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Potential of Magnetic Resonance Plaque Imaging
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Abstract

Macrophages and by-products are important in plaque destabilization in atherosclerosis. Ultra-small
superparamagnetic particles of iron oxide (SPI0)-enhanced magnetic resonance (MR) imaging may be
suitable for the detection of macrophages in atherosclerotic plaques. The present study investigated the
potential of MR plaque imaging using SPIO in 10 patients scheduled for carotid endarterectomy before
and 24-43 hours after administration of SPIO (fercarbotran, 0.016 ml/kg). Three-dimensional gradient
recalled acquisition in the steady state (3D-GRASS) was used for detecting macrophages within plaques.
Signal loss on the post-contrast 3D-GRASS images was found in 5 of 10 cases, and accumulation of
SPIO particles in the vessel wall was confirmed in 4 of these 5 cases. Intracytoplasmic localization of
SPIO particles within recruited macrophages was verified by double staining analysis. A correlation
between MR plaque imaging using SPIO and localization of macrophages was demonstrated in 6 of 10
patients. This study indicates that MR plaque imaging using SPIO is a potential functional imaging tool
to detect infiltration of macrophages in human atherosclerotic carotid plaque.
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Introduction cardiac-gated, fat suppression, and black-blood tech-

Atherosclerosis is currently considered to be a
chronic inflammatory disease.'® The risk of an acute
event mediated by plaque rupture depends on the
plaque components rather than luminal narrowing.?
Increased infiliration of inflammatory cells is one of
the characteristics of vulnerable plaque, as macro-
phages are key in atherosclerosis and are involved in
plaque destabilization.”81218 Therefore, macro-
phages provide a sensitive and specific marker for
atherosclerosis and inflammation within carotid
plaques, and are an attractive target for plaque sta-
bilization therapies.

High-resolution magnetic resonance (MR) imag-
ing is a promising noninvasive tool for characteriz-
ing atherosclerotic plaque composition and provides
excellent contrast images of the arterial walls using

niques.»>519 Atherosclerotic plaque has recently
been imaged in hyperlipidemic rabbits using ultra-
small superparamagnetic particles of iron oxide
(SPIO) for functional MR imaging.*%!%14 More re-
cently, the ultra-small SPIO agent Sinerem® (Guer-
bet, Paris, France) has been used for the evaluation
of human carotid plaque.®'%17.18 Ultra-small SPIO
consists of iron oxide nanoparticles stabilized with
low molecular weight dextran with a diameter of 30
nm and has a long plasma half-life. Ultra-small SPIO
particles can migrate through inter-endothelial junc-
tions and capillary pores with diameters ranging be-
tween 5 and 100 nm.'® Ultra-small SPIO particles
are taken up by inflamed plaques rich in macro-
phages as intracellular deposits that induce areas of
signal loss on T, -weighted imaging, which suggests
the potential for visualizing macrophages within
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carotid plaques. Unfortunately, the use of ultra-
small SPIO in humans is not yet permitted in Japan.
SPIO consist of larger particles (mean particle di-
ameter, 57 nm) than ultra-small SPIO particles and
are usually used for detecting hepatic tumors. SPIO
particles are taken up in the mononuclear phagocyt-
ic system (Kupffer cells, macrophages, etc.) and are a
sirong positive enhancer in blood.513.14.18)

The present study investigated the potential for
plaque imaging with SPIO.

Materials and Methods

Eleven consecutive patients underwent carotid en-
darterectomy (CEA) at our institution between May
2005 and November 2006. Ten of these patients, all
males aged 66.6 + 8.1 years, underwent high-resolu-
tion MR imaging using SPIO contrast agent. Written
informed consent could be obtained from 9 of the 10
patients. The institutional review board of the
hospital approved the study. Seven patients were
symptomatic and three were asymptomatic (Table
1).

The carotid atherosclerotic plaques of the patients
were imaged with a 1.5-Tesla MR imaging scanner
(Signa; GE Medical System, Cleveland, Ohio, U.S.A.)
using a phased array coil with a diameter of 3 in-
ches. After a survey to determine the position of the
carotid plaque, the following MR imaging sequence
was used. Three-dimensional gradient recalled ac-
quisition in the steady state (3D-GRASS): repetition
time (TR)/echo time (TE) 33.3/9.6 msec, flip angle

20°, field-of-view 13 cm, matrix size 256 X 128 with
zero-fill interpolation technique, slice thickness 2.5
mm, and number of excitations 1. 3D-GRASS imag-
ing was performed before and 24-43 hours after the
administration of SPIO contrast agent (fercarbotran,
Risovist® [0.016 ml/kg, Fe; 0.45 mg/kg = 8 umol/kg];
Bayer Schering Pharma, Berlin, Germany). In addi-
tion, the following sequences were used to inves-
tigate general carotid plaque components. T;-wei-
ghted imaging: two-dimensional fast-spin echo
(FSE), TR/TE 800/11 msec, echo train length (ETL) 4.
Proton density-weighted/T,-weighted imaging: FSE,
black-blood (double-inversion recovery) technique,
TR 2 heart beats (1400 to 2000 msec, depending on
heart rate), TE 20 msec for proton density-weighted
and 80 msec for T,-weighted, ETL 16. Two-dimen-
sional time-of-flight imaging: TR/TE 50/4.2 msec,
flip angle 45°, field-of-view 13 ¢cm, matrix size 256 X
128, slice thickness 2.5-3.0 mm. Fat suppression
was used for T;-, proton density-, and T,-weighted
imaging.

Pre- and post-contrast MR images were matched,
and analyzed retrospectively by two experienced
neurosurgeon and radiologist unaware of the histo-
logical findings and clinical status of the patients.
The 3D-GRASS images were analyzed to detect sig-
nal loss changes in the vessel wall in the post-con-
trast image compared with the corresponding pre-
contrast image, and whether these changes were
positive or negative.

Carotid plaque specimens obtained at CEA were
formalin-fixed, cut into 5 mm transverse slices,

Table 1 Cases of magnetic resonance (MR) plaque imaging using superparamagnetic particles of iron oxide

(SPIO) contrast agent

Sex/ . Period between Period between ;

Cl‘\?se Age Pr(igenta- Ségélglsgn pre- .and postcontrast MR imaging and SI:IE Presenie of (ngltogy]
% (yrs) ion imaging (hrs) CEA (days) uptake macrophages ype
1 M/69 TIA - 42 13 + + VI
2 M/75 CI - 40 6 - - VI
3 M/79 CI + 42 13 + + VI
4 M/75 - + 42 6 - + VI
5 M/66 CI + 24 27 + + VI
6 M/71 - - 40 4 - - Vb
7 M/54 CI =+ 40 19 + + Va
8 Mie8 TIA - 43 19 - + VI
9 M/53 — - 42 5 - + Va

10 M/59 TIA + 30 8 + + VI
Presentation: CI, cerebral infarction; TIA, transient ischemic attack; —, asymptomatic. Signal on gradient recalled

acquisition in the steady state (GRASS): +, positive;

—, negative. CEA: carotid endarterectomy. SPIO uptake: +, posi-

tive; —, negative. Presence of macrophages: +, rich; —, poor or none. Histology (American Heart Association [AHA]
type: [, initial lesions; II, fatty streak; II1, intermediate lesions; IV, atheroma; Va, fibroatheroma; Vb, calcified lesions;
Ve, fibrous lesions without lipid core; and VI, complicated lesions characterized by rupture, thrombus, or intra-

plaque hemorrhage.
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briefly decalcified, and embedded in paraffin. Sub-
sequently, 4-um sections were subjected to histologi-
cal analysis of plaque phenotype after hematoxylin
and eosin staining according to the American Heart
Association (AHA) classification. The AHA histo-
logical score for atherosclerotic lesions distinguish-
es 6 major plaque types: I, initial lesions; II, fatty
streak; III, intermediate lesions; IV, atheroma; Va,
fibroatheroma; Vb, calcified lesions; V¢, fibrous le-
sions without lipid core; and VI, complicated lesions
characterized by rupture, thrombus, or intra-plaque
hemorrhage. Immunohistochemically, macrophages
were identified with CD 68 (1:100; Dako, Glostrup,
Denmark). Berlin blue stain was used to confirm the
accumulation of SPTIO within atherosclerotic carotid
plaques. Double staining with CD 68 and Berlin blue
was used to verify the uptake of SPIO particles by
macrophages. The analysis was independently per-
formed by two experienced pathologists, who were
unaware of the imaging results and the clinical sta-
tus of the patients.

Fig.1 A 79-year-old male with symptomatic right
carotid artery stenosis. A, B: Pre- (A) and
post-contrast (B) three-dimensional gradient
recalled acquisition in the steady state im-
ages showing signal loss around the intra-
plaque hemorrhage (arrow). C-F: Pho-
tomicrographs showing inflammatory cells
around the intra-plaque hemorrhage in the
corresponding slice (C: hematoxylin and eo-
sin stain, X25), accumulation of super-
paramagnetic particles of iron oxide (SPIO)
within the plaque (square in C), corre-
sponding to the plaque shoulder (D: Berlin
blue stain, X 100), numerous macrophages
in the area of SPIO accumulation (E: CD68
stain, X 200), and intracytoplasmic localiza-
tion of SPIO particles within recruited mac-
rophages (F: double CD68 and iron stain,
X 200). Asterisks indicate lumen.
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Results

The period between pre- and postcontrast GRASS
imaging was 24 to 43 (mean + standard deviation
[SD] 38.5 + 5.9) hours. The period between SPIO
administration and CEA was 4 to 27 (mean =+ SD 12
+ 7.2) days, and no patient suffered an ischemic
event. Signal loss changes on postcontrast GRASS
images were found in 5 of 10 cases (Figs. 1A, B and
2A, B). All specimens were demonstrated to be ad-
vanced carotid plaques (AHA classification: type Va,
Vb, or VI) (Figs. 1C and 2C). Accumulation of SPIO
particles in the vessel wall by Berlin blue stain was
confirmed in the corresponding tissue slices in 4 of 5
cases (Fig. 1D). Moreover, numerous macrophages
were found in these slices (Figs. 1E and 2D, Table 1),
and intracytoplasmic localization of SPIO particles
within these recruited macrophages was verified by
double immunohistochemistry and iron stain analy-
sis (Fig. 1F). Uptake of SPIO particles by some
smooth muscle cells and endothelial cells was also
observed (Fig. 2E).

s}

Fig.2 A 75-year-old male with asymptomatic right
carotid artery stenosis. A, B: Pre- (A) and
post-contrast (B) three-dimensional gradient
recalled acquisition in the steady state im-
ages showing signal loss in the plaque shoul-
der (arrow). C-E: Photomicrographs show-
ing inflammatory cells in the corresponding
slice, but no accumulation of superparamag-
netic particles of iron oxide (SPIO) (C:
hematoxylin and eosin stain, X 25), numer-
ous macrophages (square in C) (D: CD68
stain, X 200), and uptake of SPIO particles
by some smooth muscle cells and endotheli-
al cells (E: Berlin blue stain, X 100). Asterisk
indicates lumen.
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Discussion

In the present study, signal loss changes on postcon-
trast GRASS images were found in 5 of 10 cases, and
uptake of SPIO particles by macrophages was con-
firmed in the corresponding tissue slices in 4 of
these 5 cases. SPIO uptake by macrophages may be
regulated by various factors. First, the rate of inter-
nalization by macrophages may be determined by
particle size, so is likely to be higher for ultra-small
SPIO than for SPIO. However, a broad range of in-
dividual particle cluster diameters can be expected
because individual particles tend to aggregate. Sec-
ond, the effect of SPIO concentration on macro-
phage uptake may be important, as macrophages in-
ternalize SPIO in a dose-related manner.'? In the
present study, SPIO was administered according to
the prescribed dose (0.016 ml/kg, Fe; 0.45 mg/kg = 8
umol/kg). Furthermore, although the way in which
ultra-small SPIO particles enter the atherosclerotic
plaques remains unknown, the degree of permeabil-
ity of the endothelium or the presence of neovas-
cularization within plaques may be related to the
rate of internalization.

The present study showed that macrophages were
present within plaques, yet accumulation of SPIO
particles in the vessel wall by iron staining was not
confirmed in 3 cases. There are several possible ex-
planations. A heterogeneous population of macro-
phages may exist with differing phagocytic capaci-
ties for SPIO or the labeling of macrophages by SPIO
is a dynamic process, dependent on individual cell
kinetics. Two of our cases showed a discrepancy be-
tween the signal loss changes on postcontrast
GRASS imaging and uptake of SPIO particles by
macrophages in the corresponding tissue slices. We
suggest that the detection of signal loss may also be
influenced by factors including the period between
pre- and postcontrast imaging, SPIO concentration,
duration between MR imaging examination and
CEA, and the effect of cells with phagocytic capacity
other than macrophages (smooth muscle cells or en-
dothelial cells). The present study found a correla-
tion between MR plaque imaging using SPIO and
localization of macrophages in 6 of 10 cases.

The present preliminary study has other limita-
tions. Seven patients had plaques complicated with
intra-plaque hemorrhage (AHA classification type
VI). Intra-plaque hemorrhage may also have an ef-
fect on the visualization of macrophages by MR
plaque imaging using SPIO because iron from
hemoglobin may also appear positive by Berlin blue
staining. Berlin blue staining is not a very sensitive
marker for SPIO and other iron staining methods
may be needed to resolve this problem. We found

that MR plaque imaging using SPIO also has the
potential to discriminate macrophage-rich from
macrophage-poor lesions, and may be useful for de-
tecting vulnerable plaques with increased infiltra-
tion of macrophages prior to surgery or during fol-
low up. However, further work is required to over-
come problems caused by motion artifacts, lack of
resolution, and interpretation of signal heterogenei-
ty before this technique can realistically be used to
assess carotid plaque composition.
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Commentary

The authors critically discuss the use of a new func-
tional method to identify “in vivo” the presence of in-
stable, possibly embolizing, plaque, in patients with
atherosclerotic carotid artery disease. As suggested
recently by other papers, they employed carotid MRI
before and after administration of ultra small super-
magnetic particles of iron oxide, that are picked up by
macrophages when present in the plaque itself. Mac-
rophages are known to cause, or to be a sign of,
plaque destabilization. The present paper is interest-
ing and the results are promising: a good correlation
between MRI images and post-operative histological
findings has been demonstrated. However, as the
authors point out, there are still significant limitations
in this method, and much has to be clarified before us-
ing routinely this procedure to study patients in clini-
cal setting.

In my opinion, the main contribution of this work is
to bring the attention to the fact that intraluminal nar-
rowing is not the most important element of risk for
patients with atheromatous carotid disease; therefore,
ultrasonography, that is the most widely diffused,
sometimes unique, technique to assess surgical indica-
tion, should be integrated with more sensitive ‘“func-
tional” investigation. In particular, this special
carotid MRI may provide information not just on
plaque morphology, but also about composition and
stability, thus allowing a more sound indication for
surgery.

Alessandro DucaTi, M.D.
Ordinario di Neurochirurgia
Universita’ di Torino
Torino, Italy

The present study explores the potential for a non-in-
vasive evaluation of human carotid plaques utilizing
magnetic resonance (MR) imaging with super-
paramagnetic particles of iron oxide (SPIO) instead of
ultra-small SPIO (SPIO consists of larger particles
than ultra-small SPIO). For the evaluation, T2*-
weighted MR imaging (T2*WI) with administration of
the ultra-small SPIO agent has been used, detecting
the iron oxide particles as hypointensity deposits in
macrophages within the inflamed plaques. However,
ultra-small SPIO is not available for clinical use in
Japan, which might have encouraged the authors to
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conduct the present study. The authors examined ten
patients scheduled for carotid endarterectomy using
T2*WI before and 24-43 hours after administration of
SPIO to detect macrophages in atherosclerotic carotid
plaques. The plaque specimens obtained at surgery
were also assessed histopathologically using a double
staining technique. In 5 of the 10 cases, hypointensity
deposits were detected on T2*WI with SPIO. In 4 of
these 5 cases, SPIO particles were confirmed in mac-
rophages within the plaques. These results seem to
contain several pieces of valuable information. From
a practical perspective, SPIO-enhanced T2*WI is
potentially capable of distinguishing macrophage-rich
from macrophage-poor lesions, and may consequently
be useful for evaluating the vulnerability of plaques
and the risk of plaque rupture. From a scientific view-
point, differences in the internalization of iron parti-

cles within the plaques between SPIO and ultra-small

SPIO may promote a further understanding of the

mechanism underlying carotid plaque formation as

well as the possible factors regulating the internaliza-

tion, such as the degree of permeability, the heter-

ogeneity of phagocytic capability, and the difference

in neovascularization within the plaques. In conclu-

sion, the present study seems to contribute to both the

establishment of SPIO-enhanced MR imaging to

evaluate the unstableness of carotid plaques and the

elucidation of plaque formation to develop various
plaque stabilization therapies.

Yukihiko Fuji, M.D.

Department of Neurosurgery

Brain Research Institute

University of Niigata

Niigata, Japan
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