that otherwise appears to be normal, with

respect to the patient’s age, might be a sign that this vessel
is at risk of developing an aneurism in the future.

Conclusion

It is possible to determine distensibility non-invasively
with ECG-gated CT of abdominal aortic aneurysms. The
normal vessel is more distensible and can better withstand
systemic pressure peaks, whereas the wall of the AAA is
stiffer. However, reduction of distensibility within aneu-
rysms compared to normal proximal aorta is subtle; the
lack of difference between both small and large aortic an-
eurysms suggests that this reduction occurs early in the
aortic aneurysm’s development. Hence reduced aortic
distensibility might be a predictive parameter in patients
with high risk of aortic disease, e.g., diabetes mellitus or
Marfan’s syndrome.
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