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using combined 18F-FDG PET/MR imaging

Fabien Hyafil1,2 & Andreas Schindler3 & Dominik Sepp4
& Tilman Obenhuber3 &

Anna Bayer-Karpinska5 & Tobias Boeckh-Behrens6 & Sabine Höhn4
& Marcus Hacker7 &

Stephan G. Nekolla1,8 & Axel Rominger9 & Martin Dichgans4,10 & Markus Schwaiger1 &

Tobias Saam3
& Holger Poppert4

Received: 18 June 2015 /Accepted: 17 September 2015 /Published online: 3 October 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract
Purpose The aim of this study was to investigate in 18 pa-
tients with ischaemic stroke classified as cryptogenic and pre-
senting non-stenotic carotid atherosclerotic plaques the mor-
phological and biological aspects of these plaques with mag-
netic resonance imaging (MRI) and 18F-fluoro-deoxyglucose
positron emission tomography (18F-FDG PET) imaging.
Methods Carotid arteries were imaged 150 min after injection
of 18F-FDG with a combined PET/MRI system. American
Heart Association (AHA) lesion type and plaque composition
were determined on consecutive MRI axial sections (n=460)
in both carotid arteries. 18F-FDG uptake in carotid arteries was
quantified using tissue to background ratio (TBR) on corre-
sponding PET sections.
Results The prevalence of complicated atherosclerotic plaques
(AHA lesion type VI) detected with high-resolution MRI was

significantly higher in the carotid artery ipsilateral to the isch-
aemic stroke as compared to the contralateral side (39 vs 0 %;
p=0.001). For all other AHA lesion types, no significant differ-
ences were found between ipsilateral and contralateral sides. In
addition, atherosclerotic plaques classified as high-risk lesions
with MRI (AHA lesion type VI) were associated with higher
18F-FDG uptake in comparison with other AHA lesions
(TBR=3.43±1.13 vs 2.41±0.84, respectively; p<0.001). Fur-
thermore, patients presenting at least one complicated lesion
(AHA lesion type VI) with MRI showed significantly higher
18F-FDG uptake in both carotid arteries (ipsilateral and contra-
lateral to the stroke) in comparison with carotid arteries of pa-
tients showing no complicated lesion with MRI (mean TBR=
3.18±1.26 and 2.80±0.94 vs 2.19±0.57, respectively; p<0.05)
in favour of a diffuse inflammatory process along both carotid
arteries associated with complicated plaques.
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Conclusion Morphological and biological features of high-
risk plaques can be detected with 18F-FDG PET/MRI in
non-stenotic atherosclerotic plaques ipsilateral to the stroke,
suggesting a causal role for these plaques in stroke. Combined
18F-FDG PET/MRI systems might help in the evaluation of
patients with ischaemic stroke classified as cryptogenic.

Keywords Atherosclerosis . Vulnerable plaque . Carotid
arteries . Stroke .MRI . PET . 18F-FDG

Introduction

Stroke is one of the leading causes of death and handicap in
industrialized countries [1, 2]. Carotid plaques are estimated
to cause between 15 and 20 % of all ischaemic strokes [3, 4].
Plaque rupture is identified in about 60 % of endarterectomy
specimens of patients presenting with ischaemic stroke and is
thought to represent a key trigger for arterial thromboembo-
lism [5]. However, diagnostic and therapeutic strategies in
patients with carotid stenosis remain based on the degree of
luminal stenosis and the presence of acute ischaemia in the
downstream cerebral vascular territory [6]. Detection of rup-
tured plaque with noninvasive imaging might help us to iden-
tify the cause of stroke or intermittent cerebral ischaemia in
symptomatic patients and to improve risk stratification in pa-
tients with asymptomatic carotid stenosis.

In the past 20 years, several noninvasive imaging tech-
niques have emerged for the characterization of carotid ath-
erosclerotic plaques [7, 8]. Morphological plaque features
such as thin/ruptured fibrous cap, large lipid-rich/necrotic core
(LR/NC) or intraplaque haemorrhage (IPH) are characteristic
of the so-called vulnerable plaque and can be detected by
high-resolution magnetic resonance imaging (MRI) with good
accuracy in comparison with histology [9, 10]. Additionally,
carotid plaques of patients with recent ischaemic stroke con-
tain high numbers of inflammatory cells, which can be evi-
denced using 18F-fluorodeoxyglucose (FDG), a glucose ana-
logue radiolabelled for positron emission tomography (PET)
imaging that accumulates in metabolically active cells such as
activated macrophages. Strong relationships have been docu-
mented between the degree of arterial 18F-FDG uptake and the
density of macrophages determined histologically in carotid
plaques [11]. Moreover, atherosclerotic plaques of patients
with carotid stenosis >50 % imaged shortly after a transient
ischaemic attack accumulated approximately 30 % more 18F-
FDG in carotid arteries ipsilateral to the stroke than in contra-
lateral arteries [12]. Combined PET/MRI imaging systems
[13] have recently become available and might prove partic-
ularly interesting for vascular imaging by offering simulta-
neous morphological and functional evaluation of atheroscle-
rotic plaques [14].

Non-stenotic carotid plaques represent a promising clinical
application for plaque imaging. Indeed, in up to 40 % of pa-
tients presenting with ischaemic stroke despite extensive
work-up, no definite cause can be established [15]. In a first
pilot study [16], we imaged patients admitted for an ischaemic
stroke considered as cryptogenic and presenting non-stenotic
carotid atherosclerotic plaques ipsilateral to the stroke with
multi-contrast MRI. We found that about one third of carotid
plaques were complicated by IPH, fibrous plaque rupture or
luminal thrombus [American Heart Association (AHA) lesion
type VI]. Accurate identification of culprit atherosclerotic
plaques associated with ischaemic stroke is crucial because
the prevalence of carotid stenosis <50 % is high in the popu-
lation. Histological analysis of plaques is, however, not avail-
able in these patients because most of the time they are treated
medically. In the current study, we exploited the methodolog-
ical opportunity of PET/MRI to simultaneously evaluate the
morphological and functional features of atherosclerotic
plaques in non-stenotic carotid lesions of a subgroup of 18
symptomatic patients included in the Carotid Plaque Imaging
in Acute Stroke (CAPIAS) study (NCT01284933) [17].

Materials and methods

Patient selection

Eighteen consecutive patients admitted to the stroke unit of
the Department of Neurology of the University Hospital
Klinikum rechts der Isar in Munich, Germany, between De-
cember 2012 and March 2014 were included in the CAPIAS
study on the basis of previously published inclusion and ex-
clusion criteria [17]. Briefly, patients were screened for eligi-
bility in the study on the basis of ischaemic stroke in the
territory of the anterior or middle cerebral artery<14 days,
non-stenosing atherosclerotic plaques in the carotid bifurca-
tion determined by duplex sonography [plaque thickness>
2 mm; luminal stenosis<50 % according to North American
Symptomatic Carotid Endarterectomy Trial (NASCET)
criteria] and absence of any definite stroke aetiology. The local
Ethics Committee approved the study and all participants pro-
vided written informed consent.

Acquisition protocols with the combined PET/MRI system

PET and MR images were acquired simultaneously in all
patients.

FDG PET acquisition protocol

All patients were asked to fast for at least 6 h before 18F-FDG
PET imaging. Imaging was performed only if fasting glucose
was lower than 7.7 mmol/l before tracer injection. 18F-FDG
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was injected intravenously at a dose of 4 MBq/kg and patients
were hydrated orally with water. The patient’s neck was
placed in a support device on the examination table and cov-
ered with dedicated carotid MRI coils. Imaging started 150±
14 min after tracer injection on a fully integrated whole-body
PET/MRI scanner (Biograph mMR, Siemens Healthcare).
The imaging protocol consisted of a localizer scan to define
the bed position and was followed by a coronal two-point
Dixon 3-D T1-weighted (T1W) volumetric interpolated
breath-hold (VIBE) MRI sequence for the generation of atten-
uation maps (μ-maps) as previously described [18]. The field
of view for PET acquisition was centred on the carotid bifur-
cations, identified by time-of-flight (TOF) MR angiography.
PETwas then acquired in 3-D mode for 10 min in a single bed
position. Data were corrected for randoms, dead time, scatter
and attenuation based on the μ-maps extracted from the Dixon
images. Using a 3-D attenuation-weighted ordered subsets
expectation maximization iterative reconstruction algorithm
(AW-OSEM 3-D) with 3 iterations and 21 subsets and a zoom
of 1, 2-mm-thick axial PET images were reconstructed with a
50×50 cm2 field of view and a 344×344 matrix. Spatial res-
olution of the reconstructed PET images was previously de-
termined to be 4.3 mm at 1 cm from the scanner’s isocentre
and 5.0 mm at 10 cm in the transverse direction in full-width at
half-maximum [19]. Total radiation dose for the PET acquisi-
tion was estimated at 5 mSv [20].

MRI acquisition protocol

All subjects were imaged using a previously published multi-
ple sequence protocol [21] [3-D TOF MR angiography, axial
fat suppressed pre- and post-contrast black-blood T1W and
T2-weighted (T2W) sequences; in-plane resolution 0.5×
0.5 mm2 with the 3-T MRI system]. A dedicated bilateral
four-channel phased array carotid coil (PACC-ST30,
Machnet, The Netherlands) was used to improve the signal
to noise ratio and to optimize spatial resolution ofMR images.
Sequences were centred to depict both carotid bifurcations
with adjacent sections of common and internal carotid arteries.
Parallel imaging was used for all sequences with a par-
allel acquisition technique (PAT) acceleration factor of 2.
Imaging times for TOF, T1W and T2W images were
3.00, 4.50 and 2.26 min, respectively, resulting in a total
scan time of 15.06 min. Gadolinium-DTPA-BMA (gado-
butrol, Bayer Schering, Leverkusen, Germany) of
0.1 mmol/kg (0.1 ml/kg) was given at a rate of 3 ml/s.
Post-contrast T1W imaging was performed approximate-
ly 5 min after intravenous injection of the contrast agent.
Scan coverage was 3.0, 4.2 and 5.2 cm for T1W, T2W
and TOF images, respectively, resulting in a matched
coverage of 30 mm (2-mm slice thickness×15 matched
images across the three sequences).

Analysis of FDG PET images

Images were analysed by an experienced nuclear medicine
physician (F.H.) blinded to clinical status and to the results
of MRI. Image registration and fusion of the TOFMRI acqui-
sitions and attenuation-corrected PET images was performed
with an OsiriX workstation (OsiriX version 3.5.1 64-bit,
OsiriX Imaging Software, Geneva, Switzerland), an open-
source DICOM viewer and image manipulator using the Horn
algorithm, a manual rigid registration algorithm based onmul-
tiple points [22, 23]. Matching of both data sets was consid-
ered as correct when neck contours of PET and MR images
were perfectly aligned. If required, alignment was corrected
manually using the fusion tool of the OsiriX software. Circular
regions of interest (ROIs) were then placed on axial adjacent
PET images of both carotid arteries (15 axial sections) identi-
fied using the TOF images. Care was taken to exclude FDG
uptake located in adjacent lymph nodes. Maximum standard
uptake values (SUVmax) calculated as decay-corrected tissue
radioactivity divided by body weight and injected dose were
recorded in each region of interest. Tissue to background ratio
(TBR) was calculated as the ratio of SUVmax and the back-
ground venous activity measured as SUVmean in the internal
jugular veins [24]. In addition, mean TBRs for each arterial
territory were calculated as the average of TBR values
throughout the entire segment of the carotid artery present in
the field of view.

Analysis of MR images of atherosclerotic plaques

MRI data were independently analysed by two experienced
radiologists (T.S. and A.S.) who were blinded to the clinical
status and to the results of PET scans. In cases of discrepancy,
a consensus decision was made. Image quality was assessed
on a 4-point Likert scale (1=worst; 4=best) and only images
with a value ≥2 were included for further evaluation. Athero-
sclerotic plaques in both carotid arteries were analysed and
classified per slice according to the modified criteria of the
AHA [25]. Area measurements of the lumen, wall, outer wall
and tissue components were obtained using a custom-
designed semiautomatic image analysis tool (CASCADE,
University of Washington, Seattle, WA, USA) [26]. Tissue
components (LR/NC, calcification and haemorrhage), the sta-
tus of the fibrous cap (thick vs thin vs ruptured), haemorrhage
type [type I (early subacute) versus type II (late subacute)] and
presence of thrombus were identified on the basis of previous-
ly published criteria [27–29].

Statistical analysis

Categorical variables are presented as absolute and relative fre-
quencies; continuous variables are presented as mean±SD. For
comparisons of ipsilateral and contralateral carotid arteries, the
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paired Student’s t test was used to test differences between
continuous variables and Fisher’s exact test to determine differ-
ences between categorical variables. A two-sided Kruskal-Wal-
lis test was used for comparisons of plaque composition in
individual axial sections of carotid arteries. A Mann-Whitney
test was used for comparison of the effects of statin therapy and
imaging delay on TBR values. All analysis was performed
using SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA).
A p value<0.05 was considered statistically significant.

Results

Patient population

A total of 18 patients (mean age 70±12 years; 37 %male) with
recent acute ischaemic stroke and ipsilateral non-stenotic carot-
id atherosclerotic plaques were included in the study. Despite
detailed clinical work-up, no definite stroke aetiology was iden-
tified in any of these patients when they were included in this
study. Demographic and clinical characteristics are described in
Table 1. The mean modified National Institute of Health Stroke
Scale (NIHSS) [30] score upon admission was 3.5±4.4. Medi-
an time between acute ischaemic stroke and imaging was 7±
3 days. The average modified Rankin Scale and Barthel Index
upon discharge was 1.7±1.2 and 92±14, respectively.

Morphology of carotid atherosclerotic plaques
on multi-contrast MRI

A total of 460 of 540 (85.2 %) axial MR image sections were
deemed interpretable. None of the patients had to be excluded

due to poor image quality on MRI. Quantitative analysis of
plaque burden and composition (Table 2) identified no signif-
icant differences for mean luminal area or mean total vessel
area between both carotid arteries. By contrast, significantly
larger maximal wall areas were measured in the carotid artery
ipsilateral to the stroke as compared with the contralateral
artery. In addition, ipsilateral carotid arteries showed signifi-
cantly larger maximum necrotic core and maximum
haemorrhagic areas than contralateral arteries. Maximum cal-
cification areas did, however, not differ between ipsilateral
and contralateral arteries.

Complicated atherosclerotic plaques (AHA type VI le-
sions) were detected in 39 % of carotid arteries ipsilateral to
the ischaemic stroke (Table 2); by contrast, there were no
AHA type VI plaques on the contralateral side (p=0.001).
For all other AHA lesion types, no significant differences
were found between the ipsilateral and contralateral sides.
The most common feature of AHA type VI lesions was IPH
(100 %), followed by fibrous plaque rupture (86 %) and lu-
minal thrombus (14 %). Of the seven atherosclerotic plaques
with IPH, one haemorrhage was classified as type I, and six
were classified as type II.

18F-FDG uptake in carotid arteries measured with PET

Increased 18F-FDG uptake was measured in ruptured athero-
sclerotic plaques and in plaques with a thin fibrous cap with
MRI as comparedwith non-ruptured lesions with thick fibrous
caps (Fig. 1; TBR=3.55±1.21 and 3.14±1.05 vs 2.38±0.83,
respectively; p<0.001). In addition, atherosclerotic plaques
containing LR/NC or IPH with MRI (Fig. 2) showed signifi-
cantly higher 18F-FDG uptake as compared with other lesions
(3.14±1.14 vs 2.36±0.80 for the presence of an LR/NC; 3.48
±1.11 vs 2.40±0.84 for the presence of IPH; p<0.001 each).
Furthermore, plaques with large (≥5 mm2) as compared with
small (<5 mm2) LR/NC were associated with higher 18F-FDG
uptake (3.09±1.04 vs 2.58±1.05, respectively; p=0.001).
Similarly, there was a strong trend for increased 18F-FDG
uptake in plaques with large (≥5mm2) as compared with small
(<5 mm2) IPH type II, but this did not reach significance (3.76
±1.05 vs 2.96±0.71, respectively; p=0.07). Atherosclerotic
plaques classified as high-risk lesions withMRI (AHA lesions
type VI) were associated with higher 18F-FDG uptake in com-
parison with other AHA lesions (TBR=3.43±1.13 vs 2.41±
0.84; respectively; p<0.001).

Significantly higher 18F-FDG uptake (Fig. 3) was mea-
sured in both carotid arteries of patients presenting with com-
plicated lesions with MRI in comparison with carotid arteries
of patients showing no complicated lesion (Fig. 4; mean
TBR=3.18±1.26 and 2.80±0.94 vs 2.19±0.57; p<0.05, re-
spectively). No significant difference in 18F-FDG uptake was
found between patients treated with statins vs untreated (mean
TBR=2.33±0.60 vs 2.63±0.94; p=0.55, respectively) as well

Table 1 Patient population

n %

Vascular risk factors/comorbidities

Active smoking 3 17

Former smoking 10 56

Diabetes mellitus 4 22

Hypercholesterolaemia 5 28

Arterial hypertension 13 72

Positive family history for vascular events 10 56

Overweight (body mass index>25 kg/m2) 12 67

Coronary artery disease 4 22

Peripheral arterial disease 2 11

Baseline medication

Antiplatelet agent plus statin 4 22

Statin only 2 11

Antiplatelet agent only 3 17

Neither antiplatelet agent nor statin 9 50
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as between patients imaged early (≤7 days) vs late (≥7 days)
after the onset of symptoms (mean TBR=2.50±0.95 vs 2.51±
0.75; p=0.49, respectively).

Discussion

In this study, we evaluated in 18 consecutive patients with
ischaemic stroke classified as cryptogenic and presenting
non-stenotic (<50 %) carotid atherosclerotic plaques the mor-
phological and biological aspects of these plaques using a
combined PET/MRI system. We found that the prevalence
of morphological features of high-risk atherosclerotic plaques
on MRI was significantly higher in the carotid artery ipsilat-
eral to the stroke than in the contralateral artery. Non-stenotic,
complicated plaques identified withMRI were associatedwith
high levels of 18F-FDG uptake with PET. These observations
highlight the value of combined PET/MRI systems for the
simultaneous evaluation of morphological and functional
characteristics of atherosclerotic plaques in carotid arteries
and the more specific identification of high-risk plaques.

Association betweenmorphological and functional aspects
of high-risk plaques

In this study, we took advantage of simultaneous acquisition
of high-resolution MRI and 18F-FDG PET imaging to

compare the morphological and functional characteristics of
non-stenotic carotid plaques. The relationship between char-
acteristics of carotid plaques with MRI and the intensity of
18F-FDG uptake has been previously evaluated in patients
with high-grade carotid stenosis in two separate imaging ses-
sions [31, 32]. High 18F-FDG uptake in carotid arteries was
associated with the presence of lipid-rich carotid plaques de-
tected with MRI as well as histologically. Plaque aspects with
computed tomography angiography (CTA) have also been
compared with the intensity of 18F-FDG uptake in patients
with carotid stenosis >50 % [33]. A strong association was
found between high-risk features of plaques identified with
CTA and the intensity of 18F-FDG uptake. Characterization
of plaques with CTA is, however, restricted to the detection of
surface irregularities and areas of hypodensities. In addition,
evaluation of non-stenotic plaques is often difficult with CTA
owing to the poor contrast between plaque and lumen and the
small size of these lesions.

In contrast, high-resolution MRI seems particularly well
suited for the characterization of morphological aspects of
non-stenotic lesions. Combined PET/MRI acquisitions also
proved very helpful for the analysis of 18F-FDG PET images
of carotid arteries, even though this point was not specifically
evaluated in the current study. The high tissular contrast of
MRI allowed us to identify more specifically the 18F-FDG
signal located in the vessel wall and to exclude perivascular
structures such as lymph nodes from analysis. In this study, we

Table 2 Plaque characteristics
with MRI ipsilateral and
contralateral to the vascular
territory of ischaemic stroke

Ipsilateral side (n=18) Contralateral side (n=18) p value

Plaque burden

Mean total vessel area (mm2) 58.1 55.9 0.34

Mean luminal area (mm2) 28.7 31.5 0.33

Maximal wall area (mm2) 47.8 37.2 0.003

Plaque composition (mm2)

Maximal lipid core area 11.3 1.6 <0.001

Maximal haemorrhagic area 0.5 0.0 0.02

Maximal calcified area 0.6 1.2 0.21

AHA lesion type distribution

Type VI 7 (39 %) 0 (0 %) 0.008

IPH 7 (39 %) 0 (0 %) 0.008

Fibrous cap rupture 6 (33 %) 0 (0 %) 0.002

Thrombus 1 (6 %) 0 (0 %) 1

Type I 2 (11 %) 2 (11 %) 1

Type III 4 (22 %) 8 (44 %) 0.31

Type IV/V 2 (11 %) 3 (17 %) 0.63

Thin fibrous cap 1 (6 %) 0 (0 %) 1

Thick fibrous cap 1 (6 %) 3 (17 %) 0.60

Type VI 7 (39 %) 0 (0 %) 0.008

Type VII 3 (17 %) 5 (28 %) 0.69

Type VIII 0 (0 %) 0 (0 %) 1
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confirmed the strong association between morphological fea-
tures of high-risk plaques with MRI and intense 18F-FDG
uptake with PET in patients with non-stenotic carotid plaques.
In addition, we found that, in up to 40% of patients presenting
with ischaemic stroke classified as cryptogenic, non-stenotic
plaques ipsilateral to the stroke present features of high-risk
plaques with MRI and 18F-FDG PET. These results suggest
that combined 18F-FDG PET/MRI might find a role in the
evaluation of non-stenotic plaques in patients presenting with
ischaemic stroke.

Diffuse 18F-FDG uptake in carotid arteries of patients
with complicated plaques

In this study, high uptake was detected in complicated non-
stenotic carotid plaques but was also identified at slightly low-
er levels, along the carotid artery contralateral to the cerebral

territory of the stroke. This finding is in line with previous
imaging studies performed in patients with stenotic carotid
plaques [34]. Carotid arteries of patients presenting with re-
cent ischaemic stroke were imaged withMRI after injection of
ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO), which are phagocytosed by macrophages in
plaques. USPIO accumulated in atherosclerotic plaques pres-
ent in both carotid arteries (ipsilateral and contralateral to the
territory of the stroke), whereas no significant USPIO uptake
was detected in carotid arteries of asymptomatic patients. Sim-
ilarly, Kwee et al. [35] found only a moderate difference in
18F-FDG uptake between the carotid artery ipsilateral vs con-
tralateral to the stroke in patients imaged within 38 days after
ischaemic symptoms, whereas no significant difference could
be found at later time points. Taken together, these results
suggest that, in addition to the high 18F-FDG uptake identified
in complicated plaques, moderate 18F-FDG uptake can be

Fig. 1 Relationship between
morphological features of high-
risk atherosclerotic plaques with
MRI and the intensity of 18F-FDG
uptake with PET. Significantly
higher 18F-FDG uptake was mea-
sured in ruptured atherosclerotic
plaques or in plaques with a thin
fibrous cap on MRI as compared
with other lesions. In addition,
atherosclerotic plaques containing
LR/NC or IPH with MRI showed
significantly higher 18F-FDG up-
take as compared with lesions
lacking these morphological fea-
tures. Furthermore, plaques with
large (≥5 mm2) as compared with
small (<5 mm2) LR/NC were as-
sociated with higher 18F-FDG
uptake. Similarly, there was a
strong trend for increased 18F-
FDG uptake in plaques with large
(≥5 mm2) as compared with small
(<5 mm2) IPH type II, but this did
not reach significance. Further-
more, atherosclerotic plaques
classified as high-risk on MRI
(AHA lesions type VI) were as-
sociated with higher 18F-FDG
uptake in comparison with other
AHA lesions. *p<0.05; †p=0.07
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detected along both carotid arteries, suggesting a diffuse in-
flammatory process in the vessels of these patients. This ob-
servation might explain why only weak correlations were pre-
viously measured between CT and MRI with respect to mor-
phological features of high-risk plaques and the intensity of
18F-FDG uptake in symptomatic patients [36].

Incremental value of 18F-FDG PETover high-resolution
MRI

An important diagnostic question remains concerning
what the incremental role of 18F-FDG PET over high-
resolution MRI might be for the evaluation of non-
stenotic atherosclerotic plaques, since features of high-
risk plaques identified with each of these imaging

techniques were found in this study to be closely asso-
ciated [37]. Interestingly, both the number of inflamma-
tory cells measured on histology [38] and the intensity of
18F-FDG uptake detected with PET [39] in atherosclerot-
ic plaques have recently been shown to be independent
predictors of early stroke recurrence in patients with ca-
rotid stenosis >50 %. In a similar way, we postulate that
18F-FDG PET might, in addition to MRI, improve risk
stratification of symptomatic patients with non-stenotic
plaques and help to identify patients who may benefit
from early interventional approaches. This hypothesis
will need to be evaluated prospectively in a larger group
of patients.

Limitations

This study has several reservations. First, the results of
the present study are limited by the modest sample size,
but its strength lies in the highly selected group of pa-
tients presenting with ischaemic stroke of unknown ori-
gin and non-stenotic carotid plaques included in the
study. The absence of any alternative cause of ischaemic
stroke in this group of patients strengthens the relation-
ship observed between non-stenotic carotid plaques and
ischaemic stroke. Second, PET axial sections were recon-
structed with a slice thickness of 2 mm to allow for
optimal matching with MR images. The true spatial res-
olution of PET images is in the range 4–5 mm. The
intensity of 18F-FDG uptake measured on each axial sec-
tion with PET might therefore be partly influenced by
signals originating from adjacent sections of atheroscle-
rotic plaques. Third, important partial volume effects
(PVE) occur in small structures such as the vascular wall
which are less than three times the spatial resolution of
reconstructed PET images and cause large underestima-
tion of activities [40]. The metrics used for the quantifi-
cation of FDG in this work, TBR, provides only an es-
timate of the absolute FDG signal present in plaques but
has been formerly demonstrated to correlate with the de-
gree of macrophage infiltration in carotid plaques [11].
Development of algorithms for PVE correction of PET
acquisitions based on the morphology of plaques detect-
ed with MRI might help to improve the accuracy of FDG
measurements in atherosclerotic plaques. Fourth, the
MRI surface coils required for high-resolution plaque
imaging cause an approximately 10 % attenuation of
the PET signal [41]. Nevertheless, FDG uptake was
quantified in this study using a ratio between SUVs mea-
sured in the carotid artery and in the jugular vein (TBR),
both regions very similarly affected by the surface coils.
Thus, quantification of FDG uptake in carotid plaques
using TBR limits the effects of signal attenuation by
coils. Furthermore, integrating the attenuation properties

Fig. 2 Representative example of high-risk carotid atherosclerotic
plaque formed of LR/NC and IPH imaged with combined 18F-FDG
PET/MRI. Corresponding axial views of non-stenotic carotid atheroscle-
rotic plaque acquired simultaneously using a combined imaging system
including MRI with successive high-resolution black-blood T2W (a),
black-blood T1W before (b) and 5 min after injection of gadolinium
chelates (c) and TOF sequences (d) and PET images (e) acquired
150 min after injection of 18F-FDG allowing for perfect matching of both
acquisitions (f; fusion image formed of TOF and 18F-FDG PET images).
Note the presence of a non-stenotic atherosclerotic plaque ipsilateral to
the vascular territory of the stroke (a–d; white arrowheads) formed of a
hypointense area on T1W, and T2W and TOF sequences and a hyperin-
tense area on T1W, T2Wand TOF sequences consistent with the presence
of LR/NC associated with IPH type II. High accumulation of 18F-FDG
was detected with PET in the corresponding area (e–f;white arrowheads),
supporting the presence of high inflammatory activity in the atheroscle-
rotic plaque
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of the surface coils into the map used for attenuation
correction of PET images should help to overcome this
current limitation of carotid plaque imaging with PET/
MRI [42]. Finally, the characterization of carotid plaque
morphology relied on in vivo MRI and no histological
validation was available in these patients. Nevertheless,
black-blood MRI has been formerly extensively validated
against histopathology with excellent sensitivity and

specificity. Small haemorrhages, thrombi or fibrous cap
ruptures might, however, have been missed in some of
these plaques.

Conclusion

This work demonstrates that morphological and biolog-
ical characteristics of plaques can be evaluated in non-
stenotic carotid lesions with high-resolution MRI and
18F-FDG PET imaging simultaneously using a com-
bined PET/MRI system. In patients admitted for an
ischaemic stroke considered as cryptogenic, we found
in up to 40 % of the patients the presence of non-
stenotic plaques with typical features of complicated
plaques in the carotid artery ipsilateral to the stroke,
supporting a causal role for these plaques in stroke.
Accordingly, combined PET/MRI systems might find
a role in the evaluation of patients admitted for an
ischaemic stroke and presenting with non-stenotic ca-
rotid plaques.
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