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O B J E C T I V E S We sought to compare the diagnostic information obtained from noninvasive

characterization of coronary artery disease by using multidetector computed tomography (MDCT) and

myocardial perfusion imaging (MPI) and to compare findings with the use of invasive coronary

angiography and intravascular ultrasound (IVUS).

B A C K G R O U N D Preliminary comparisons have suggested that abnormal myocardial perfusion

studies correlate well with significant luminal stenosis on MDCT coronary angiography. However,

atherosclerotic coronary lesions may be detectable with the use of MDCT even in the presence of normal

myocardial perfusion

M E T H O D S We performed MDCT, MPI, and conventional coronary angiography in 70 patients. In

addition, IVUS was performed in 53 patients. Quantitative information was obtained from quantitative

coronary angiography (QCA) and IVUS assessment of plaque burden and minimal luminal area.

R E S U L T S Of 26 patients with an abnormal MPI study, 23 (88%) showed significant stenosis on MDCT.

As compared with QCA, MDCT showed a sensitivity of 96% and specificity of 67% for the detection of

stenoses �50% diameter narrowing in these patients. Mean diameter stenosis on QCA was 76% and mean

minimal lumen area in IVUS was 3.3 mm2. On the other hand, 27 (84%) of 44 patients with normal MPI had

evidence of coronary atherosclerosis on MDCT (luminal stenosis �50%: n � 15, luminal stenosis �50%:

n � 12, sensitivity of 100% and specificity of 83% as compared with QCA). Using IVUS, we found substantial

plaque burden (mean 58.9 � 18.1% of cross-sectional area), but presence of a stenosis (minimal lumen area

�4.0 mm2) in only 14 patients (mean minimal lumen area, 5.8 � 3.3 mm2). Only 7 patients with normal

myocardial perfusion scans demonstrated absence of coronary atherosclerosis by MDCT.

C O N C L U S I O N S Considerable plaque burden can be observed with MDCT even in the absence of

myocardial perfusion abnormalities. This finding does not constitute a false-positive MDCT result, but

rather reflects the fact that MDCT can detect atherosclerotic lesions that are not flow-limiting. (J Am

Coll Cardiol Img 2008;1:190–9) © 2008 by the American College of Cardiology Foundation
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raditionally, the evaluation and manage-
ment of patients with suspected coronary
artery disease (CAD) has been based on the
noninvasive detection of ischemia followed by

he use of invasive coronary angiography to confirm
he presence of luminal stenosis. Generally, a very
ood correlation between the stress myocardial
erfusion or echo studies and quantitative angiog-
aphy is found. However, it is well established that
cute coronary events usually result from volumi-
ous atherosclerotic lesions but may not be associ-
ted with significant luminal obstruction. Intravas-
ular ultrasound (IVUS) studies have demonstrated
hat even significant atherosclerosis burden may not
lways result in luminal obstruction and may be
requently associated with normal myocardial per-
usion (1,2). The recent introduction of 64-slice
ultidetector computed tomography (MDCT) has

llowed the opportunity to noninvasively character-
ze the atherosclerotic lesions and define luminal
nd vessel wall alterations alike. The technique has
een demonstrated to have a high diagnostic accu-
acy as compared with invasive coronary angiogra-
hy (3). It is conceivable that the majority of
atients with abnormal myocardial perfusion imag-
ng (MPI) also will show high-grade stenoses on

DCT. In addition, MDCT should allow recog-
ition of plaque burden in patients with normal
erfusion (4,5). These patients with normal perfu-
ion may only show minimal changes on invasive
oronary angiography despite definitive atheroscle-
otic disease. Accordingly, the purpose of the
resent study was to compare the diagnostic infor-
ation obtained from noninvasive characterization

f CAD by MDCT and MPI and to compare
ndings with invasive coronary angiography and
VUS.

E T H O D S

atients and study protocol. The study group con-
isted of symptomatic patients who presented to the
utpatient clinic (Leiden, the Netherlands, and
alst, Belgium) for the evaluation of chest pain.
oninvasive imaging with the use of gated single-

hoton emission computed tomography (SPECT)
nd MDCT was performed and, on the basis of
linical presentation and/or imaging results, 70 of
hese patients were referred for invasive coronary
ngiography in combination with IVUS and en-
olled in the present study. Exclusion criteria were
ontraindications to MDCT (6) and the presence of

nstable angina, heart failure, myocardial infarc- a
ion, or revascularization between the imaging pro-
edures. Data of 15 patients have been previously
eported in a study comparing MDCT and MPI
5). The study protocol was approved by the insti-
utional ethics committee, and informed consent
as obtained in all patients.
Clinical characteristics of the study population

re presented in Table 1. Of the 70 patients (mean
ge 62 � 11 years) included in the study, 46 (66%)
ere men. Diagnosis of CAD was established in 5

7%) and suspected in the remaining 65 (93%)
atients. Of the patients with known CAD, 4 had
revious percutaneous coronary intervention (with
tent placement in 2 patients), whereas 1 patient
ad previous coronary artery bypass grafting. In the

atter patients, 2 bypassed (grafted) coronary vascu-
ar territories were excluded from analysis. In all
atients, MPI, MDCT, and conventional coronary
ngiography (with quantitative coronary
ngiography [QCA]) were performed. In
3 patients, additional vascular imaging
ith IVUS was performed in a total of 109

oronary arteries. In the remaining 17
atients, IVUS imaging was not possible
ecause of the presence of left main ste-
oses, severe coronary stenosis, or total
cclusion (n � 10) and technical problems
r time constraints during conventional
oronary angiography (n � 7).
DCT coronary angiography. We per-

ormed MDCT coronary angiography with
ither an Aquilion 64 (Toshiba Medical
ystems, Tokyo, Japan) or a Sensation 64
Siemens, Munich, Germany). First, a pro-
pective coronary calcium scan was per-
ormed before MDCT angiography with a
ollimation 4 � 3.0 mm, gantry rotation time 500 ms,
he tube voltage 120 kV, and tube current 200 mA.
he temporal window was set at 75% after the
-wave for electrocardiographically triggered prospec-

ive reconstruction. For the contrast-enhanced scan,
ollimation was either 64 � 0.5 mm or 64 � 0.6 mm,
espectively. The tube current was 300 mA, at 120 kV.
onionic contrast material was administered in the

ntecubital vein with an amount of 80 to 110 ml for
4-slice MDCT, depending on the total scan time,
nd a flow rate of 5 ml/s (Iomeron 400, Bracco,

ilan, Italy), followed by a saline flush. Subsequently,
ata sets were reconstructed and transferred to a
emote workstation as previously described (6). Cor-
nary calcium score was derived with the use of
edicated software. Coronary calcium was identified
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hreshold of 130 HU. The global Agatston score as
ell as per coronary artery was recorded for each
atient.
The MDCT angiographic examinations were

valuated in consensus by 2 experienced readers,
ncluding an interventional cardiologist who was
linded to the SPECT data for the presence of
therosclerosis. Coronary arteries were divided into
7 segments according to the modified American
eart Association classification (7). Each segment
as evaluated for the presence of any atherosclerotic
laque with the use of axial images and curved
ultiplanar reconstructions. Coronary plaques were

efined as structures �1 mm2 within and/or adja-
ent to the coronary artery lumen, which could be
learly distinguished from the vessel lumen and the
urrounding pericardial tissue, as previously de-
cribed (8). To describe the degree of stenosis,
bnormal segments were further classified as show-
ng: 1) nonobstructive disease (�50% luminal nar-
owing); 2) borderline stenosis (50% to 70% luminal
arrowing); or 3) severe stenosis, showing �70%

uminal narrowing. To describe the extent of dis-
ase on MDCT, for each patient and vessel, the

Table 1. Clinical Characteristics of the Study Population
(n � 70)

Gender, M/F 46/24

Age, yrs 62 � 11

Risk factors for CAD

Diabetes mellitus 21 (30%)

Hypertension 46 (66%)

Hypercholesterolemia 35 (50%)

Positive family history 27 (39%)

Current smoking 25 (36%)

Obese (BMI �30 kg/m2) 14 (20%)

Average BMI (30 kg/m2) 27 � 4

Previous CAD

Previous myocardial infarction 5 (7%)

Anterior/inferior 4/1

Previous PCI 4 (6%)

Agatston calcium score 435 � 789

Heart rate (beats/min) during MDCT 63 � 9

LVEF on gated SPECT 58 � 14%

No. of significantly stenosed vessels on
conventional coronary angiography

0 32 (46%)

1 17 (24%)

2 13 (19%)

3 8 (11%)

BMI � body mass index; CAD � coronary artery disease; IVUS �
intravascular ultrasound; LVEF � left ventricular ejection fraction; MDCT �
multidetector computed tomography; SPECT � single-photon emission
computed tomography.
umber of segments showing disease as well as d
ignificant (�50% luminal narrowing) was deter-
ined. Data were recorded on a patient and vessel

asis and, in the vessel-based analysis, the left main
oronary artery was considered part of the left
nterior descending coronary artery.
yocardial perfusion imaging. In all patients, stress
PI (with either technetium-99m tetrofosmin or

echnetium-99m sestamibi) was performed with
ymptom-limited bicycle exercise or pharmacolog-
cal (dipyridamole, adenosine, or dobutamine) stress
9). Data were acquired with either a dual-head
PECT camera (Vertex Epic ADAC Pegasus,
hilips Medical Systems, Eindhoven, the Nether-

ands) or a triple-head SPECT camera (GCA
300/HG, Toshiba Corp., Tokyo, Japan) followed
y reconstruction into long- and short-axis projec-
ions perpendicular to the heart axis; data were
resented in polar map format (normalized to
00%), and a 17-segment model was used in which
yocardial segments were allocated to the territo-

ies of the different coronary arteries as previously
escribed (10,11). Perfusion defects were identified
n the stress images (segmental tracer activity
75% of maximum) and divided into ischemia

reversible defects, with �10% increase in tracer
ptake on the resting images) or scar tissue (irre-
ersible defects) (5). Accordingly, examinations
ere classified as being either normal or abnormal,

he latter being further divided in those demon-
trating reversible defects and those demonstrating
rreversible defects. We used the gated images to
ssess regional wall motion to improve differentia-
ion between perfusion abnormalities and attenua-
ion artifacts (12). The left ventricular ejection
raction was derived from the gated SPECT data
sing previously validated and automated software
quantitative gated SPECT [QGS], Cedars-Sinai

edical Center, Los Angeles, California); gating
as only performed at rest.
onventional coronary angiography. Conventional
oronary angiography was performed according to
tandard clinical protocols. We performed QCA
sing QCA-CMS 6.0 (Medis, Leiden, the Neth-
rlands). For each coronary artery, the most severe
tenosis was identified. The tip of the catheter was
sed for calibration and, after automated vessel
ontour detection with manual correction if needed,
ercentage diameter stenosis was calculated.
VUS. We performed IVUS imaging with 2.9-F
0-MHz catheters (Eagle Eye, Volcano, Brussels,
elgium). After intracoronary administration of
itrates, the IVUS catheter was advanced to the

istal portion of coronary artery under fluoroscopic
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uidance. Using automated pullback device, the
ransducer was withdrawn at a continuous speed of
.5 mm/s up to the coronary ostium. Cine runs
efore and during contrast injection were per-
ormed to confirm the position of the IVUS trans-
ucer before IVUS evaluation was started. All data
ere stored digitally and were analyzed off-line with

he use of QCU-CMS 4.0 (Medis). After motion
orrection had been applied, coronary arteries were
ivided into segments according to the modified
merican Heart Association classification (7) using

oronary ostia and side branches as landmarks. In
ach coronary segment, the frame with the most
evere cross-sectional area of narrowing was se-
ected for analysis. In addition, proximal and distal
eference sites that had the largest lumen area by
VUS in the proximal and distal portion of the
essel segment in the 10 mm adjacent (but before
ny side branch) to the lesion site were selected.
ubsequently, lumen and external elastic membrane
EEM) contours were manually traced to determine
umen area and EEM area at the lesion site and
roximal and distal reference site. EEM area was
efined as the area that was circumscribed by the
order between the hypoechoic media zone and the
urrounding echocardiographically bright adventi-
ia. Plaque plus media area was calculated as the
ifference between the EEM and the lumen area.
ased on these parameters, minimal lumen area

MLA), lesion plaque area, lesion plaque burden,
umen area stenosis, lumen diameter stenosis, and
orrected lumen area stenosis were calculated per
oronary segment as previously described (1,2). In
rief, lesion plaque burden was defined as plaque
lus media area divided by the EEM area, resulting
n the lesion percentage area stenosis due to plaque.
umen area stenosis was calculated by subtracting

he lumen area at the lesion site from the lumen
rea at the reference site and subsequently dividing
y the lumen area at the reference site.
In addition, vascular remodeling was determined.

he number of lesions with positive remodeling
as determined by calculating the remodeling index

RI) by dividing the lesion EEM area by the
verage of the proximal and distal reference EEM
rea. Subsequently, positive remodeling was defined
s a RI �1.0, whereas RI �1.0 was classified as
egative remodeling (13).
tatistical analysis. Data were analyzed on a per-
atient and per-vessel basis and, for the correspond-
ng calculations, the coronary artery and coronary
egment showing the most severe stenosis on either

CA or IVUS were used, respectively. Continuous (
ariables were described by mean � SD. Compar-
sons between patient groups were performed using
he independent samples t-test for continuous vari-
bles. The chi-square test with Yates’ correction as
ppropriate or Fisher exact test (2-sided) for sparse
ata were used for comparison of categorical vari-
bles. When not normally distributed (coronary
alcium score), continuous variables were compared
sing the nonparametric 2-tailed Mann-Whitney U
est. A p value �0.05 was considered statistically
ignificant. All statistical analyses were performed
sing SPSS (version 12.0.1., SPSS Inc., Chicago,
llinois).

E S U L T S

omparison ofMDCTwithMPI and invasive angiography.
he results of the analysis on a patient basis (n �
0) are presented in Table 2 and Figure 1. Abnor-
al perfusion on SPECT was noted in 26 (37%)

atients. The abnormal perfusion was associated
ith an average coronary calcium score of 751 �
,143. Calcium scores �400 were observed in 11
42%) patients. Using MDCT coronary angiogra-
hy, we found atherosclerosis in all 26 patients;
evere stenosis was observed in 14 patients, 9
atients revealed borderline stenosis, and the re-
aining 3 patients presented with nonobstructive

isease. The average number of diseased segments
as 6.4 � 3.1, whereas the average number of

ignificantly stenosed segments was 2.5 � 2.5 per
atient. Considering the most severe stenosis per
atient on conventional angiography, QCA showed
n average percentage stenosis of 75.9 � 19.2%
ith 23 patients showing significant stenosis

Table 2. Angiographic Characteristics (MDCT and QCA) for Patie
Abnormal and Normal Perfusion, Respectively (Patient-Based A

MPI Abnormal
(n � 26 Patients)

MPI
(n � 44

Calcium score 751 � 1,143 255

MDCT

Normal 0 7

Abnormal 26 (100%) 37

Nonobstructive stenosis 3 (12%) 22

Borderline stenosis 9 (35%) 12

Severe stenosis 14 (54%) 3

Number of diseased segments 6.4 � 3.1 5.0

Number of segments with �50%
stenosis

2.5 � 2.5 0.61

QCA 75.9 � 19.2% 26.7

MDCT � multidetector computed tomography; MPI � myocardial perfusion ima
coronary angiography.
nts With
nalysis)

Normal
Patients)

p
Value

� 415 �0.01

(16%)

(84%) 0.041

(59%)

(32%)

(8%) �0.01

� 3.0 0.080

� 1.2 �0.01

� 17.7% �0.01

ging; QCA � quantitative
�50% luminal narrowing). When validating
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DCT results against QCA, the sensitivity of
DCT to detect coronary artery stenoses �50%

uminal narrowing was 96% (22 of 23) and speci-
city was 67% (2 of 3).

70 Patients

) abnormal

 ± 1143

) abnormal

) ≤50%,
) 50 – 70%,
%) ≥70%

sclerosis
 segments

sis ≥50%
 segments

 ± 19.2%

44 (63%) normal

255 ± 415
(306 ± 438*)

37 (84%) abnormal

22 (59%) ≤50%,
12 (32%) 50 – 70%,

3 (8%) ≥70%

Atherosclerosis
5.0 ± 3.0 segments

(6.0 ± 2.7 segments*)

Stenosis ≥50%
0.61 ± 1.2 segments

26.7 ± 17.7%

P<0.01

P=0.041

P<0.01

P=0.080

P<0.01

P<0.01

CA Findings in 70 Patients With Abnormal and Normal MPI

between the imaging modalities in patients with normal myo-
ing (MPI). In most of these patients, multidetector computed
as abnormal, with no significant difference in the number of
sclerosis either (as compared with patients with abnormal per-
ber of significantly stenosed segments was significantly lower
al MPI, as also reflected by minimal luminal narrowing on
angiography (QCA). *Average in patients with atherosclerosis

c Characteristics (MDCT and QCA) of Coronary Arteries With
l Perfusion, Respectively, in the Corresponding Vascular
d Analysis)

MPI Abnormal
(n � 36 Vessels)

MPI Normal
(n � 172 Vessels)

p
Value

281 � 590 116 � 232 �0.01

0 45 (26%)

36 (100%) 127 (74%) �0.01

enosis 10 (28%) 93 (54%)

s 10 (28%) 27 (16%)

16 (44%) 7 (4%) �0.01

gments 2.6 � 1.3 1.7 � 1.3 �0.01

ith �50% 1.1 � 1.2 0.29 � 0.67 �0.01

71.0 � 22.1% 22.7 � 19.1% �0.01
p2.
The remaining 44 (63%) of 70 patients demon-
trated a normal myocardial perfusion on SPECT
maging. In these patients, average coronary cal-
ium score was 255 � 415 (p � 0.01) as compared
ith patients with abnormal perfusion). In total, a

alcium score �400 was observed in 8 (18%). The
DCT was abnormal in 37 (84%) patients, with 22

atients showing nonobstructive disease, 12 with
orderline stenosis, and 3 patients showing severe
tenosis. The average number of diseased segments
5.0 � 3.0) was statistically insignificantly lower
han the patients with abnormal perfusion scans
6.4 � 3.1, p � 0.08). After excluding patients with
ompletely normal coronary arteries, average num-
er of diseased segments was 6.0 � 2.7 (p � 0.10).
owever, the average number of segments with

ignificant stenosis was significantly lower (0.61 �
.2, p � 0.01) as compared with patients with
bnormal perfusion. Average percentage lumen ste-
osis of the most severe lesion on QCA was also
onsiderably lower (26.7 � 17.7%, p � 0.01)
ompared with patients with abnormal SPECT. All
patients with significant stenosis on QCA were

etected by MDCT (sensitivity 100%), wheresa
DCT correctly demonstrated absence of stenosis

n 29 of 35 patients (specificity 83%).
Upon analysis by vascular territories instead of

atient basis, abnormal myocardial perfusion was
oted in 36 (17%) of 208 vascular territories with

schemia in 33 and fixed perfusion defects in 3
ascular territories (Table 3). In the remaining 172
83%) vascular territories, myocardial perfusion was
ormal.

omparison of MDCT with MPI, invasive angiography,
nd IVUS. We found that the MPI was abnormal in
7 of 53 (32%) of patients in whom IVUS imaging
as available. We could not perform IVUS imaging
f the coronary artery corresponding to the territory
ith abnormal perfusion in 4 patients. Therefore,

hese patients were excluded from the patient-based
nalysis, but the available data were included in the
essel-based analysis. Accordingly, on a patient
asis, MPI was abnormal in 13 of 49 (27%) pa-
ients. Average coronary calcium score in these
atients was 355 � 355, with 3 (18%) patients
howing calcium scores �400. In all patients,

DCT was abnormal with severe stenosis in 4
31%), borderline stenosis in 7 (54%), and nonob-
tructive lesions in 2 (31%) patients. The average
umber of MDCT-verified diseased segments was
.5 � 3.0, whereas the average number of signifi-
antly stenosed segments was 1.5 � 1.2. Average
26 (37%MPI

751

26 (100%

3 (12%
9 (35%

14 (54

Athero
6.4 ± 3.1

Steno
2.5 ± 2.5

75.9

Calcium

MDCT
Degree

MDCT
Extent

QCA

Figure 1. MDCT and Q
Results, Respectively

Note the discrepancy
cardial perfusion imag
tomography (MDCT) w
segments with athero
fusion. However, num
in patients with norm
quantitative coronary
Table 3. Angiographi
Abnormal And Norma
Territory (Vessel-Base

Calcium score

MDCT

Normal

Abnormal

Nonobstructive st

Borderline stenosi

Severe stenosis

Number of diseased se

Number of segments w
stenosis

QCA
ercent luminal narrowing as determined by QCA
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as relatively low in these patients (68.5 � 18.5%),
ossibly as a result of the exclusion of patients with
evere stenosis in whom IVUS imaging could not
e performed. Nonetheless, mean MLA was 3.3 �
.2 mm2 with an average lesion plaque area and
laque burden of respectively 10.7 � 4.9 mm2 and
4.3% � 8.8%, confirming the presence of potentially
ow-limiting stenoses. Moreover, 9 (69%) lesions
ere associated with constrictive remodeling.
Normal perfusion was observed in the remaining

6 (73%) patients. Average coronary calcium score
as 247 � 395 (p � 0.056 as compared with
atients with abnormal perfusion). In these pa-
ients, calcium scores exceeded 400 in 7 (19%)
atients. MDCT revealed atherosclerosis in 32
89%), of which 18 patients showed nonobstructive
isease, 11 patients had borderline stenosis, and 3
atients had severe stenosis. Mean number of dis-
ased segments was similar to that of patients with
bnormal perfusion, 5.4 � 3.1 (p � 0.92) compared
ith patients with abnormal perfusion, but the
ean number of significantly stenosed segments
as significantly lower, 0.58 � 0.91 (p � 0.028).
onsidering only the most severe percent luminal

tenosis per patient, mean luminal narrowing of
nly 26.2 � 15.6% was observed on QCA, indicat-
ng minimal angiographic stenosis. In line with
hese observations, preservation of the lumen was
onfirmed by IVUS with an average MLA of 5.8 �
.3 mm2, which was significantly greater as com-
ared with patients with abnormal MPI (p � 0.01).
onetheless, considerable atherosclerosis was iden-

ified on IVUS with an average lesion plaque area of
.7 � 4.3 mm2, which was not significantly differ-
nt compared with patients with perfusion abnor-
alities (p � 0.17). Also substantial plaque burden
as observed, with an average of 58.9 � 18.1%

p � 0.01) of the lesion cross-sectional area as
ompared to abnormal MPI. A positive remodeling
as identified in 16 (44%) of patients with normal
PI, as compared with 31% in patients with

bnormal MPI (p � 0.20) (Table 4). The results are
ummarized in Figure 2, whereas in Figure 3, an
xample of a patient with MDCT- and IVUS-
erified significant atherosclerotic burden is pre-
ented who had normal myocardial perfusion.

Upon analysis by vessel basis, 15 (14%) of 109
oronary arteries were associated with abnormal
erfusion in the corresponding vascular territory
uring MPI. The average coronary calcium score
as 120 � 115 per vessel. In all coronary arteries
ith abnormal perfusion, atherosclerosis was iden-
ified on MDCT, with nonobstructive stenosis in 5
33%), borderline stenosis in 6 (40%), and severe
tenosis in 4 (27%). With regard to the extent of
isease on MDCT, a mean of 2.5 � 1.2 diseased
egments per vessel was observed, while mean of
ignificantly diseased segments was 1.0 � 1.0.

ean extent of stenosis on QCA was 63.4 �
3.5%.

49 Patients

13 (27%) abnormal

355 ± 355

13 (100%) abnormal

Non-obstructive stenosis 2 (15%)
Borderline stenosis 7 (54%)

Severe stenosis 4 (31%)

Atherosclerosis
5.5 ± 3.0 segments

Stenosis ≥50%
1.5 ± 1.2 segments

Luminal measurements
MLA 3.3 ± 1.2 mm2

Vessel wall measurements
Plaque area 10.7 ± 4.9 mm2

Plaque burden 74.3 ± 8.8%

Remodeling
Positive remodeling 31%

68.5 ± 18.5%

36 (73%) no

247 ± 39

32 (89%) abn

Non-obstructive sten
Borderline stenos

Severe stenos

Atheroscle
5.4 ± 3.1 seg

Stenosis ≥
0.58 ± 0.91 se

Luminal measu
MLA 5.8 ± 3.

Vessel wall mea
Plaque area 8.7 

Plaque burden 58

Remodel
Positive remode

26.2 ± 15

MPI

Calcium

MDCT
Degree

MDCT
Extent

QCA

IVUS

Figure 2. MPI, MDCT, and QCA Observations in 49 Patients in W
IVUS Imaging Was Performed

In almost all patients with normal MPI, the presence of atherosclero
MDCT with negligible luminal narrowing identified on QCA. Intrava
(IVUS) imaging confirmed the presence of substantial atheroscleros
plaque burden 58.9%), yet without luminal compromise (mean min

2

Table 4. Intravascular Ultrasound Characteristics of the Most Seve
With Abnormal and Normal Perfusion, Respectively, on MPI (Patie

MPI Abnormal
(n � 13 Patients)

MP
(n � 3

Reference section

EEM area, mm2 14.2 � 5.8 14.

Lumen area, mm2 8.5 � 3.4 9.

Lesion section

EEM area, mm2 14.0 � 5.6 14.

MLA, mm2 3.3 � 1.2 5.

Lesion plaque area, mm2 10.7 � 4.9 8.

Lesion plaque burden, % 74.3 � 8.8 58.

Lumen area stenosis, % 66.9 � 13.8 41.

Lumen diameter stenosis, % 44.1 � 14.1 25.

Corrected lumen area stenosis, % 77.2 � 9.1 61.

Remodeling

Positive remodeling, n (%) 4 (31) 1

EEM � external elastic membrane; MLA � minimal lumen area.
rmal

5

ormal

osis 18 (56%)
is 11 (34%)
is 3 (8%)

rosis
ments

50%
gments

rements
3 mm2

surements
± 4.3 mm2

.9 ± 18.1%

ing
ling 44%

.6%

P=0.056

P=0.56

P=0.029

P=0.92

P=0.028

P<0.01

P<0.01

P=0.17
P<0.01

P=0.20

hom Additional

sis was observed on
scular ultrasound
is (mean lesion
imal lumen area
re Lesion in Patients
nt-Based Analysis)

I Normal
6 Patients)

P
Value

6 � 4.5 0.68

6 � 3.7 0.28

5 � 4.8 0.76

8 � 3.3 �0.01

7 � 4.3 0.17

9 � 18.1 �0.01

7 � 23.1 �0.01

3 � 15.8 �0.01

5 � 20.1 �0.01

6 (44) 0.20
[MLA] 5.8 mm ). Abbreviations as in Figure 1.
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In the remaining 94 (86%) coronary arteries
ithout perfusion abnormalities, average coronary

alcium score was 94 � 178 (p � 0.04) as compared

Figure 3. Coronary Artery Disease by MDCT Coronary Angiogra

A 60-year old male presented to the outpatient clinic with dyspnea
hypertension, hypercholesterolemia, and smoking. Contrast-enhance
phy revealed considerable atherosclerosis in the left anterior descen
areas indicated by the arrows in (A). In contrast, myocardial perfusi
third row) and rest (second and fourth row), showed normal perfu
plaque burden was demonstrated, yet with preserved coronary lum

Ultrasound Characteristics in Coronary Arteries With Abnormal
, Respectively, in the Corresponding Vascular Territory
is)

MPI Abnormal
(n � 15 Vessels)

MPI Normal
(n � 94 Vessels)

p
Value

15.6 � 6.1 15.1 � 5.4 0.57

9.3 � 4.1 9.8 � 3.5 0.45

14.4 � 5.3 14.0 � 5.2 0.85

3.6 � 1.5 6.5 � 3.6 �0.01

mm2 10.8 � 4.6 7.6 � 4.0 �0.01

n, % 73.5 � 9.0 52.4 � 17.5 �0.01

, % 63.9 � 18.0 33.2 � 20.8 �0.01

nosis, % 41.9 � 15.8 19.4 � 13.6 �0.01

a stenosis, % 76.2 � 10.0 55.1 � 18.7 �0.01

n (%) 5 (33) 49 (52) 0.27
a4.
ith coronary arteries with abnormal perfusion. On
DCT, aatherosclerosis was absent in 19 (20%),

hereas the average degree of luminal stenosis on
CA was 21.4 � 13.8%. Further details of the

VUS measurements on a vessel basis are provided
n Table 5. Finally, as shown in Figure 4, significant
ifferences in IVUS measurements were observed
hen comparing patients with and without athero-

clerosis on MDCT.

I S C U S S I O N

he present study, upon comparison of MDCT to
PI showed that abnormal perfusion was always

ssociated with an abnormal MDCT, with a ma-
ority of patients showing significant luminal steno-
is. In these patients, significant CAD was also
bserved on invasive imaging verified by a mean
ercent diameter stenosis of 75.9 � 19.2% on
onventional invasive angiography as well as a mean

LA �4.0 mm2 by IVUS. Thus, in case of
dvanced CAD, the different imaging modalities

With Normal Myocardial Perfusion

an elevated risk profile for coronary artery disease, including
ultidetector computed tomography (MDCT) coronary angiogra-
g coronary artery (A). B and C are cross-sectional images of the
maging (D), which was performed during exercise stress (first and
. On intravascular ultrasound imaging (E and F), considerable
phy

and
d m
din
on i
sion
Table 5. Intravascular
and Normal Perfusion
(Vessel-Based Analys

Reference section

EEM area, mm2

Lumen area, mm2

Lesion section

EEM area, mm2

MLA, mm2

Lesion plaque area,

Lesion plaque burde

Lumen area stenosis

Lumen diameter ste

Corrected lumen are

Remodeling

Positive remodeling,
ppear to be in agreement with abnormal results
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btained with all invasive and noninvasive tech-
iques. However, in symptomatic patients who
howed normal myocardial perfusion, MDCT re-
ealed significant atherosclerotic burden; in these
atients the invasive coronary angiography and
CA demonstrated only minor lesions with a mean

iameter stenosis 26.7 � 17.7%. IVUS clarified the
iscrepancy by revealing considerable lesion plaque
urden (58.9 � 18.1% of cross-sectional area),
hich often spared the lumen (mean MLA 5.8 �
.3 mm2) due to positive remodeling. These find-
ngs are intuitively expected and pathologically well
stablished and are reconfirmed in the present study
y the use of multimodality invasive and noninva-
ive imaging strategies.
emodynamically relevant stenoses. The flow-

imiting lesions as determined by MPI were also
ssociated with significant focal luminal narrowing
n MDCT as well as invasive imaging. In total, 14
atients showed severe stenosis on MDCT, con-
rmed by a stenosis �70% luminal narrowing on
CA in all patients. In all patients with abnormal
PI, a mean percent diameter stenosis of 75.9 �

9.2% was observed whereas IVUS showed mean
LA of 3.3 � 1.3 mm2. This observation is in

onsonance with an earlier report that compared
VUS measurements in 70 coronary lesions to gated
PECT and observed a 3.3-mm2 MLA of coronary

esions corresponding to a positive SPECT study
1). Similar findings have been obtained in other
tudies employing fractional flow reserve (13,14),
ndicating an agreement among various imaging

odalities in the presence of hemodynamically
elevant CAD.
therosclerosis in the presence of normal perfu-
ion. In 63% of our patients, a normal MPI study
as obtained. In these patients, only mild luminal
arrowing (mean diameter stenosis 26.7 � 17.7%)
as observed during conventional invasive coronary

ngiography; 23% of patients had normal coronary
ngiograms (QCA �20% luminal narrowing).
owever, MDCT revealed normal coronary arter-

es only in 7 (16%) patients. In addition, the extent
f disease, as reflected by a mean number of
bnormal segments per patient, was not signifi-
antly different from patients with abnormal MPI.
he presence of extensive atherosclerotic disease in

uch cases with normal MPI was confirmed by
VUS, which showed considerable plaque burden
average 58.9 � 18.1 of cross-sectional area). These
esions were positively remodeled and did not inflict
ignificant luminal stenosis (mean MLA of 5.8 �

.3 mm2). The presence of extensive atherosclerotic a
isease in the setting of normal myocardial perfu-
ion has been described previously. In a large cohort
f 1,195 patients without historical CAD, extensive
therosclerosis, as reflected by a calcium score
400, was observed in 31% of patients with normal
PI studies (15). The presence of substantial

isease has also been previously described in angio-
raphically normal segments; Mintz et al. (16)
howed in a large series of consecutive patients that
therosclerosis was commonly present in angio-
raphic reference segments and �7% of segments
ere classified as entirely normal by IVUS imaging.
Accordingly, various imaging modalities provide

istinct morphological and functional information
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Figure 4. Differences in IVUS Measurements Between Coronary Ar
With CAD and Without CAD as Determined on MDCT

(A) MLA (mm2) and corrected lumen area stenosis (%) and (B) plaq
(mm2) and plaque burden (%). All measurements were significantly
between coronary arteries with and without coronary artery disease
identified on MDCT. Abbreviations as in Figures 1 and 2.
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(CAD)
bout coronary atherosclerotic disease. Conven-
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ional coronary angiography and MPI detect ana-
omically significant and hemodynamically relevant
tenoses, respectively. In contrast, the techniques
emain limited in depicting the disease in its earlier
tages, or even when the disease is mature but does
ot compromise luminal integrity because of expan-
ive vascular remodeling.
linical implications. The current study reconfirms
he expectation that the patients with perfusion
efects on MPI indicating hemodynamically ob-
tructive stenoses and representing advanced CAD,
evealed significant stenoses on MDCT as well as
n invasive angiography with QCA and IVUS. On
he other hand, patients with (preclinical) athero-
clerosis may present with normal perfusion on

PI, with (nearly) normal invasive angiography/
CA, but many of these patients may demonstrate

xtensive atherosclerosis in absence of obstructive
tenoses on MDCT, which is verified subsequently
y the IVUS observations. Thus, the presence of
therosclerotic plaque in MDCT in the setting of a
ormal MPI does not constitute a false-positive
esult. Rather, it reflects the fact that MDCT can
etect atherosclerotic lesions that are not flow

imiting, as confirmed by the use of IVUS in our
tudy. Clinically, it is important to make a clear
istinction between the presence of plaque and the
resence of stenosis in MDCT. Since the large,
ositively remodeled lesions are harbingers of
laque rupture, it remains to be determined
hether such advanced characterization of athero-

clerotic lesions will result in superior prognostifi-
ation of patients.
tudy limitations. In the present study, MDCT
xaminations were visually assessed because no
alidated quantification algorithms are currently
vailable. Moreover, it is important to realize that
nterpretation of MDCT results is seriously limited
trasound and coronary pressure mea- in patients with s
as not performed in all vessels in every patient.
urthermore, the current observations should be
onfirmed in less selected populations that would
ecrease the influence of selection bias. Finally, as
he patients underwent multiple examinations, the
adiation burden in the current study was high. The
adiation dose of MDCT in particular is high,
lthough the recent development of dose reduction
trategies such as tube modulation or snapshot pulse
canning mode will result in considerably lower
adiation exposures.

O N C L U S I O N S

he current findings demonstrate a good agreement
etween noninvasive imaging techniques (MPI,
DCT) and invasive techniques (angiography,
CA, and IVUS) in patients with flow-limiting
AD. These patients exhibited abnormal perfusion
n MPI, predominantly obstructive atherosclerosis
n MDCT, and obstructive stenoses on invasive
uantitative angiography and IVUS. In another
ubset of symptomatic patient population with nor-
al myocardial perfusion, the use of MDCT un-

overed considerable atherosclerosis in a great num-
er of patients. Although invasive angiography did
ot confirm severe coronary lesions, the presence of
DCT-based atherosclerosis was validated by the

se of IVUS.
Accordingly, considerable plaque burden can be

bserved on MDCT without inducing perfusion
bnormalities on MPI. Rather than MDCT being a
alse positive result, atherosclerosis without flow-
imiting luminal narrowing is detected.
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