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Abstract
Purpose Conflicting results have been reported about the
clinical value of fluorodeoxyglucose (FDG) imaging in
predicting the risk of rupture of abdominal aortic aneurysm
(AAA). The present study tests the hypothesis that FDG
uptake is low in asymptomatic noninflammatory AAA due
to the low cell density in aneurysmal walls.
Methods Positron emission tomography (PET)/CT imaging
was performed in 12 consecutive candidates for AAA
surgical repair and in 12 age- and sex-matched controls. At
intervention, aneurysmal walls were cut into three sequen-
tial blocks. Block A was frozen to cut three 5-μm slices for
incubation with 2–3 MBq of FDG for 5 min. Block C was
first incubated with the same tracer solution for the same
time and subsequently frozen to cut three 5-μm slices.
Autoradiographic images were coregistered with immuno-

histochemical pictures of cell density, type and DNA
synthesis as assessed on block B.
Results No visible uptake in abdominal aorta occurred in
any patient or control subject. Immunohistochemistry
documented a severe loss of wall structure, with low
numbers of cells. Tracer retention directly correlated with
overall cell density and with prevalence of cells synthesiz-
ing DNA. The metabolic nature of FDG uptake was
confirmed by the selective effect of preliminary freezing
that decreased tracer content by 90% in regions with high
cell density and only by 34% in cold acellular areas.
Conclusion The loss of tissue structure and the marked
decrease in cell density account for the low prevalence of
positive findings at FDG PET imaging, at least in
asymptomatic patients bearing AAAs whose diameter is
close to surgical indication.
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Introduction

Rupture is an acute and life-threatening complication of
abdominal aortic aneurysm (AAA). Due to the effect of
Laplace’s law on arterial wall tension, its incidence
increases in parallel with aortic diameter. Accordingly,
surgery is currently indicated for aneurysms with
diameter≥5.5 cm [1]. However, even in AAAs of sub-
threshold diameter (4.0–5.5 cm) the incidence of acute
complications remains significant, ranging from 1 to 5%
per year. Thus, risk stratification in these patients remains
a major issue in vascular medicine and calls for a better
capability to explore mechanisms underlying AAA acute
complications. This task has been facilitated by both
experimental and clinical studies documenting a relevant
role for inflammatory infiltrates [1, 2] able to accelerate
the proteolysis of elastin and collagen of aortic wall via
the release of matrix metalloproteinases and proinflammatory
cytokines [3–11].

These biological mechanisms recently gained renewed
interest due to the capability of positron emission tomog-
raphy (PET)/CT imaging with fluorodeoxyglucose (FDG)
to highlight the insulin-independent glucose uptake of
activated lymphocytes and macrophages infiltrating the
diseased aortic segment [12–14]. However, more recent
reports, including our own experience, were barely able to
spot any visible FDG uptake in AAAs whose diameter size
was just below the surgical threshold of 5.5 cm [15, 16].

Actually, pathological evidence suggests that the pro-
gressive increase in aneurysmal diameter is parallelled by a
reduction in cell density [6] that might explain the inverse
correlation between AAA size and FDG uptake with the
possible confounding effect of nonspecific fluoride binding
onto calcified arterial segments [17].

In the present study, we tested the hypothesis that with
increasing AAA diameter cell density is too low to permit
any visible FDG uptake. This limitation would particularly
apply to asymptomatic patients bearing aortic dilatation
with a size falling within a “grey zone” close to surgical
indication but with uncertain therapeutic approach. For this
purpose, we first tested the spatial agreement of radioac-
tivity concentration with local cell density, type and mitotic
activity by coregistering autoradiography with histological
and immunohistochemical images. Then, to verify the
specific nature of tracer binding, we tested the relationship
between FDG uptake and glucose metabolism by modifying
cell viability and biology via a preliminary freezing of
aneurysmal samples.

Materials and methods

Patients

The study included 12 consecutive patients (10 men, 2
women, mean age 73±5, range 65–85 years) with asymp-
tomatic AAA selected by the outpatient clinic of the
Vascular and Endovascular Surgery Division of our
University Hospital. All subjects were candidates for open
surgical repair of AAA according to the evidence of
diameter increase >10 mm in the last 6 months. The
maximum anteroposterior aneurysm diameter was mea-
sured by CT and ranged from 45 to 53 mm (mean diameter
48±3.5 mm) at the time of surgery. The main exclusion
criteria included the presence of congestive heart failure,
impaired renal function (serum creatinine >1.5 mg/dl),
known intolerance to CT-iodinated contrast media or
elevated blood glucose level (>130 mg/dl), significant
concomitant diseases such as cancer, infections and, finally,
autoimmune disorders.

Imaging data were compared with findings obtained in
12 age- and sex-matched subjects who were selected
according to a case-control criterion among a population
without cardiovascular risk factors or clinical evidence of
cardiovascular disorders. All of these patients were submit-
ted to PET/CT scan in the diagnostic workup of a suspected
neoplastic disease. Patients previously submitted to either
chemotherapy or radiotherapy, patients with aortic dilata-
tion as well as patients with suspected autoimmune disease
were excluded from the study. All patients signed the
informed consent module to participate in the study that
was approved by the local Ethics Committee.

Biochemical assays

Fasting blood samples were collected from all study
subjects in the morning after resting in the supine position
for 20 min during their outpatient clinical appointment.
Plasma glucose, lipid and renal profile, total protein, serum
fibrinogen, C-reactive protein (CRP) and N-terminal pro-
brain natriuretic peptide (NT-proBNP) were assessed using
standard techniques. Similarly, leukocyte and monocyte
counts were measured using automated cell counters.

PET/CT acquisition

After a 12-h fast, serum glucose level was measured before
the intravenous injection of 4.8–5.2 MBq of FDG per
kilogram of body weight. All of these procedures were
performed 4–10 days before surgery, with the patient
recumbent in a supine position in a quiet room and
instructed not to move. FDG PET imaging, from the skull
base to the femoral neck, started 60–90 min after tracer
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injection and was performed using an integrated PET/CT
scanner characterized by a PET spatial resolution of 4 mm
full-width at half-maximum (Hi-REZ, Siemens Medical
Solutions, Knoxville, TN, USA).

CT aortic angiography was performed within 1 week
from the FDG PET study using the same 16-slice CT
scanner. Patients were placed in a supine position, and
topograms in the anteroposterior view were obtained from
the diaphragm to the pelvis. Intravenous contrast medium
was injected into an antecubital vein, using an automatic
injection system via a 20-gauge cannula. Synchronization
between the passage of contrast and baseline arterial phase
was conducted in real time using an automatic fire detection
system on the upper abdominal aorta (Bolus Tracking,
Siemens Medical Solutions, Erlangen, Germany). The control
sequence was activated 10 s after the start of contrast injection
and implied the acquisition of one image every second. The
start of the study was triggered automatically when the
intensity level of contrast reached 180 HU, within a region
of interest (ROI) placed on the abdominal aorta. In all cases,
the craniocaudal direction was used.

In vivo image analysis

PET raw data were reconstructed by means of ordered
subset expectation maximization (OSEM) and attenuation
correction was performed using the CT raw data. The entire
CT data set was fused with the three-dimensional PET
images using an integrated software interface (Syngo Image
Fusion, Siemens Medical Solutions, Erlangen, Germany) to
create anatomical images superimposed with FDG uptake
in the investigated body districts.

Volumetric regions of interest (VROIs) were placed on
the anatomical CT images to identify four aortic segments
(ascending, arch, descending and abdominal aorta), com-
mon carotid arteries and iliac arteries. In the case of
bilateral branches, the mean value was considered. Two
further VROIs were drawn in the liver and in the left
ventricular chamber using the PET image to estimate liver
uptake and arterial tracer concentration, respectively.
Finally, in all patients with AAA, an additional VROI was
drawn over the aneurysmal arterial walls.

FDG uptake was quantified by the maximum standard-
ized uptake value (SUV) within each VROI according to
the recently published guidelines [18]. To account for the
contribution of blood FDG activity, all SUVs were divided
by the corresponding value in the blood pool as proposed
by Rudd et al. [19, 20]. In no case was correction for partial
volume effect attempted due to the absence of clearly
visible areas of focal uptake within the analysed vascular
segments [21].

The degree of arterial calcification was measured from
the takeoff of renal arteries to bifurcation of aorta into

common iliac arteries. For this purpose, we used a
dedicated software (OsiriX) providing Agatston scores
whose values were adjusted to account for slice width as
previously published by Ellison et al. [22]. In the
aneurysmal walls, arterial calcium load was estimated
according to the semiquantitative method proposed by
Siegel et al. [23]. For this purpose, two independent
observers, blinded to the patient status, were asked to grade
calcium density according to a semiquantitative 5-point
scale based on per cent calcification of the arterial ring
documented in the transaxial views: (0=no calcific deposits,
1=0–25%, 2=25–50%, 3=50–75% and 4=75–100%).

Autoradiographic analysis of abdominal aneurysmal artery
samples

At the time of the surgical repair, the biodistribution of
FDG within the aortic tissue was studied with digital
autoradiography. Immediately after harvesting, the aneu-
rysmal abdominal aorta was taken to the pathology lab of
our hospital. The specimen was dissected, blood was
washed with saline and the surrounding connective tissue
and fat were removed. The AAA sample was then divided
into three sequential blocks, from A to C. Blocks A and C
were used for autoradiography, while block B was
submitted to immunohistochemistry. The thickness of each
block ranged from 3 to 5 mm for a weight of 150–450 mg.

Block Awas frozen in isopentane chilled with dry ice for
sectioning with a cryomicrotome, according to the proce-
dure described by Laitinen et al. [17]. Starting from the
cutting border with block B, a minimum of three sequential
sections were cut at −15°C and thaw-mounted onto
microscope slides. Slice thickness was set at 5 μm to
optimize image spatial resolution. The sections were then
warmed to room temperature, incubated in saline for
20 min and, thereafter, immersed in 20 ml of saline
containing 2–3 MBq/ml of FDG for 30 min. Thus, the
slices were washed twice with ice-cold saline, rinsed in
distilled water and air-dried (with a hair dryer for 10 min).

By contrast, the whole fresh block C was first incubated
in the same tracer solution, for the same time and under the
same experimental conditions used for the sections from
block A. Thus, the specimen was washed, dried and then
frozen in isopentane chilled with dry ice for sectioning with
the cryomicrotome with the same procedure used for block
A, again obtaining a minimum of three sequential sections,
5 μm thick, starting from the cutting border with block B.

Thereafter, all slides were exposed to an imaging plate
(Cyclone, PerkinElmer Analysis Facilities) that provides an
image resolution of 50 μm. Different times of exposure
were sequentially utilized in all experiments: 2, 5, 15, 30
and 60 min. At the end of the procedure, all aortic sections
were stained using the haematoxylin and eosin technique.
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Autoradiographic image analysis

Plates were scanned and images were analysed for count
densities (photostimulated luminescence per unit area,
PSL/mm2) with a dedicated image analysis software
(OsiriX). For this purpose, a minimum of four ROIs were
manually drawn in each image to identify hot and cold
areas, respectively. Each region was thus saved to be
exported for blind histological analysis.

For freshly incubated specimens, an exposure to the
imaging plate longer than 5 min systematically prevented
the analysis of FDG distribution due to saturation effect. On
the contrary, for previously frozen slices, an exposure time
shorter than 30 min consistently prevented an adequate
analysis due to poor image statistics.

FDG uptake in samples incubated before or after
freezing was estimated by comparing the number of PSD
(counts) normalized for the different acquisition times (5 vs
30 min) and the consequent effect of 18F physical decay,
according to the conventional formulations.

Histology

The central block B was fixed in 10% formalin solution and
embedded in paraffin to optimize immunohistochemical
analysis. Thereafter, two series of five—5 μm thick—
paraffin sections were obtained, starting from both cutting
borders facing toward either block A and block C. This
procedure ensured that each autoradiography, regardless of
its provenience, had a direct immunohistochemical counter-
part obtained in the adjacent tissue.

Starting from each cutting border, block B sections were
always stained, according to the same order, to allow the
sequential analysis of the following variables: (1) tissue
structure, (2) cells under any phase of active cell cycle, (3)
leukocyte nature of cellular infiltrates and, finally, (4) T and
B lymphocytes.

No histological analysis was performed on autoradiogra-
phy slices to avoid the relative loss in image quality affecting
previously frozen sections. Immunohistochemistry evaluation
was performed using a panel with CD3 (Ventana), CD20
(Ventana) and Ki-67/MIB-1 (Dako) antibodies, in a ready-to-
use formulation, on the paraffin-embedded and formalin-fixed
slides. The standard avidin-biotin complex technique was
employed for all immunostains; antibodies were optimized for
use on an automated slide stainer in combination with Ventana
detection kits. Heat pretreatment (microwave) and endoge-
nous biotin blocking were performed for all of the above-
mentioned antibodies. Finally, all slides were counterstained
with haematoxylin for 4 min.

A report was completed by two experienced patholo-
gists, who described the specimens on a standard reporting
form that included degree of atherosclerosis (graded 0–3)

[8], plaque and vessel calcification as well as degree of
medial and adventitial inflammation (density of inflamma-
tory cells). For the coregistration study, pathology readers
were blinded to the results of autoradiography and, in
particular, were left unaware of ROI nature (hot or cold).
ROI borders, saved in TIFF format, were reported on all of
the histological images formatted in the same matrix.

Statistical analysis

Intergroup differences in maximal arterial SUV were tested
in each vascular segment using Student’s t test for unpaired
data. Intersegment variability in arterial SUV was tested in
each patient using the t test for paired data and Bonferroni
correction. Linear regression analysis was performed using
the least-squares method. A p value <0.05 was considered
significant.

Results

Clinical data

The main clinical and metabolic characteristics were similar
in patients and controls as reported in Tables 1 and 2,
respectively. Surgical intervention was successfully com-
pleted in all patients and no complication in the postoper-
ative period occurred. An AAA example is reported in
Fig. 1, where the image fusion of CT angiography and FDG
PET clearly shows, on one side, the vascular dilatation
associated with the presence of calcium load and, on the
other, the low metabolic activity of the aneurysmal walls.

PET/CT evaluation of AAA

The main descriptors of systemic FDG kinetics did not
differ in the two populations. In fact, the average SUV was

Table 1 Demographics and treatment of study subjects

AAA patients
(n=12)

Controls
(n=12)

Age (years) 73±5 73±4

M/F 11/1 11/1

Body mass index (kg/m2) 24.5±0.4 22.2±0.4

History of smoking (%) 10/12 (83%) 7/12 (58%)

Hypertension (%) 11/12 (92%) 8/12 (67%)

Hypercholesterolaemia (%) 8/12 (67%) –

ACE 1 or AT1 inhibitors (%) 10/12 (83%) 6/12 (50%)

β-Blockers (%) 2/12 (17%) 1/12 (8%)

Aspirin or ticlopidine (%) 11/12 (92%) 5/12 (42%)

Lipid-lowering drugs (%) 6/12 (50%) –
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similar in patients and in controls both in liver (2.2±0.4 vs
2.1±0.5, respectively, p=NS) and in left ventricular blood
(2.0±0.5 vs 2.1±0.6, respectively, p=NS). As shown in
Fig. 2, no differences were observed in glucose metabolism
in all non-diseased segments of aorta, common carotid
arteries and iliac branches in the two groups. On the
contrary, aneurysmal FDG uptake was significantly lower
with respect to the corresponding arterial regions of control
subjects (0.91±0.16 vs 1.54±0.39, respectively, p<0.01,
Fig. 2). Compared to control subjects, AAA patients
showed no significant differences in calcium load both in
the whole infrarenal abdominal aorta (modified Agatston

score: 3,845±2,000 vs 3,595±1,461, respectively, p=NS)
and in the aneurysmal segment (semiquantitative scoring
system: 2.9±1.2 vs 2.4±1.1, respectively, p=NS).

Autoradiographic features of aortic aneurysm

Independently of sample processing protocol, overall FDG
distribution was largely heterogeneous with spots of clearly
visible radioactivity surrounded by large areas characterized
by low tracer content. Thrombi, when present, were always
characterized by the absence of any visible radioactivity.

The different processing protocols resulted in marked
differences in glucose metabolism. Despite the fact that the
two samples were incubated with the same tracer solution
for an identical incubation time, the history of recent
transient freezing decreased FDG uptake by almost 8 times
in hot regions, i.e. from 30.5±8.7×103 PSL/mm2 −1 min−1 (in
freshly incubated samples) to 3.7±1.1×103 PSL/mm2 −1 min−1

(in previously frozen specimens, respectively, p<0.001). On
the contrary, in cold areas tracer retention accounted for 3.5±
0.9×103 PSL/mm2 −1 min−1 vs 1.9±0.9×103 PSL/
mm2 −1 min−1 in fresh and previously frozen samples,
respectively (p<0.001).

Thus, after the thermal shock, FDG uptake dramatically
decreased by 87±5% within hot regions and by only 34±
35% in the cold ones (p<0.001). This differential effect
obviously affected image quality by modifying the tracer
distribution throughout the slice. In fact, the ratio between
hot and cold areas was 9.2±2.7 in freshly incubated
samples vs 2.2±0.7 in previously frozen ones (p<0.001).

Table 2 Laboratory tests of study patients

AAA patients
(n=12)

Controls
(n=12)

Blood glucose (mg/dl) 96.2±9.0 88±12

Total serum cholesterol (mg/dl) 176.4±14.6 –

Triglycerides (mg/dl) 84±12 –

Uric acid (mg/dl−1) 5.4±0.4 –

Creatinine (mg/dl−1) 1.02±0.11 0.96±0.14

Total protein (g/dl−1) 7.8±0.2 –

Serum fibrinogen (mg/dl−1) 327±50 –

CRP (mg/l−1) 6.4±4.1 –

NT-proBNP (pg/ml) 118±57.2 –

White blood cell count (mm−3) 6,943±411 6,712±582

Neutrophil count (mm−3) 4,712±264 4,221±291

Monocyte count (mm−3) 452±71 411±62

PET/CT

CT
angiography

CT

3D PET/CT Transaxial plane 3D CT angioFig. 1 Left panels display 3-D
reconstructions of PET/CT data
and document the absence of
any visible FDG uptake in the
abdominal aortic region. CT
transaxial plane (bottom, centre
panel) displays the presence of
an aortic aneurysm that is
partially occupied by thrombotic
material as documented by
contrast CT angiography as well
as by the absence of any visible
FDG uptake at PET/CT
coregistration. Right panels
display the 3-D reconstructions
of CT aortic angiography
showing the aneurysmal portion
as indicated by the green arrows
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Histological correlates of FDG uptake in aortic aneurysm

Aneurysm samples showed evidence of extensive athero-
sclerosis, graded 2–3, in all biopsies with necrosis, lipid
deposits and/or calcifications. Evidence of ulcerated plaque
occurred in 10 of 12 cases within the anatomical piece.
Adhesive thrombus within the histological specimen
occurred in 6 of 12 patients.

Haematoxylin and eosin staining of AAA specimens
documented a loss of wall structure and a marked reduction
in overall cell density. As expected, histological analysis
documented a moderate inflammatory infiltration that
encompassed the entire arterial wall although it was
particularly evident in its outer layers. Representative
examples of the extent of arterial wall inflammation are
shown in Fig. 3. Immunohistochemistry showed that the
majority of cells (>85%) in both adventitia and media were
leukocytes as documented by CD45 staining in all cases,
with a striking prevalence of CD3 and CD20 lymphocytes
(>80%). On the contrary, granulocytes and macrophages
were rarely found. Prevalence of cells in all phases of the

active cycle was documented by Ki-67 expression and was
4.6±3%. There was no evidence of bacteria or other
unusual findings in any biopsies.

At coregistration analysis, the difference in tracer uptake
was parallelled by an even more evident gap in cell density
that was ten times higher in hot areas with respect to the
cold ones without any differences between the two
protocols (227±67 vs 27±21 cells/mm2 in fresh samples,
212±70 vs 16±8 cells/mm2 in frozen samples, respectively,
p<0.001). Moreover, all regions without any evidence of
cells were observed in cold ROIs. Similarly, the prevalence
of cells actively synthesizing DNA, documented by their
Ki-67 expression, was remarkably higher in hot than in cold
regions both in freshly incubated samples (10±3% vs 1.8±
0.1%, respectively, p<0.01) and in slices incubated after
freezing (8.3±3% vs 1.4±0.6%, p<0.01).

Finally, as shown in Fig. 4, a direct correlation was
documented in each ROI between FDG concentration and
density of both overall cells and cells in all phases of the
active proliferation cycle. These correlations were more
clearly evident for data obtained after incubation of fresh
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Fig. 2 Top panel displays
SUVs in the different arterial
segments of patients and control
subjects. The SUV was similar
in all vascular segments in both
groups (blue and red columns,
respectively). Interestingly, FDG
uptake was significantly lower
in aneurysmal aortic segments
with respect to controls subjects
(green column). Bottom panel
displays total calcium load
(ACL) that was similar in
patients and in control subjects
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sample with respect to those provided by previously
frozen slices.

Discussion

The present study used an in vitro method to explain the
low prevalence of positive findings at FDG PET imaging of
asymptomatic AAAs with a size close to surgical indica-
tion. At this stage, diseased aortic walls typically display a
marked reduction in cell density. Autoradiographic evalu-
ation showed that radioactivity content was prevalently
confined to populated islets being instead virtually absent in
the residual, largely acellular, regions. The exposure to a

transient thermal shock profoundly decreased cell tracer
uptake, having only minor effect on the remaining acellular
tissue. Altogether these data directly document that FDG
retention accurately tracks glucose uptake being only
modestly affected by unspecific binding. Accordingly, the
extremely low FDG retention in these relatively large
asymptomatic AAAs reflects the metabolic activity of an
extremely low number of cells present within diseased
arterial walls.

Biological bases of FDG PET imaging in AAA patients

The capability of PET to visualize FDG uptake in vulnerable
atherosclerotic plaques [24, 25] or large vessel vasculitis [26]

CD3

CD20

Ki67-MIB1

FDG

Single modality Integrated

Autoradiography of freshly incubated sampleFig. 3 Immunohistochemical
and autoradiographic analysis
of a pathological sample of
aortic aneurysm, incubated with
FDG before cryotome
application. Top right panel
displays the autoradiographic
image obtained from a slice cut
from block C at its border with
block B. Left panels display the
immunohistochemical images of
three sequential slices obtained
after fixation from block B at its
cutting border with block C. At
the right of each image, its
coregistration with
autoradiography is shown.
Starting from the top each row
displays T lymphocytes
recognized by CD3 staining, B
lymphocytes identified on the
basis of CD20 positivity and
cells actively synthesizing DNA
documented by Ki-67
expression. Despite the fact that
these four images reflect the
distribution of each marker in
four sequential 5-μm thick
slices, the close agreement
between cell density and
metabolic activity is evident on
the right panels and is
confirmed by the details shown
for the first two rows. Original
magnification ×200
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has already been documented. On the contrary, the clinical
value of this tool in asymptomatic AAA patients is less clear,
since the high prevalence of positive scans in preliminary
studies has not been confirmed by more recent reports [15,
16]. This variability agrees with the current model of AAA
progression [27, 28] characterized by the repetitive sequence
of inflammatory damage and repair. However, when arterial
diameter reaches values close to surgical indications, cell
density is eventually reduced throughout the aneurysmal
walls [4–6, 29, 30]. This sequence of events might thus
imply a cyclic variation in FDG uptake in early stages and a
progressive reduction of tracer retention in later ones.
Accordingly, positive PET findings should be more fre-
quently encountered in aneurysms of small size or in those
involved in large inflammatory processes that are more
frequently associated with symptoms and require direct
surgical repair [12].

The micrometric analysis of FDG distribution and its
coregistration with histology strongly corroborates this inter-
pretation of the mechanisms underlying the reduced tracer
retention in the diseased arterial segment. In fact, FDG uptake
was extremely heterogeneous within the damaged arterial
wall, with regions characterized by a “relatively preserved”
metabolism clearly visible in the low background of the
remaining vascular tissue. Metabolically inert areas were
consistently located in fibrotic tissue, in endoluminal throm-
bus or in necrotic regions. These metabolic features agree with
the pathological peculiarities of uncomplicated AAA charac-
terized by the loss of smooth muscle cells [6] and by the

presence of infiltrating lymphocytes [4, 5] in contrast to the
higher cell number and macrophage infiltration found in
occlusive atherosclerosis [24] or in symptomatic AAAs
complicated by inflammation [12].

This concept is further corroborated by the coregistration
of autoradiography with immunohistochemistry: FDG
uptake closely correlated with the number of lymphocytes
under active mitotic cycle as documented by Ki-67 staining
[31]. Thus, this in-depth analysis of tracer handling by
aneurysmal walls indicates that FDG actually tracks the
local glucose consumption. However, the overall number of
cells entrapping this tracer is excessively low to permit the
in vivo diagnosis of AAA inflammation, at least in these
asymptomatic patients, whose arterial dilatation falls in a
grey zone close to surgical indication. This clinical
condition might thus be better approached by evaluating
more specific molecular pathways. In this line, the high
prevalence of lymphocytes in cellular infiltrates of diseased
walls might represent the basis for imaging with tracer
targeted to interleukin 2 [32].

Methodological considerations

The technique of autoradiography is most often used to
evaluate the distribution of tracers after their in vivo
injection. However, under many experimental conditions,
a direct incubation of biological samples is needed to verify
the tissues responsible for tracer uptake. In this setting,
specimen physiology responds to an artificial environment

y = 27.785x + 23172
R= 0.73, p<0.01

0

10000

20000

30000

40000

50000

60000

0 200 400 600 800 1000 1200

y = 1771x + 24640
R= 0.61, p<0.01

0

10000

20000

30000

40000

50000

60000

0 5 10 15 20

y = 3.4018x + 4180.2
R= 0.50, p<0.01

0

10000

20000

30000

40000

50000

60000

0 200 400 600 800 1000 1200

y = 294.96x + 4215.7
R= 0.55, p<0.01

0

10000

20000

30000

40000

50000

60000

-4 1 6 11 16

Incubation of fresh sample

Incubation of frozen slices

Cell density (n/sqmm) % of Ki67 + cells 

F
D

G
 u

pt
ak

e 
(P

SL
 x

 s
qm

m
 x

 m
in

-1
) 

Fig. 4 Correlation between
count density in each ROI and
number of overall cells (left) or
prevalence of Ki-67 elements
(right). Immediate incubation
after harvesting (top panels,
solid circles) resulted in a
markedly higher tracer uptake
with respect to exposure to FDG
after the thermal shock of
cryomicrotome (bottom, circles).
Despite this difference, a
significant correlation was still
observed between histological
indicators of cell pattern and
tracer uptake for both
experimental protocols

98 Eur J Nucl Med Mol Imaging (2012) 39:91–101



in which signalling systems modulating cellular metabolism
are lacking, oxygen tension is not preserved due to the
absence of perfusion while tracer concentration remains
relatively stable throughout the incubation period. Due to
these considerations, this procedure does not permit testing
of possible quantitative correlations between in vitro FDG
uptake and in vivo SUV. On the contrary, it permits one to
accurately verify the spatial distribution of the metabolic
tracer within the analysed tissue.

In vitro autoradiography can be performed according to
two procedures: direct incubation of tissue sample and
subsequent freezing for slice preparation [29–32] or prelim-
inary freezing and sectioning followed by slice incubation
[17, 33, 34]. The former protocol offers the advantage of a
relatively preserved physiology of the experimental speci-
men. The latter procedure [17] permits exposure of all cells
to the same tracer concentration, thus avoiding the possible
presence of gradients between inner and outer layers that can
occur in a freshly incubated sample. Although incubation of
previously frozen slices improves the accuracy of receptor
binding studies [33, 34], the exposure to a thermal shock
profoundly disrupts cellular biology and viability hampering
the link between FDG uptake and glucose metabolism. In
this line, preliminary freezing can be considered as a tool to
estimate the contribution of unspecific tracer binding to the
overall FDG distribution in analysed tissue. Cell tracer
content eventually decreased to less than 15% in previously
frozen slices with respect to values measured after incubation
of the corresponding fresh specimen. On the contrary,
preliminary freezing only modestly modified the radioactiv-
ity counts of necrotic and fibrotic regions. Thus, the
selectivity of thermal shock effect documents that contam-
ination from unspecific tracer binding plays a minor role in
overall AAA FDG uptake. This finding extends previous
observations reporting a high tracer uptake in acellular
calcified regions in aortic specimens previously submitted
to snap freezing [17]. In this line, tracer uptake in AAAwalls
reflects both specific (metabolic) and unspecific binding
mechanisms. The relative contribution of these two different
pathways varies according to the stage of the lesion and thus
to its cell density.

Limitations

Aortic dilatation remains most often asymptomatic through-
out its progression until it reaches a size that requires
intervention. This usually precludes obtaining fresh speci-
mens of uncomplicated AAA in earlier disease stages.
Therefore, we cannot extend the present observations to
describe the natural history of AAA progression. Similarly,
the present study does not elucidate the potential of PET/
CT imaging of FDG distribution in predicting aneurysm
inflammation and risk of rupture in patients with aneurysms

of relatively smaller size presenting with suspicious but
non-diagnostic clinical features.

However, the present study was planned to identify the
biological mechanisms underlying FDG uptake in uncom-
plicated, asymptomatic AAA. In this line, the consistent
nature of our findings, as well as their agreement with
clinical studies in larger populations [16], permit us to
explain the reason why asymptomatic patients with a
relatively large aneurysm most often present an extremely
low FDG uptake at PET imaging.

In the present study, immunohistochemical evaluation of
diseased aorta did not include CD68 staining to recognize
macrophage infiltration. This selection was motivated by
the evidence that the large majority of infiltrating cells
(>80%) were lymphocytes. This finding agrees with the
inclusion criteria that aimed to exclude patients with
suspected AAA inflammation. In this line, the evidence of
such a large lymphocyte presence in asymptomatic AAA
suggests these cells play a role in the natural history of the
disease, even in phases not characterized by active
inflammation.

Finally, the heterogeneous nature of cell populations in
AAA specimens might partially reduce the agreement of
data collected from different slices. This procedure was
motivated by the fact that the short half-life of 18F implies
an almost immediate imaging of its distribution, while
immunohistochemistry requires a long fixation time to
obtain accurate image definition. To improve the accuracy
of the coregistration procedure, great care was paid to
ensure the contiguity of the slices submitted to autoradiog-
raphy and immunohistochemistry. As a result, the correla-
tion between tracer concentration and cell density was
indeed robust enough as to document that FDG retention is
modulated by its well-known determinants, i.e. local
glucose uptake as an indirect index of cell density and
metabolic activation.

Conclusion

AAA is the end result of a multifactorial process that is
characterized by the progressive loss of cell populations
associated with an irreversible remodelling of the arterial
connective tissue eventually culminating in aortic rupture.
These pathways are extremely complex and probably vary
in the different disease stages. According to this concept, in
AAAs whose size reaches a relatively large diameter, cell
density is decreased to levels so low as to prevent any
visible FDG uptake.

The match between FDG behaviour and cell density
confirms this concept and offers a good explanation of the
extremely low prevalence of “positive” PET/CT scans in
these patients. Obviously, this pathological picture is just
one snapshot in time and may not be representative of all
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pathophysiological mechanisms underlying aortic rupture
or progressive dilatation. These data therefore corroborate
the concept that PET/CT imaging might not represent an
accurate screening tool to identify rupture risk in these
asymptomatic patients. In particular, the profound agree-
ment between cell density and FDG uptake suggests that
care should be taken in considering a negative PET scan as
an index of low risk. As AAA diameter enlarges, in fact,
the marked loss of cells and tissue structure within the
diseased walls might increase the risk of rupture caused by
mechanical stressors and amplified by aortic dilatation.

Conflicts of interest None.
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