High-risk plaque features can be detected in non-stenotic carotid plaques of patients
with ischemic stroke classified as cryptogenic using combined FDG-PET/MR imaging
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Abstract
Aims. High-resolution magnetic resonance imaging (MRI) can assess atherosclerotic plaque
composition in carotid arteries with good correlation to histopathology. 18Fluorodeoxyglucose (FDG) is a positron emission tomography (PET) radiotracer that accumulates in
inflammatory cells present in atherosclerotic plaques. The aim of this study was to investigate
in 18 patients with ischemic stroke classified as cryptogenic and presenting non-stenotic
carotid atherosclerotic plaques the morphological and biological aspects of these plaques with
MRI and FDG-PET imaging.
Methods and Results. Carotid arteries were imaged 150 minutes after injection of FDG with
a combined PET/MRI system. American Heart Association (AHA) lesion type and plaque
composition were determined on consecutive MR axial sections (n = 460) in both carotid
arteries. FDG uptake in carotid arteries was quantified using tissue-to-background ratio (TBR)
on corresponding PET sections.
Prevalence of complicated atherosclerotic plaques (AHA type VI lesions) detected with highresolution MRI was significantly higher in the carotid artery ipsilateral to the ischemic stroke
as compared to the contralateral side (39% vs. 0 %; p = 0.001). For all other AHA lesion
types, no significant differences were found between ipsilateral and contralateral sides. In
addition, significantly higher FDG uptake was detected in advanced atherosclerotic plaques
(AHA lesions ≥ type IV with high-resolution MRI) in the carotid artery ipsilateral to the
stroke as compared with the contralateral artery (3.14 ± 1.13 vs. 2.44 ± 0.78, respectively; p <
0.001).
Conclusions. Morphological and biological features of high-risk plaques can be detected with
high-resolution MRI and FDG-PET in non-stenotic atherosclerotic lesions ipsilateral to the
stroke, supporting a causal role for these plaques in stroke.
Clinical Trial Registration. URL: https://clinicaltrials.gov; Unique Identifier: NCT01284933
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Translational Perspective:
In 18 patients admitted for an ischemic stroke considered as cryptogenic, morphological and
biological features of high-risk plaques were detected with high-resolution MRI and FDGPET in non-stenotic atherosclerotic lesions ipsilateral to the stroke, supporting a causal role
for these plaques in stroke. Furthermore, this study illustrates the potential value of combined
PET/MRI systems for the more specific identification of high-risk carotid plaques.
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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 ischemic strokes (3, 4).
Plaque rupture is identified in about 60% of endarterectomy specimens of patients presenting
with ischemic stroke and is thought to represent a key trigger for arterial thromboembolism
(5). However, diagnostic and therapeutic strategies in patients with carotid stenosis remain
based on the degree of luminal stenosis and the presence of acute ischemia in the downstream
cerebral vascular territory (6). Detection of ruptured plaque with non-invasive imaging might
help in identifying the origin of stroke or intermittent cerebral ischemia in symptomatic
patients and in improving risk stratification in patients with asymptomatic carotid stenosis.
In the past 20 years, several non-invasive imaging techniques have demonstrated
potential for the characterization of carotid atherosclerotic plaques (7, 8). Morphological
plaque features such as thin/ruptured fibrous cap, large lipid-rich/necrotic core (LR/NC), or
intraplaque hemorrhage (IPH) are characteristic of the so-called “high-risk 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 ischemic
stroke contain high numbers of inflammatory cells, which can be evidenced using
18

fluorodeoxyglucose (FDG), a glucose-analogue radiolabeled for positron emission

tomography (PET) imaging that accumulates in metabolically active cells such as activated
macrophages. Strong relationships have been documented between the degree of arterial 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
transient ischemic attack accumulated approximately 30% more FDG in carotid arteries
ipsilateral to the stroke than in contralateral arteries (12). Combined PET/MRI imaging systems
(13) have recently become available and might prove particularly interesting for vascular
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imaging by offering simultaneous morphological and functional evaluation of atherosclerotic
plaques (14).
Non-stenotic carotid plaques represent a promising clinical application of plaque
imaging. Indeed, in up to 40% of patients presenting with ischemic stroke despite extensive
work-up, no definite cause can be established (15). In a first pilot study (16), we have imaged
patients admitted for an ischemic stroke considered as cryptogenic and presenting nonstenotic carotid atherosclerotic plaques ipsilateral to the stroke with high-resolution
multicontrast MRI. We found that about one-third of carotid plaques were complicated by
intraplaque hemorrhage, fibrous plaque rupture, or luminal thrombus (AHA lesion type VI).
Accurate identification of culprit atherosclerotic plaques associated with ischemic stroke is
crucial because the prevalence of carotid stenosis <50% is high in the population. Histological
analysis of plaques is, however, not available in these patients because most of the time they
are treated medically. In the current study, we exploited the methodological opportunity of
PET/MRI to simultaneously acquire structural and molecular signals in a subgroup of 18
patients included in the Carotid Plaque Imaging in Acute Stroke (CAPIAS) study
(NCT01284933) (17) to identify specific features of high-risk carotid plaques.
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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 December
2012 and March 2014 were included in the CAPIAS study on the basis of previously
published inclusion and exclusion criteria (17). Briefly, patients were screened for eligibility
in the study on the basis of ischemic stroke in the territory of the anterior or middle cerebral
artery < 14 days, non-stenosing atherosclerotic plaques in the carotid bifurcation determined
by duplex sonography (plaque thickness > 2 mm; luminal stenosis < 50% according to North
American Symptomatic Carotid Endarterectomy Trial criteria) and absence of any definite
stroke etiology. The local ethics committee approved the study and all participants provided
written informed consent.

Acquisition protocols with the combined PET-MRI system
Please see online supplemental data.

Analysis of FDG-PET and MR images of atherosclerotic plaques
Please see online supplemental data.

Statistical analysis
Categorical variables are presented as absolute and relative frequencies; continuous variables
are presented as mean ± SD. For comparisons of ipsilateral and contralateral carotid arteries,
paired Student’s t-test was used to test differences between continuous variables, and Fisher’s
exact test, to determine differences between categorical variables. For comparisons of plaque
composition in individual axial sections of carotid arteries, a two-sided Kruskall-Wallis test

6

was used to test differences between groups with continuous variables and heterogeneous
variances. All analysis was performed using SAS version 9.2 (SAS Institute, Inc., Cary, North
Carolina, 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 ischemic stroke
and ipsilateral non-stenotic carotid atherosclerotic plaques were included in the study. Despite
detailed clinical work-up, no definite stroke etiology was identified 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) (18) score
upon admission was 3.5 ± 4.4. Average time between acute ischemic stroke and imaging was
6 ± 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 out 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 significant
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 significantly larger maximum necrotic core and maximum
hemorrhage areas than contralateral arteries. Maximum calcification areas did, however, not
differ between ipsilateral and contralateral arteries.
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Complicated atherosclerotic plaques (AHA type VI lesions) were detected in 39% (n = 7) of
carotid arteries ipsilateral to the ischemic stroke (Table 2); by contrast, there were no AHA
type VI plaque 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 intraplaque hemorrhage (100%), followed by
fibrous plaque rupture (86%) and luminal thrombus (14%). Of the 7 arteries with intraplaque
hemorrhage, 1 hemorrhage was classified as type I, and 6 were classified as type II.

FDG uptake in carotid arteries with PET
Relation between FDG uptake and plaque morphology
Increased FDG uptake was measured in ruptured atherosclerotic plaques and in plaques with a
thin fibrous cap with MRI as compared with other lesions (Figure 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 (Figure 2) showed significantly higher FDG uptake as
compared with other lesions (3.14 ± 1.14 vs. 2.36 ± 0.80 for the presence of a 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 FDG uptake
(3.09 ± 1.04 vs. 2.58 ± 1.05, respectively; p = 0.001). Similarly, there was a strong trend for
increased FDG uptake in plaques with large (≥ 5 mm2) 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 with MRI (AHA lesions types IV/V and
VI) were associated with higher FDG uptake in comparison with other AHA lesions (TBR =
3.09 ± 1.14 vs. 2.42 ± 0.82; respectively; p < 0.001).
When all axial sections of carotid arteries were selected, no significant difference in FDG
uptake was detected between ipsilateral and contralateral carotid arteries (Figure 3; 2.55 ±
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1.02 vs. 2.42 ± 0.83; p = 0.19). However, when only axial sections showing advanced
atherosclerotic plaques (AHA lesion ≥ type IV with high-resolution MRI) were selected for
analysis, significantly higher FDG uptake was detected in the carotid artery ipsilateral to the
stroke as compared with the contralateral artery (3.14 ± 1.13 vs. 2.44 ± 0.78, respectively; p <
0.001).

AHA lesion type with MRI in sections with the highest FDG uptake with PET
In the axial section with the highest FDG uptake along both carotid arteries on PET (mostdiseased segment), the prevalence of high-risk AHA lesions (types IV/V and VI) was 33%.
Selecting only patients presenting high-risk or complicated carotid atherosclerotic plaques
with MRI, the prevalence of high-risk AHA lesions (types IV/V and VI) increased to 50% in
the section with the highest FDG uptake (Figure 4). Nevertheless, from the latter group of
patients, 25% of sections with the highest FDG uptake along both carotid arteries with PET
were composed only of small atherosclerotic plaques (AHA lesion type III) and 25% of
sections had no plaque detectable (AHA lesion type I) on corresponding axial sections with
high-resolution MRI (Figure 5).

Discussion
In this study, we evaluated in 18 consecutive patients with ischemic stroke classified as
cryptogenic and presenting non-stenotic (<50%) carotid atherosclerotic plaques the
morphological 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 ipsilateral to the stroke than in the
contralateral artery. In addition, carotid plaques presenting morphological features of highrisk plaques on MRI were associated with high levels of FDG uptake. Surprisingly, average
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FDG uptake was similar in carotid arteries ipsilateral and contralateral to the stroke. In fact,
we identified regions of carotid arteries with high FDG uptake with PET but exhibiting only
minimal or no plaque with MRI. When only advanced atherosclerotic plaques identified with
high-resolution MRI were selected for analysis, significantly higher FDG uptake was detected
in the carotid artery ipsilateral to the stroke than in the contralateral artery. These observations
highlight the value of combined PET-MRI systems for the more specific identification of high
FDG uptake originating from increased inflammatory activity present in complicated carotid
plaques.

Role of combined PET-MRI systems for the evaluation of carotid plaques
In this study, we first confirmed that non-stenotic carotid atherosclerotic plaques of patients
with recent ischemic stroke have morphological features of plaque instability as well as high
levels of inflammatory activities (i.e., FDG uptake) similar to what has been previously
observed non-invasively and histologically in stenotic plaques. In a previous study (19), the
association between high-risk morphological features of plaques with computed tomographic
angiography (CTA) and high FDG uptake has been described in patients with carotid stenosis
>50%. However, characterization of plaques with CTA is limited to the detection of surface
irregularities and areas of hypodensities. In this study, we took advantage of spatial and
temporal co-registration provided by simultaneous PET/MR imaging to confirm that
morphological features associated with plaque instability identified with high-resolution MRI
such as fibrous cap rupture, large LR/NC, and IPH were also associated with high FDG
uptake.
An important diagnostic question remains what the incremental role of FDG-PET over highresolution MRI is for the evaluation of non-stenotic atherosclerotic plaques (20).
Interestingly, both the intensity of inflammation measured on histology (21) and the presence
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of high FDG uptake detected with PET (22) in atherosclerotic plaques have recently been
shown to be independent predictors of early stroke recurrence in patients with carotid stenosis
>50%. In a similar way, we postulate that FDG-PET might, in addition to MRI, improve risk
stratification of symptomatic patients with non-stenotic plaques and help to identify patients
who could benefit from early interventional approaches. This hypothesis will need to be
evaluated prospectively in a larger group of patients.

Role of combined PET/MRI in therapeutic studies
Vascular FDG-PET imaging is increasingly being used as surrogate marker for the evaluation
of new drugs aimed at plaque stabilization (23). The rationale for including FDG-PET
imaging in clinical studies is that the decrease in FDG uptake in the vessel wall can appear as
early as 3 months after introduction of therapies (24, 25) and has been associated with later
regression of plaque volume (26). In order to sensitize the detection of potent drug effects, the
current proposed strategy for clinical trials is to measure changes in the intensity of FDG
uptake in areas of the vessel wall showing the highest uptake of radiotracer on the initial PET
acquisition (26, 27). In this study, we have provided evidence that regions with the highest
FDG signal along carotid arteries may be associated with only small plaques (AHA lesion
type III) or no plaque (AHA lesion type I) on corresponding high-resolution MRI. In fact, in
this study of a cohort of symptomatic patients, we show that areas with the highest FDG
uptake with PET contain at best only 50% of high-risk atherosclerotic plaques on
corresponding MRI. Perivascular FDG uptake has previously been described in patients with
stenotic carotid plaques using PET/CT acquisitions and identified as a cause of discrepancies
between FDG uptake and the intensity of macrophage infiltration measured on corresponding
histological sections (19). We speculate that this perivascular FDG uptake might originate
from the presence of small immune structures developing in the vessel wall independently of
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intimal composition. Combined PET/MRI systems might therefore be helpful in clinical
studies to identify FDG uptake associated with advanced plaques and, hence, to evaluate more
accurately the effects of drugs on inflammatory activities in atherosclerotic plaques.

Limitations
This study requires several reservations. First, the results of the present study are limited by
the modest sample size, but its strength lies in the simultaneous assessment of FDG activity
and plaque morphology by high-resolution PET/MRI. We took advantage of this combined
image acquisition to evaluate the relationship between well-validated plaque characteristics
detected with high-resolution MRI and the intensity of FDG uptake. Second, PET axial
sections were reconstructed with a slice thickness of 2 mm to allow for optimal matching with
MR images. The true spatial resolution of PET images is in the range 4 to 5 mm. The intensity
of FDG uptake measured on each axial section with PET might therefore be partly influenced
by signal originating from adjacent sections of atherosclerotic plaques. Finally, only
symptomatic patients with non-stenotic carotid plaques were imaged in this study.
Morphological and functional characteristics of plaques in this group of patients evaluated by
the association of high-resolution MRI and FDG-PET will need to be compared with the
aspects observed in a cohort of asymptomatic patients in order to identify the most accurate
imaging criteria associated with high-risk carotid plaques.

Conclusions
This work demonstrates that, in patients admitted for an ischemic stroke considered as
cryptogenic, non-stenotic atherosclerotic plaques ipsilateral to the stroke presented
morphological and biological features of complicated plaques with high-resolution MRI and
FDG-PET, supporting a causal role for these plaques in stroke. In addition, simultaneous
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identification of advanced carotid plaques with high-resolution MRI in association to PET
imaging allowed for the more accurate detection of FDG uptake related to inflammation in
plaques. Accordingly, combined PET/MRI might have a role in the future for risk
stratification of carotid plaques as well as in assessing more specifically the therapeutic
effects of novel therapies aimed at plaque stabilization on inflammatory cells present in
atherosclerotic plaques.
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Figure legends
Figure 1. Relationship between morphological features of high-risk atherosclerotic
plaques with MRI and the intensity of FDG uptake with PET. Significantly higher FDG
uptake was measured in ruptured atherosclerotic plaques or in plaques with a thin fibrous cap
on MRI as compared with other lesions. In addition, atherosclerotic plaques containing lipidrich necrotic core (LR/NC) or intraplaque hemorrhage (IPH) with MRI showed significantly
higher FDG uptake as compared with lesions lacking these morphological features.
Furthermore, plaques with large (≥5 mm2) as compared with small (< 5mm2) LR/NC were
associated with higher FDG uptake. Similarly, there was a strong trend for increased FDG
uptake in plaques with large (≥5 mm2) as compared with small (<5 mm2) IPH type II, but this
did not reach significance. Furthermore, atherosclerotic plaques classified as high-risk on
MRI (AHA lesions types IV/V and VI) were associated with higher FDG uptake in
comparison with other AHA lesions. *, p < 0.05. †, p = 0.07.

Figure 2. Representative example of high-risk carotid atherosclerotic plaque formed of
lipid-rich/necrotic core and intraplaque hemorrhage imaged with combined FDGPET/MRI. Corresponding axial views of non-stenotic carotid atherosclerotic plaque acquired
simultaneously using a combined imaging system including magnetic resonance imaging
(MRI) with successive high-resolution black-blood T2-weighted (A), black-blood T1weighted before (B) and 5 minutes after injection of gadolinium chelates (C) and time-offlight (TOF; D) sequences, and positron emission tomography (PET) images (E) acquired 150
minutes after injection of 18fluorodeoxyglucose (FDG) allowing for perfect matching of both
acquisitions (F; fusion image formed of TOF and FDG-PET images). Note the presence of a
non-stenotic atherosclerotic plaque ipsilateral to the vascular territory of the stroke (A–D;
white arrowhead) formed of a hypointense area on T1-, and T2-weighted and TOF sequences
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and a hyperintense area on T1-, and T2-weighted and TOF sequences consistent with the
presence of a lipid-rich necrotic core associated with intraplaque hemorrhage type II. High
accumulation of FDG was detected with PET in the corresponding area (E–F; white
arrowhead), supporting the presence of high inflammatory activity in the atherosclerotic
plaque.

Figure 3. AHA lesion types with high-resolution MRI corresponding to the mostdiseased segment identified with FDG-PET imaging. In axial sections with the highest
FDG uptake detected with PET, the prevalence of high-risk AHA lesions (types IV/V and VI)
was measured at 33.3%. When only the subgroup of patients presenting vulnerable or
complicated carotid plaques with MRI was selected for analysis, the prevalence of high-risk
AHA lesions (types IV/V and VI) increased to 50%. However, in the latter group, 25% of
axial sections were composed of small atherosclerotic plaques (AHA lesion type III) and 25%
of sections had no plaque detectable (AHA lesion type I) on corresponding high-resolution
MRI.

Figure 4. Intensity of FDG uptake measured with PET in carotid atherosclerotic
plaques. When all axial sections of carotid arteries were selected, no significant difference in
FDG uptake was detected between ipsilateral and contralateral carotid arteries. When only
axial sections showing advanced atherosclerotic plaques (AHA lesion ≥ type IV) with highresolution MRI were selected for analysis, significantly higher FDG uptake was detected in
the carotid artery ipsilateral to the stroke as compared with the contralateral artery. *, p =
0.19; †, p < 0.05
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Figure 5. Representative example of axial section with the highest FDG uptake along the
carotid artery with PET demonstrating absence of any plaque detectable on
corresponding MRI. Corresponding axial views of carotid arteries acquired simultaneously
using a combined PET-MR imaging system with successive high-resolution black-blood T2weighted (B), black-blood T1-weighted before (C) and 5 minutes after injection of
gadolinium chelates (D) and time-of-flight (TOF; D) sequences, and positron emission
tomography images (E, PET; F, fusion image formed of TOF and FDG-PET images). No
plaque or lymph node can be detected with MR sequences in the area presenting the highest
FDG uptake along both carotid arteries with PET (white arrow; A–F).
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Table 1. Patient population.

n

%

Active smoking

3

17

Former smoking

10

56

Diabetes mellitus

4

22

Hypercholesterolemia

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

Periphery arterial disease

2

11

Antiplatelet agent plus statin

4

22

Statin only

2

11

Antiplatelet agent only

3

17

Neither antiplatelet agent nor statin

9

50

Vascular risk factors/comorbidities

Baseline medications
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Table 2. Plaque characteristics with MRI ipsilateral and contralateral to the vascular
territory of ischemic stroke.
Ipsilateral side

Contralateral side

(n = 18)

(n = 18)

p-value

Plaque burden
Mean total vessel area (mm2)

58.1

55.9

0.34

Mean lumen area (mm2)

28.7

31.5

0.33

Maximal wall area (mm2)

47.8

37.2

0.003

Maximal lipid core area

11.3

1.6

< 0.001

Maximal hemorrhage area

0.5

0.0

0.02

Maximal calcified area

0.6

1.2

0.21

7 (39 %)

0 (0 %)

0.008

Intra-plaque hemorrhage

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

Plaque composition (mm2)

AHA lesion type distribution
Type VI
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