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Peripheral Arterial Disease

Multifactorial Relationship Between *F-Fluoro-Deoxy-
Glucose Positron Emission Tomography Signaling and
Biomechanical Properties in Unruptured Aortic Aneurysms

Alain Nchimi, MD; Jean-Paul Cheramy-Bien, MLT; T. Christian Gasser, PhD;
Gauthier Namur, MD; Pierre Gomez, MD; Laurence Seidel, MSc; Adelin Albert, PhD;
Jean-Olivier Defraigne, MD, PhD; Nicos Labropoulos, MD, PhD; Natzi Sakalihasan, MD, PhD

Background—The relationship between biomechanical properties and biological activities in aortic aneurysms was
investigated with finite element simulations and '8F-fluoro-deoxy-glucose (**F-FDG) positron emission tomography.

Methods and Results—The study included 53 patients (45 men) with aortic aneurysms, 47 infrarenal (abdominal aortic)
and 6 thoracic (thoracic aortic), who had >1 ¥F-FDG positron emission tomography/computed tomography. During a
30-month period, more clinical events occurred in patients with increased *F-FDG uptake on their last examination than
in those without (5 of 18 [28%] versus 2 of 35 [6%]; P=0.03). Wall stress and stress/strength index computed by finite
element simulations and '"*F-FDG uptake were evaluated in a total of 68 examinations. Twenty-five (38%) examinations
demonstrated =1 aneurysm wall area of increased *F-FDG uptake. The mean number of these areas per examination
was 1.6 (18 of 11) in thoracic aortic aneurysms versus 0.25 (14 of 57) in abdominal aortic aneurysms, whereas the mean
number of increased uptake areas colocalizing with highest wall stress and stress/strength index areas was 0.55 (6 of 11)
and 0.02 (1 of 57), respectively. Quantitatively, '®F-FDG positron emission tomographic uptake correlated positively
with both wall stress and stress/strength index (P<0.05). *F-FDG uptake was particularly high in subjects with personal

history of angina pectoris and familial aneurysm.

Conclusions—Increased "*F-FDG positron emission tomographic uptake in aortic aneurysms is strongly related to aneurysm
location, wall stress as derived by finite element simulations, and patient risk factors such as acquired and inherited

susceptibilities. (Circ Cardiovasc Imaging. 2014;7:82-91.)

Key Words: aneurysm m aorta m tomography

Aneurysms are permanent vascular dilatations that involve
the aorta in <10% of subjects >65 years of age, with
more than half localized in the infrarenal aorta.'? Their rup-
ture causes death in <90% of cases,>* and according to recent
trials, the operative mortality does not exceed 5%.* The aneu-
rysm maximal diameter identifies the time point when the risk
of rupture exceeds that of repair, hence indicating a preventive
intervention in asymptomatic patients.>” Research, however,
has been driven toward more patient-specific risk assessment
because aneurysms above the critical diameter thresholds may
never rupture, whereas smaller aneurysms will.®1
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Rupture occurs when the wall stress exceeds the wall
strength. Aortic geometry can be used for finite element simu-
lations (FES)'""'? providing, among other estimates, wall stress.
Before rupture occurs, wall stress is involved in aneurysmal

expansion and remodeling; the latter triggers and amplifies
numerous biological mechanisms that may result in apposi-
tion of an intraluminal thrombus with its own biomechanical"?
and biological characteristics.'*"7 The biological activity of
the aortic wall can be evaluated indirectly through energy con-
sumption using "¥F-fluoro-deoxy-glucose ('F-FDG) as a tracer
for positron emission tomographic (PET) imaging.'® *F-FDG
uptake is not uncommon in aortic aneurysms'*?° and has been
shown to correlate with the amount of inflammatory cells, pro-
teolytic activity, and risk of rupture.”’>* Xu et al** previously
evidenced associations among biological activity, wall stress
estimates, and rupture in 3 patients with aortic aneurysms. The
actual relationship between biomechanical parameters and bio-
logical activity, however, has never been studied in large series.

Our study was designed to assess the relationship and the
independent determinants between biomechanical estimates of
wall stress and '®F-FDG uptake in unruptured aortic aneurysms.
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Methods
Study Patients

This study is part of a larger trial aiming to determine the role of
E-FDG PET in aortic aneurysm rupture risk assessment as approved
by the institutional review board.” It included 53 patients (45 men)
with aortic aneurysm who underwent >1 whole-body *F-FDG PET
examination using contrast-enhanced computed tomography (CT) for
attenuation correction in a single center within a 5-year period. All
patients provided written informed consent. Patients with aneurysm
of the ascending thoracic aorta were excluded to avoid pathophysiol-
ogy clustering. There were 47 patients with aneurysms involving the
infrarenal aorta (abdominal aortic aneurysm [AAA]) and 6 the tho-
racic aorta (thoracic aortic aneurysm [TAA]), including arch (n=1),
descending thoracic aorta (n=2), and thoracoabdominal aortic aneu-
rysms, with the largest diameter at the level of the thoracic aorta (n=3).
Between 1 and 5 "®F-FDG PET examinations were performed on 44, 6,
1, 1, and 1 patients, respectively, resulting in a total of 68 examinations
(11 in TAAs and 57 in AAAs). The average interscan duration among
patients was 7.2+5.9 months. Based on clinical and imaging follow-
up, significant events related to the aortic disease were defined as an
aneurysm growth of >1 cm per year, dissection, rupture, or emergency
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surgery. *F-FDG PET CT and FES imaging data acquisition proce-
dures are detailed in Method I in the Data Supplement.

Visual Image Analysis
Experts with >6 years of experience in nuclear imaging examined all
68 tests. Increased *F-FDG uptake in the aortic aneurysm wall was
documented by identifying any area with >1 cm of increased signaling
compared with the intra-arterial background and distant aortic wall
segments. Examinations were declared positive when >1 such area
was noted. Clinical reports were also carefully analyzed to describe
BE-FDG uptake as diffuse, monofocal, or plurifocal and to identify
and localize uptake areas on the corresponding CT images using pre-
defined anatomic landmarks. Specifically, this required the readers
to identify the center of the area relative to a vascular or a vertebral
landmark cranio-caudally and then to localize the main quadrant of
the area relative to sagittal and coronal lines across the aortic center.
In a second step, a radiologist with >5 years of experience in vas-
cular imaging analyzed the 68 examinations by the FES method using
the A4clinics software system (VASCOPS GmbH; Graz, Austria)®® set
on read-only mode that did not allow any modification of the aortic
segmentation and geometry. The radiologist determined the maximal
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Figure 1. '®F-fluoro-deoxy-glucose (*®F-FDG) uptake and wall stress estimates in a 79-year-old man with a descending thoracic aor-

tic aneurysm. An area of increased '®F-FDG uptake (arrows) is identified on axial positron emission tomographic (PET; A), fused PET
computed tomographic (CT; B), and then on CT (C) images. Reconstruction of a model using CT image, magnified at the same level
(red arrow, D), including external and luminal aortic boundaries (blue and yellow lines) and hypothetical wall limit paralleling the external
contour (green line), allows diameter (between brackets) and thrombus (between yellow and green lines) assessment. E, Color-coded
3-dimensional wall stress map of the aorta after pressurization of this model, where the axial slice in the area of interest has been
inserted, showing the wall stress estimate (147 kPa). By convention, color code represents intensity scale ranging from deep blue to red.
An artifact located >1 cm proximally in the aorta, exhibiting a red spot of increased wall stress (E, circled area), is excluded for analysis
and explained in F by failure of the aortic contour reconstruction (arrowheads on blue line). The patient denied surgery and experienced
acute dissection 5 months after this examination. The intimal tear was located around previously increased '®F-FDG uptake area. The
patient eventually died 1 week after this complication.
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Table 1. Patient Demographics and Risk Factors for Aortic
Aneurysms (n=53)

Patient Characteristic n (%) Mean=SD
Age,y 72.08.2
Sex (male) 45 (85)
Current smoking 24 (45)
Stopped smoking 19 (36)
Aneurysm location (TAA) 6(11)
Other arterial aneurysms 13 (24)
Diabetes mellitus 11 (21)
Arterial hypertension 32 (60)
Dyslipidemia* 36 (69)
COPD 15 (28)
Stroke 9(17)
Peripheral artery disease 20 (38)
Angina pectoris 15 (28)
Renal insufficiencyt 8(15)
Acute myocardial infarction 22 (41)
Familial aneurysm 6(12)
Follow-up duration, mo 11.4+8.6

Adverse event 7(13)

COPD indicates chronic obstructive pulmonary disease; and TAA, descending
thoracic aortic aneurysm.

*Increased serum levels of triglycerides, low-density lipoprotein cholesterol,
or both

tClearance of creatinine <60 mL/min.

values of wall stress, stress/strength index, and thrombus thickness in
all 68 examinations. The same radiologist verified whether the area
containing the highest values of either wall stress or stress/strength
index estimates colocalized with an area of increased '*F-FDG uptake
as described in the clinical reports. For visual analyses, maximal wall
stress and stress/strength index were expressed as relative intensity in
areas with '"SF-FDG uptake to compensate for interpatient variability
(Method 1I in the Data Supplement).

Quantitative Image Analysis
Two other observers with >5 years of experience in vascular im-
aging and vascular surgery, respectively, were asked to determine

in consensus the areas of interest for the quantitative analysis and
the topographical correspondences between wall stress and "*F-FDG
PET. Multiplanar and volumetric analyses of CT, 'F-FDG PET, and
fused ¥F-FDG PET/CT images (all had similar spatial coordinates)
were performed on a dedicated workstation (Advantage Windows,
release 4.3; GE Healthcare).

BF-Fluoro-Deoxy-Glucose PET

On CT images, a volume of interest (VOI) was automatically se-
lected to include the aorta using the high intravascular attenuation
(mean, 214 [range, 70-335] Hounsfield units). Structures that were
included in the volume because of similar attenuation values were
manually deleted, and the remaining VOI was copied and pasted
on "F-FDG PET images. If needed (eg, because of a slight pa-
tient position change between CT and PET images), the pasted VOI
was slightly adjusted to include the whole intraluminal thrombus
and match the anatomic contours. Then, the mean and SD of the
BE-FDG uptake in the VOI were estimated quantitatively using
standardized uptake value (SUV) as shown in Method III in the
Data Supplement. Within this VOI, the observers selected all clus-
ters of >10 voxels with SUV above the threshold of mean+2SD
of the whole volume. Using fused *F-FDG PET-CT images, they
excluded the areas belonging to structures surrounding the aorta
(eg, vertebra, ureter, duodenum; n=7) or to the aortic lumen (n=19).
Another VOI was drawn manually to include the right hepatic lobe
and the retrohepatic inferior vena cava and to determine their maxi-
mal SUVs. Then, to compensate for contrast-enhanced CT over-
correction and patient variability, the aortic wall maximal SUVs
were normalized as SUV-to-liver (SUV, ) and SUV-to-venous
background (SUV ) ratios.

Finite Element Simulations

FES image displays (A4clinics) were set to highlight clusters of >10
elements exhibiting values of wall stress and stress/strength index
estimates of 2mean of whole aorta+2SD. The geometry of these ar-
eas was checked on CT to exclude reconstruction failures (n=20; eg,
complex geometry, kinking, bifurcations), as shown in Figure 1.

Topographical Matching of *F-FDG PET and FES

In all selected areas, intraluminal thrombus thickness, aortic diam-
eter, and maximal values of SUV, , SUV, , wall stress, and stress/
strength index were recorded. Each observer instructed the other
to derive 'SF-FDG uptake and FES estimates on selected areas.
The areas were topographically matched using CT images, with
the rule that any part of one intersects the other by <I cm to its
center (Figure 1).
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Figure 3. Partial coincidence between positron emission tomographic (PET) imaging findings and finite element simulation (FES) esti-
mates in an 80-year-old man with abdominal aortic aneurysm (A). After fusion with "®F-fluoro-deoxy-glucose ('®F-FDG) PET imaging (B),
2 distinct aortic areas of "®F-FDG uptake are seen (arrows): one in the left anterior and the other in the right posterior quadrants. On FES,
these areas show, respectively, average and increased (arrows) wall stress (C; wall stress=161 kPa) and stress/strength index (D; stress/
strength index=0.34). By convention, color code represents intensity scale ranging from deep blue to red. The patient’s last follow-up
computed tomography showed no aneurysm enlargement after 1 year. He eventually died shortly after from lung cancer.

Statistical Methods

Statistics were mainly descriptive. Quantitative data were summa-
rized by mean and SD, whereas numbers and percentages were used
for categorical findings. Correlations were calculated to assess the
relationships between SUV and SUV,, values and the correspond-
ing wall stress and stress/strength index estimates. Event-free surviv-
al curves were compared using the log-rank test. The general linear
mixed model, which accounts for repeated measurements within
subjects, was used to compare AAAs versus TAAs with respect to
imaging and FES in areas of interest and to assess the relationship
between SUV,, and biomechanical parameters, aneurysm location,
and patient-specific factors. Results were significant at the 5% critical
level (P<0.05). All statistical calculations were performed with SAS
(version 9.3 for Windows).

Results

Patient Characteristics

Patient characteristics are described in Table 1. Five of the 6
patients (83%) with TAA were above the rupture risk thresh-
old of 55 mm, whereas only 24 of the 47 patients (51%) with
AAA were higher than the corresponding 50-mm threshold.

During the follow-up period, adverse clinical events occurred
in 7 (13%) patients. The outcomes of all patients after the last
examination with regard to "*F-FDG PET uptake and colocal-
ization with maximal FES estimates are given in Table I in
the Data Supplement. Among the 53 patients, 18 (34%) were
BE-FDG PET positive (ie, with increased "*F-FDG uptake on
their last examination), and 35 were '®F-FDG PET negative.
The proportion of clinical events was higher (28% versus 6%;
P=0.03), and the 30-month event-free survival was worse in
the former group (log-rank test: P=0.040; Figure 2).

Visual Analyses at Segment Level

Among the 68 F-FDG PET examinations, there were 25
(38%) with visually increased aortic uptake. These uptakes
were diffuse, monofocal, bifocal, and trifocal, respectively, in
1, 18, 5, and 1 examinations, yielding a total of 32 areas. Of
these areas, 18 (56%) were in TAAs and 14 (44%) in AAAs.
For wall stress, the mean relative intensity was 55+45% for
all examinations (76+38% in TAAs versus 31+41% in AAAS).
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Figure 4. Absence of coincidence between positron emission tomographic (PET) imaging findings and finite element simulation estimates
in a 72-year-old man with abdominal aortic aneurysm (A). After fusion with '®F-fluoro-deoxy-glucose ('®F-FDG) PET imaging (B), no area of
8F-FDG uptake is seen, whereas coronal and axial projections of the aortic geometry show a large area (arrows) of increased wall stress
(C and D; wall stress=315 kPa) and stress/strength index (E and F; stress/strength index=0.75) in the left posterior quadrant of the aorta.
By convention, color code represents intensity scale ranging from deep blue to red. The patient’s aneurysm was surgically repaired with-

out delay because of the aneurysm diameter.

The stress/strength index equaled 57+48% for all examinations
(77£37% in TAAs versus 33+49% in AAAs). The mean num-
ber of uptake areas per examination was 1.6 (18 of 11) in TAAs
versus 0.25 (14 of 57) in AAAs, whereas the mean number of
uptake areas colocalizing with highest wall stress and stress/
strength index areas was, respectively, 0.55 (6 of 11) in TAAs
and 0.02 (1 of 57) in AAAs. Examples for PET imaging find-
ings and FES estimates are shown in Figures 3 and 4.

Quantitative Analyses

On the entire set of examinations, 163 areas were selected:
54 areas based on 'SF-FDG PET (mean: 1.46+0.69 areas per
patient) and 109 on FES (mean: 1.85+0.85 areas per patient;
P=0.0019). Wall stress (P=0.017) and wall stress/strength
index (P=0.011) estimates were significantly higher in TAAs
than in AAAs, unlike SUV,_, (P=0.068), SUV  (P=0.12),
local aortic diameter (P=0.21), and thrombus thickness
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Table 2. Values of Selected Areas of '*F-FDG Uptake,
FES Estimates, Aortic Diameter, and Thrombus Thickness
According to the Aneurysm Location

Variable AAAN=131Areas TAAn=32Areas PValue*
Suv, 0.68+0.15 0.86+0.24 0.068
Suv,, 1.22+0.28 1.53+0.46 0.12
Wall stress, kPa 174+60.5 320+161 0.017
Stress/strength index 0.38+0.15 0.81+0.33 0.011
Local diameter, mm 42.6+10.3 47.3x19.0 0.21
Thrombus thickness, mm 2.01+2.08 2.53+3.74 0.39

AAA indicates abdominal aortic aneurysm; '8F-FDG, "8F-fluoro-deoxy-glucose;
FES, finite element simulation; SUV,, standardized uptake value-to-liver;
SUV,,, standardized uptake value-to-venous background; and TAA, descending
thoracic aortic aneurysm.

*Adjusted for repeated values within subjects.

(P=0.39; Table 2). A strong correlation (#=0.71; P<0.0001)
was found between SUV,, and SUV,, (Figure 5). Positive
correlations were observed between '*F-FDG uptake and
both wall stress and stress/strength index (Figures 6 and 7),
but these were lower in FES-selected areas (r=0.28 for wall
stress and r=0.30 for stress/strength index) than in "F-FDG
PET-selected areas (r=0.36 for wall stress and r=0.37 for wall
stress/strength index using SUV , and r=0.44 for both wall
stress and wall stress/strength index using SUV_ ; all P<0.05).

A general linear mixed model was fitted to SUV , values to
assess potential associations with FES-related characteristics
and patient-related risk factors while accounting for repeated
scans within patients (Table 3). As a result, SUV, values
were significantly higher in TAA- than in AAA-selected
areas (P=0.027) in subjects with a personal history of angina
pectoris (P=0.012) and in patients with familial aneurysm
(P=0.0065); no other parameter was significant.

Discussion
There are only a few case studies in the literature that cor-
relate wall stress estimates to 'SF-FDG uptake, often with
opposite findings.***” In the present hypothesis-generating
work, we first evaluated such correlations visually and patient

Metabolism and Wall Stress in Aortic Aneurysms

87

outcome. We observed differences between TAAs and AAAs
on both the properties of imaging techniques and their rates
of colocalization. This may be because of known structural
differences between TAAs and AAAs: a larger intraluminal
thrombus is a well-documented characteristic of AAA. How-
ever, inclusion of follow-up examinations, even after TAA
dissection and false lumen thrombosis, did not support this
explanation but, to the contrary, caused a larger dispersion
of thrombus thickness in TAAs than in AAAs (2.53+£3.74
versus 2.01+2.08 mm). However, the wall strength is bet-
ter anticipated in the absence of extensive calcifications® or
large intraluminal thrombus such as in AAAs.!>*=! Despite
this, only minor differences were observed between the mag-
nitudes of wall stress and stress/strength index, meaning that
FES estimates were actually largely weighted by wall stress
compared with wall strength. Therefore, further adjustments
in wall strength assumptions are needed to increase corre-
lations between 'SF-FDG uptake and stress/strength index,
especially in AAAs.

When it comes to outcome prediction, Fillinger et al** and
Sakalihasan et al®' first suggested that wall stress estimates
and "“F-FDG uptake may perform better than the maximal
aneurysm diameter. It is unknown whether biomechani-
cal stress generates biological activity or, inversely, but the
2 imaging methods assess the pathophysiological activi-
ties involved in aneurysm rupture, which include aortic
wall injury, inflammatory cell recruitment, and imbalance
between elastin and collagen turnover.'*>3 Our study was
underpowered because only 7 events occurred during follow-
up. Further, because most patients were close to having an
intervention, they did not have a longer follow-up that would
have increased longitudinal testing and more correlations
among the tests and the event rate. Despite this, there was
a poorer 30-month clinical outcome prediction for patients
with aneurysms with increased ""F-FDG PET uptake. This
suggests that yearly ®F-FDG PET examination may be a reli-
able diameter-independent tool for clinical decision making
in aortic aneurysms. Unfortunately, a similar dichotomization
of FES based on an empirical value was not possible because
of the heterogeneity of the study group. Nevertheless, the

3.0
1

r=0.71
P<0.0001

Standardized uptake value-to-venous ratio

Figure 5. Scatter plot showing a significant positive
correlation between quantitative ®F-fluoro-deoxy-
glucose uptake, normalized by the liver and the
venous background in all patients.

T T T T T T
0.8 1.0 1.2 1.4

Standardized uptake value-liver ratio

16

Downloaded from http://circimaging.ahajournals.org/ by guest on January 22, 2014


http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/

88 Circ Cardiovasc Imaging January 2014
8 8
£ e
F. dEr o
a8 1 p=0.0009 s~ 1 P <0.0001
= - = -
s = 2 @
=2 [ I ] b- | -
2 . 2
» o »”
sl g
& &
00 400 60 &0 0s 10 18
Wall stress (°a) Stress'strengm noex
r=044 r=044
Q Q
a1 p=0.001 o =000
L] L]
w | w J
L] L] -

Stidardized iptake valie -b-Iver mto

Shadardized iptake vahe-b-Ive r @mtio

04
04

Sardardized ipbke valie-b-Iver mto
08

Shidaded iptake valie-D-Ive 1 r@tio
08

200 00 €00 200
Wall stress (Pa)

Shidardzed iptake vahe-D-Ive 1 @to Stidardzd iplake valie-n-Ive 1 mtio

Saidadizd ipke vale-b-iver @

Shidardized iptake valie-D-Ive 1 ratio

p=09

15

10

0s

Strdardied iptake vahe-b-Iver @to

Diamater (mm)
8
2
o r=a1 ; o
- 0030 ri
a = a
—-. L bl L * E -
t ’, o
Q| e e 2
o ‘.~ e . o ‘g_ C
™ o
3 - LR E
. otee o z
- - . 3 =
o 7 L] é ole
W 4 %N & TN = 0 s 10 15
Diameter (mm) TRromDUS TICkness (mm)
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positron emission tomographic imaging (middle line), and those selected on finite element simulation (bottom line). In all groups, a posi-
tive correlation is found between SUV, and both wall stress and wall stress/strength index estimates. No other variable is significantly

correlated to SUV,, .

correlation levels between "“F-FDG PET uptake and FES
estimates indicate that similar outcome predictions could be
expected from qualitative FES.

FES and '8F-FDG PET imaging are fully quantifiable meth-
ods. However, evaluating their correlation is technically chal-
lenging, mainly because the effect of partial volume and vessel
background signaling on both modalities is different. Using a
semiquantitative selection of areas of interest, we found mod-
est positive linear relationships between "*F-FDG uptake and
FES estimates (correlation range, 0.28-0.44). Our study is
the first reporting FES geometry reconstruction without user
interaction, obviously resulting in imprecision. We have also
identified several determinants for these correlations, includ-
ing technical factors that can affect the analysis. The correla-
tions with FES parameters were better using a liver rather than
a venous-to-background correction, despite a strong correla-
tion between both normalizers. Further, PET scanners have a
finite spatial resolution of 5 to 8 mm, causing a low sensitiv-
ity to small focus of ¥F-FDG uptake, which may account for
the mean number of area selection in each examination being
lower based on ®F-FDG PET than on FES (1.46+0.69 versus
1.85+0.85 areas per patient).

Angina pectoris and familial aneurysms had a significant
effect on the relationship between *F-FDG uptake and FES
estimates.** Previously, Verloes et al* found that the likeli-
hood of aortic aneurysm rupture is strongly linked to the fam-
ily history and gene susceptibility. These observations may be
related to an alteration in the aortic wall response to stress.
Other factors, beyond the scope of the present study, may the-
oretically influence the relationship between *F-FDG uptake
and wall stress estimates. Wall stress elevation does not nec-
essarily imply increased "F-FDG uptake. This is illustrated
by the fact that in normal and dilated aortas, the magnitude
of blood flow velocity decreases gradually from proximal to
distal, whereas "*F-FDG uptake does not change in the same
magnitude.” Finally, it has been reported that an inflamma-
tory reaction related to nonspecific injuries, such as thrombus
apposition and calcifications, may result in increased 'SF-FDG
uptake without wall stress increase.*

Study Limitations

The current study has several limitations. Heterogeneity in
aneurysm size introduced a potential bias by the lack of previ-
ous evidence that both "F-FDG uptake and wall stress profiles
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Figure 7. Scatter plots of standardized uptake value-to-venous ratio (SUV, ) vs (from left to right rows) wall stress, wall stress/strength
index, maximal diameter, and local thrombus thickness, respectively, for the whole areas (top line), those selected on '®F-fluoro-deoxy-
glucose (*®F-FDG) positron emission tomographic (PET) imaging (middle line), and those selected on finite element simulation (bottom
line). In all areas, a positive correlation is found between SUV,, and wall stress and stress/strength index estimate. In "®FDG PET selected
areas, a positive correlation is found between SUV_, and both wall stress and wall stress/strength index estimates. No other variable is

significantly correlated to SUV,.

are similar in small and large aneurysms. AAAs largely out-
numbered TAAs, although this reflects their relative proportions
in the general population. It obviously resulted in comparison
bias between aortic aneurysm types. This study was designed
for a time point correlation between variables obtained from a
single examination. The fact that most of the AAAs and TAAs
were, respectively, >50 and >55 mm in diameter did not allow
sufficient follow-up data because most patients were readily
eligible for repair. Further, *F-FDG activity may change over
time, whereas wall stress is unlikely to change in the same
manner. However, these changes over time have never been
studied. This was difficult in our study because of limited fol-
low-up examinations dictated by the time scale and entry-point
heterogeneities. The isotropic model, which assumes that wall
stress is the same in all directions, has been used here because
it is easier to estimate, whereas an anisotropic model would
have been more realistic and would allow for more accurate
correlations. As in other studies, wall thickness assumption
was independent of the underlying intraluminal thrombus.
Although both are strongly related, there is no valid way
to measure the wall thickness (therefore, inappropriately the

same wall thickness is used throughout the aneurysm) of aneu-
rysmal aorta containing intraluminal thrombus and atheroscle-
rotic changes. Despite all these assumptions, the FES model
used in the present study has been validated in the sense that it
retrospectively discriminated ruptured and intact AAAs.*’

Finally, low wall shear stress because of blood flow might
also be related to metabolic activity by inducing inflamma-
tory responses.*® Nevertheless, wall shear stress predictions
would have required computational fluid dynamics simula-
tions, which are known to be sensitive to inflow conditions
(ie, aortic blood flow velocity at the level of the renal arteries),
that were unfortunately not available.

Conclusions

BE-FDG uptake and estimates of wall stress and stress/strength
index, using the data from a single examination, showed bet-
ter positive correlations in TAAs than in AAAs. The signal-
ing relationships are related to the properties of both imaging
techniques and become more complex by the influence of
patient-specific risk factors such as inherited susceptibili-
ties. The findings of this study warrant further investigations
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Table 3. Evaluation of SUV_, as a Function of Area Selection
Method, Imaging and FES Parameters, and Subjects’ Risk
Factors (n=163)

Regression

Variable Coefficient+SE PValue*
Area selection technique (FES) —-0.04+0.071 0.57
Maximal aortic diameter —0.004+0.004 0.26
Wall stress, kPa 0.0010+0.002 0.54
Wall stress/strength —0.48+0.62 0.43
Local diameter 0.0007+0.003 0.83
Thrombus thickness 0.024+0.016 0.15
Aneurysm location (AAA) -0.30+0.13 0.027
Age 0.006+0.005 0.29
Sex (male) —0.060+0.12 0.63
Current smoking -0.15+0.10 0.15
Stopped smoking -0.19+0.10 0.061
COPD —-0.11+0.078 0.17
Stroke —0.062+0.092 0.51
Peripheral artery disease —-0.029+0.077 0.71
Angina pectoris 0.23+0.087 0.012
Renal insufficiency —0.12+0.095 0.20
Acute myocardial infarction —-0.069+0.078 0.38
Familial aneurysm 0.37+0.13 0.0065

AAA indicates abdominal aortic aneurysm; COPD, chronic obstructive
pulmonary disease; '®F-FDG, '®F-fluoro-deoxy-glucose; FES, finite element
simulation; PET, positron emission tomography; and SUV_ , standardized uptake
value-to-venous background.

*Adjusted for repeated values.

RV

in larger trials with prospective long-term data to identify
patients at risk for clinical events and to better determine the
relationships among wall biomechanics, blood flow interac-
tion, wall remodeling, and inflammation.
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CLINICAL PERSPECTIVE

The maximal diameter remains the only validated criterion for preventive repair in asymptomatic aortic aneurysm. Because
aortic aneurysm is an aging disease, the operative risk has to account for comorbidities that often make clinical decisions
difficult. We compared 2 alternative approaches to assess the clinical risk associated with aortic aneurysm using '8F fluoro-
deoxyglucose positron emission tomography and finite element simulations. Our study revealed that increased fluoro-deoxy-
glucose uptake in aortic aneurysm was associated with a higher risk of clinical event. Provided this finding is replicated in
larger series, fluoro-deoxy-glucose uptake could serve as an additional independent factor in the management of patients
with aortic aneurysms. Fluoro-deoxy-glucose uptake and wall stress were positively correlated and were both higher in
thoracic than in abdominal aortic aneurysms. The strength of association, however, may strongly depend on technical and
patient-specific factors, probably related to the ability of the aneurysmal wall to respond appropriately to wall stress.

Downloaded from http://circimaging.ahajournals.org/ by guest on January 22, 2014


http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/

SUPPLEMENTAL MATERIAL

Supplementary method 1

8F.FDG PET CT imaging

All patients underwent the same image acquisition protocol. After a minimum of 6h
fasting, 3.7 MBq *®F-FDG/Kg body weight (mean activity/patient: 277 MBq, range:
202-394 MBq) was injected through a peripheral vein catheter. The patient was
placed into a quiet room and instructed not to move. All patients had glucose serum
levels below the threshold of 200 mg/dl, except one (292 mg/dl). Approximately 1h
(mean: 69 min, range: 54-100 min) after injection of **F-FDG, static whole-body
examination was performed with a PET-CT scanner Discovery LS (General Electrics
Healthcare, Milwaukee, WI). The CT component of this scanner (LightSpeed Ultra)
can acquire 4 slices per X-ray tube rotation.

After scout views, CT was performed from the skull base to the femoral necks 50
seconds after the start of intravenous injection of 120 ml of an iodinated contrast
agent (Omnipaque 350 mg of I/ml, General Electrics Healthcare, Diegem, Belgium)
into an antecubital vein, at a rate of 2 ml/s. CT parameters were: 5 mm collimation,
50 x 50 cm field-of-view (FOV), 120 kVp, pitch of 1.5:1, gantry rotation cycle of 0.8 s,
and automatic adaptation of the amperage at each tube rotation, optimized with
indications provided by the scout views. During CT data acquisition, the patients were
asked to hold breath at an average lung volume as long as they can, and if
necessary, to breath shallowly until the end of acquisition. Thereafter, emission
images were recorded at each bed position for 4 minutes. PET raw data were
reconstructed as coronal 4.25 mm slice-thickness overlapping from 15-30%, by mean

of ordered subset expectation maximization (OSEM) reconstruction algorithm
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performed with 2 iterations and 21 ordered subsets (pixel matrix of 128 x 128 and
FOV of 50 cm), with 5.86 mm full width at mid-height (FWHM) post filter and 3.91 mm
FWHM loop filter, model-based scatter correction (convolution subtraction) and
normalization correction. To decrease the total radiation dose, PET data attenuation
correction was performed using contrast-enhanced CT raw data that cause a 20-40%

overcorrection 3.

FES

Aneurysms were reconstructed off-line from the CT images by an experienced
operator blinded to patient and ®F-FDG PET data, with the diagnostic system
Ad4clinics (VASCOPS GmbH, Graz, Austria)*. The reconstruction was based on
deformable models °, which require minimal user interactions and provide operator
insensitive results °. The finite element method  is an established numerical concept
that divides any geometry into a large number of small finite elements, which together
define a structural model of the aneurysm including a hypothetical wall-thrombus limit
paralleling the external aortic contour (Figure 1). The hypothetical finite element
model is pressurized by the mean arterial pressure (1/3 systolic pressure + 2/3
diastolic pressure). The applied models considered isotropic constitutive descriptions
for the intraluminal thrombus ® and the aneurysm wall ? . An isotropic constitutive
model is thought to be an acceptable approximation and assumes that the tissue’s
mechanical properties do not depend on the orientation, i.e. the stress-strain
responses of circumferential and longitudinal strips of tissue are identical. In this
study, the same wall thickness assumptions were applied to TAAs and AAAs. Finite
element models used in this study specifically adjust the wall thickness inversely

proportional to the amount of intraluminal thrombus™®, as this is required for accurate
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stress predictions **. Further details regarding the concept and assumptions used by
Ad4clinics are given elsewhere *°.

For each aneurysm, the detailed FES predicted the distribution of the wall stress all
over the aorta. Specifically, the von Mises stress oy ={[(01- 02)?+01°+0,%])/2}*° was
used to represent the biaxial stress state by a single stress value. Here, o1 and o,
denote respectively the principal stress components, i.e. the circumferential and axial
stresses in the wall. Relating this stress to estimated wall strength defines a
stress/strength index. The used wall strength model was based on in-vitro failure
tests of AAA wall samples *2. The applied model considered heterogeneous wall
strength that accounted for local wall weakening influenced by the ILT, gender, family
history and the ratio between the local diameter and the normal infrarenal aortic

diameter *2.

Supplementary method 2

Relative intensity of a Finite Element Simulation (FES) estimate = [(recorded maximal
value — mean value of the whole aorta)/(maximal value of the whole aorta — mean

value of the whole aorta)] x100.

Supplementary method 3

BF_FDG Standardized Uptake Value (SUV) allows inter-subject comparisons by
removing most of the differences due to body weight and injected dose, using the
following formula:

SUV = [*®F-FDG uptake (MBg/g) x patient weight (g)] / injected activity (MBq).
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Supplementary tablel: Detailed clinical outcomes after the first examination

Unoperated Operated Other causes of follow-up termination

Uneventful Death from unrelated Oversized Growth (> 1cm/year) Acute rupture/dissection

follow-up cause

Patients (n = 53) 24 7(2) 15 (1) 4 3) 3
Follow-up duration 15.4+6.6 9.3+8.0 5.7£8.5 10.8+11.8 6.0+4.6
(months)

Initial aneurysm 41.7+6.5 47.8+8.5 56,5+9.4 48.4+5.5 65.3+12.9

diameter (mm)

PET-(n = 35) 19 5(1) 9 2 0
PET+(n = 18) 5 2(1) 6 (1) 2 3
FES Co-localization 2 1(1) 0 0 1

Terminated follow-up are on gray background and significant clinical events right to the vertical line.

Between parentheses are the patients with TAAs.

PET = Positron Emission Tomography, BEFDG = 18-fluoro-deoxy-glucose, FES = Finite Element Simulation.
PET+ are patients with aortic area of Be.FDG uptake on PET images, and PET- refers to no uptake.

FES co-localization (in italics) refers to the subgroup of PET+ patients in areas co-localized with a maximal value of a FES estimate.
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