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Abstract: Radiation therapy (RT) induces vascular changes that increase the risk of cardiovascular diseases in some 
patients. The objective was to determine if in vivo positron emission tomography (PET) with fluorodeoxyglucose 
(18F-FDG) can identify increased vascular inflammation in patients without changes in vascular intima media thick-
ness (IMT). Patients previously receiving unilateral RT due to lymphoma were prospectively recruited (N=10). The 
untreated contralateral artery functioned as control. All patients underwent a dedicated vascular PET/CT. Vascular 
tracer uptake was quantified by drawing regions of interests around the carotid artery or the iliac arteries. The 
IMT of the carotid arteries was measured using ultrasound. Eight patients (25% male, 42-83 years old) that had 
received RT involving unilateral carotid arteries and 2 patients (both male, 38 and 58 years old) that had received 
radiotherapy involving the unilateral iliac artery were included. The patients had completed their RT 2-7 years be-
fore. Eight patients showed increased uptake of 18F-FDG in the irradiated side compared to the non-irradiated side, 
1 showed no difference, while 1 patient showed highest uptake in the non- irradiated side (P=0.04). Measurement 
of IMT showed that 4 patients had the highest thickness in the irradiated side, while the other 4 patients had the 
highest thickness in the non-irradiated side (P=0.8). In conclusion, we found that 18F-FDG PET imaging may be used 
to detect vascular changes induced by RT. Larger prospective follow-up studies are needed to determine the prog-
nostic value of increased vascular FDG-uptake.
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Introduction

Radiation therapy (RT) is an integrated part of 
cancer treatment in many patients. Accordingly, 
it is estimated, that more than half of all long-
term cancer survivors have received RT. 
Radiation treatment plans that include irradia-
tion of the large arteries enhance the risk of 
atherosclerosis. In line with this, long term can-
cer survivors have an increased risk of cardio-
vascular disease associated with irradiation 
[1-4].

The precise mechanism behind radiation-
induced cardiovascular disease remains to be 
determined. The initial event is thought to be 
endothelial cell damage leading to endothelial 
dysfunction [5], progressive cell proliferation 
and subsequently intima media thickening of 
the vessel [6]. However, human studies with 
diverse designs have shown conflicting results 

regarding the time frame from RT to a signifi-
cant increase in carotid artery intima media 
thickness [7-9].

Several non-invasive imaging modalities can  
be used to characterize atherosclerotic chang-
es. Most of these methods (like ultrasound, 
CT-angiography and magnetic resonance imag-
ing) rely on morphological changes in the arte-
rial wall (e.g. intima media thickness). In com-
parison, positron emission tomography (PET) 
using the glucose analog 18F-fluorodeoxyglucose 
(FDG) is a molecular imaging technique that 
identifies cells with high metabolic activity. A 
very early event in atherogenesis is macro-
phage invasion and proliferation. These activat-
ed macrophages have a high metabolic rate 
and are therefore readily identified by FDG-PET. 
A number of previous studies have used FDG 
uptake as marker of the arterial inflammation 
that precedes the morphological changes seen 
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with other non-invasive imaging techniques 
[10-15]. Studies of this very early atherosclero-
sis with FDG-PET may offer ways to monitor 
early atherosclerosis and guide future interven-
tions against cardiovascular disease in RT 
treated patients and may also provide increased 
knowledge of the pathogenesis behind the 
increased risk of cardiovascular disease follow-
ing RT.

The aim of this study was to determine if in vivo 
FDG PET imaging can identify increased vascu-
lar inflammation following RT. To do this, RT 
effects were studied less than 10 years after 
unilateral involved node radiation therapy 
(INRT) of lymphoma with the patient’s contra-
lateral non-irradiated artery serving as intra-
subject reference.

Materials and methods

Design

Patients previously treated according to INRT 
guidelines [16] with RT for unilateral lymphoma 
near the carotid artery (N=8) or the internal 
iliac artery (N=2) were prospectively included in 
the trial. Exclusion criteria were age < 18 years, 
diabetes, pregnancy, renal insufficiency, or 
active infection. The initial INRT was delivered 
as 3-dimensional conformal radiation therapy 
(3D-CRT) from 2005 to 2010. The dose deliv-
ered to the carotid artery or the internal iliac 
artery was assessed bilaterally from the 
CT-fused radiation treatment plans.

All patients underwent a dedicated vascular 
FDG-PET/CT and carotid ultrasound on the 
same day. The study was approved by the 
Regional Scientific Ethical Committee (protocol 
H-1-2010-064) and all subjects received oral 
and written information about the study and 
signed an informed consent before inclusion.

FDG-PET/CT

Patients fasted 6 hours prior to injection of 400 
MBq 18F-FDG (range 393-454 MBq) in a cubital 
vein. Plasma glucose measured before injec-
tion ranged from 4.9 to 7.1 mmol/l. To reduce 
tracer uptake in neck musculature the patients 
were not allowed to talk, and to avoid uptake in 
brown fat they rested in calm and warm sur-
roundings from 15 min before injection until 30 
min after injection.

Three hours after 18F-FDG injection (range 169 
to 204 minutes), the patients were scanned 
using a combined PET/CT-scanner (Siemens 
Biograph mCT64, Siemens, Berlin, Germany). 
This prolonged circulation time from injection to 
PET leads to a low FDG content in the blood and 
is preferred for imaging of vascular inflamma-
tion  [17, 18]. PET was acquired in three-dimen-
sional list mode for 3 min over one field of view 
centered at the carotid bifurcation or the inter-
nal iliac artery. Two CT examinations were per-
formed in each patient; one CT scan for attenu-
ation correction and one contrast enhanced CT 
scan (120 kV, reference mAs 225 (care dose)) 
was performed just after the PET acquisition. 
Contrast was injected by pump (100 ml of 
Optiray 300 mg/ml at 2.5 ml/s followed by 100 
ml of saline at 2.5 ml/s) and the CT was auto-
matically initiated using bolus tracking in the 
descending aorta.

A routinely used, optimized clinical reconstruc-
tion setting using CT based attenuation correc-
tion was employed, with both resolution-recov-
ery (point spread function, TrueX) and time-of-
flight (2 iterations, 21 subsets, zoom 1.0) giving 
400×400 image slices (voxel size 2.00×2.04× 
2.04). A 2 mm full width at half maximum 
Gaussian filter was then applied to all images 
post-reconstruction.

Data analysis

A free-hand 3D ROI was drawn around the com-
mon carotid artery and the internal carotid 
artery or the internal iliac artery slice by slice on 
the axial contrast-enhanced CT images includ-
ing both the vessel wall and the vessel lumen. 
The ROI started 20 mm caudal to the bifurca-
tion and extended distally to 10 mm cranial to 
the bifurcation of the carotid. Likewise a 3D ROI 
was drawn to include the proximal 10 mm of 
the internal iliac artery bilaterally.

Anatomical co-registration of CT and PET was 
carefully checked by matching anatomical land-
marks such as the salivary glands. The ROI 
including the relevant vascular segment was 
copied from the CT to the FDG-PET. The vascu-
lar FDG-uptake was assessed in the irradiated 
artery segment (carotid artery or internal iliac 
artery) and the contralateral non-irradiated 
artery by maximum standardized-uptake-val-
ues (SUVmax) that corrects for injected dose, 
patient weight and time to acquisition.



Radiation-induced vascular disease

410 Am J Nucl Med Mol Imaging 2015;5(4):408-415

Vascular ultrasound

Before tracer injection, real-time intima media 
thickness was measured along a 10 mm seg-
ment of the common carotid artery 1 cm cau-
dally of the sinus caroticus by ultrasound 
(Mylab25Gold, Esaote, Italy) using a 6.5 MHz 
transducer and automatic software (RF-QIMT, 
Esaote, Italy). QIMT uses radiofrequency signal 
tracking - a ‘raw’ ultrasound signal from the 
ultrasound scanner that is not yet processed - 
to measure the thickness of the intima media 
layer with high spatial resolution and with inde-
pendency of the investigator and device set-
tings. Figure 1 shows a case sample from our 
lab of the automated intima media thickness 
detection.

Statistics

The inclusion of patients with unilateral radia-
tion therapy allowed for a paired design where 
each patient served as their own control (irradi-
ated vs. non-irradiated carotid artery or irradi-
ated vs. non-irradiated internal iliac artery). In 
addition to increased statistical power, this 
design spared the need for a background cor-
rection like calculating target-to-background 
ratio.

The pre-trial power calculation showed that a 
sample size of 11 would give a power of 0.7 to 
detect a proportion of 0.8 using the sign-test.

Data were logarithmically transformed when 
appropriate. The paired analyses of FDG-
uptake in the irradiated versus non-irradiated 
vascular segment were tested using both the 
sign-test (binominal distribution) and the paired 

sample t-test. Correlation between vascular 
FDG uptake and adjacent FDG uptake, or inti-
ma media thickness was tested using Spear- 
man’s rho. Analyses were performed with IBM 
SPSS Statistics (version 22, IBM).

Results

Eight patients previously treated with unilateral 
RT in the carotid region and 2 patients with pre-
vious unilateral RT to the iliac artery region 
were included. All were patients with a unilat-
eral lymphoma. The median time from RT to the 
PET examination was 2 years (range 2-7 years). 
The total estimated radiation dose to the artery 
(derived from the CT-fused radiation treatment 
plans) ranged from 11 to 35 Gy. The individual 
time from RT to PET, histological diagnosis of 
lymphoma type as well as chemotherapy regi-
mens are shown in Table 1. The contralateral 
vascular segment that served as control in this 
study received in all cases less than 3 Gy 
assessed from the original radiation plan. All 
included patients had few traditional cardiovas-
cular risk factors and none had symptoms from 
vascular disease (Table 2).

All patients had unilateral RT and thus served 
as their own control when assessing vascular 
FDG uptake. The carotid artery was examined 
in eight patients and the internal iliac artery in 
2 patients (Figures 2 and 3). Of the 10 included 
patients, only 1 had highest vascular FDG 
uptake in the non-irradiated side, one patient 
had equal uptake in the two sides, and 8 
patients had highest uptake in the irradiated 
vascular segment (P=0.04). Both patients with 
iliac artery RT had highest uptake in the irradi-
ated side (Figure 4). The average uptake in the 
irradiated side was 2.3 (s.d. 1.1) compared  
to 1.9 (s.d. 0.7) in the non-irradiated side. The 
mean difference between FDG uptake (SUVmax) 
in the irradiated and contralateral non-irradiat-
ed vascular segments was 0.42 (P<0.05, Figure 
4).

The average FDG uptake (SUVmax) in the adja-
cent soft tissue was 1.6 (s.d. 0.8). As expected 
we did not find a significant correlation between 
SUVmax in the arteries and SUVmax in the adja-
cent soft tissue (r=-0.08, P=0.7), indicating 
that the high vascular uptake is not caused by 
spill over from adjacent tissue.

Intima media thickness in the 8 patients with 
unilateral carotid irradiation did not differ in the 

Figure 1. A sample case of automated radiofrequen-
cy based intima media evaluation. The distal lumen 
of the common carotid artery is marked with an as-
terisk.
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irradiated versus the non-irradiated side (mean 
difference 0.02 mm; P=0.8, Figure 5). The 
average intima media thickness in the irradiat-
ed side was 837 µm (s.d. 326 µm) compared to 
856 µm (s.d. 248 µm) in the non-irradiated 
side. Also, intima media thickness did not cor-
relate with carotid FDG uptake (r=-0.2; P=0.9).

Discussion

This is the first study to investigate the influ-
ence of RT on vascular uptake of FDG in 
humans. Our data suggest that FDG uptake is 
increased in vascular segments less than 10 
years after RT. It is our hypothesis that the 
increased FDG uptake indicates increased vas-
cular inflammation and this could be a determi-
nant of increased risk of cerebro-cardiovascu-
lar disease. The clinical perspective of our trial 
is to stratify at-risk individuals based on the 
level of FDG-uptake to offer individualized pri-
mary prevention. Some experimental studies 
have indicated that e.g. HMG-CoA reductase 
inhibitor (statin) therapy may reduce vascular 
lesions following RT [19, 20].

range of reported median times from RT to car-
diovascular event [2, 4]. Moreover, most of the 
clinical data stem from a time when extended 
field RT was used. A recent study [24] used 
dose-response curves from published Hodgkin 
lymphoma data to compare stroke risk esti-
mates following INRT or extensive mantle field 
RT. This study indicates that INRT reduces the 
stroke risk substantially as compared to previ-
ous mantle field RT. To overcome some of these 
confounding issues we designed a study with 
unilateral INRT treated patients where each 
patient could serve as their own vascular con-
trol. A potential limitation of this design is that a 
few studies have found impaired peripheral 
endothelial function indicating a systemic 
effect of RT [25]. Such an effect would be 
masked in our paired study.

Vascular inflammation preceding morphologi-
cal changes

Based on our results, we suggest that irradia-
tion damages the vessels and this leads to long 
term inflammation identified by FDG uptake 

Table 1. Details of all included patients

pt ID Diagnosis Location of radiation 
exposed vessel 

Time from RT 
to PET (years)

Estimated Gy 
to the vessel Chemotherapy

1 Diffuse large B-cell lymphoma Right carotid artery 2 31-35 R-CHOP
2 Lymphoplasmacytic lymphoma Right carotid artery 2 16-20 No chemotherapy
3 Diffuse large B-cell lymphoma Right carotid artery 3 16-20 R-CHOP
4 Diffuse large B-cell lymphoma Left carotid artery 2 31-35 R-CHOP
5 Nodular sclerosis Hodgkin lymphoma Left carotid artery 3 11-15 ABVD
6 Diffuse large B-cell lymphoma Left carotid artery 2 31-35 R-CHOP
7 Diffuse large B-cell lymphoma Right carotid artery 2 31-35 R-CHOP
8 Diffuse large B-cell lymphoma Right carotid artery 2 26-30 R-CHOEP
9 Nodular sclerosis Hodgkin lymphoma Right internal iliac artery 7 21-25 ABVD
10 Mixed cellularity Hodgkin lymphoma Left internal iliac artery 2 31-35 ABVD
ABVD = Adriamycin, bleomycin, vinblastine, dacarbazine; R-CHOP = Rituximab, cyklofosfamide, adriamycine, vincristine, prednisone; R-CHOEP = 
Rituximab, cyklofosfamide, adriamycine, vincristine, etoposid, prednisone.

Table 2. Characteristics of study population
Male gender 4 (40%)
Median age (range) 58 (38-83)
Median body mass index (range) 27.7 (16.9-43.6)
Known cardiovascular disease 0
Current smokers 3 (30%)
Family history of heart disease 2 (20%)
Medical treatment for hypertension 2 (20%)
Medical treatment for hypercholesterolemia 1 (10%)
Diabetes* 0
*Exclusion criteria.

Risk of cerebrovascular disease follow-
ing RT

Numerous clinical studies have estab-
lished RT as a risk factor for cerebrovas-
cular disease in diseases like head-and-
neck cancer [21], lung cancer [22], and 
breast cancer [23]. The effect of RT is 
however not easily assessed since the 
patients typically also have classic car-
diovascular risk factors, and cancer as 
well as several chemotherapeutic regi-
mens may affect the risk. These con-
founders may also influence the wide 
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Figure 2. Representative FDG-PET/CT from irradiated (arrow) and non-irradiated (arrowhead) carotid artery. The left 
panel shows the contrast enhanced CT and the right panel the FDG-PET fused with the CT.

Figure 3. Representative FDG-PET/CT from irradiated (red arrow and asterisks) and non-irradiated (black arrowhead 
and asterisks) internal iliac artery. The top-row show the contrast enhanced CT with green lines representing the 
sagittal planes used for the bottom-row FDG-PET fused with CT.
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years after the radiation. We found no correla-
tion between carotid intima media thickness 
and FDG-uptake, and intima media thickness 
did not differ between the irradiated and non-
irradiated side. This result was not unexpected 
since we included patients less than 7 years 
after RT (most only 3 years after) and similar 
trials have found that intima media thickness is 
not significantly changed this early after RT 
below 50 Gy [7, 9]. Also, our study was not pow-
ered to identify minor intima media thickness 
differences.

Our results are in agreement with the general 
belief that macrophage infiltration and inflam-
mation are early events in the atherogenesis 
that precedes morphological changes like 
increased intima media thickness [26]. Vas- 
cular FDG uptake is known to correlate with 
macrophage infiltration in human atherosclero-
sis [10, 27] and a few retrospective studies 
have indicated that vascular FDG uptake is a 
risk factor for future cerebrovascular events 
[28, 29]. We can only speculate if this is also 
the case in our patients since our case-control 
study cannot determine the prognostic impact 
of increased vascular uptake in these patients.

In vivo imaging of vascular FDG-uptake using 
PET is potentially influenced by the small diam-
eter of the carotid and iliac arties close to the 

spatial resolution of the PET system. Therefore, 
vascular SUVmax is potentially affected by spill-
over from adjacent FDG avid tissue. We tested 
this potential mechanism by assessing the FDG 
uptake (SUVmax) in adjacent soft tissue, and this 
did not correlate to the FDG uptake in the arter-
ies. We thus find it most likely that our vascular 
SUVmax does represent FDG uptake in the ves-
sel wall.

Even though vascular FDG-uptake is a recog-
nized molecular marker of inflammation our 
patient-population does not allow us to get ex 
vivo confirmation of an ongoing inflammation in 
the irradiated versus the non-irradiated artery. 
It is impossible to get an intravascular biopsy, 
and the patients are not candidates for vascu-
lar surgery since they do not have any stenotic 
lesions. We do however have indirect evidence 
of a causal relationship between FDG-uptake 
and macrophage infiltration from both animal 
[30] and human [10] studies of more advanced 
atherosclerotic plaques. In this light an animal 
study of vascular FDG-uptake after RT would be 
if interest since this would allow for ex vivo con-
firmation of inflammation following RT.

Our study is limited by the small sample size of 
only 10 patients. However, we were not able to 
recruit any more eligible patients. The few 
patients prohibited any meaningful subgroup 
analyses. Our finding of equal intima media 
thickness was not part of the power-calculation 
and could represent a type 2 error. However, 

Figure 4. Correlation between FDG-uptake (SUVmax) 
in the irradiated and contralateral non-irradiated 
artery from the 10 included patients. The dashed 
identity-line is shown in black. The carotid artery was 
compared in 8 patients (blue circle) and the internal 
iliac artery in another 2 patients (green circle). Axes 
are in logarithmic scale.

Figure 5. Correlation between intima media thick-
ness (IMT) in the irradiated and contralateral non-
irradiated carotid artery from the included patients. 
The dashed identity-line is shown in black. Axes are 
in logarithmic scale.
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our results are supported by another study 
showing equal intima media thickness less 
than 10 years after RT [7]. Also, a larger popula-
tion would allow for a meaningful testing of 
dose-response between radiation dose and 
FDG-uptake. Finally, our follow-up studies are 
needed to determine if the vascular inflamma-
tion detected with FDG-PET will predict future 
vascular complications as described in other 
populations [28, 29].

In conclusion, we have found a significant 
increase in vascular FDG uptake 2-7 years after 
RT, without any morphologic indication of uni-
lateral accelerated atherosclerosis. Future pro-
spective follow-up trials will have to show if 
these changes predict vascular morbidity and if 
classic risk factor reduction can diminish the 
vascular changes and thus vascular morbidity.
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