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Rupture of abdominal aortic aneurysms (AAAs) leads to a significant
morbidity and mortality in aging populations, and its prediction
would be most beneficial to public health. Spots positive for uptake
of '8F-FDG detected by PET are found in 12% of AAA patients
(PET+), who are most often symptomatic and at high rupture risk.
Comparing the '8F-FDG-positive site with a negative site from the
same aneurysm and with samples collected from AAA patients with
no '8F-FDG uptake should allow the discrimination of biologic alter-
ations that would help in identifying markers predictive of rupture.
Methods: Biopsies of the AAA wall were obtained from patients with
no '8F-FDG uptake (PETO, n = 10) and from PET+ patients (n = 8),
both at the site positive for uptake and at a distant negative site of
the aneurysmal wall. Samples were analyzed by immunohistochem-
istry, quantitative real-time polymerase chain reaction, and zymog-
raphy. Results: The sites of the aneurysmal wall with a positive
18F-FDG uptake were characterized by a strikingly increased number
of adventitial inflammatory cells, highly proliferative, and by a drastic
reduction of smooth muscle cells (SMCs) in the media as compared
with their negative counterpart and with the PETO wall. The expres-
sion of a series of genes involved in the maintenance and remodel-
ing of the wall was significantly modified in the negative sites of
PET+, compared with the PETO wall, suggesting a systemic alter-
ation of the aneurysmal wall. Furthermore, a striking increase of
several matrix metalloproteinases (MMPs), notably the MMP1 and
MMP13 collagenases, was observed in the positive sites, mainly
in the adventitia. Moreover, PET+ patients were characterized by
a higher circulating C-reactive protein. Conclusion: Positive '8F-FDG
uptake in the aneurysmal wall is associated with an active inflam-
matory process characterized by a dense infiltrate of proliferating
leukocytes in the adventitia and an increased circulating C-reactive
protein. Moreover, a loss of SMC in the media and alterations of the
expression of genes involved in the remodeling of adventitia and
collagen degradation potentially participate in the weakening of the
aneurysmal wall preceding rupture.
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Rupture of abdominal aortic aneurysms (AAAs) is the 13th
leading cause of death in western society. Because AAA is gen-
erally asymptomatic, the prediction of its rupture risk is essential.
The AAA diameter is the most usual predictive factor for the risk
of rupture (/,2), and surgery is recommended when the maximum
diameter is greater than 55 mm. Nevertheless, the evolution of AAA
is staccato and highly unpredictable (2,3). In the current practice,
a conservative approach is often considered for patients with small
AAAs. However, small AAAs may also rupture at a rate varying
from 8% to 2% according to the most recent literature (4,5), and
many undiscovered aneurysms may grow to a considerable size
without rupture. The aneurysm size is therefore not a fully reliable
and specific parameter to evaluate the risk of rupture, an event that
occurs when the resistance of the dilating arterial wall becomes
too weak for sustaining the hemodynamic stress of the circulation.

The remodeling of the wall leading to the expansion and rupture
of AAAs is characterized by extracellular matrix proteolysis, me-
dial smooth muscle cell (SMC) rarefaction, and chronic local ex-
travasation of leukocytes. The inflammatory infiltrates consist
mostly of lymphocytes and phagocytes (/) and predominate in the
adventitia (6). Among the enzymes involved in AAA progression,
matrix metalloproteinases (MMPs) have been largely involved in
elastin and collagen degradation, leading to the remodeling of the
wall, its expansion (7,8), and ultimately rupture (9). Furthermore,
the rupture site is characterized by a higher proteolytic activity
(10,11), forming a gradient from the rupture edge to distal site as
we previously showed (/2).

I8F-FDG PET/CT is currently used to detect hypermetabolic
activity of cells as seen in tumoral and inflammatory processes. Fur-
thermore, several studies have shown that '8F-FDG PET can re-
liably detect leukocyte activities in atherosclerosis (/3,14). We
previously reported that a focal uptake of '®F-FDG was observed
in patients with large, rapidly expanding or symptomatic aneu-
rysms that are prone to rupture (/5). Moreover, the anatomic site
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with a positive 8F-FDG uptake corresponded in some cases with
the site of rupture (/6). More recently, preliminary studies dem-
onstrated that the regions displaying an '8F-FDG uptake were
enriched in leukocytes (/7,18). All these data suggest that func-
tional imaging such as PET/CT may be helpful to monitor AAA
progression and may become a predictive tool for evaluating the
rupture risk.

In this study, samples from the positive '8F-FDG uptake site and
from a distant negative site were collected from the same aneu-
rysm. This approach allowed for the first time, to our knowledge,
a paired comparison in an aneurysm growing in a single background
of intrinsic and environmental factors. These paired biopsies were
further compared with samples collected from AAA patients with
no '8F-FDG uptake, allowing the discrimination of biologic alter-
ations associated with '8F-FDG uptake that would help in identi-
fying relevant biologic markers predictive of rupture.

MATERIALS AND METHODS

Patients and PET/CT Image Acquisition

The study was approved by the Liége University ethics committee,
and written consent was obtained from all patients. PET/CT data were
acquired in patients referred to our department for AAA diagnosed by
ultrasound, using a Gemini BB (16-slide CT scanner; Philips) or a
Discovery LS (16-slide CT scanner; GE Healthcare) according to our
usual protocol (i.e., 60 min after injection of '8F-FDG in patients who
fasted for 6 h). The detailed protocol is described in the supplemental
data (supplemental materials are available at http://jnm.snmjournals.
org). Superimposed CT and PET images were first analyzed visually
by 2 of the authors and classified as positive when focal or segmental
I8F-FDG uptake was observed. Regions of interest were then placed
over the abnormal focus or the normal aortic wall, depending on the
case and on the normal liver, to measure the maximum pixel value
standardized uptake values (SUVmax). Because the standardized up-
take values (SUVs) may vary depending on the PET/CT device and
protocol, we elected to express the results as AAA—to-liver activity
ratios (rSUV), with patients acting as their own control. We have
validated this approach in other indications of '8F-FDG PET/CT such
as inflammatory diseases (/9), and the liver was chosen as a reference
tissue because its uptake has been shown to display a low within-
patient variability in test—retest studies (20). Patients with known con-
nective tissue disorders or thoracoabdominal aortic aneurysms were
excluded from the study.

Among the 18 patients enrolled in this study, 10 had no '8F-FDG
uptake (PETO) and 8 had a positive uptake of 'SF-FDG (PET+).
Patient demographic information is presented in Table 1. AAA size,
deciding factors for elective surgery, rSUV, and time between PET and
surgery are individually listed in Table 2.

Tissue Collection

Surgery was performed within an average time of 18 (PETO) and 19
(PET+) days after PET/CT (Table 2). In PETO patients, a surgical
biopsy was collected in the anterior aneurysmal wall. For PET+ pa-
tients, a fragment was collected at the site of '3F-FDG uptake (positive
site) localized using anatomic landmarks and CT images as illustrated
in the supplemental data (Supplemental Fig. 1). A second fragment
was taken at a distant site with no '8F-FDG uptake (negative site, Fig.
1). In 6 of the 8 PET+ patients, the negative site could be collected in
the anterior aneurysmal wall similarly to the PETO patients, and for 2
patients it was collected in the lateroanterior wall. A full-thickness
slice of these samples was fixed in 4% paraformaldehyde for histologic
and immunohistochemical analysis. The media and adventitia of the
remaining tissue were then separated, cut into small pieces, and snap-
frozen in liquid nitrogen until use for transcriptomic and zymography

I8F_FDG Uprake AND AAA WaLL BioLoGgy *

TABLE 1
Characteristics of Patients with No '8F-FDG Uptake (PETO)
and with Positive '8F-FDG Uptake (PET+)

Patient characteristic PETO (n = 10) PET+ (n = 8)

Age (y)
Median 75 78
IQR 71-80 69-81

Body mass index (kg/m?)
Median
IQR

Deciding factor for surgery
Size = 55 mm 8 2
Growth/pain 4
Anxiety 2

Sex distribution
Male
Female

Cardiovascular events

Hypertension

Smoker
Current
Former

COPD

Diabetes

Hyperlipidemia

Statins

B-blocker

Calcium channel blocker

ACEI

NSAID

26.1
24.0-28.7

25.2
23.0-27.7

—_
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IQR = interquartile range; COPD = chronic obstructive pulmo-
nary disease; ACEl = angiotensin-converting enzyme inhibitor;
NSAID = nonsteroidal antiinflammatory drug.

analysis. The various analytic procedures were applied to these bio-
logic samples as listed in Supplemental Table 1 for each patient.

Sample Analyses

Complete analytic and semiquantification procedures are detailed in
the supplemental data. Briefly, paraffin-embedded sections of AAA
specimens were stained with hematoxylin and eosin (H/E). SMCs and
leukocytes were stained using specific antibodies against, respectively,
a-smooth muscle actin (a-SMA) and CD45, CD3, CD20, CD68, and
CD138. Proliferating cells were labeled by an anti-Ki67 antibody.

RNA was isolated from liquid nitrogen—pulverized tissue samples
using Trizol or the RiboPure kit (Ambion) and its quality assessed by
the Experion Automated Electrophoresis System (Bio-Rad). Only sam-
ples with an RNA quality indicator greater than 7 were included in the
study (Supplemental Table 1). Gene expression was measured by semi-
quantitative RT polymerase chain reaction (PCR) or by real-time PCR
using the oligonucleotides detailed in Supplemental Table 2.

Proteins were extracted in 2 M urea buffer from ground tissues, and
zymography was performed as previously described (7).

Statistical Analysis

Results were expressed as the median and the interquartile range
and considered to be significant at the 5% critical level (P < 0.05)
using the Mann—Whitney U test for unpaired samples or the Wilcoxon
signed-rank test for paired samples. Correlations between inflamma-
tory cell density and SUV were established using the Spearman test
for nonparametric values.
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TABL

E 2

Clinical Features of Patients With or Without '8F-FDG Uptake in Aneurysmal Wall

Patient no. Deciding factor AAA size (mm) rSUV Time between PET and surgery (d)
No '8F-FDG uptake
1 =55 mm 67 0.58 20
2 =55 mm 70 0.33 4
3 =55 mm 60 0.33 5
4 =55 mm 55* 0.41 36
5 =55 mm 57 0.18 18
6 Growth 54t 0.54 6
7 =55 mm 80 0.76 28
8 =55 mm 56 0.43 8
9 Anxiety 53 0.58 26
10 =55 mm 71 0.70 18
Median 58.5 0.49 18
IQR 55.3-69.3 0.35-0.58 7-25
Positive for 18F-FDG uptake
11 Anxiety 52 1.04 44
12 Growth 54 0.89 7
13 Pain 40* 1.93 19
14 Growth 55 1.22 28
15 =55 mm 69 1.06 20
16 =55 mm 67 0.89 5
17 Anxiety 57 0.97 21
18% Growth 53 0.84 11
Median 54.5 1.008 19
IQR 52.8-59.5 0.89-1.10 10-23
*Neoplasia.

TRenal insufficiency.
*Diffuse uptake.

$P < 0.001, Mann-Whitney U test.

rSUV = aortic SUVmax/liver SUVmax. IQR = interquartile range.

RESULTS

PET/CT Data, Patient Demographics, and Clinical Features
Among the 18 patients enrolled in this study, 10 did not show any
significant uptake of '8F-FDG (PET0) whereas 8 presented an uptake
(PET+) in the aneurysmal wall. In most cases, the uptake appeared as
a focal zone in the wall (Fig. 1), was never localized in the neck of the
aneurysm, and was not detected in the thrombus, when present. No
significant difference in the median age and body mass index was
noted between the 2 groups (Table 1). The male sex predominated

in both groups, and the proportion of patients with a smoking habit and
chronic obstructive pulmonary disease was similar. As individually
listed in Table 2, 8 of the 10 patients in the PETO group were asymp-
tomatic, and the deciding factor for elective surgery was an aneurysm
size of 55 mm or greater. Only 1 patient in this group (patient 6)
presented a significant expansion rate (8§ mm in 12 mo). By contrast,
among the 8 patients of the PET+ group, 3 were operated on
because of accelerated growth rate, 1 for pain, only 2 for an aneurism
size of 55 mm or greater, and 2 for anxiety reasons. The time between

PET and surgery was similar in both groups.

The median diameter of AAA was also sim-
ilar in both groups.

The metabolic activity in the AAA
expressed as the rSUV (AAA/liver) was
significantly higher in the PET+ patients
than in PETO patients (Table 2), thus cor-
roborating the visual evaluation of the
PET/CT image. No significant correlation
was found between AAA diameter and

A
f /. /
FIGURE 1. Example of positive '®F-FDG PET/CT: transaxial PET (A), CT (B), and fused

PET/CT images (C). Focus of increased activity is visible in left lateral aspect of aortic wall
(red arrow). SUVmax is 5.4 at this level and 2.8 in liver (not shown). There is absence of

rSUV. The preoperative level of circulating
C-reactive protein (CRP) was significantly
increased in the PET+ group as compared
with the PETO patients (Fig. 2).

uptake by thrombus (white arrow) and mild uptake by intraaortic blood pool (arrowhead).

Red circle indicates tissue sampling during surgery in positive site and white circle in
negative site after procedure of anatomic localization described in detail in supplemental

data (Supplemental Fig. 1).
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Tissue Organization
Two sections distant of 100 pm from
each PETO and negative and positive site
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FIGURE 2. Preoperative circulating CRP: median concentration
(mg/L) in PETO patients (@ = PETO without comorbidity and O =
PETO with comorbidity as listed in Table 2) and in PET+ patients
(M = PET+ without comorbidity and [0 = PET+ with comorbidity).
*P < 0.01, Mann-Whitney U test.

of PET+ AAA were stained with H/E (Fig. 3A). An inflammatory
infiltrate was present in the wall, mainly in the adventitia, and
most prominent in the 3F-FDG-positive sites (Fig. 3A, bottom)
as compared with the negative site in the same patient (Fig. 3A,
middle) and with the PETO wall (Fig. 3A, top). The massive in-
filtrate in the positive sites was sometimes organized in tertiary
lymphoid organs (Fig. 3A, arrow, bottom). A score was estab-
lished in both series of H/E-stained samples by computer-assisted

image analysis. The median score of the positive sites (Table 3)
was significantly higher than their respective negative counterparts
or than the PETO samples. The number of neutrophils, counted in
the same H/E-stained sections, was low, 5-10 per microscopic field,
whatever the sample category.

Serial sections of the same samples were immunostained for
markers of SMCs (a-SMA) (Fig. 3B) and proliferating cells (Ki67)
(Fig. 3C). The density of a-SMA—positive cells was significantly
reduced (2-fold) in the positive '8F-FDG uptake sites (Fig. 3B,
bottom; Table 3) as compared with their respective negative coun-
terparts (Fig. 3B, middle) and with the PETO patients (Fig. 3B,
top). A significantly higher number of proliferating cells was ob-
served in the positive sites (Fig. 3C, bottom; Table 3) as compared
with the negative sites of PET+ (Fig. 3C, middle) and with the
PETO patients (Fig. 3C, top). These Ki67-positive cells were
mainly found in the adventitial immune infiltrates.

Inflammatory Infiltrate

The density and the nature of leukocytes were further characterized
by immunostaining, and a semiquantification was performed in 6
pairs of samples from PET+ patients. The density of generic leuko-
cytes (Supplemental Fig. 2), T lymphocytes (Fig. 4A), B lymphocytes
(Fig. 4B), and plasmocytes (Fig. 4D) was significantly higher in the
adventitia of the 18F-FDG—positive site than in the negative site of the
same patient. The density of macrophages (CD68") was also signif-
icantly higher in the positive sites (Fig. 4C) and mainly localized in
the media and the inner adventitia. The density of generic leukocytes,
T and B lymphocytes, and macrophages was significantly correlated
with the rfSUV (Supplemental Fig. 3) with a correlation coefficient of,
respectively, 0.63, 0.62, 0.56, and 0.71.

Transcriptomic Analysis
The expression level of genes involved in extracellular matrix
remodeling of the aortic wall (MMP1, 2, 3,
9, 12, 13, 14, and 15; TIMP [tissue in-
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hibitor of MMP]; TIMP2; TIMP3; PAIl
[plasminogen activator inhibitor 1]; uPA
[urokinase plasminogen activator]; RECK
[reversion-inducing-cysteine-rich ~ protein
with kazal motifs]; and EMMPRIN [ex-
tracellular matrix metalloproteinase in-
ducer]), in its maintenance and repair
(COL1AL1 [chain o 1 of collagen type 1],
Elastin), in the inflammatory reaction
(MCP1 [monocyte chimioattractant protein
1], IL1B3, IL6, IL8, COX2 [cyclo-oxygenase
2], TNFa [tumor necrosis factor «], and
TGFR [transforming growth factor (]), in
angiogenesis (HIF1a [hypoxia-inducible fac-
tor la, CD31, VEGF [vascular endothelial
growth factor]), and a marker of SMC
(a-SMA) was measured in the media and
the adventitia collected in 5 PETO patients
and in 6 PET+ patients at the negative and
positive sites. A complete listing of the
results is given in Supplemental Tables 3
(media) and 4 (adventitia). The most striking

Ki67

FIGURE 3. H/E staining (A), «-SMA immunostaining (B), and Ki67 immunostaining (C) of full-
thickness sections from representative patients with negative PET (PETO) or with positive PET
(PET+) at negative and positive site. Bar for H/E and a-SMA sections = 200 ym; bar for Ki67
sections = 50 pm. Arrow in A, bottom, points to tertiary lymphoid organ. a = adventitia; m = media.

I8F_FDG Uprake AND AAA WaLL BioLoGgy *

differences are highlighted in Tables 4 and 5.

Comparison Between Negative Site of
PET+ and PETO Patients (Table 4). The
expression level of the investigated genes
in the media and adventitia was quite

Courtois et al. 1743



TABLE 3
Inflammatory, a-SMA-positive, and Ki67-Positive Cell Quantification

Patient Inflammatory infiltrate (AU) a-SMA-positive cells (AU) Ki67-positive cells (AU)

PETO

Median 0.8 15.7 12.9

IQR 0.4-2.0 7.5-18.9 6.7-22.3
PET+/negative site

Median 0.7 20.6 15.6

IQR 0.4-1.0 13.8-23.5 12.7-16.7
PET-+/positive site*t

Median 4.0 7.8 54.9

IQR 2.9-5.8 3.9-10.2 45.7-64.9

*P < 0.05 vs. PETO, Mann-Whitney U test.
TP < 0.05 vs. negative site of PET+, Wilcoxon signed-rank test.
IQR = interquartile range.

homogeneous in the population of PETO patients, as indicated by
the interquartile range, which is quite small for a human popula-
tion (Supplemental Tables 3 and 4).

In the media, the expression of a series of genes (MMP12, MMP15,
TIMP2, RECK, EMMPRIN, and type I collagen) was found sig-
nificantly reduced in the metabolically inactive wall (negative site)
of the PET+ group (Table 4) as compared with the PETO patients.
The chemokine IL8 was also significantly reduced whereas the
other tested cytokines were unchanged. The proangiogenic markers
did not differ between the 2 groups of samples. The metabolically
inactive media from PET+ patients thus differs from that of PETO
patients by a reduced expression of genes involved in the extra-
cellular matrix maintenance and remodeling and in the control of
its degradation.

The adventitia of the negative site of the PET + aneurysmal wall
also significantly differed from the PETO adventitia by a reduced
expression of TNFa and TGF( (Table 4). An increased expression—
but quite variable among the PET+ patients precluding, therefore,
statistical significance—was observed for IL6 and ILS8.

Comparison Between Negative and Positive Site from Same
Patient (Table 5). Some of the genes that were found reduced in
the media of negative sites of the PET+ group, as compared with
the PETO media (i.e., TIMP2 and EMMPRIN), remained down-
regulated in the positive sites. By contrast, MMP1, MMP12, MMP13,
TIMP1, and type I collagen expression was significantly increased
(Table 5). The inflammatory cytokines and chemokines, such as
MCP-1, IL1B3, IL6, and COX2, were not altered whereas the
TGFB was significantly reduced. Elastin was also significantly
reduced in the positive sites. These data suggest that an active
remodeling of the matrix may take place in the media displaying
a positive '8F-FDG uptake.

This tendency was clearly strengthened in the positive adven-
titia, where 2 collagenases, MMP1 and MMP13, were strongly up-
regulated in all positives sites although the level of induction was
highly variable between patients. Although MMP14, an activator
of MMP2, and the plasminogen activator uPA were increased, the
TIMPs, the physiologic inhibitors of many MMPs, remained
constant or weakly reduced. The type I collagen messenger RNA

level was strongly increased, by a factor
of 5, as compared with the negative coun-

terpart of the adventitia. Again, the in-
flammatory and angiogenic cytokines and
chemokines were unchanged or even de-
creased, notably TGFB and TNFa and
VEGF (Table 5). These results show an
increased expression of enzymes able to
degrade the adventitial fibrillar collagen
that would not be counterbalanced by their
physiologic inhibitors accompanied by the
implementation of a tentative compensa-
tory repair process.

Production and Activation of MMP2
and 9

MMP2 and MMP9 zymography of rep-
resentative samples is illustrated in Sup-

plemental Figure 4. In the media (Fig. 5A),
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FIGURE 4. Immunolabeling of T lymphocytes (CD3, A), B lymphocytes (CD20, B), macro-

phages (CD68, C), and plasmocytes (CD138, D) in negative and positive sites of '8F-FDG
uptake from same patient. Semiquantifications were performed in 6 pairs of samples. *P <

0.05, Wilcoxon signed-rank test. Bar = 50 pm.
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the total amount of MMP9 was signifi-
cantly increased in the positive sites as
compared with their negative counterparts.
A significantly higher proportion of acti-
vated enzyme (11%) was also observed as
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TABLE 4
Modulated Genes at Negative Site of PET+ Patients
Relative to PETO Patients

Media Adventitia
Gene Fold change Gene Fold change
MMP12 0.3* TNFa 0.5*
L8 0.3* TGFB 0.7*
MMP15 0.4* IL8 25
RECK 0.5t IL6 3.7
TIMP2 0.6*
EMMPRIN 0.8t
COL1A1 0.8*

*P < 0.05, Mann-Whitney U test.

TP < 0.01, Mann-Whitney U test.

Results are expressed as median of fold changes relative to
values measured in PETO samples.

compared with the negative site (7%) and with the PET0 samples
(0%). In the adventitia (Fig. 5B), the total amount of MMP2 was
significantly increased in the positive sites as compared with their
negative counterparts whereas the total amount of MMP9 was
significantly increased in the positive sites as compared with the
PETO samples. Moreover, the proportion of activated form of
MMP2 and MMP9 was significantly higher in the positive site of
PET+ patients than of the PETO group. A significantly higher
activated MMP9 was also found in the negative adventitia of
PET+ patients as compared with PETO.

DISCUSSION

Combined 3-dimensional metabolic imaging ('8F-FDG PET)
and high-resolution anatomic pictures (CT) allowed the collec-
tion of biopsies of aneurysmal tissues specifically in the sites
of positive '8F-FDG uptake and in the metabolically inactive wall

TABLE 5
Modulated Genes at Positive Site Relative to Negative Site
of PET+ Patients

Media Adventitia
Gene Fold change Gene Fold change

ELN 0.3* EMMPRIN 0.7*
TIMP2 0.7* VEGF 0.7*
EMMPRIN 0.8* TIMP2 0.9*
TGFB 0.8* MMP14 1.6*
TIMPA1 1.8* TSP1 1.9
MMP1 1.8* uPA 2.2*
MMP12 1.8* COL1A1 5.5*
COL1A1 2.2* MMP13 9.1t
MMP13 3.9* MMP1 12.9

*P < 0.05, Wilcoxon signed rank test.

TMMP13 was not detected in negative sites of PET+ adventitia;
median value in positive site was calculated using lowest value
as 1.

Results are expressed as median of fold changes relative to
values measured in negative site of PET+ samples.
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of the same patient. This original approach allowed a paired com-
parison in an aneurysm that has progressed in a single background
of intrinsic and environmental factors. These paired biopsies were
further compared with samples collected from AAA patients dis-
playing no '8F-FDG uptake, allowing the discrimination of sys-
temic biologic alterations associated with '8F-FDG uptake.

In agreement with our previous preliminary studies (/5,16) and
a recent report by Reeps et al. (21), the uptake of '3F-FDG in the
AAA wall was associated, in most patients, with symptomatic
events such as accelerated growth and warning signals of potential
rupture that were decisive factors for a surgical management.
These observations are extended in the present study. It is worth
noting that we were able to correlate the hot spots of '8F-FDG
uptake with high peak wall stress that, in some cases, corresponded
to the point of rupture of the aneurysm (22).

The uptake of '8F-FDG is likely related to the massive infiltrate
of lymphocytes observed in the positive sites of the adventitia,
which are probably activated as indicated by their increased pro-
liferative activity and the increased number of plasmocytes. More-
over, macrophages present in the positive media in higher numbers
may also incorporate '8F-FDG as previously reported (/7). The
highly significant positive correlation between the SUV and the
density of inflammatory cells strongly supports this assumption.
The lymphocytes infiltrating AAA have indeed been characterized
as activated memory cells (23). The formation of adventitial ter-
tiary lymphoid organs in injured arteries is now characterized in
the vascular rejection process, atherosclerosis, and AAA develop-
ment (6) and has been sometimes correlated with chronic bacterial
infections and autoimmune diseases (24,25). The adventitial ter-
tiary lymphoid organs are mainly observed here in the positive
I8F-FDG uptake sites. Surprisingly, most of the cytokines tested in
this study, except IL6 and IL8, were unchanged or even down-
regulated, such as TNFa. However, the investigation in future
work of the chemokines involved in the recruitment of lympho-
cytes B and in adventitial tertiary lymphoid organ formation as
described in rheumatoid arthritis would be beneficial (26).

The negative sites of the media of PET+ patients are charac-
terized at the transcriptomic level by a reduced expression of genes
involved in the extracellular matrix remodeling—such as type |
collagen, various MMPs, and their physiologic inhibitors, TIMP2
and RECK—an observation potentially related to a lower meta-
bolic activity of SMC. The significantly reduced expression of TGF3
is worth noting because its beneficial effect on AAA progression
has been shown in animal models (27,28). Besides its antiinflam-
matory activity, TGF@ promotes SMC survival and matrix preser-
vation. Its reduced expression in the negative site of the PET+
patients might preface aortic wall weakening.

One of the pathologic features of the PET+ patients is the sig-
nificant reduction of a-SMA-—positive cells in the media in the
positive uptake site. This drastic reduction could be due to a higher
rate of death of SMCs induced by a proteolytic and proapoptotic
environment related to the massive infiltrate of leukocytes (29).
Besides a significant increase and activation of 2 elastolytic
enzymes (MMP2 and MMPY) as shown by zymography, the ex-
pression of MMP1, MMP13, MMP14, and their activator uPA was
strikingly upregulated in the '8F-FDG-positive adventitia as com-
pared with the negative site of the same patient. In our study,
MMP13 was never expressed in the adventitia of PETO patients
and only weakly present in the negative site of PET+ patients.
MMP13 is one of the most potent collagenases characterized to
date that can degrade many other extracellular matrix components
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FIGURE 5. Quantification of MMP2 and MMP9 zymography anal-
yses of samples collected from media and adventitia of PETO
patients (0) and PET+ patients at negative (—) or at positive site
(+). Representative zymography gels are illustrated in Supplemental
Figure 3. Box plot is of total MMP2 and MMP9 in media (A) and in
adventitia (B). Median percentage of activated form is indicated
below each group of samples (IQR). *P < 0.05. ***P < 0.001 vs.
PETO samples, Mann-Whitney U test. #P < 0.05, positive site vs.
negative corresponding site, Wilcoxon signed-rank test. IQR =
interquartile range.

(30). The expression of MMP13 is strictly regulated and often
limited to situations of rapid remodeling; to conditions of chronic
inflammation, such as rheumatoid arthritis; and to tumors. Its over-
expression in the AAA wall in association with a predominance of
B and T lymphocytes was also described (37). MMP1 and MMP13
may cooperate to degrade the adventitial fibrillar collagens type I
and III that provide ultimate tensile strength to the aneurysmal
aorta, resulting in a progressive weakening of the wall and finally
its rupture. The largely upregulated expression of type I collagen
in the positive adventitia is indicative of a tentative repair process
by the resident adventitial cells. The accelerated growth rate ob-
served in many of the PET+ patients suggests, however, a lack of
efficiency of this process.

Altogether these data show that the '8F-FDG uptake is likely
related to the massive infiltrate of activated lymphocytes and mac-
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rophages in the aneurysmal wall, inducing a profound remodeling.
They also present evidence that the aortic wall of PET+ patients
presents molecular alterations as compared with PETO patients.
The modulation of a series of genes both in the negative and in the
positive site of PET+ patients suggests that environmental events,
such as bacterial infection, or systemic factors might affect the
aneurysmal wall biology and activate pathways leading to wall deg-
radation and accelerated growth. In agreement with this hypothesis,
most PET+ patients presented a significantly higher preoperative
circulating CRP level than the PETO patients. A significant eleva-
tion of CRP in symptomatic patients (32) and a positive correla-
tion between the circulating CRP and the expansion rate of AAA
(33) have indeed been reported. Further work is needed to support
this hypothesis.

A limitation of this study was the lack of direct evidence of co-
registration of imaging data and biopsy collection in the positive
IBE-FDG uptake sites. However, the strong relationship between
SUV and inflammatory infiltrate density argue in favor of a proper
surgical sampling.

CONCLUSION

This study was undertaken to bring a large overview of the
cellular and molecular alterations occurring in the metabolically
active spots in the AAA wall. By investigating the metabolically
inactive site in the same patient and comparing it with the aortic
wall of PETO patients, we disclosed significant differences
suggesting that the whole aneurysmal wall might be affected by
a general process. The metabolically active spots detected by the
uptake of '8F-FDG display striking alterations potentially related
to medial degeneration and significant degradation of the fibrillar
structures of the adventitia, which may ultimately lead to rupture.
This study has disclosed several altered pathways that will require
further investigations to identify markers relevant to rupture risk.
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