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O B J E C T I V E S We investigated the contributing factors for plaque enhancement and examined the

relationships between regional contrast enhancement and the inflammatory activity of atherosclerotic

plaques in an experimental rabbit model using contrast-enhanced high-resolution 3-dimensional (3D)

black-blood magnetic resonance imaging (MRI) in comparison with histopathologic analysis.

B A C K G R O U N D Inflammation plays a critical role in plaque initiation, progression, and disruption.

As such, inflammation represents an emerging target for the treatment of atherosclerosis. MRI findings

suggest that contrast agent–induced signal enhancement is associated with the degree of macrophage

infiltration and neovessels that can be detected in plaque.

M E T H O D S Ten atherosclerotic rabbits and 3 normal control rabbits underwent high-resolution 3D

contrast-enhanced black-blood MRI. Magnetic resonance images and the corresponding histopathologic

sections were divided into 4 quadrants. Plaque composition was analyzed for each quadrant according

to histopathologic criteria (percent of lipid-rich, fibrous, macrophage area and microvessel density) and

imaging criteria (enhancement ratio [ER], ER � signal intensitypost/signal intensitypre). Multiple linear

regression analysis was performed to determine independent factors for plaque enhancement.

R E S U L T S A total of 62 noncalcified plaques (n � 248; 156 lipid-rich quadrants and 92 fibrous

quadrants) were identified based on histopathologic analysis. Mean ER values were significantly higher

in atherosclerotic vessel walls than in normal vessel walls (2.03 � 0.25 vs. 1.58 � 0.15; p � 0.017). The

mean ER values were significantly higher in lipid-rich quadrants compared with the fibrous quadrants

(2.14 � 0.31 vs. 1.84 � 0.21; p � 0.001). Mean ER values were significantly higher in macrophage-rich

plaques compared with the macrophage-poor plaques (2.21 � 0.28 vs. 1.81 � 0.22; p � 0.001). Using

multiple regression analysis, macrophage area and microvessel density were associated independently

with ER values that reflected plaque enhancement (p � 0.001).

C O N C L U S I O N S Contrast-enhanced high-resolution 3D black-blood MRI may be an efficient

method to detect plaque inflammation. (J Am Coll Cardiol Img 2010;3:1127–35) © 2010 by the

American College of Cardiology Foundation
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number of studies have suggested that the
vulnerability or destabilization of atheroscle-
rotic plaques is related directly to plaque

composition (1–3). Atherosclerotic
laques, which exhibit large lipid cores, thin fibrous
aps, and a preponderance of macrophages, are at
he highest risk of rupture (4–8).

See page 1136

Recent reports have shown that an association of
nflammatory cells and neovessels in atherosclerosis
s a histologic hallmark of high-risk active lesions
7–10). Therefore, plaques with active inflamma-
ion may be identifiable by the presence of extensive
acrophage accumulation. Magnetic resonance im-

ging (MRI) findings suggest that contrast agent-
nduced signal enhancement is associated with the
egree of macrophage infiltration and neovessels

that can be detected in plaque (9,10).
Contrast-enhanced MRI, which uses

gadolinium-based extracellular contrast
agents for imaging, provides both mor-
phological as well as functional assessment
of atherosclerotic plaque formation (9–
14). Gadolinium-based agents passively
distribute from the intravascular into the
extracellular fluid space. Some previous
studies have reported effective contrast
enhancement of atherosclerotic plaque in
human carotid atheroma (11,12), whereas
others have reported that gadolinium-
diethylenetriaminepentaacetic acid (Gd-
DTPA) is a nonspecific contrast agent and

hat discriminating between normal and atheroscle-
otic vessel walls was not possible (15–17). There-
ore, the underlying mechanism leading to contrast
nhancement within the atherosclerotic vessel wall
s not fully understood and is controversial in its
fficacy.

Two-dimensional (2D) turbo/fast spin-echo
ulse sequences with double-inversion black-blood
reparation have been used conventionally for im-
ging atherosclerotic plaque. However, this tech-
ique is limited in spatial resolution along the
lice-select direction because of radiofrequency con-
traints and the gradient hardware system, resulting
n a substantial amount of partial volume effects,
hich obscure image details (18,19). To alleviate

hese problems, a diffusion-prepared 3-dimensional
3D) balanced steady-state free precession may be
sed as an alternative, but is susceptible to image

tic
rtifacts in the presence of field inhomogeneity, a
articularly in high magnetic fields (20). Therefore,
e developed a new, contrast-enhanced black-
lood single-slab 3D turbo/fast spin-echo pulse
equence to evaluate quantitatively the inflamma-
ory activity of atherosclerotic plaques in an exper-
mental rabbit model. We hypothesized that plaque
nhancement would reflect inflammatory activity
nd that therefore the proposed imaging method
ould be a valuable tool for detecting plaque

nflammation (21). The purpose of this study was to
nvestigate the contributing factors for plaque en-
ancement and to investigate the relationship be-
ween regional contrast enhancement and inflam-
atory activity of atherosclerotic plaques in the

xperimental rabbit model by using contrast-
nhanced high-resolution 3D black-blood MRI in
omparison with histopathologic examination.

E T H O D S

nimal protocol. Ten male New Zealand white
abbits (weight 3.0 to 3.5 kg) were used for the
nimal model of atherosclerosis. Three male rabbits
weight 3.0 to 3.5 kg) were used as control animals
nd were maintained on a normal rabbit chow diet
or 2 weeks. In the experimental rabbits, aortic
therosclerosis was induced by a combination of a
igh-cholesterol diet (0.3% cholesterol-enriched
iet; Feedlab, Hanam, Korea) for 6 months and
ortic balloon denudation injury performed twice
at 1 week and 1 month after starting the high-
holesterol diet).

After exposure of the iliac artery, a 4-F Fogarty
mbolectomy catheter was advanced through the
orta just above the diaphragm level. Then, the
atheter balloon was inflated using a total of 0.5 ml
f the diluted contrast agent. The aortic denudation
njury was performed 3 times from the diaphragm
o the iliac bifurcation (abdominal aorta). All pro-
edures were performed under general anesthesia
sing tiletamine (30 mg/kg; Zoletil, Virbac, Carros,
rance) and xylazine (10 mg/kg; Rompun, Bayer,
anam, Korea). The study protocol was approved

y our Animal Care and Use Committee.
RI. Under general anesthesia (tiletamine [20 mg/
g; Zoletil], Virbac, and xylazine [5 mg/kg;
ompun], Bayer), the rabbits were imaged in the

raniocaudal direction and in the supine position in a
.0-T whole-body magnetic resonance (MR) scanner
MAGNETOM Trio; Siemens Medical Solutions,
rlangen, Germany) using an 8-channel body coil.
hree orthogonal localizer images confirmed the
B B R E V I A T I O N S

N D A C R O N YM S

D � 2-dimensional

D � 3-dimensional

CE � dynamic contrast

nhanced

R � enhancement ratio

d-DTPA � gadolinium-

iethylenetriaminepentaace

cid

RI � magnetic resonance

maging
ppropriate position of the rabbits. Thereafter,
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igh-resolution images were obtained using the
roposed T1-weighted single-slab 3D black-blood
urbo/fast spin-echo pulse sequence with fat sup-
ression before and after the administration of
ontrast agents (21). To reduce signal modulations
n k-space and to alleviate image blurring, variable
ip angles were used in the refocusing pulse train.
lood signals were suppressed selectively by the

ollowing, flow-sensitizing schemes: 1) variable re-
ocusing flip angles to increase the incoherence of
lood signals; 2) motion-sensitizing gradient
chemes in the readout direction; and 3) matching
elocity encoding gradients on either side of the
rst refocusing pulse. Imaging parameters were as
ollows: repetition time/echo time, 630/24 ms; field
f view, 192 � 128 mm2; matrix, 320 � 214; echo
rain length, 17; signal averages, 4; slab thickness,
8.8 mm; number of z phase encodes, 48; inte-
rated parallel acquisition technique (iPAT) factor,
; and iPAT additional reference lines, 20. The
can range included the segment of the abdominal
orta immediately below the diaphragm to the iliac
ifurcation. Two minutes after administration of
.1 mmol/kg of gadolinium-based contrast agent
Gadodiamide; Omniscan, 0.5 mmol/ml, GE
ealthcare, Cork, Ireland) via the ear vein, coronal
1-weighted imaging was repeated with the same
rotocol as the pre-contrast scan, which typically
ook 15 min.
istopathologic analysis. Aortas were excised after a
% phosphate-buffered paraformaldehyde (in
hosphate-buffered saline) perfusion-fixation. Adven-
itia of the excised aorta was marked immediately with
ndia ink at the posterior face of the artery to facilitate
atching of the histologic slides and MRI scans.

erial sections of the abdominal aorta were cut at
-mm intervals to match the corresponding MRI
cans. Specimens were embedded in paraffin. Five-
icrometer sections were cut and stained with
asson’s trichrome and Van Gieson’s stain. Addi-

ionally, all sections were stained immunohisto-
hemically with RAM-11 antibody, which binds to
acrophages (Dako, Carpinteria, California) and a
D-31 antibody, which binds to endothelial cells

clone JC70A, Dako). Aortic plaques were defined
s structures thicker than 1 mm within or adjacent
o the aortic lumen, or both, that could be distin-
uished clearly from the vessel lumen and the
urrounding tissue.
omparison of MRI results and histopathologic slices.
he slices for each rabbit were numbered in a

raniocaudal fashion to match image slices in the 2

ethods (histopathologic and MRI examination). o
ecause the thickness of the histologic section was
mm, 3D volumetric MR scans acquired with

.6-mm resolution in the section direction were
rojected to reconstruct a 3-mm section using
ultiplanar reformatting post-processing software

or comparison. For quantitative plaque analysis, 2
o 3 consecutive 3-mm slices located above and
ncluding the celiac artery, 2 to 3 consecutive 3-mm
lices below the celiac trunk and including the
uperior mesenteric artery, and 5 consecutive 3-mm
lices located below and including the left renal
rtery were selected and analyzed with the matching

RI scans and histopathologic images. After
atching the MRI slices with the corresponding

istopathologic slices, we compared every first slice
f the histopathologic slices (5-�m thick section)
ith the original MRI slices (0.6 mm).

mage analysis of histopathologic results. We evalu-
ted a total of 105 histopathologic sections for
therosclerotic wall and 28 histopathologic sections
or the normal control. Of the atherosclerotic wall
ections, we selected vessel walls thicker than 1 mm
ased on histopathologic examination for analysis.
orty-three of 105 histopathologic sections for
therosclerotic wall were excluded because of vessel
alls thinner than 1 mm.
Ultimately, 62 histopathologic sections for ath-

rosclerotic wall and 28 sections for the normal
ontrol were included in this study, and histopatho-
ogic sections and the matched MR scans were
ivided into 4 quadrants (atherosclerotic wall, n �
48, and normal wall, n � 72, respectively) for
nalysis (Fig. 1).

Histopathologic sections were digitized to the
ame computer. An independent pathologist,
linded to the results of the MRI, performed the
istopathologic analysis. On histopathologic sec-
ions, lipid-rich areas were measured manually by
rawing a loose matrix area where lipid-laden mac-
ophages were abundant on sections stained with
ematoxylin and eosin. Fibrous areas were mea-
ured manually by drawing the dense pinkish area
n sections stained with hematoxylin and eosin,
hich corresponds to blue area stained with Mas-

on’s trichrome. Calcified areas were measured
anually by drawing in the empty space within the

laques that contain remaining remnant spotty
rystal deposit stained violet on hematoxylin and
osin and Van Gieson’s stain. Areas were expressed
n square millimeters for each quadrant. On histo-
ogic analysis, a plaque was considered to be lipid
ich if the percentage of lipid-rich area was �50%

f the total plaque area. Fibrous plaques were
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efined as having �50% of fibrous area of the total
laque area. Mixed plaques were defined as having
10% of calcified area of the total plaque area.
here were only 5 mixed plaques based on his-

opathologic analysis. Macrophage content was
easured manually by drawing in the brown area

n sections stained with a RAM-11 antibody. The
otal macrophage area was normalized by dividing
he total plaque area and was expressed as percent-
ges for each quadrant. We defined a macrophage-
ich plaque as having more than 50% of
acrophage-stained area of the total plaque area.

Figure 1. Transverse Pre-contrast MR Scan and Matched Photom

(A) Transverse pre-contrast magnetic resonance imaging (MRI) scan
tion divided into 4 quadrants. Enhancement ratio (ER) values were
calculated as follows: ER � SIpost /SIpre, where SIpost is the SI of the
contrast enhancement.

00
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50
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Mean: 2.03

Mean: 1.58

ox-and-Whisker Graph Showing ER Values for the Atherosclerotic
he Normal Wall Determined by Histopathologic Analysis

and upper ends of the box represent the 25th and 75th percen-
ctively, and a line across the box indicates the median. The whis-
c
from the fifth to 95th percentile. Abbreviation as in Figure 1.
icrovessel density was calculated by measuring
he total number of microvessels in atherosclerotic
laques and dividing by total plaque area for each
uadrant. All measurements of histologic analysis
ere performed using a computer-assisted quanti-

ative color image analysis system (Image Pro-Plus,
edia Cybernetics, Inc., Bethesda, Maryland) for

ach slice.
mage analysis of MR results. The MR scans were
ransferred to a dedicated workstation (Aquarius,
eraRecon, Inc., San Mateo, California) for anal-

sis. On MR scans, aortic plaques are defined as
tructures of thickened aortic wall thicker than 1
m that can be distinguished clearly from the vessel

umen and the surrounding tissue.
After matching the MR scan with the corre-

ponding histopathologic slices, wall and lumen
ignal intensities (SIs) were determined with stan-
ard region-of-interest measurements. To obtain
laque SI values, regions of interest were manually
laced inside the matched plaques. Two radiologists
J.H., B.W.C.) independently measured the SI at 3
andomly selected points for each quadrant. The
ean SI values measured by 2 radiologists were

sed for analysis. Enhancement ratio (ER) of the SI
as calculated as follows; ER � SIpost/SIpre, where
Ipost is the SI of the wall after contrast enhance-
ent and SIpre is SI of the wall before contrast

nhancement.
tatistical analysis. Statistical significance of differ-
nces in calculated ER of aortic walls between
therosclerotic rabbits and normal controls was
ssessed using a Student t test for independent
amples. The statistical significance of differences in

ograph of Hematoxylin and Eosin-Stained Section

h (B) matched histopathologic hematoxylin and eosin-stained sec-
uated in each quadrant. The ER of the signal intensity (SI) was
l after contrast enhancement and SIpre is SI of the wall before
icr

wit
eval
wal
E
R

 V
al

u
e

1.

1.

2.

2.

3.

Figure 2. B
Wall and t

The lower
tiles, respe
alculated ER of plaques according to different



p
w
s
a
a
s
e
p
p
t
v
w
w
w

R

A
p
r
i
p
f
a
r

s
2
fi
u
r

a
u
s
p
1
0
m
r
a
n
3
p
s
d

1
t
p
l
0
f
fi
s
r

e
s
v
n
i
a
m
w
m

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 3 , N O . 1 1 , 2 0 1 0

N O V E M B E R 2 0 1 0 : 1 1 2 7 – 3 5

Hur et al.

3D Black-Blood MRI to Identify Inflammation

1131
laque types determined by histopathologic analysis
as assessed using a Student t test for independent

amples. Correlations between ER of the plaques
nd the histologic variables, including the percent-
ge of macrophage areas and the microvessel den-
ity, were performed using Pearson correlation co-
fficient. Multiple linear regression analysis was
erformed to determine independent factors for
laque enhancement. In addition, Pearson correla-
ion was used to determine the correlation of mean
alues between the 2 observers. Values of p �0.05
ere considered statistically significant. SPSS soft-
are version 10.0 (SPSS, Inc., Chicago, Illinois)
as used for statistical analysis.

E S U L T S

total of 62 plaques, including 57 noncalcified
laques and 5 mixed plaques (n � 248: 156 lipid-
ich quadrants and 92 fibrous quadrants) were
dentified based on histopathologic analysis. On
laque-based analysis, the mean ER values were
ound to be significantly different with 1.58 � 0.15
nd 2.03 � 0.25 values for normal and atheroscle-
otic aortic walls, respectively (p � 0.017) (Fig. 2).

The mean ER values for each quadrant are
ummarized in Table 1. The mean ER values were
.14 � 0.31 and 1.84 � 0.21 for the lipid-rich and
brous quadrants, respectively. The mean ER val-
es were significantly different between the lipid-
ich quadrants and fibrous quadrants (p � 0.001).

When each quadrant was divided into 2 groups
ccording to the percentage of macrophage area
sing a cutoff value of 50%, the ER values were
ignificantly different between the macrophage-rich
laques and the macrophage-poor plaques (n �
36, 2.21 � 0.28 vs. n � 112, 1.81 � 0.22; p �
.001) (Figs. 3 and 4). The mean ER values showed
oderate correlations with the percentage of mac-

ophage area (r � 0.645; p � 0.001) (Fig. 5). In
ddition, microvessel density was found to be sig-
ificantly different with 119.3 � 43.8 and 76.9 �
5.4 values for macrophage-rich and macrophage-
oor plaques (p � 0.001). The mean ER values
howed moderate correlation with the microvessel

Table 1. Enhancement Ratio Measurements of Lipid-Rich and Fi

SIpre

Lipid-rich quadrants 238 � 41 (168 to 331)

Fibrous quadrants 231 � 39 (165 to 314)

Values are mean � SD (range). *Calculated as: ER � SIpost/SIpre. ER � enhancem
enhancement; SIpost � signal intensity of the wall after contrast enhancement.
ensity (r � 0.598; p � 0.001) (Fig. 6).
The percentage of macrophage area was 51 �
9% for the lipid-rich quadrant and 35 � 17% for
he fibrous quadrants. The percentage of macro-
hage area was significantly different between the

ipid-rich quadrants and fibrous quadrants (p �
.001). The microvessel density was 112.4 � 45.2
or the lipid-rich quadrant and 79.4 � 35.7 for the
brous quadrants. The microvessel density was
ignificantly different between the lipid-rich quad-
ants and fibrous quadrants (p � 0.005).

To discover factors that contributed to plaque
nhancement, we used a multivariate linear regres-
ion model in which ER values were the dependent
ariable, and total plaque area, including compo-
ents and histologic variables, were entered as

ndependent predictors. On multiple regression
nalysis, the percentage of macrophage area and
icrovessel density were associated independently
ith ER values, which represented plaque enhance-
ent (p � 0.001) (Table 2). There was good
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Figure 3. Box-and-Whisker Graph Showing ER Values for the
Macrophage-Rich Plaques and the Macrophage-Poor Plaques
Determined by Histopathologic Analysis

The lower and upper ends of the box represent the 25th and 75th
tiles, respectively, and a line across the box indicates the median.
kers range from the fifth to 95th percentile. A plaque was consider
macrophage-rich if the percentage of macrophage area was more t

us Quadrants

SIpost ER*

509 � 117 (285 to 707) 2.14 � 0.31 (1.33 to 2.81)

425 � 95 (267 to 654) 1.84 � 0.21 (1.24 to 2.51)

ratio; SI � signal intensity; SIpre � signal intensity of the wall before contrast
percen-
The whis-
ed
han 50%
bro

ent
of the total plaque area. Abbreviation as in Figure 1.
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nterobserver agreement for the ER values for the
ipid-rich and fibrous quadrants (r � 0.775 and r �
.768, respectively).

I S C U S S I O N

t recently was shown that inflammation plays a
ritical role in plaque initiation, progression, and
isruption and represents an emerging target for the
reatment of atherosclerosis (7,8). For this under-
ying mechanism, neovessels are known to play a
ey role in the progression of atherosclerotic
laques by providing routes of leukocyte recruit-
ent into the plaque region. Several studies re-

orted a higher neovessel count in highly inflamed
acrophage-rich atherosclerotic plaques compared

d Corresponding Transverse Slices at the Level of the

sional high-resolution pre–T1-weighted MR scan and correspond-
the level of the cross hairs. (B and D) Three-dimensional high-
ghted MRI scan and corresponding transverse slice at the level of
t-contrast transverse MRI scan (D), the atherosclerotic wall
st enhancement (white and black arrows). (E) Corresponding
(RAM-11–positive staining; magnification, �12.5) demonstrates
accumulation (white and black arrows) in the area matched
nhanced area on MR scan. Abbreviation as in Figure 1.
ith fibrocalcific lesions (9,14). These findings H
uggested that macrophage-rich atherosclerotic
laques, which were active inflammatory plaques,
ould be enhanced relative to macrophage-poor
therosclerotic plaques. Strong evidence suggests
hat plaques with high macrophage accumulation
ithin the plaque and significant neovascularization

re unstable and susceptible to rupture (7–10).
herefore, the ability to assess quantitatively the

nflammatory status of a plaque using noninvasive
maging could be of tremendous value for studies
valuating the effectiveness of novel therapies in-
ended to inhibit plaque inflammation.

MRI is a leading candidate for staging plaque
tability because of its ability to image the vessel wall
irectly at high resolution. In particular, contrast-
nhanced MRI using extracellular gadolinium-based
ontrast agents has shown promise for highlighting
pecific plaque components, allowing determination
f the thickness of the fibrous cap, plaque composi-
ion, and the degree of plaque inflammation and
eovascularization. Several studies have reported that
atchy contrast enhancement in advanced plaques
ay be indicative of increased inflammatory activity

11,12). However, the underlying mechanism of
laque enhancement is likely to be multifactorial and
as not been elucidated fully (12). Gadolinium-based
ontrast agents are known to distribute passively from
he intravascular into the extracellular fluid space. This
nhancement may be the result of increased perme-
bility, increased extracellular volume, decreased
ashout of the contrast agent, or a combination

hereof (12). Therefore, loose matrix, inflammation,
nd neovasculature were associated with stronger en-
ancement with the use of gadolinium-based contrast
gents in atherosclerotic plaque. Several studies have
eported that gadolinium-based contrast agents are
ot specific and therefore are inadequate for plaque

maging (15–17). Lobbes et al. (15) reported that
d-DTPA was not able to discriminate between

ormal and atherosclerotic vessel walls. Barkhausen
t al. (16) reported the inability to distinguish
etween Watanabe rabbit wall segments with and
ithout plaque burden directly after administration
f Gd-DTPA. In this study, ER values were shown
o be significantly higher in atherosclerotic vessel
alls compared with controls, which may be ex-
lained by the use of a different analysis method and
ifferent MRI protocol. In our study, we divided
he atherosclerotic wall into 4 quadrants and eval-
ated each quadrant because of difficulty in cor-
ectly quantifying ER values using single represen-
ative values for diffuse atherosclerotic walls.
Figure 4. MR Scans an
Cross Hairs

(A and C) Three-dimen
ing transverse slice at
resolution post–T1-wei
the cross hairs. On pos
showed marked contra
histopathologic section
abundant macrophage
owever, in previous studies, plaque enhancement
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as analyzed for each section. Additionally, we used
newly developed 3D high-resolution MRI for

laque imaging, instead of the 2D MRI sequences
sed by Barkhausen et al. (16). Reliable detection
nd reproducible measurements of plaque compo-
ents or enhancement using 2D MRI are difficult to
btain because of the partial volume effect, and
ross morphological measurements in serial studies
re prone to errors caused by variation in slice
osition and alignment. Three-dimensional high-
esolution imaging can provide increased resolution
n the slice-select direction with an increased
ignal-to-noise ratio, and therefore may be more
dvantageous to use than 2D MRI. Another pos-
ible explanation could be that we included aortic
laques thicker than 1 mm, which raises the inter-
sting possibility that the link between enhance-
ent and inflammation only arises in more ad-

anced plaques.
Previous studies with contrast-enhanced MRI have

hown that the fibrous cap in atherosclerotic carotid
laques is enhanced with gadolinium-based contrast
gents. Conversely, the lipid-rich necrotic core, which
acks vasculature and matrix, shows slight to no
nhancement (11,12). Yuan et al. (11) showed that
he enhancement of fibrous tissue was moderate to
trong (79.5 � 29.1%), whereas the lipid-rich necrotic
ore was enhanced only slightly (28.8 � 20.1%). The
ifferences between enhancement of fibrous tissue and

ipid-rich necrotic core were significant. In our study,
ipid-rich plaques exhibited significantly stronger
laque enhancement than fibrous plaques. This was
ecause of the different pathologic features between
he rabbit atherosclerotic plaque and human carotid
laque. The lipid-rich areas in rabbit atherosclerotic
laques generally do not contain necrotic cores.
ather, they are accumulations of living, macrophage-
erived foam cells. Another possible explanation could
e that we performed post–contrast-enhanced MR
canning 2 min after Gd-DTPA administration,
hich is a relatively early phase procedure compared
ith a delayed enhanced MRI protocol. It is known

rom delayed enhanced cardiac MRI, which is usually
cquired 10 to 15 min after administration of contrast
aterial, that contrast enhancement also can be the

esult of fibrosis, and to date, delayed enhanced
ardiac MRI has been used to evaluate myocardial
brosis in various cardiac diseases (22,23). This find-

ng suggests that macrophage accumulation is more
mportant for plaque enhancement than fibrous tissue
or early contrast enhancement.

Recently, dynamic contrast-enhanced (DCE)

RI has been applied to the study of atheroscle-
otic plaques in human patients using a bright-
lood DCE technique. Kerwin et al. (9,10) reported
hat a contrast agent uptake parameter such as Ktrans
n DCE MRI showed a positive linear correlation
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Figure 5. Scatterplot Showing ER Values Compared With the Pe
of Macrophage Area for the Atherosclerotic Plaques on Histopa
Analysis With Regression Lines

The correlation coefficient was 0.645. ER � SIpost/SIpre, where SIpost
of the wall after contrast enhancement and SIpre is SI of the wall be
contrast enhancement. Abbreviations as in Figure 1.
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Figure 6. Scatterplot Showing ER Values Compared With the M
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The correlation coefficient was 0.598. ER � SIpost/SIpre, where SIpost is t
the wall after contrast enhancement and SIpre is SI of the wall before c
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rcentage
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50.00

icrovessel
lysis With
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enhancement. MVD � microvessel density; other abbreviations as in Figure 1.
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ith neovessel density and macrophage count, which
ere histologic markers of plaque inflammation.
owever, the use of bright-blood techniques
akes it intrinsically difficult to delineate the

essel wall and plaque for future analyses. In our
tudy, we confirmed and quantified the signal
nhancement of plaque after Gd-DTPA admin-
stration using ER values in atherosclerotic rabbit
essel walls. In this study, post– contrast-
nhanced MR scanning 2 min after Gd-DTPA
dministration was performed based on a previ-
us study by Calcagno et al. (14). They found
trong contrast enhancement of atherosclerotic
all 2 min after Gd-DTPA administration and a

ignificant positive correlation between the area
nder the signal intensity versus time curve cal-
ulated from DCE MRI at 2 and 7 min after
njection and neovessel count. According to our
tudy, macrophage accumulation and microvessel
ensity were independent contributing factors for
laque enhancement. Therefore, we believe that
R values can be used to predict inflammatory

ctivity within the plaque, which is a much
impler parameter for analysis.
tudy limitations. There are some limitations to this
tudy. First, histopathologic examination was used

e Multiple Linear Regression Model

ER (Adjusted R2 � 0.437)

Unstandardized Coefficient
(Standardized) SE p Value

0.047 (0.111) 0.023 0.156

–0.001 (–0.06) 0.005 0.522

–0.003 (–0.131) 0.005 0.418

0.009 (0.599) 0.001 �0.001

0.006 (0.436) 0.001 �0.001

.

nerable plaque. J Am Coll Cardiol
2006;47:C13–8. Opin Cardiol 2001;1
rocessing of samples for examination by his-
opathologic analysis results in the shrinkage of the
pecimen and makes a comparison of absolute
alues difficult. In addition, some variability arises
ecause of differences in slice thickness in the z
irection on MRI and histologic examination. Sec-
nd, abdominal aortic lesions were induced in a
ell-established rabbit model for atherosclerosis

24). However, the size and composition of athero-
clerotic plaques in this experimental rabbit model
re different from complex atherosclerotic plaques
n humans. Human atheroma, in contrast to the
abbit model, progresses toward plaque vulnerabil-
ty and rupture, which is important in the clinical
ituations (25,26).

O N C L U S I O N S

ur results show that the percentage of macro-
hage area and microvessel density was associated
ndependently with plaque enhancement, reflecting
he occurrence of plaque inflammation. Based on
hese results, we believe that contrast-enhanced
igh-resolution 3D black-blood MRI may be an
fficient way to detect plaque inflammation. In
ddition, the ability to assess quantitatively the
nflammatory status of a plaque using high-
esolution 3D black-blood MRI will be of tremen-
ous value for monitoring the therapeutic effect
ntended to inhibit plaque inflammation in the
uture.
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