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MR Imaging 
Conventional X-Ray angiography is an excellent tool to determine the degree and extend 
of luminal narrowing but it cannot detect early lesions development when luminal area is 
maintained by positive vascular remodelling.  This is an important limitation of 
angiography in that high-grade coronary stenoses are more likely to produce stable 
ischemia, but lesions with positive remodelling are often the lesions that cause 
myocardial infarction or sudden death. MR imaging allows for three dimensional 
evaluation of vascular structures and outstanding depiction of various components of the 
atherosclerotic plaque, including lipid, fibrous tissue, calcium and thrombus 
formation.(1-3) Combining MRI with cellular and molecular targeting may provide 
important data on the biological activity of potentially vulnerable lesions (i.e., cap 
thickness, lipid content, presence of activated macrophages, micro-vessels density, 
tissues factors, etc.) MRI has been used to determine plaque size and composition in 
aortas and carotid arteries. In vivo coronary artery plaque imaging is much more 
challenging.  Preliminary studies in a pig model showed that the difficulties of coronary 
wall imaging result from a combination of cardiac and respiratory motion artefacts, non-
linear course, small size and location.(4) Human in vivo data have been published but 
future studies are still needed to further explore these advanced imaging techniques.(5) 
The role of MRI for assessment of plaque morphology has been demonstrated in several 
investigations: discrimination between medial and adventitial layers(6), between 
collagenous cap,  lipid core and calcifications(1), determination of the presence of 
necrotic core and recent haemorrhage.(7, 8) MRI has been used also to diagnose and 
follow the development of in vivo atherosclerotic lesions either in animals(9) or 
humans.(10,11) An extensive area of MRI research has been the use of non-invasive MRI 
techniques for molecular and targeted contrast imaging. Conventional gadolinium-
containing contrast agent can improve detection of plaque (12,13) or identify plaque with 
increased vascularity.(13) Currently the dynamic phase of gadolinium agents are being 
used to identify parameters associated with plaque neovascularization. (14,15) Kinetic 
modeling of the contrast agent dynamics is performed in order to obtain information 
related to atherosclerotic plaque inflammation (transfer constant ktrans), fractional blood 
volume (vp), time to peak, and mean transit time. It is hoped that one or more of these 
parameters may correlate with the neovessel density (that is used to access the 
neovascularization). Preliminary studies indicate that vp obtained in human carotid 



plaques may correlate with vessel density and neovasculization. (14,15). However, for 
other fibrous tissue no significant correlations between vp and neovessel density have 
been observed. Further studies are therefore required to evaluate the potential of dynamic 
contrast enhanced MRI for the evaluation of plaque neovasculature.  
  
Specific gadolinium based agents (Gadofluorine M) can enhance plaque characterization. 
(16)  Ultra-small particles of iron oxide are present in 75% of the aorta vulnerable 
plaques but only 7% of the stable plaques (17) and are a marker of macrophage rich 
plaques.(18) Many specific contrast agents have been or are tested with different targets 
(19,20): thrombus (21), HDL-like nanoparticles (22,23), immunomicelles scavenger 
receptor specific (24), etc. 
 
CT Imaging 
Primary requisites for the assessment of atherosclerotic calcified and noncalcified plaques 
are similar to the requirements for a high-quality computed tomography angiography 
(CTA) of the arteries, especially the coronary arteries, i.e., achieving both high spatial 
and high temporal resolution at the same time. Compared to low pressure arterial 
systems, such as the pulmonary arteries where calcifications are absent and the injection 
rate can be increased to visualize the smallest arterial branches, in coronary arteries the 
opacification must not exceed about 300 Hounsfield Units (HU) for a reliable depiction 
and judgment of calcifications.  Optimization of the vessel contrast-to-noise ratio is also 
mandatory for sufficient visualization of noncalcified plaques. Methods to enhance the 
contrast-to-noise ratio in the vessel wall include either the use of a test bolus setting or a 
bolus tracking. Because non-enhanced blood and noncalcified plaques have a similar 
attenuation on CT (50 to 70 HU), these types of lesions can be detected only after the 
administration of contrast media. Therefore, vessel enhancement significantly above the 
CT values of noncalcified plaques (150 HU) must be achieved to allow for reliable 
detection of noncalcified plaques. With this vessel enhancement, calcified coronary 
lesions remain detectable because their attenuation is significantly higher.  CT has 
become an established method for non-invasive and highly sensitive detection of 
coronary artery calcifications. It has the potential to identify early, noncalcified plaques 
in vivo even in the coronary arteries. MDCT sensitivity for detection of calcified plaques 
is high, 94 to 95%, but it drops to 53 to 78% for the detection of exclusively noncalcified 
plaques.(25,26) Even though some authors reported a high diagnostic accuracy for 
detection of vulnerable lesions when compared to intra-vascular ultrasonography(27), 
others reported difficulties in differentiating between fibrous-rich and lipid-rich plaques 
either in vivo in animals(28) or under ex vivo conditions.(29) More recently, using a 64-
MDCT system, Leber et al. showed an overall sensitivity and specificity to detect non-
significant coronary plaques of 84% and 91% respectively (30) and encouraging results 
to detect different types of coronary plaques in the proximal coronary system.(31) These 
different studies determine soft plaques (14 to 51 HU), intermediate plaques (71 to 116 
HU) and calcified plaques (391 to 715 HU).(26,28,32) Acute intra-vascular thrombi can 
also be detected in vivo; the appearance of the irregular thrombus is typical with low 
attenuation numbers in the range of 20-30 HU. The precise characterization of plaque 
with CT is still not accessible with current techniques.  More over, the quantification of 



wall thickness is also limited.(31) New development of CT specific contrast agents for 
vessel wall imaging could greatly enhance the use of this imaging modality.  
 
PET Imaging 
By providing a metabolic image of macrophage activity, F18-Fluorodeoxuglucose (FDG)  
positron emission tomography (PET) can image atherosclerotic plaque inflammation in 
patients and in animal models of disease, with a strong correlation between FDG uptake 
and plaque macrophage content.(33-35) In addition, autoradiography has confirmed that 
the FDG signal originates primarily from activated macrophages within the lipid core and 
fibrous cap of the plaque.(33) A very recent paper also suggested that activated 
endothelial cells were also capable of taking up FDG.(36) This has led to the suggestion 
that FDG-PET might have a role in identifying ‘high risk’ plaques and monitoring their 
response to therapy with drugs aimed at plaque stabilization and regression. With the 
advent of combined PET/CT scanners, both image co-registration and PET data 
attenuation correction have become simpler. 
 
In humans, oncologists and radiologists performing PET scans for cancer workup have 
for years been aware of FDG accumulation in the large arteries. (37) It has been 
demonstrated that the degree of accumulation of FDG relates to the burden of 
atherosclerotic risk factors. 
 
The first prospective study to use PET to image human atherosclerosis was published in 
2002.(33)  A group of 8 patients who had experienced a recent TIA and in whom there 
was angiographic evidence of internal carotid artery stenosis were imaged, and it was 
shown that recently symptomatic plaques took up significantly more FDG than those 
from the contralateral asymptomatic side. 
 
More recently, other groups around the world have replicated and extended these 
findings.(38)  Dunphy performed the first study to examine the relationship between 
FDG uptake and calcification as determined by CT.  He noted a disparity between CT 
positive and PET positive plaques, suggesting that FDG uptake is an early part of the 
plaque lifecycle, while calcification occurs later. However, these findings are not 
inconsistent with current understanding of plaque cell biology which would predict that 
calcification is a consequence of cell death induced by inflammation. Tawakol was able 
to use the PET technique to prospectively classify carotid plaques into clinically relevant 
groups, showing different degrees of FDG uptake among plaques between plaques with 
<5%, 5-10% and >10% macrophage content. (39) 
 
In order to reduce radiation dose, a group in Cambridge, UK (40), used MRI instead of 
CT to anatomically co-register PET images. Additionally they demonstrated that FDG 
uptake in symptomatic patients with posterior circulation transient ischaemic attacks 
could be identified using this technique. MRI also has the advantage of being able to 
image the wall of the artery with high resolution without the need for nephrotoxic 
contrast. Combined PET and MRI scanners are currently in advanced stages of 
development, although for the next 10 years PET/CT combinations will likely be much 
more commonly used. 



The first atherosclerosis intervention study using PET has been published this month. In a 
population of oncology patients, Tahara et al (41) randomly allocated half of a group of 
43 patients to either statin therapy or placebo. Using FDG PET to visualize and quantify 
plaque inflammation, they demonstrated a significant reduction in FDG signal amongst 
the statin treated group, over as short a time period of three months. This result opens the 
door for PET to be used in the assessment of other plaque-stabilizing therapies. Secondly, 
there is potential for a change in FDG uptake within a plaque to be used as a surrogate 
clinical marker, potentially slashing the cost of large multicenter trials of novel drugs. 
 
A major hurdle still to be overcome is the use of FDG PET imaging to detect 
inflammation in the coronary arteries. Their small size, motion and proximity to the 
myocardium (which can avidly accumulate FDG) make this goal unlikely to be achieved 
in the near future. However, there are attempts being made suing respiratory and cardiac 
gating, along with a high-fat diet prior to imaging to suppress myocardial FDG uptake. A 
more likely scenario is that an alternative ligand will be developed that is both taken up 
by plaque macrophages and not by myocardial cells. Such compounds are currently in 
late stage animal trials. 
 
In conclusion, we believe currently that to use of multimodality imaging (MR, PET, and 
CT) for the study of inflammation of vessel wall may be useful in assessment of plaque 
vulnerability. 
 
References:  
 
1. Choudhury RP, Fuster V, Fayad ZA. Molecular, cellular and functional imaging 

of atherothrombosis. Nat Rev Drug Discov. Nov 2004;3(11):913-925. 
2. Fuster V, Corti R, Fayad ZA, Schwitter J, Badimon JJ. Integration of vascular 

biology and magnetic resonance imaging in the understanding of 
atherothrombosis and acute coronary syndromes. J Thromb Haemost. Jul 
2003;1(7):1410-1421. 

3. Wilensky RL, Song HK, Ferrari VA. Role of magnetic resonance and 
intravascular magnetic resonance in the detection of vulnerable plaques. J Am 
Coll Cardiol. Apr 18 2006;47(8 Suppl):C48-56. 

4. Worthley SG, Helft G, Fuster V, Fayad ZA, Rodriguez OJ, Zaman AG, Fallon JT, 
Badimon JJ. Noninvasive in vivo magnetic resonance imaging of experimental 
coronary artery lesions in a porcine model. Circulation. Jun 27 
2000;101(25):2956-2961. 

5. Fayad ZA, Fuster V, Fallon JT, Jayasundera T, Worthley SG, Helft G, Aguinaldo 
JG, Badimon JJ, Sharma SK. Noninvasive in vivo human coronary artery lumen 
and wall imaging using black-blood magnetic resonance imaging. Circulation. 
Aug 1 2000;102(5):506-510. 

6. Martin AJ, Gotlieb AI, Henkelman RM. High-resolution MR imaging of human 
arteries. J Magn Reson Imaging. Jan-Feb 1995;5(1):93-100. 

7. Yuan C, Mitsumori LM, Beach KW, Maravilla KR. Carotid atherosclerotic 
plaque: noninvasive MR characterization and identification of vulnerable lesions. 
Radiology. Nov 2001;221(2):285-299. 



8. Kampschulte A, Ferguson MS, Kerwin WS, Polissar NL, Chu B, Saam T, 
Hatsukami TS, Yuan C. Differentiation of intraplaque versus juxtaluminal 
hemorrhage/thrombus in advanced human carotid atherosclerotic lesions by in 
vivo magnetic resonance imaging. Circulation. Nov 16 2004;110(20):3239-3244. 

9. Helft G, Worthley SG, Fuster V, Fayad ZA, Zaman AG, Corti R, Fallon JT, 
Badimon JJ. Progression and regression of atherosclerotic lesions: monitoring 
with serial noninvasive magnetic resonance imaging. Circulation. Feb 26 
2002;105(8):993-998. 

10. Corti R, Osende JI, Fallon JT, Fuster V, Mizsei G, Jneid H, Wright SD, Chaplin 
WF, Badimon JJ. The selective peroxisomal proliferator-activated receptor-
gamma agonist has an additive effect on plaque regression in combination with 
simvastatin in experimental atherosclerosis: in vivo study by high-resolution 
magnetic resonance imaging. J Am Coll Cardiol. Feb 4 2004;43(3):464-473. 

11. Corti R, Fayad ZA, Fuster V, Worthley SG, Helft G, Chesebro J, Mercuri M, 
Badimon JJ. Effects of lipid-lowering by simvastatin on human atherosclerotic 
lesions: a longitudinal study by high-resolution, noninvasive magnetic resonance 
imaging. Circulation. Jul 17 2001;104(3):249-252. 

12. Yuan C, Kerwin WS, Ferguson MS, Polissar N, Zhang S, Cai J, Hatsukami TS. 
Contrast-enhanced high resolution MRI for atherosclerotic carotid artery tissue 
characterization. J Magn Reson Imaging. Jan 2002;15(1):62-67. 

13. Kramer CM, Cerilli LA, Hagspiel K, DiMaria JM, Epstein FH, Kern JA. 
Magnetic resonance imaging identifies the fibrous cap in atherosclerotic 
abdominal aortic aneurysm. Circulation. Mar 2 2004;109(8):1016-1021. 

14. Kerwin W, Hooker A, Spilker M, Vicini P, Ferguson M, Hatsukami T, Yuan C. 
Quantitative magnetic resonance imaging analysis of neovasculature volume in 
carotid atherosclerotic plaque. Circulation. Feb 18 2003;107(6):851-856. 

15. Kerwin WS, O'Brien K D, Ferguson MS, Polissar N, Hatsukami TS, Yuan C. 
Inflammation in Carotid Atherosclerotic Plaque: A Dynamic Contrast-enhanced 
MR Imaging Study. Radiology. Sep 11 2006. 

16. Sirol M, Itskovich VV, Mani V, Aguinaldo JG, Fallon JT, Misselwitz B, 
Weinmann HJ, Fuster V, Toussaint JF, Fayad ZA. Lipid-rich atherosclerotic 
plaques detected by gadofluorine-enhanced in vivo magnetic resonance imaging. 
Circulation. Jun 15 2004;109(23):2890-2896. 

17. Kooi ME, Cappendijk VC, Cleutjens KB, Kessels AG, Kitslaar PJ, Borgers M, 
Frederik PM, Daemen MJ, van Engelshoven JM. Accumulation of ultrasmall 
superparamagnetic particles of iron oxide in human atherosclerotic plaques can be 
detected by in vivo magnetic resonance imaging. Circulation. May 20 
2003;107(19):2453-2458. 

18. Hyafil F, Laissy JP, Mazighi M, Tchetche D, Louedec L, Adle-Biassette H, 
Chillon S, Henin D, Jacob MP, Letourneur D, Feldman LJ. Ferumoxtran-10-
Enhanced MRI of the Hypercholesterolemic Rabbit Aorta Relationship Between 
Signal Loss and Macrophage Infiltration. Arterioscler Thromb Vasc Biol. Nov 3 
2005. 

19. Lipinski MJ, Fuster V, Fisher EA, Fayad ZA. Technology insight: targeting of 
biological molecules for evaluation of high-risk atherosclerotic plaques with 



magnetic resonance imaging. Nat Clin Pract Cardiovasc Med. Nov 2004;1(1):48-
55. 

20. Lipinski MJ, Frias JC, Fayad ZA. Advances in detection and characterization of 
atherosclerosis using contrast agents targeting the macrophage. J Nucl Cardiol. 
Sep 2006;13(5):699-709. 

21. Sirol M, Aguinaldo JG, Graham PB, Weisskoff R, Lauffer R, Mizsei G, 
Chereshnev I, Fallon JT, Reis E, Fuster V, Toussaint JF, Fayad ZA. Fibrin-
targeted contrast agent for improvement of in vivo acute thrombus detection with 
magnetic resonance imaging. Atherosclerosis. Sep 2005;182(1):79-85. 

22. Frias JC, Williams KJ, Fisher EA, Fayad ZA. Recombinant HDL-like 
nanoparticles: a specific contrast agent for MRI of atherosclerotic plaques. J Am 
Chem Soc. Dec 22 2004;126(50):16316-16317. 

23. Frias JC, Ma Y, Williams KJ, Fayad ZA, Fisher EA. Properties of a versatile 
nanoparticle platform contrast agent to image and characterize atherosclerotic 
plaques by magnetic resonance imaging. Nano Lett. Oct 2006;6(10):2220-2224. 

24. Lipinski MJ, Amirbekian V, Frias JC, Aguinaldo JG, Mani V, Briley-Saebo KC, 
Fuster V, Fallon JT, Fisher EA, Fayad ZA. MRI to detect atherosclerosis with 
gadolinium-containing immunomicelles targeting the macrophage scavenger 
receptor. Magn Reson Med. Sep 2006;56(3):601-610. 

25. Achenbach S, Moselewski F, Ropers D, Ferencik M, Hoffmann U, MacNeill B, 
Pohle K, Baum U, Anders K, Jang IK, Daniel WG, Brady TJ. Detection of 
calcified and noncalcified coronary atherosclerotic plaque by contrast-enhanced, 
submillimeter multidetector spiral computed tomography: a segment-based 
comparison with intravascular ultrasound. Circulation. Jan 6 2004;109(1):14-17. 

26. Leber AW, Knez A, Becker A, Becker C, von Ziegler F, Nikolaou K, Rist C, 
Reiser M, White C, Steinbeck G, Boekstegers P. Accuracy of multidetector spiral 
computed tomography in identifying and differentiating the composition of 
coronary atherosclerotic plaques: a comparative study with intracoronary 
ultrasound. J Am Coll Cardiol. Apr 7 2004;43(7):1241-1247. 

27. Caussin C, Ohanessian A, Ghostine S, Jacq L, Lancelin B, Dambrin G, Sigal-
Cinqualbre A, Angel CY, Paul JF. Characterization of vulnerable nonstenotic 
plaque with 16-slice computed tomography compared with intravascular 
ultrasound. Am J Cardiol. Jul 1 2004;94(1):99-104. 

28. Viles-Gonzalez JF, Poon M, Sanz J, Rius T, Nikolaou K, Fayad ZA, Fuster V, 
Badimon JJ. In vivo 16-slice, multidetector-row computed tomography for the 
assessment of experimental atherosclerosis: comparison with magnetic resonance 
imaging and histopathology. Circulation. Sep 14 2004;110(11):1467-1472. 

29. Schroeder S, Kuettner A, Wojak T, Janzen J, Heuschmid M, Athanasiou T, Beck 
T, Burgstahler C, Herdeg C, Claussen CD, Kopp AF. Non-invasive evaluation of 
atherosclerosis with contrast enhanced 16 slice spiral computed tomography: 
results of ex vivo investigations. Heart. Dec 2004;90(12):1471-1475. 

30. Leber AW, Knez A, von Ziegler F, Becker A, Nikolaou K, Paul S, Wintersperger 
B, Reiser M, Becker CR, Steinbeck G, Boekstegers P. Quantification of 
obstructive and nonobstructive coronary lesions by 64-slice computed 
tomography: a comparative study with quantitative coronary angiography and 
intravascular ultrasound. J Am Coll Cardiol. Jul 5 2005;46(1):147-154. 



31. Leber AW, Becker A, Knez A, von Ziegler F, Sirol M, Nikolaou K, Ohnesorge B, 
Fayad ZA, Becker CR, Reiser M, Steinbeck G, Boekstegers P. Accuracy of 64-
slice computed tomography to classify and quantify plaque volumes in the 
proximal coronary system: a comparative study using intravascular ultrasound. J 
Am Coll Cardiol. Feb 7 2006;47(3):672-677. 

32. Schroeder S, Kuettner A, Leitritz M, Janzen J, Kopp AF, Herdeg C, Heuschmid 
M, Burgstahler C, Baumbach A, Wehrmann M, Claussen CD. Reliability of 
differentiating human coronary plaque morphology using contrast-enhanced 
multislice spiral computed tomography: a comparison with histology. J Comput 
Assist Tomogr. Jul-Aug 2004;28(4):449-454. 

33. Rudd JH, Warburton EA, Fryer TD, Jones HA, Clark JC, Antoun N, Johnstrom P, 
Davenport AP, Kirkpatrick PJ, Arch BN, Pickard JD, Weissberg PL. Imaging 
atherosclerotic plaque inflammation with [18F]-fluorodeoxyglucose positron 
emission tomography. Circulation. Jun 11 2002;105(23):2708-2711. 

34. Tawakol A, Migrino RQ, Hoffmann U, Abbara S, Houser S, Gewirtz H, Muller 
JE, Brady TJ, Fischman AJ. Noninvasive in vivo measurement of vascular 
inflammation with F-18 fluorodeoxyglucose positron emission tomography. J 
Nucl Cardiol. May-Jun 2005;12(3):294-301. 

35. Fayad ZA, Amirbekian V, Toussaint JF, Fuster V. Identification of interleukin-2 
for imaging atherosclerotic inflammation. Eur J Nucl Med Mol Imaging. Feb 
2006;33(2):111-116. 

36. Maschauer S, Prante O, Hoffmann M, Deichen JT, Kuwert T. Characterization of 
18F-FDG uptake in human endothelial cells in vitro. J Nucl Med. Mar 
2004;45(3):455-460. 

37. Yun M, Yeh D, Araujo LI, Jang S, Newberg A, Alavi A. F-18 FDG uptake in the 
large arteries: a new observation. Clin Nucl Med. Apr 2001;26(4):314-319. 

38. Dunphy MP, Freiman A, Larson SM, Strauss HW. Association of vascular 18F-
FDG uptake with vascular calcification. J Nucl Med. Aug 2005;46(8):1278-1284. 

39. Tawakol A, Migrino RQ, Bashian GG, Bedri S, Vermylen D, Cury RC, Yates D, 
LaMuraglia GM, Furie K, Houser S, Gerwirtz H, Muller JE, Brady TJ, Fishman 
AJ. In vivo 18F-Fluorodeoxyglucose Positron Emission Tomography Imaging 
Provides a Noninvasive Measure of Carotid Plaque Inflammation in Patients. 
JACC. 2006;48:1818-1824. 

40. Davies JR, Rudd JH, Fryer TD, Graves MJ, Clark JC, Kirkpatrick PJ, Gillard JH, 
Warburton EA, Weissberg PL. Identification of culprit lesions after transient 
ischemic attack by combined 18F fluorodeoxyglucose positron-emission 
tomography and high-resolution magnetic resonance imaging. Stroke. Dec 
2005;36(12):2642-2647. 

41. Tahara N, Kai H, ishibashi M, Nakaura H, Kaida H, Baba K, Hayabuchi N, 
Imaizumi T. Simvastatin attenuates plaque inflammation. Evaluation by 
Fluorodeoxyglucose Positron Emission Tomography. JACC. 2006;48:1825-1831. 

 
 


