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Abstract Inflammatory-proteolytic processes in the ves-
sel wall are essential in the pathophysiology of abdominal
aortic aneurysm (AAA). It has been demonstrated that, 8p_
FDG-PET/CT may be useful for detection of pathological
wall metabolism and therefore risk stratification. Quanti-
fication of the FDG-uptake in AAA wall is hampered by
partial-volume (PV)-effects. For correction and accurate
quantitative '®F-FDG-uptake analysis we designed and
validated a novel IDL-based software in correlation to
phantom studies, histopathology and clinical presentation
of AAA patients. For in vivo studies 23 patients with
symptomatic and asymptomatic AAA underwent '*F-FDG-
PET/CT before surgery. In areas with '®F-FDG-uptake the
maximum and mean standardized uptake values in the
vessel wall with (PVC-SUV,.,.x, PVC-SUV can) and
without (SUViax, SUViean) PV-correction were deter-
mined. Results were correlated with clinical presentation,
corresponding macrophage-infiltration and MMP-2- and
-9-expression in surgical specimens. In patients, SUV 4,
SUV,ean as well as PVC-SUV,.. or PVC-SUV, can
enabled a highly significant (p < 0.005) discrimination of
symptomatic and asymptomatic AAA. Uncorrected and
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corrected SUVs showed comparable correlations with
macrophage-infiltration and MMP-9 expression. No cor-
relation of '*F-FDG-uptake and MMP-2 was found. In vivo
correlations of detected FDG-uptake with clinical and
histological results showed comparable results for cor-
rected and uncorrected SUVs. PV-correction is not man-
datory for qualitative clinical assessment of glucose
metabolism in the vessel wall of AAA-patients but may be
necessary to establish quantitative cut off values to stratify
patients for aneurysm repair.

Keywords Nuclear imaging - PET/CT - Abdominal
aortic aneurysm - Partial volume correction

Introduction

Abdominal aortic aneurysm (AAA) is a pathological dila-
tation of the infra-renal aorta with an overall incidence of
5-8 % in man over 65 years. Prevalence of therapy needing
AAA with a maximum diameter of more than 5.5 cm and
indication for surgery is 1-2 % in the male population over
60 years [1]. Left untreated AAA > 5.5 cm will rupture in
40-60 % of cases within 5 years [2] leading to a total
mortality of more than 90 %. However, prophylactic sur-
gical AAA repair has also high mortality rates [1-4].
Therefore, surgeons have to weight out the risk of rupture
against the risks of surgical intervention. In clinical practice,
the surgical decision making is commonly based on aneu-
rysm size. A maximum diameter > 5.5 cm is a well
accepted criterion for operative repair. However, using this
criterion, some unexpected ruptures of smaller aneurysms
may occur while many larger AAA may be stable for a long
time period and the patient will be exposed unnecessarily to
the potential harms of prophylactic surgery [5-7].
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This insufficient prognostic reliability is caused by the
fact that predominant destabilizing pathophysiological
processes in the AAA wall as chronic inflammation and
hyper-proteolysis leading finally to AAA rupture are not
reflected by geometrical parameters and are not detected by
conventional CT-imaging.

Interestingly, it has been reported that these destabiliz-
ing inflammatory-proteolytic processes in the aortic wall
may be visualized by 2-deoxy-2-['*F]fluoro-p-glucose
(FDG-PET/CT) [8]. Thereby, increased FDG-uptake is
correlated to higher local MMP tissue activities, extracel-
lular matrix degradation as well as with clinical signs of
wall instability as AAA progression and acute symptoms
[8-10]. Thus, [18F]-FDG-metabolic imaging seems to be a
potential new approach for risk stratification of AAA.
However, accurate quantitative assessment of FDG-uptake
in AAA wall so far, is hampered by several technical
problems. The thickness of the aortic wall is 1-2 mm and
is therefore smaller than the spatial resolution of routine
PET-scanners leading to partial volume (PV) effects in
quantitative analyses. Thereby, by luminal spill over
effects from circulating unspecific ['*F]-FDG-activity in
the vessel lumen may result in falsely increased ['®F]-
FDG-uptake in AAA wall, while spill out effects of vas-
cular lesions with intensive ['*F]-FDG-uptake may reduce
the measured signal intensity. For correction of these PV-
effects we developed therefore a new software tool for
accurate quantitative FDG-uptake analysis in AAA wall.
Further, SUV measurements were validated in patients by
correlation to clinical presentation and underlying histo-
pathology in corresponding operatively retrieved tissue
specimen out of AAA wall.

Materials and methods
Ethics

The study was approved by the Ethics Committee of the
“Technische Universitaet” Muenchen. Written consent
was available from all patients.

Phantom studies

For validation of our software we used a newly developed
radioactive wax [11] model of the aorta. The vessel wall
was made of radioactive wax containing '®F. The blood
pool and background activity were simulated with '*N and
'8E in aqueous solution. The two different isotopes were
used to simulate various blood/wall (BW) ratios, due to the
different half-life periods. 6 aortic phantoms with different
wall thickness ranging from 5 to 20 mm were built and
measured in the PET-CT scanner with the same imaging
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acquisition parameters as described below. Using the
software described below, we determined recovery factors
with and without PV-correction for the different wall
thickness as well as for different BW-ratios. Recovery
factors were determined based on the segmented tissue
classes in CT (lumen, wall, and thrombus). A geometrical
model of the vessel was calculated for each individual case.
To remove the spill in from the blood pool, the data of this
model was blurred using the spatial resolution of the PET
scanner. Meaning we simulated how the blood pool would
influence the uptake in the wall, this amount was then
subtracted from the wall activity in the corresponding area.
PVC was performed in the same way: the geometrical
model of the wall was used to estimate the partial volume
effect based on the spatial resolution of the scanner by
blurring the CT model with this spatial resolution. In
phantom studies it was found that without PV-correction
SUVs measured were in average 65 % of the real activity
present in the phantom. In contrast, SUVs corrected for
PV-effects were in average 92 % of the activity present in
the phantom.

Patients

Twenty-three patients scheduled for open AAA-repair were
included in the study. Sixteen patients were male, seven
female. Eighteen patients were asymptomatic and five were
symptomatic. Fifteen of these patients were analyzed by us
recently (8). Symptomatic aneurysms are defined by sud-
den onset of severe, steady, and worsening middle
abdominal and back pain due to growth of the aneurysm.
The average age of the patients was 72 years (range
59-87). More details about the study population are shown
in Table 1.

PET/CT imaging

Patients were examined with a Siemens Biograph True-
Point 64 PET/CT (Siemens Medical Solutions, Erlangen,
Germany) after injection of ['®*F]-FDG (5 MBg/kg body
weight). Imaging was performed 90 min after injection of
the tracer as described (8). Patients fasted at least 6 h
before the PET examination and the blood glucose level
was <150 mg/dl in all patients. PET data was reconstructed
using an attenuation-weighted ordered subsets expectation
maximization algorithm (AW-2D-OSEM). Attenuation-
and scatter correction was performed based on low-dose-
CT data acquired before the PET acquisition. After the
PET/CT standard protocol CT angiographies (120 kV,
250 mAs; Imeron 400 MCT, Bracco Imaging, Germany)
were performed. The arrival of the contrast dye in the aorta
was individually achieved by bolus tracking. 0.6 mm axial
slices were reconstructed in 3 mm slices.
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Table 1 Study population

Patient Sex Age  Statine NSAR CRP Diameter
(mg/dl) (mm)
1% f 87 no Yes 0.6 82
2 m 80 simva 20 No <0.5 51
3 m 71 no No <0.5 47
4 f 65 prava 1/2  No <0.5 48
5 m 75 prava 20 No 0.9 51
6 f 80 simva 40 No <0.5 57
7* f 70 no No 0.9 47
8 m 77 simva 40 No <0.5 56
9% m 78 lorzaar 50 No <0.5 72
10* m 68 simva 40 No 2.8 66
11 m 74 simva 40 No <0.5 50
12 m 65 simva 40 No 0.8 47
13 f 64 no No 1.4 68
14 m 65 sortis 20 No <0.5 70
15* f 73 simva 40 No <0.5 64
16 m 78 simva 40 No 0.2 54
17 m 73 zocor 20 No <0.5 65
18 m 71 simva 40 No 0.3 66
19 m 67 no No 0.3 59
20 f 64 no No 0.6 51
21 m 59 simva 40 No 1.2 63
22 m 78 no No 1.7 54
23 m 74 simva 40 No 0.2 56

Sex (m: male, f: female), age, statine and non steroidal antirheumatics
medication (simva = simvastatine, prava = pravastatine), blood
CRP level (normal value < 0.5 mg/dl), and maximum diameter of the
aneurysm. Symptomatic patients are marked with *

Data analysis

For comparative analyses acquired PET/CT data were
transferred to the new in-house progammed software sys-
tem and routinely to the commercial Syngo workstation
with TrueD software (Siemens Medical Systems, Malvern,
PA, USA). Thereby images were evaluated together by a
nuclear medicine physician and a vascular surgeon. In each
AAA the region with maximum focal '®F-FDG-uptake in
the vessel wall was localized and for later comparative
studies defined by PET/CT coordinates. For precise intra-
operative tissue sampling these areas were mapped also in
relation to the renal arteries and the aortic bifurcation while
orientation in the cross sectional plane was defined clock-
wise. In TrueD analyses of a I x 0.5 cm?” elliptic ROI was
placed over these areas with accentuated '*F-FDG and the
dosage and body weight adjusted maximum and average
uncorrected standard uptake values (SUV,.x/SUViean)
were measured. For PV corrected analysis the fused PET/
CT data slices an in-house programmed software using IDL
(Interactive Data Language, ITT Visual Information

Solution, Boulder, CO, USA) was used. In this software
tool, the lumen of the aorta as well as the aortic wall and if
present a thrombus is segmented semi-automatically in the
CT data. Based on these morphological information cor-
rections for partial volume effects are performed: a geo-
metrical model was constructed from the vessel contours
using the measured maximal PET signal in the lumen. For
blood pool removal, this model was blurred with the PET
tomograph’s spatial resolution and subtracted from the
measured PET data. Activity from outside the vessel was
ignored. In the next step the values in these new PET
images were corrected for partial volume effects based on
the blurred CT wall data. Quantitative PET and CT data
were generated circumferentially in 100 chords determin-
ing mean, standard deviation and maximal signals. To
simplify further statistical analysis, the chords were aver-
aged into ten segments. Figure 1 shows a typical segmen-
tation of the aorta by our software. For the analyses the PV-
corrected maximum SUV (PVC-SUV,,.,) as well as the
PV-corrected mean SUV (PVC-SUV,;c.,) in the segment
analog to the segment used for analyses in the TrueD
software was estimated.

Tissue collection and Immunohistochemistry (IHC)
For assessment of MMP-2 and -9 tissue expression and

quantification of macrophages in AAA vessel wall speci-
mens were operatively retrieved from all patients during

Fig. 1 Segmentation of the vessel wall of an AAA. Using an IDL-
based software in an AAA (A) the vessel lumen (B) the thrombus
(C) and the outer wall were segmented semi-automatically. PVC-
SUVux and PVC-SUV .., were then determined automatically in
36° segment with the maximum uptake
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conventional AAA repair. Resection specimens were taken
from the localization estimated before in the image analysis
with the highest 'F-FDG uptake and used for quantifica-
tion. Subsequent to resection specimens were dissected of
luminal thrombus and peripheral tissue, fixed in 4 %
paraformaldehyde and embedded in paraffin. For immu-
nohistochemistry, paraffin sections were dewaxed in
xylene and rehydrated through graded ethanol (100-70 %)
to water. Primary antibody solution was added for 1 h at
room temperature. MMP epitopes were detected using
specific monoclonal antibody for the individual MMPs,
followed by addition of second enzyme-linked antibody
specific for the same MMP. Following the primary anti-
body incubation, visualisation was performed using
ChemMate Detection Kit (LSAB, DakoCytomation)
according the manufacturer’s instructions. All sections
were evaluated by 3 experienced observers and semi-
quantification was performed using a score of 0-6+, with
1+ indicating weakly positive, 2+ indicating more posi-
tive, 34 indicating intermediate positive, 4+ indicating
markedly positive, 5+ indicating strongly positive and 6+
indicating massive positive staining.

Results
Quantitative '"®F-FDG-PET/CT in patients with AAA

We analyzed the 18F-FDG uptake in the vessel wall of 23
AAA patients and determined SUV ,.x, SUV ean, partial
volume corrected (PVC)-SUV,.x as well as PVC-
SUV hean- PVC-SUV ..x Was significantly higher than the
uncorrected SUV .. (6.6 £ 4.0 vs. 3.2 £ 1.7; p < 0.0001)
in the total group of AAA patients as well as the PVC-
SUV,ean to the uncorrected SUV, .., (4.6 & 3.7 vs.
1.6 &+ 1.2). Symptomatic AAAs are defined by sudden
onset of severe, steady, and worsening middle abdominal
and back pain due to expansion of the aneurysm. Com-
paring patients with symptomatic AAA (n = 6) and
asymptomatic AAA (n = 18) we found significantly higher
values in symptomatic patients compared to the asymp-
tomatic patients for SUV axs SUV nean, PVC-SUV .x, and
PVC-SUV,can (Table 2). These data are consistent with
the hypothesis that in patients with symptomatic AAA and
high risk of rupture a significantly higher glucose metab-
olism is present in the vessel wall of the aneurysm.

Correlation of tracer uptake in the vessel wall
with histological parameters

For correlation of SUV and tissue expression of MMP-2, -9
and macrophage infiltration with '®F-FDG-uptake in the
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Fig. 2 PET/CT-images as well as anti-CD68 (macrophages) and anti-p-
MMP-9 staining of histological sections of an aneurysm of a
symptomatic patient (a) and an asymptomatic patient (b) are shown

vessel wall of AAAs paired data sets (histology and PET/
CT) were available from the 23 patients who received
conventional open AAA repair. Macrophage infiltration as
well as tissue expressions of MMP-2 and -9 in operatively
retrieved AAA wall samples were analysed semi-quanti-
tatively as described above. We determined the correlation
of histological parameters in the vessel wall with SUV .,
SUV eans PVC-SUV .k, as well as PVC-SUV,can. Per-
forming a regression analysis we found a statistically sig-
nificant linear correlation of SUV and macrophage
infiltration. R? was 0.81, 0.78, 0.77 and 0.79 for SUV .«
SUVieans PVC-SUV 1ax or PVC-SUV can, respectively.
We also found a linear correlation of these SUVs with
MMP-9-expression. R? was 0.63, 0.58, 0.59 and 0.58,
respectively for SUV .., SUVmean, PVC-SUV .. or
PVC-SUV ean (Fig. 3). In contrast we did not find a linear
correlation of SUV and MMP-2-expression. The correla-
tion coefficients are shown in Table 3. Representative PET/
CT-images and histology sections from a symptomatic and
an asymptomatic AAA-patient are shown in Fig. 2.
Regression curves for the correlation of the SUVs with
macrophage infiltration as well as with the MMP-9
expression can be found in Fig. 3.

Table 2 Analysis of SUV in symptomatic and asymptomatic AAA
patients

n SUViax  SUViean PVC- PVC-
SUVmax SUVmcan
Symptomatic 5 52427 31+18 96+68 8663
AAA
Asymptomatic 18 2.7+ 09 12+0.6 45+20 36%19
AAA
Total group 23 324+17 16+12 56+40 4637
p value 0.002 0.0009 0.009 0.005

SUVmax, SUVmean, PVC-SUV,,,,x, and PVC-SUV e.n of symp-
tomatic and asymptomatic AAAs are shown. SUVs in symptomatic
patients were significantly higher for all SUV parameters (p values
shown in table)

Table 3 Correlation coefficients (R2) for the correlation of SUV ,.x,
SUVeans PVC-SUV ax, and PVC-SUV ., With macrophage infil-
tration and MMP-2 and -9-expression are shown

SUViax  SUViean PVC-SUV.  PVC-SUVean
Macrophages 0.81 0.78 0.77 0.79
MMP-2 0.02 0.01 0.01 0.01
MMP-9 0.63 0.58 0.59 0.58
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Fig. 3 Linear regression analysis of the correlation of macrophage infiltration (left) and MMP-9-expression (right) with SUV .x, SUV cans

PVC-SUV ax, and PVC-SUV cqn (fop to bottom)

Discussion

It has been proposed that vascular "*F-FDG uptake in the
vessel wall reflects pathological inflammatory changes [8—
10]. Although previous publications report about a corre-
lation of vascular FDG uptake with the risk of AAA pro-
gression and rupture so far definitive quantitative
assessment of glucose metabolism in the vessel wall is still
hampered by methodical problems. For this purpose we
created a new software tool specially designed for quanti-
fication of '®F-FDG-uptake in aortic vessel wall. After
segmentation and definition of AAA wall, thrombus and
lumen the software allows partial volume correction as
well as subtraction of spill over of blood pool activity. The
new software was validated experimentally in a wax
phantom of the aorta with variable vessel wall-, lumen- and
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background-activities. Furthermore, we studied the value
of the software tool in vivo and compared PV corrected
measurements in comparison to commercial software
(Siemens TrueD) and underlying histology. In particular,
we investigated the correlation of MMP-expression and
SUV in AAA wall. Using commercial software we dem-
onstrated recently that increased '*F-FDG uptake in the
vessel wall of AAA patients correlates with macrophage-
infiltration and increased MMP-9 expression [8, 9]. It is
widely accepted that hyperproteolysis and macrophage
infiltration correlates with growth and rupture risk of AAA
[12]. Therefore, "*F-FDG-PET/CT seems to be a promising
new approach for risk stratification in AAA by imaging of
destructive inflammatory and proteolytic degradation,
independent from morphological parameters as maximum
diameter. A prerequisite for assessment of risk would be
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the definition of quantitative cut-off values. In our in vivo
studies we analysed the 'F-FDG uptake in 23 AAA
patients and found that FDG uptake helped to discriminate
asymptomatic from potentially rupture prone symptomatic
AAA, reliably. In addition, a strong statistical correlation
of SUV with macrophage-infiltration (R* = 0.8) and
MMP-9-expression (R? = 0.6) in the vessel wall of AAA
patients for all examined SUV parameters was recognized
as previously described in animal models for macrophage
infiltration [13]. Surprisingly, experimentally validated
quantitative SUV measurements did not improve discrim-
ination of symptomatic and asymptomatic AAA and the
correlation of FDG uptake with macrophage-infiltration
and MMP-9, respectively. The finding that the partial-
volume correction does not improve the correlation coef-
ficients may be partly explained by the fact, that the aortic
wall thickness had to be assumed as constant with 2 mm
for all patients, because AAA wall cannot be quantified in
CT- slices. Hence the predominant correction factor of our
software tool the partial volume correction may be only of
linear effect. Therefore, correlation coefficients as well as
clinical discrimination seem to be not affected relevantly
by PVC. Nevertheless, PVC is essential if absolute SUV
values are of interest in particular if absolute cut-off values
for therapy decisions should be established in the future for
e.g. in multi-centre studies when multiple PET/CT systems
with different spatial resolutions may be utilized. There-
fore, in this context and for scientific issues PV corrected
quantitative SUV analyses are of high clinical importance
while for daily routine diagnostics PVC of AAA may be of
minor interest. However, the presented data should inter-
preted with respect to some limitations. First, we study a
rather small collective of AAA patients including 30 %
female patients. This high percentage of females may not
entirely be representative of the global population of AAA.
Second, the imaging protocol is critical. We examined our
patients 90 min after injection of FDG using the same
protocol applied for oncologic patients. It has been reported
that for assessment of vascular FDG-uptake a circulation
time of 180 min is optimal [14]. This longer circulation
time is critical to achieve in patients with acute AAA
symptoms who need care on an intensive care unit. Third,
as mentioned above estimation of aortic wall thickness and
partial volume in conventional CT-imaging is hardly pos-
sible, our results may be hampered by use of isoforme
AAA wall thickness. In the future more individual
assumptions for AAA wall may be facilitated by MRI/PET
machines with higher contrast and spatial resolution. Fur-
thermore, FDG-uptake signal intensity was correlated with
the underlying histopathology. Such quantitative correla-
tion of FDG-uptake with the degree of tissue alterations has
already been described for several inflammatory diseases,
but not so far in AAA. Most of the aortic wall specimen

showed inhomogeneous distribution of the main patho-
logical characteristics so we used semi-quantitative visual
evaluation as most integrative analysis. However, these
correlations may be improved by full quantitative methods
such as ELISA studies. Another technical limitation of our
study is that sequential image acquisition of PET- and CT-
data does not warrant perfect co-registration as movement
of the aorta e.g. due to pulse waves or bowel motion is not
taken into account, potentially leading to segmentation of
structures surrounding the aorta and consequently to SUVs
not representing aortic glucose metabolism. Though, in
AAA-patients, uncorrected as well as corrected FDG-
uptake analyses facilitated discrimination of symptomatic
from asymptomatic AAA. Furthermore, we found signifi-
cant correlation of FDG-signal intensity with tissue
inflammation and MMP-proteolysis. Correlations to his-
tology were not improved by PV-corrections. Nevertheless,
PVC seems essential if absolute SUV values are of interest
for comparative clinical studies in the future. After defi-
nition of such cut-of values FDG-PET/CT might be a new
diagnostic tool for risk stratification of AAA.
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