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contrast may be related to perfusion. Studies have
demonstrated hypo-enhanced areas corresponding to
myocardial scar tissue in a small number of patients post
MI [4,5], and in animal models of acute MI [5,6]. The
visualization of these perfusion defects is operatordependent and sometimes difficult, because it requires
repeated manipulations of the contrast window.
Because information on coronary stenosis and
myocardial perfusion is not physiologically identical but
rather complementary, we hypothesized that perfusion
information, which can be extracted from images
acquired for CTCA without additional radiation exposure
or contrast load, could improve the diagnostic accuracy of
MDCT evaluation of CAD, especially in patients with
equivocal CTCA results. This information could provide
the basis for a quantitative technique for detection of
perfusion defects, which would overcome the subjective
nature of the visual assessment of myocardial perfusion.
Accordingly, this study was designed to determine the
value of myocardial perfusion assessment in consecutive
patients referred to CTCA, irrespective of calcium scores,
presence of stents or heart rate. Our specific aims were: 1)
to develop a technique for quantitative assessment of
myocardial perfusion using analysis of MDCT images, 2)
to identify the underlying causes of perfusion
abnormalities detected by MDCT; 3) to test the accuracy
of this technique against ICA, 4) to determine the added
value of perfusion when combined with CTCA.

Abstract
While CT coronary angiography (CTCA) has been
validated, the potential of CT to evaluate perfusion has
not been explored. We sought to: (1) develop and test a
technique for quantitative assessment of myocardial
perfusion from CT images, (2) identify the underlying
causes of perfusion abnormalities detected by CT, (3)
determine the added diagnostic value of CT perfusion. We
studied 84 consecutive patients undergoing clinical
CTCA. Accuracy of automated detection of perfusion
abnormalities was determined against invasive coronary
angiography findings combined with known prior
myocardial infarction (MI). Perfusion abnormalities were
detected in 29/64 patients in 47 vascular territories, of
which 36 were confirmed as abnormal. Of these 36, 10
were associated with prior MI, while 26 corresponded to
significant stenosis. The addition of perfusion to CTCA
improved its diagnostic accuracy. In conclusion,
myocardial perfusion is a potentially valuable addition to
CT tools for the evaluation of coronary artery disease
without additional cost in radiation dose or contrast load.

1.

Introduction

Multidetector computed tomography (MDCT) is the
most recent addition to the arsenal of cardiac imaging
modalities, which is increasingly used as an alternative to
invasive coronary angiography (ICA) [1]. The diagnostic
value of CTCA has been established against conventional
techniques used for the detection of coronary artery
disease (CAD), including ICA and SPECT myocardial
perfusion imaging (MPI) [2].
Nevertheless, the value of CTCA is limited in patients
with severe coronary calcification, intracoronary stents
that interfere with visualization of the coronary lumen
and high heart rates that may result in motion artifacts.
Thus, studies in unselected patients have reported low
levels of agreement between CTCA and ICA [3]. It has
been suggested that intramyocardial distribution of
ISSN 0276−6574

2.

Methods

We studied 84 consecutive patients who underwent
CTCA for the evaluation of CAD who also had ICA
and/or MPI. Patients with coronary bypass grafts and
patients who underwent percutaneous coronary
interventions between the diagnostic ICA and CTCA or
MPI, were excluded. 20/84 patients who had a normal
MPI study and no hemodynamically significant stenosis
on CTCA (<50% stenosis) were used as controls (age:
62±10, 12 male). The remaining 64/84 patients comprised
the main study group (age: 58±13, 48 male).
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2.1.

2.4.

MDCT imaging

To allow comparisons of MDCT perfusion against
coronary stenosis noted on ICA, coronary anatomy
depicted on each patient’s MDCT volume rendering of
the heart was used to determine the perfusion territory of
each artery and its major branches (figure 2). This
approach was chosen, rather than using standardized
perfusion maps, to avoid assigning myocardial segments
to incorrect vascular territories. The specific location of
stenosis, when detected on CTCA or ICA, was used to
determine which myocardial segments would be affected.

All CTCA studies were clinically indicated and
performed according to the standard clinical protocol.
Patients received the beta-blocker metoprolol to achieve a
target heart rate of <70 bpm. Standard contraindications
to CTCA were observed. Images were obtained using an
MDCT scanner (64-channels, Philips) with retrospective
ECG-gating. A nonionic iodinated contrast agent was
used (40-80 ml iv at 5-6 ml/sec).

2.2.

MDCT image analysis

MDCT image analysis was performed using Extended
Brilliance Workspace software (Philips). Regional
myocardial perfusion was measured on the same phase of
the cardiac cycle used for CTCA (75% of RR interval).
After the long axis of the left ventricle was identified, 3
short axis planes were selected (figure 1). Slice thickness
was set at 1 mm. These 3 slices were used to define 16
myocardial segments (6 basal, 6 mid-ventricular, 4 apical)
using standard segmentation. In each segment,
subendocardial and subepicardial regions of interest
(ROI) were drawn, while excluding coronary arteries,
papillary muscles and endocardial trabeculae. In each
ROI, mean x-ray attenuation was measured. Mean
attenuation was also measured in an elliptical ROI placed
inside the LV cavity adjacent to each myocardial segment
(figure 1). Perfusion index was then calculated as
attenuation measured in the myocardial ROI divided by
that in the adjacent LV cavity ROI.
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CTCA data on coronary stenosis were mapped into
myocardial segments by assigning to each segment a
grade on a 0 to 3 scale (0: supplied by a normal artery, 1:
supplied by an artery with <50% stenosis, 2: 50-70%
stenosis, 3: >70% stenosis).
ICA findings were interpreted in a similar manner with
one difference. To create a reference technique, against
which all other techniques in this study would be
compared, the possibility of abnormal perfusion despite
patent arteries due to previous interventions was taken
into account by combining ICA findings with history of
MI, irrespective of current vessel status. To this effect,
each myocardial segment was assigned a grade on a 0 to 4
scale (0: supplied by a normal artery, 1: supplied by an
artery with <50% stenosis, 2: 50-70% stenosis, 3: >70%
stenosis, 4: documented previous MI).
For both techniques, ICA and CTCA, grade >1
indicated abnormality, and a territory of a coronary artery
was considered abnormal when at least one abnormal
myocardial segment was detected in that territory.
Abnormality was diagnosed in a patient when at least one
abnormal territory was present.
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Figure 1. Perfusion analysis of MDCT images. An apical view of
the left ventricle (A) was used to select 3 short-axis slices, and
mean x-ray attenuation was measured in each myocardial ROI
(B). Segmental perfusion index was calculated (C).

2.3.

B

Figure 2. Examples of 3D renderings obtained in patients with
different coronary anatomy: infero-lateral wall supplied by LCX
and its marginal branches (A) and RCA (B).

C

Perfusion index =

Inter-technique comparisons

Detection of perfusion abnormalities

Perfusion indices obtained in the control group were
averaged for each segment and used as normal values. In
each segment, [median – SD] of the control group was
used as a threshold for objective detection of perfusion
abnormalities. A territory of an individual coronary artery
was considered abnormal when the perfusion index was
abnormal in at least two contiguous segments. For the
patient-by-patient analysis, abnormal perfusion was
diagnosed when at least one territory was abnormal.

2.5.

Statistical analysis

The agreement between each of the tested techniques
and the reference technique was assessed by calculating
sensitivity, specificity, positive and negative predictive
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suboptimal quality (8/11 or 72 % territories) was
considerably higher than in correctly identified abnormal
territories (11/36 or 31%).

values (PPV, NPV) and accuracy. In addition, histograms
of myocardial segments by perfusion index were plotted
separately for segments classified by the reference
technique as normal and abnormal. Normal distribution
was fitted to each histogram to calculate the overlap
between normal and abnormal segments. These data were
used to obtain cut-off values for ruling out perfusion
abnormality with different levels of confidence.
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Results

On ICA, 32/64 patients (50%), had stenosis >50%.
Nineteen of 64 patients had prior coronary interventions
(30%), including 18 with stent implantation. Thirteen
patients had documented MI, including six patients with
stents. Thus, according to the reference technique, 45/64
patients (70%) had abnormalities (77 vascular territories:
33 LAD, 23 LCX, 21 RCA).
Values of segmental perfusion index calculated in the
control group showed a consistent pattern among subjects
with the highest values in the anteroseptal wall.
Segmental thresholds, defined as the lower limit of the
normal range, were used for detection of perfusion
abnormalities (figure 3).
Perfusion abnormalities were detected in 29 patients
(173 segments, 47 territories). Figure 4 shows the
breakup of the abnormal territories by grades assigned to
them by the reference technique. First, the majority of
these territories (36/47, 77%) had abnormal reference
grades 2, 3 (stenosis >50%) and 4 (prior MI), thus
confirming the causes of MDCT perfusion abnormalities.
Importantly, grade 3 was assigned to most of these
abnormal territories (22/32, 69%), indicating that
perfusion abnormalities can be detected at rest not only in
post MI scar, but also in myocardial tissue with severely
restricted blood supply. Of note, the relatively large
number of false positive perfusion abnormalities reflected
by references grades 0 or 1 (11/47 or 23% territories) was
related to image quality: the proportion of images with
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Figure 4. Breakup by reference grade and by image quality of
vascular territories with abnormal CT perfusion.
Sens.
0.87
0.60
0.96

CTCA
CT perfusion
CTCA + CT perfusion

Spec.
0.79
0.89
0.68

PPV
0.91
0.93
0.88

NPV
0.71
0.49
0.87

Accur.
0.84
0.69
0.88

Table 1. Agreement with the reference technique (ICA+history
of MI) in 64 non-selected patients referred for CTCA, calculated
on a patient-by-patient basis.
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Table 1 shows side-by-side statistics of agreement
between subendocardial MDCT perfusion, CTCA and the
combination of these techniques against the reference
technique on a patient basis. Analysis of transmural
MDCT perfusion showed lower levels of agreement.
MDCT perfusion agreed with the reference technique
in 44/64 patients, corresponding to accuracy 0.69 (Table
1). While sensitivity and NPV were moderate, specificity
and PPV were high (>0.85). CTCA alone agreed with the
reference technique in 54/64 patients (84%). The addition
of perfusion to CTCA findings improved the diagnostic
accuracy with a considerable increase in sensitivity and
NPV, despite a decrease in specificity and PPV (Table 1).

b-isp

3.
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Figure 3. MDCT images obtained in a patient with no history of cardiac events. The patient had unstable angina and no conclusive
evidence of acute myocardial infarction. CTCA revealed severe stenosis in the LAD, distal to the first diagonal branch, which was
confirmed by ICA. MDCT images revealed a subendocardial area of subtle hypoenhancement in the apical anterior wall extending to
the septum. Regional perfusion index (bar diagram shown with the normal values) was below the lower limit of the normal range
(dashed line) in the mid anteroseptal and the apical segments (green bars), while the mid-anterior segment supplied by the first
diagonal branch retained normal perfusion.
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Quantitative assessment of myocardial perfusion is a
valuable addition to MDCT tools for the noninvasive
evaluation of CAD without additional radiation dose or
contrast load. Our results support its use in every patient
referred for CTCA, especially the problematic patients
with high calcium scores and/or stents.

The reference technique detected 352 abnormal
segments out of 1024. Histograms of x-ray attenuation
showed almost complete overlap between normal and
abnormal segments (figure 5A). Following normalization
by attenuation in regional LV cavity, the distribution of
the perfusion index differed between these two groups of
segments (figure 5B). The lack of overlap in the higher
range allowed us to define cut-off values for ruling out
abnormalities with different levels of confidence.
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Figure 5. Distribution of x-ray attenuation (A) and perfusion
index values (B) in normal (green) and abnormal (red) segments.

4.

Discussion and conclusions

This is the first study to validate quantitative MDCT
evaluation of myocardial perfusion against an ICA-based
reference technique. Our primary goal was to test the
hypothesis that perfusion abnormalities detected by
MDCT in consecutive patients referred for CTCA,
irrespective of calcium load, heart-rate and/or previous
interventions including stenting, have an underlying
etiology, such as coronary stenosis or history of MI.
Since x-ray attenuation depends on the specific
location of a myocardial ROI because of beam hardening
and varies among patients depending on body habitus,
cardiac output, contrast dose and infusion rate, we
normalized myocardial attenuation by that in the adjacent
LV cavity to obtain a standardized perfusion index.
Because it is known that resting perfusion can be
normal despite the presence of obstructive CAD, we did
not expect to see high levels of agreement between CT
perfusion and the reference technique. Nevertheless,
when tested in a relatively large group of unselected
patients, our perfusion index objectively detected
abnormalities with surprisingly high levels of accuracy.
Importantly, the majority of perfusion abnormalities
detected at rest were associated with either prior MI, as
previously reported [4,5,7], or reduced blood supply
secondary to significant stenosis. This latter previously
unknown finding may prove to be clinically useful.
A limitation of our methodology is that perfusion
measurements were performed in only three manually
selected slices of the left ventricle. This approach is
subjective and may potentially lead to missing small
perfusion abnormalities. To overcome this limitation, a
volumetric technique is currently in development.
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