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Abstract: To investigate the association between gene expression of key molecular markers of hypoxia and in-
flammation in atherosclerotic carotid lesions with 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) uptake as determined 
clinically by positron emission tomography (PET). Studies using PET have demonstrated 18F-FDG-uptake in patients 
with confirmed plaques of the carotid artery. Inflammatory active or “vulnerable” plaques progressively increase in 
bulk, develop necrotic cores, poor vessel-wall vascularization and become prone to hypoxia. We used quantitative 
polymerase-chain reaction (qPCR) to determine gene expression of hypoxia-inducible factor 1α (HIF-1α) and cluster 
of differentiation 68 (CD68) on plaques recovered by carotid endarterectomy (CEA) in 18 patients. Gene expression 
was compared with 18F-FDG-uptake quantified as the maximum standardized uptake value (SUVmax) on co-registered 
PET/computed tomography (CT) scans performed the day before CEA. Immunohistochemistry was used to validate 
target-gene protein expression. In univariate linear regression analysis HIF-1α was significantly correlated with 18F-
FDG-uptake (SUVmax) as was CD68. A two-tailed Pearson regression model demonstrated that HIF-1α and CD68 
gene expression co-variated and accordingly when entering the variables into multivariate linear regression models 
with SUV-values as dependent variables, HIF-1α was eliminated in the final models. 18F-FDG-uptake (SUVmax) is cor-
related with HIF-1α gene expression indicating an association between hypoxia and glucose metabolism in vivo. The 
marker of inflammation CD68 is also associated with 18F-FDG-uptake (SUVmax). As CD68 and HIF-1α gene expression 
co-variate their information is overlapping.
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Introduction

Today the “gold standard” for treating severe 
symptomatic carotid stenosis (≥ 50% stenosis) 
is carotid endarterectomy (CEA) combined with 
optimal medical therapy [1-3]. With the excep-
tion of Doppler ultrasonography the selection 
of patients for CEA has not improved signifi-
cantly since the procedure was implemented in 
the 1950s [4]. Although some qualitative evalu-
ation of the carotid plaque is possible using 
modern ultrasound systems, selection criteria 
remains largely based on the degree of carotid 
stenosis with connection to ipsilateral perma-
nent or transient symptoms of thrombosis [1]. 
What is desired is an effective tool to identify 

the vulnerable plaque, so CEA would only be 
performed on vulnerable patients reducing the 
numbers needed to treat which currently is, at 
the best, about six to one [5].

Molecular imaging using positron emission 
tomography (PET) and computed tomography 
(CT) offers non-invasive in vivo molecular char-
acterization with imaging agents such as 2-[18F] 
fluoro-2-deoxy-D-glucose (18F-FDG) which is a 
glucose analogue with 18F substituted for the 
hydroxyl group at the 2’ position in the glucose 
molecule. With a primary role in cancer imaging 
it has only recently been put to use in the first 
studies developed specifically for vascular 
imaging [6].

http://www.ajnmmi.us


Atherosclerosis, hypoxia and 18F-FDG PET imaging

385	 Am J Nucl Med Mol Imaging 2013;3(5):384-392

foam cells. Macrophages play a 
paramount role in atherogenesis 
of the advanced human athero-
sclerotic plaques [11]. Macro- 
phages are characterized by the 
type D scavenger receptor CD68 
which may therefore be used as 
a macrophage and inflammation 
marker [12].

It has been demonstrated, in 
vitro, that hypoxia stimulated 
macrophages increase their rate 
of [3H]-2-deoxyglucose (3H-2dG) 
uptake per se [13]. 18F-FDG is a 
glucose analogue which enables 
in vivo visualization of tissues 
with an elevated level of glycoly-
sis by a process of metabolic 
trapping [14]. 3H-2dG is a radio-
tracer analogue to 18F-FDG and 
therefore 18F-FDG may potential-
ly reflect hypoxia [15, 16].

The aim of the present study was 
therefore to determine whether 
18F-FDG can be used in vivo as a 
surrogate marker of tissue 
hypoxia and plaque inflammation 
in atherosclerotic carotid dis-
ease. To do so, we determined 
mRNA levels of HIF-1α and CD68 

Figure 1. Coronal contrast enhanced CT-image of the right carotid with 
enlarged PET/CT insert. Carotis communis and carotis internae dxt: 
white arrows pointing right, carotis externae dxt: single white arrow 
pointing down. Inserted and enlarged is the fused 18FDG-PET/CT mo-
dality; yellow to white coloration depicts glucose-uptake intensity. Green 
lines indicate where the excised plaque is physically split upon recovery. 
The distance between two green lines is 3 mm and the total number 
of lines corresponds to the total size of the excised plaque from this 
particular patient. The dotted line indicates the level of the bifurcation. 
ROIs are drawn on transaxial images, corresponding to each line on the 
coronal image presented here. This creates a segmented cylinder of vox-
els encompassing lumen, plaque and vessel wall from where the SUV 
values are noted. Importantly the size of the excised plaque determines 
the number of slices and thus corresponding ROIs on the PET/CT data. 
Note the calcified plaque in the bifurcation ranging from the distal com-
mon carotid artery, past the bulb and protruding into the internal carotid 
artery. CT = computed tomography; 18FDG-PET = 18F-flurodeoxyglucose-
positron emission tomography; ROI = region of interest; SUV = standard-
ized uptake value.

In humans, the vulnerable atherosclerotic 
lesion is characterized by intraplaque molecu-
lar and cellular processes tied to hypoxia and 
inflammation. Recent in vivo evidence of hypox-
ia co-localizing with foam-cells and macro-
phage-rich areas of atherosclerotic plaques 
have been reported in rabbits [7] as well as in 
humans [8]. The cellular response to tissue 
hypoxia is mobilization and assembly of a het-
erodimeric transcription factor consisting of 
hypoxia-inducible factor (HIF) subtype 1α and 
HIF-1β which mediate transcription initiation 
through binding of promoter sequences: hypox-
ia response elements (HREs). Whereas HIF-1β 
is constitutively expressed, transcriptional reg-
ulation of the HIFα subunit encoding mRNA has 
been recorded in hypoxic human macrophages 
[9] and lung epithelial cells [10].

Monocytes are multifaceted cells that may dif-
ferentiate to inflammatory active cells; macro-
phages which may again transform and become 

in removed plaques by quantitative polymerase 
chain-reaction (qPCR) and compared these 
results with 18F-FDG uptake performed just 
prior to surgery in patients undergoing CEA for 
symptomatic carotid stenosis. Additionally, 
qualitative protein expression of selected mark-
ers was validated by immunohistochemical 
detection.

Materials and methods

Ethics statement

This study was approved by the Danish National 
Committee on Biomedical Research Ethics (Jr. 
no: 0120065513) and all participants gave 
written informed consent on inclusion.

Patients

Patients (n = 18, five female and 13 male 
patients, aged 55-85 years, median 70 years) 
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carotid vascular imaging [17, 18]. A 
four minute scan was elected over 
the standard three minutes of a 
clinical scan to compensate for 
radiotracer decay. Before each 
PET acquisition a low dose (120 
keV, 50 mA) CT was carried out for 
attenuation correction and after 
the second PET acquisition a final 
diagnostic high dose (120 keV, 
200 mA) CT-angiography (CTA) was 
made with intravenous injection of 
100 ml Optiray™ 300 mg/mL 
(Mallinckrodt Inc. St. Louis, MO 
USA) using bolus tracking in the 
ascending aorta with a cutoff value 
of 80 Hounsfield units.

Image reconstruction and analysis

Image reconstruction was per-
formed using a standard algorithm 
(OSEM2D) on a dedicated Siemens 
workstation (SynGo Somaris/5 for 
WinNT 5.1, Siemens AG, Berlin) 
with Gaussian filtering of 3 mm, 4 

Figure 2. Contrast enhanced CT; diagnostic CTA performed with intra-
venous injection of contrast with bolus tracking of the ascending aorta 
and a cutoff value of 80 HU. In green are ROIs encircling the left and 
right internal carotid artery, white arrows point to the jugular veins. CT 
= computed tomography, CTA = CT angiography, HU = Hounsfield units, 
ROI = region of interest.

with clinical symptoms of cerebral vascular 
events, such as transient ischemic attack (TIA) 
and ipsilateral transient visual obscuration 
(amaurosis fugax) during the last three months 
and scheduled for CEA were included in the 
study. Internal carotid artery stenosis ipsilater-
al to the symptomatic hemisphere was con-
firmed by ultrasound and patients were then 
scheduled to undergo 18F-FDG-PET/CT imaging 
prior to CEA.

18F-FDG-positron emission tomography

Automatic co-registration of data was achieved 
using a true hybrid PET/CT scanner; the 
Biograph 16 (Siemens AG Healthcare Sector, 
Erlangen, Germany). Overnight fasting patients 
were administered an intravenous bolus of 400 
MBq 18F-FDG (364-434 MBq) and emission 
from a single frame over the neck was acquired 
in four minutes at three hours after 18F-FDG 
administration. We have previously found 3 h 
post-injection and SUVmax to be the most robust 
option for overcoming the issue of high luminal 
blood pool 18F-FDG activity, as well as being 
comparable to the TBR (target to background 
ratio) used by other investigators. Therefore we 
consider the 3 h SUVmax protocol optimal for 

iterations and 8 subsets. Matrix size was set to 
256 x 256 x 55 voxels, with a voxel size of 1 x 1 
mm. The transverse slice thickness was set to 
3 mm and the advanced open source PACS sta-
tion DICOM viewer OsiriX v. 2.7.5 (http://www.
osirix-viewer.com) was used to place regions of 
interest (ROIs). Guided by CTA, ROIs were con-
structed on transaxial datasets around the 
common carotid artery and the internal carotid 
artery starting at the flow divider (bifurcature) 
and then every 3 mm proximally and distally 
covering the entire plaque ensuring the inclu-
sion of arterial wall, plaque and lumen. The 
ROIs were then connected by the software cre-
ating a segmented digital cylinder of voxels or 
digital “slices” corresponding to the physical 
slices of the excised plaque. From these voxels 
the co-registered PET data enabled calculation 
of the maximal standardized uptake value 
(SUVmax) which was noted. Alignment of excised 
plaques to corresponding transverse image 
sections (voxels) was ensured by measure-
ments of bi-directional distance of plaque from 
the bifurcation as noted pre-operatively.

Tissue samples

The day after PET imaging, the patients under-
went carotid endarterectomy and the lesion tis-
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stored at -80°C until RNA 
extraction (n = 126 lesion 
slices).

RNA extraction and cDNA 
synthesis

Total RNA was isolated 
using TRI Reagent® in 
accordance with the proto-
col of the manufacturer 
(Molecular Research Cen- 
ter Inc., Cincinnati, USA). 
Total RNA (10 ng) was 
reverse transcribed using 
the AffinityScript™ QPCR 
cDNA Synthesis Kit in 
accordance with the proto-
col of the manufacturer 
(Stratagene, La Jolla, CA, 
USA, cat. #600559).

Identifying the optimal 
reference gene

Using a methodology previ-
ously described [19,  20], 
we found when testing ref-

Figure 3. Gene expression; correlation to SUVmax. Univariate linear regression 
analysis of gene expression of HIF-1α relative to SUVmax as an expression 
of 18F-FDG-uptake for all patients and all lesion slices (n = 126). Note log-
transformation of gene expression data. The 95% confidence interval is indi-
cated by the broken line. 18F-FDG = 2-[18F] fluoro-2-deoxy-D-glucose; HIF-1α = 
hypoxia inducible factor 1α; SUVmax = maximum standardized uptake value.

sue was removed in toto along with a macro-
scopically normal section of the superior thyroid 
artery which was used as reference tissue. The 
excised lesion was cut into ~3 mm slices 
corresponding to the transverse image sections 
(Figures 1 and 2) and stored for 24 hours at 
4°C in RNAlater® (Ambion (Europe) Limited, 
Cambridgeshire, UK). The reference tissue was 
conserved in toto, but otherwise treated in an 
identical manner. The following day the 
RNAlater® was drained away and the samples 

erence tissue against atherosclerotic tissue, 
that a combination of TATAA-box binding protein 
(TBP) and 60S acidic ribosomal protein P0 
(RPLP) were optimal reference genes.

Quantitative real-time PCR (qPCR)

Gene expression was quantified on Mx3000P® 
or Mx3005P™ real-time PCR systems 
(Stratagene, La Jolla, CA, USA). Beacon 
Designer™ 7.90 (PREMIER Biosoft, Palo Alto, 
CA, USA) was utilized for primer and dual-

Table 1. Primers and probes

Gene Forward primer 
 (5’-3’)*

Reverse primer 
 (5’-3’)*

5’ fluoro-
phore† Probe (5’-3’)* 3’ quench-

er‡
Amplicon 

length (bp)
HIF1α agcagtctatttatattttc-

taca
agagcattaatgtaaat-

taagtag
FAM tagaagcctggcta-

caatactgca
BHQ1 125

CD68 caatggttcccagccct-
gtg

tccctggaccttggtttt-
gttg

FAM ccacctccaagccca-
gattcagattcgag

BHQ1 134

TBP ggttgtaaacttgaccta-
aag

gttcgtggctctcttatc FAM tgattaccgcagcaaaccgc BHQ1 134

RPLP gacggattacaccttccc gactcttccttggcttca Cy5 ccttcttggctgatccatctgc BHQ2 139
*Nucleic acid sequence of primers and probes. †Fluorophores used: Cy5; Cyanine fluorophore, FAM; Fluorescein amidite. 
‡Quenchers are non-fluorescent chromophores quenching non-hydrolysed probes by fluorescence resonance energy transfer 
(FRET): BHQ1; black hole quencher 1 deoxythymidine, BHQ2; black hole quencher 2 deoxythymidine.
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labeled hydrolysis (TaqMan®) probe design and 
the sequences of the genes of interest (GOIs) 
were analyzed for sequence homology concom-
itantly using the Basic Local Alignment Search 
Tool (BLAST). Two GOIs; CD68 (Gene ID: 
NM_0001251) and HIF-1α (Gene ID: NM_ 
001530.3) as well as the reference genes TBP 
(Gene ID: NM_003194.4) and RPLP (Gene ID: 
NM_001002.3) were analyzed. For details of 
primers and probes, please refer to Table 1.

QPCR data-analysis

Quantitative real-time PCR data were analyzed 
using the qbasePLUS software package (Bioga- 
zelle NV, Zwijnaarde, Belgium). In short: Nor- 
malized relative quantities (NRQs) were calcu-
lated by a generalized qbasePLUS model consist-
ing of a modified delta-delta-Cq (2Δ∆Cq) proce-
dure including the application of multiple 
reference gene normalization [21, 22].

Immunohistochemistry

Using a streptavidin-peroxidase system (Vector 
Labs, Burlingame, CA 94010, USA) with 
3,3’-Diaminobenzidine (DAB) as the chromo-
genic compound (Kem-en-tec, Taastrup, Den- 
mark) slides were incubated with primary anti-

20 statistical software (IBM Corporation. 
Armonk, New York, USA). Univariate linear 
regression was performed between the molec-
ular markers HIF-1α and CD68 and SUVmax of 
18F-FDG-uptake. We tested whether patients 
themselves were significant as co-variates by 
entering them in an initial multivariate analysis. 
This was not the case and thus 18F-FDG-uptake 
was not patient dependent and further analy-
ses were performed on a slice basis. 
Subsequent multivariate analysis was per-
formed with backward elimination. Fold change 
in gene expression measurements were log-
transformed to ensure Gaussian distribution as 
confirmed by one-sample Kolmogorov-Smirnov 
test. A scatterplot and two-tailed Pearson cor-
relation analysis was performed to explore the 
relationship between CD68 and HIF-1α gene 
expression profiles. All statistical results were 
considered significant when p < 0.05.

Results

Gene expression: relation to SUVmax

Based on previous studies SUVmax was chosen 
as the best correlate of 18F-FDG uptake with 
gene expression. We found significant correla-
tions with 18F-FDG-uptake calculated as SUVmax 

body diluted in 2% BSA 
overnight at 5°C in a mois-
ture chamber; HIF-1α rabbit 
anti-human (1:100, Acris 
Antibodies GmbH, Herford, 
Germany) and CD68 mouse- 
anti human (1:3,000, clone 
KP1, Dako, Glostrup, Den- 
mark). For HIF-1α negative 
controls were performed as 
species-matched normal 
serum initially diluted with 
PBS to a total protein con-
centration identical to that 
of the primary antibody and 
then to the working solution 
of the primary antibodies 
using 2% BSA. For CD68 a 
ready-to use FLEX control 
(Dako, Glostrup, Denmark) 
was used. Counterstaining 
was performed in Mayer’s 
acidic hematoxylin.

Statistical analysis

All statistical analyses were 
performed using the SPSS 

Figure 4. Correlation between CD68 and HIF-1α. Scatterplot of a two-tailed 
Pearson correlation analysis of gene expression of CD68 and HIF-1α for 
all patients and all lesion slices (n = 126). Note log-transformation of gene 
expression data. The 95% confidence interval is indicated by the broken line. 
CD68 = cluster of differentiation 68; HIF1α = hypoxia inducible factor 1α.



Atherosclerosis, hypoxia and 18F-FDG PET imaging

389	 Am J Nucl Med Mol Imaging 2013;3(5):384-392

Figure 5. Immunohistochemical stainings. Immunohistochemical stains of CD68 and HIF1α: Negative control stains 
(left panel x 100 magnification, panel A and D). Immunohistochemical stain as indicated in each sub-panel lower 
left corner (middle panel x 100 magnification, panel B and E). Insert boxes indicate magnified areas that are shown 
in (right panel x 400 magnification, panel C and F). Scale bars: 200 µm two left columns and 50 µm right columns. 
(*) arterial lumen. CD68 = cluster of differentiation 68; HIF-1α = hypoxia inducible factor 1α.

with gene expression of both HIF-1α (r = 0.198, 
p = 0.026; Figure 3) and CD68 (r = 0.397, p < 
0.0001). To determine the independent predic-
tive value of HIF-1α and CD68 gene expression 
for 18F-FDG uptake, measured as SUVmax, the 
variables were then entered into a multivariate 
linear regression model. It was found that HIF-
1α was eliminated, leaving CD68 (β = 0.407, SE 
= 0.085, standardized β = 0.397, p < 0.0001) 
in the final model (r2 = 0.157, p < 0.0001) which 
means that 16% of 18F-FDG uptake can be 
explained by CD68 gene expression alone.

Gene expression: interrelation of CD68 and 
HIF-1α

As macrophage presence has been found to 
co-localize with hypoxic areas of atherosclerot-
ic plaques, correlation analysis was used to 
investigate the relation between CD68 and HIF-
1α gene expression. A significant relationship 
between gene expression of CD68 and HIF-1α 
was found in a two-tailed Pearson correlation 
analysis (r = 0.601, p < 0.01) indicating that 
CD68 and HIF-1α gene expression co-variate; 
Figure 4.

Immunohistochemistry

To confirm protein expression of gene expres-
sion targets qualitative immunohistochemical 

staining for the molecular markers HIF-1α and 
CD68 was performed. The results can be seen 
in Figure 5.

Discussion

This study is the first to demonstrate that 
18F-FDG-uptake (SUVmax) in atherosclerotic le- 
sions in patients is associated with the key 
molecular marker of hypoxia HIF-1α. This result 
is in line with the hypothesis we previously sug-
gested as an explanation to our earlier findings: 
That micro vessel density, but not neoangio-
genesis is associated with 18F-FDG-uptake, 
likely through a connection between hypoxia 
and inflammation [20]. To be concise that study 
found that micro vessel density was significant-
ly, but inversely correlated with 18F-FDG uptake. 
This is in line with earlier findings in pigs which 
indicated that low micro vessel density and 
resulting hypoxic conditions could lead to 
microinflammation and atherogenesis, howev-
er that was a non-imaging study [23]. Molecular 
imaging of angiogenesis with PET is likely to be 
based on the tripeptide Arg-Gly-Asp (RGD) 
which is a motif on vitronectin, a glycoprotein 
abundant in the extracellular matrix. Angiogenic 
sprouting is initiated by endothelial cells (ECs) 
which express the integrin dimer αVβ3; a recep-
tor for the RGD motif. Interaction between RGD 
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and αVβ3 enable migration of sprouting ECs and 
therefore also provide an imaging target for 
angiogenesis. Initial studies in atherosclerotic 
mice used 18F-galacto-RGD as an angiogenesis 
tracer [24]. Unfortunately 18F-galacto-RGD is 
highly difficult to produce and its use is there-
fore diminishing, however promising new alter-
natives based on RGD are now emerging [25].

The connection of hypoxia and inflammation is 
based on a complex interrelationship between 
the HIF-1α transcription factor and the tran-
scription factor nuclear factor-кB (NF-кB) which 
is a central regulator of innate immunity. In 
short, blood marrow derived monocytes were 
demonstrated to depend on the NF-кB subunit 
IKKβ for HIF-1α gene expression. Without IKKβ 
HIF-1α mRNA was down regulated in macro-
phages challenged with hypoxia in vitro as well 
as in an in vivo mouse model of hypoxia [26]. 
Adding to the complexity IKKβ catalytic activity 
(and HIF-1α subunit stabilization) is repressed 
by hydroxylation by O2 dependent prolyl hydrox-
ylases (PHDs) whose own activity is diminished 
by hypoxia per se.

When HIF-1α subunit stabilization occurs in a 
low oxygen environment, HIF-1 can translocate 
to the cell nucleus and directly bind to gene pro-
moters of pattern recognition receptors; the toll 
like receptors (TLR) TLR-2 and TLR-6. In vitro 
evidence using human cells confirmed that 
TLR2 and TLR6 mRNA and protein is upregu-
lated by HIF-1 in hypoxia [27]. The connection 
between HIF-1 and TLRs may explain part of the 
link between hypoxia and inflammation. 
Hypoxia thus induces NF-кB, HIF-1α activity 
and TLR expression driving a combined 
response linking hypoxia and inflammation on 
the molecular level [28].

Furthermore it was confirmed that CD68 gene 
expression lends independent information to 
18F-FDG-uptake (SUVmax). The correlation of 
CD68 gene expression with 18F-FDG-uptake 
has previously been described [20]. In addition 
we used immunohistochemistry in this study to 
confirm that CD68, as well as HIF-1α protein, 
were expressed in atherosclerotic carotid 
plaques. However using correlation analysis we 
found that CD68 and HIF-1α gene expression 
co-variates (Figure 3). In itself this is not sur-
prising; as described the intertwined molecular 
and cellular mechanisms between inflamma-

tion and hypoxia means we cannot, to some 
extent, have one without the other [29, 30]. 
Therefore HIF-1α was eliminated in the multi-
variate analysis only due to its lesser strength 
as a predictor of 18F-FDG-uptake as compared 
to CD68.

Clinically the impact of molecular characteriza-
tion of atherosclerotic plaques using PET would 
be improved selection criteria for CEA opening 
the possibility for a higher degree of individual-
ized patient treatment. Imaging atherosclerosis 
is still a new discipline and 18F-FDG is a natural 
first choice as tracer, however other tracers 
specific to targets known to be expressed in 
plaques are being introduced [31, 32]. The ulti-
mate goal is to identify a biomarker that is only 
expressed in vulnerable atherosclerotic pla- 
ques and to subsequently develop a tracer 
which would enable identification of patients 
eligible for CEA thus reducing the need to treat 
ratio in a one-stop-shop solution.

Conclusions

We found that 18F-FDG-uptake (SUVmax) corre-
lated well with gene expression of the key 
marker of hypoxia HIF-1α. In addition 18F-FDG-
uptake was correlated with the marker of in- 
flammation CD68. Gene expression of the 
molecular markers CD68 and HIF-1α co-variate 
and are therefore both associated with 18F-FDG-
uptake. Qualitative immunohistochemical anal-
yses validated expression of the selected 
genetic markers on the protein level.
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