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Abstract
Background—Multidetector computed tomography coronary angiography (CTA) is a robust
method for the noninvasive diagnosis of coronary artery disease. However, in its current form,
CTA is limited in its prediction of myocardial ischemia. The purpose of this study was to test
whether adenosine stress computed tomography myocardial perfusion imaging (CTP), when added
to CTA, can predict perfusion abnormalities caused by obstructive atherosclerosis.

Methods and Results—Forty patients with a history of abnormal single-photon emission
computed tomography myocardial perfusion imaging (SPECT-MPI) underwent adenosine stress
64-row (n=24) or 256-row (n=16) detector CTP and CTA. A subset of 27 patients had invasive
angiography available for quantitative coronary angiography. CTA and quantitative coronary
angiography were evaluated for stenoses ≥50%, and SPECT-MPI was evaluated for fixed and
reversible perfusion deficits using a 17-segment model. CTP images were analyzed for the
transmural differences in perfusion using the transmural perfusion ratio (subendocardial
attenuation density/subepicardial attenuation density). The sensitivity, specificity, positive
predictive value, and negative predictive value for the combination of CTA and CTP to detect
obstructive atherosclerosis causing perfusion abnormalities using the combination of quantitative
coronary angiography and SPECT as the gold standard was 86%, 92%, 92%, and 85% in the per-
patient analysis and 79%, 91%, 75%, and 92% in the per vessel/territory analysis, respectively.

Conclusions—The combination of CTA and CTP can detect atherosclerosis causing perfusion
abnormalities when compared with the combination of quantitative coronary angiography and
SPECT.
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Computed tomography noninvasive coronary angiography (CTA) using 64-detector
technology has been shown to compare well with invasive coronary angiography,1 and
multiple studies have shown that CTA has a negative predictive value (NPV) of 95% to
99%, therefore superseding all other noninvasive imaging modalities in its ability to exclude
coronary artery disease (CAD).2,3 However, multidetector CTA provides no information on
the physiological significance of coronary atherosclerosis. To date, several studies have
shown that a 50% stenosis identified by CTA is a poor predictor of reversible ischemia.4–6

For patients with moderate to severe coronary stenosis, it is thus desirable to measure
myocardial perfusion in conjunction with the extent of luminal stenosis. One approach is to
combine CTA with radionuclide myocardial perfusion imaging (MPI), a strategy that
requires the combination of 2 separate imaging technologies.4 Alternatively, we have
previously demonstrated in preclinical studies that CT technology alone is capable of
simultaneous atherosclerosis and myocardial perfusion measurements.7,8 Importantly, high-
resolution CT, in contrast to radionuclide MPI, has the potential of assessing the transmural
extent of myocardial perfusion abnormalities similar to MRI.9,10 Finally, the recent
introduction of dynamic volume CT with 256 and 320 detectors has enabled the
performance of CTA11,12 with temporal uniformity (ability to image the entire heart
simultaneously) and lower radiation, thus enabling combined measurements of anatomy and
perfusion during rest and stress as part of a single diagnostic examination.

The primary objective of this study was to determine whether adenosine stress CT perfusion
(CTP) imaging, in conjunction with CTA, can detect atherosclerosis causing myocardial
perfusion abnormalities. Specifically, we tested the hypothesis that adenosine stress CT-
derived transmural perfusion measurements are predictive of myocardial perfusion
abnormalities in the setting of obstructive atherosclerosis.

Methods
Patient Selection

The study protocol was reviewed and approved by the Johns Hopkins University
Institutional Review Board, and all patients signed written informed consent. Patients were
enrolled from January 2006 to August 2007. The study included men and nonpregnant
women with a clinical suspicion of CAD and history of an abnormal single-photon emission
computed tomography (SPECT) MPI within the past 60 days. Exclusion criteria included
history of renal insufficiency, contraindications to iodinated contrast, atrial fibrillation,
bronchospastic lung disease, and 2nd- or 3rd-degree heart block. Patients underwent CTA
and perfusion imaging within 60 days after SPECT MPI. Twenty-seven patients
subsequently underwent invasive coronary angiography.

SPECT Imaging and Analysis
In all patients, stress-rest MPI (using either technetium-99m tetrofosmin or technetium-99m
sestamibi) was performed with symptom-limited treadmill exercise or pharmacological
(dipyridamole or adenosine) stress according to protocols endorsed by the American Society
of Nuclear Cardiology.13 Gated and nongated SPECT image data were reconstructed in the
vertical long-axis, horizontal long-axis, and short-axis projections. Using a 17-segment
model, a single blinded observer visually scored myocardial segments as normal, mild,
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moderate, or severe, and reversibility was determined. Perfusion deficits were assigned a
culprit vessel.14

CTA and Perfusion Image Acquisition and Reconstruction
Baseline blood pressure (BP), heart rate (HR), and ECG were acquired before CT. Oral and/
or intravenous metoprolol was given if the resting HR was >65 beats per minute.
Intravenous access was obtained in the right and left antecubital veins for the administration
of iodinated contrast and adenosine, respectively. Patients were hydrated with 250 to 500
mL normal saline before CT imaging.

64-Detector CT
Patients were placed supine in a 64-row detector CT (64-DCT) scanner (Aquilion 64,
Toshiba Medical Systems, Nasu, Japan). After the acquisition of scout images, adenosine
(0.14 mg/kg/min; Adenoscan, Astellas Pharma US, Deerfield, Ill) was initiated with
continuous ECG monitoring. Five minutes into the adenosine infusion, iodinated contrast
(Iopamidol, 370 mg I/mL; Bracco Diagnostics, Princeton, NJ) was infused at a rate of 5 mL/
s for a total of 90 to 95 mL, followed by 30 mL of normal saline. The contrast bolus was
monitored using the automated bolus tracking feature and CT imaging was initiated when a
threshold of 150 Hounsfield units (HU) was detected in the left ventricular blood pool
according to a retrospective ECG-gated protocol with the following parameters: detector
collimation, 64×0.5 mm; tube current, 400 mA; tube voltage, 120 kV; gantry rotation time,
400 ms; beam pitch, variable depending on HR (Figure 1). Effective radiation dose
estimated using the dose-length product method was 16.8 mSv for 64-DCT imaging.

CT raw data were reconstructed for angiographic analysis as previously described.1 For the
analysis of perfusion, images were reconstructed in the cardiac short axis with a 3.0-mm
slice thickness at end diastole (phase 80% to 100%), selecting the phase with the least
cardiac motion using a standard body algorithm kernel (FC13) without edge enhancement.

256-Detector CT
Patients were placed supine in a 256-row detector CT (256-DCT) prototype scanner
(TSX-301A, Aquilion One CT System, Toshiba Medical Systems). After the acquisition of
scout images, a test bolus of iodinated contrast (Iopamidol, 370 mg I/mL; Bracco
Diagnostics) was infused at 5 mL/s for a total of 20 mL, and bolus tracking imaging was
performed to determine scan timing.

256-Stress CTP Imaging
Adenosine was initiated with continuous ECG monitoring. Five minutes into the adenosine
infusion, iodinated contrast was infused at a rate of 5 mL/s in 2 phases: 100% contrast for 50
mL, then a 50:50 mixture of contrast and saline for 20 mL, followed by 30 mL of normal
saline (total contrast, 60 mL). CT imaging was initiated at the predicted peak of the contrast
bolus. CT settings were as follows: detector collimation, 128×1.0 mm; tube current, 200
mA; tube voltage, 120 kV; gantry rotation time, 500 ms; and scan time, 1.5 seconds.

Stress CTP images were reconstructed in the short axis with a 3-mm slice thickness at end
diastole (phase 80% to 100%), selecting the phase with the least cardiac motion. Images
were reconstructed with the same standard body algorithm kernel (FC13) with beam-
hardening correction and without edge enhancement.
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256-Rest CTA and Perfusion Imaging
Ten minutes after stress CTP imaging, the CT angiogram and rest perfusion imaging were
acquired. Iopamidol was infused using the same protocol for stress CTP (total contrast, 60
mL). CT imaging was initiated at the predicted peak of the contrast bolus. CT settings were
as follows: detector collimation, 256× 0.5 mm; tube current, 350 mA; tube voltage, 120 kV;
gantry rotation time, 500 ms; and scan time, 1.5 seconds. Effective radiation dose estimated
using the dose length product method was 21.6 mSv for rest and stress 256-DCT imaging
combined.

CT angiograms were reconstructed with a 0.5-mm slice thickness using half-scan
reconstruction with standard (FC43) CTA and sharp (FC05) kernels using the phase with
least cardiac motion.

For rest perfusion analysis in the 256-DCT group, images were reconstructed in the short
axis with a 3-mm slice thickness at end diastole (phase 80% to 100%), selecting the phase
with the least cardiac motion using the same standard body algorithm kernel (FC13) with
beam-hardening correction and without edge enhancement.

CT Myocardial Perfusion Image Analysis
CT stress (64 and 256-DCT) and rest (256-CT only) images were transferred to a custom
myocardial perfusion analysis workstation (Toshiba Medical Systems). Using images in the
cardiac short axis with a 3-mm slice thickness, 2 independent and blinded observers (1
cardiologist and 1 radiologist) analyzed the CTP images as follows: (1) Using an automated
border detection algorithm with manual hand planimetry input, the subendocardial and
subepicardial borders were defined; (2) the software automatically and equally divided the
myocardium into three myocardial layers: the subendocardial, midmyocardial, and
subepicardial layers; and (3) using a 16-segment model (apex was excluded), the software
calculated the mean attenuation density (AD) of each myocardial layer within each sector
(Figure 2).

To calculate the transmural extent of perfusion abnormalities in a quantitative analysis, the
transmural perfusion ratio was calculated as follows:

where TPR=transmural perfusion ratio, subendocardial AD is the sector specific
subendocardial attenuation, and subepicardial AD is the mean attenuation of the entire
subepicardial layer of any given short-axis slice. The TPR was calculated for each segment.
Interobserver variability in the measurement of the TPR was performed by comparing the
results from the 2 blinded readers on a segment-by-segment basis. The final TPR result used
in the analysis was the average TPR from both readers.

CT Coronary Angiography Analysis
CT angiographic images were transferred to a dedicated workstation (Vitrea v. 3.9, Vital
Images, Minnetonka, Minn) for analysis by a level III certified CT angiographer. All
segments ≥1.5 mm were analyzed regardless of the presence of intracoronary stents or
coronary calcification using a 19-segment coronary model.15 Each coronary segment was
visually assessed for the percent luminal stenosis and a vessel supplying a territory was
considered obstructive if there was at least 1 segment of a vessel with a ≥50% luminal
stenosis.

George et al. Page 4

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2011 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Invasive Coronary Angiography Acquisition and Quantitative Coronary Analysis
Invasive coronary angiography (ICA) was performed using standard orthogonal views and
was clinically driven. Coronary angiographic images were transferred to an independent
angiographic core laboratory for analysis. The coronary tree was analyzed using a 19-
segment coronary model as previously described.15 Quantitative coronary angiography
(QCA) was performed on all coronary segments >1.5 mm in diameter (CAAS II QCA
Research version 2.0.1 software, PIE Medical Imaging, Maastricht, The Netherlands) on the
most significant stenosis ≥30% severity within each coronary segment. A vessel supplying a
territory was considered obstructive if at least 1 segment of a vessel contained a ≥50%
luminal stenosis.

Hybridization of Multimodality Imaging
Perfusion deficits noted on CTP and SPECT MPI were assigned a coronary artery territory
according to standard practice.14 In cases in which variation of the coronary arterial anatomy
varied from standard practice, the CTA was used to reassign segments to the appropriate
vessel territory for both SPECT and CTP in the following way: (1) the anterolateral wall was
assigned to the left anterior descending artery (LAD) territory if there was a diagonal vessel
overlying the anterolateral wall, (2) the distal inferior wall was assigned to the LAD if the
LAD wrapped around the apex and supplied the distal inferior wall, and (3) the inferolateral
wall was assigned to the right coronary artery (RCA) territory if the RCA supplied a
posterolateral branch overlying the inferolateral wall.

In the patient-based analysis, CTA/CTP and QCA/SPECT were considered positive when
CTA or QCA showed a ≥50% luminal stenosis and a perfusion deficit. In the vessel/
territory-based analysis, CTA/CTP and QCA/SPECT were considered positive when CTA
or QCA showed a ≥50% luminal stenosis in a vessel supplying a territory with a perfusion
deficit.

Because SPECT is limited in the evaluation of patients with 3-vessel and left main CAD, a
separate analysis was performed to avoid penalizing CTP for detecting multivessel disease
in the vessel/territory analysis.16 In those patients with 3-vessel or left main disease
(confirmed by QCA), if CTA/CTP and QCA/SPECT showed 1 territory supplied by a ≥50%
stenosis in the presence of a matching perfusion deficit, yet CTA/CTP showed a second or
third territory to have a ≥50% stenosis in the presence of a matching perfusion deficit
missed by SPECT, CTA/CTP was not penalized for finding the second or third territories.

Statistical Analysis
Means are expressed as ±SD. Interobserver variability was compared using Bland-Altman
plots and the κ statistic, respectively.17,18 The relationship between percent luminal stenosis
and TPR was compared using Pearson correlation. The mean TPR at each level of stenosis
was compared using 1-way analysis of variance. The area under the receiver operating
characteristic (ROC) was calculated and reported with 95% confidence intervals.19 The
threshold of significance was P<0.05. Statistical analyses were performed using Med-Calc
version 8.2.1.0 (Meriakerke, Belgium).

Results
Forty-three consecutive patients underwent 64 (n=24) or 256 (n=19) CT imaging. The first 3
patients from the 256-DCT group underwent developmental protocols and were excluded
from the analysis. Myocardial perfusion imaging by CT was compared with SPECT MPI in
a total of 40 patients, 120 territories, and 640 sectors. ICA was performed in 27 of 40
patients. Baseline characteristics are shown in Table 1. Mean HR was 138.8±18.5,
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101.7±9.5, and 75.4±12.9, and mean systolic BP was 173.4±27.2, 134.3±14.3, and
123.1±18.2 during peak exercise SPECT, pharmacological SPECT, and stress CTP;
respectively.

CT Transmural Perfusion Ratio and Percent Stenosis by QCA
Among 14 patients with no obstructive epicardial coronary disease on QCA (no stenoses
≥30%), 224 myocardial segments were analyzed to define the normal distribution of the
TPR, Figure 3. The mean±SD TPR was 1.12±0.13 in these patients with no obstructive
CAD. The TPR was considered abnormal when it was <0.99 or more than 1 SD below the
mean TPR in this group of normal patients.

Interobserver variability for measuring segmental TPR was good (κ=0.72; 95% CI, 0.63 to
0.802 and κ=0.63; 95% CI, 0.56 to 0.70) for the rest and stress images, respectively.17 The
agreement between measurements of segmental TPR was good on rest and stress imaging
(Figure 4).

The transmural perfusion ratio for stenoses of 30% to 49%, 50% to 69%, and 70% to 100%
severity on QCA was 1.09±0.11, 1.06±0.14, and 0.91±0.10 respectively (TPR for 70% to
100% stenoses was significantly lower compared with stenoses of 30% to 49% and 50% to
69%, P<0.001). There was a significant inverse linear correlation between the TPR and the
percent diameter stenosis (R=–0.63, P=0.001, Figure 5.

CT Angiography/CT Perfusion Versus QCA/SPECT Perfusion Imaging
Figure 6 and Figure 7 demonstrate examples of CTP imaging with 64- and 256-DCT,
respectively. One patient was excluded from the analysis secondary to an uninterpretable
CTA. The sensitivity, specificity, positive predictive value (PPV), and NPV for CTA/CTP
detecting a stenosis causing a perfusion deficit on QCA/SPECT was 86%, 92%, 92%, and
85% in the patient-based analysis and 75%, 87%, 60%, and 93% in the vessel/territory based
analysis, respectively (Table 2 and Table 3).

QCA demonstrated 1-, 2-, and 3- vessel disease in 30.8%, 19.2%, and 7.7% of patients,
respectively. When taking into consideration that CTP detects perfusion deficits in a second
or third territory in patients with 3-vessel or left main disease the sensitivity, specificity,
PPV, and NPV of CTA/CTP, when compared with QCA/SPECT was 79%, 91%, 75%, and
93% in the per vessel/territory based analysis (Table 3).

CT Perfusion versus SPECT Perfusion and Reversibility
During stress imaging, perfusion deficit extent was 3.8±2.4 and 3.8±3.7 sectors on SPECT
and CTP imaging, respectively (P=0.91). On a territorial/vessel-based analysis, the
sensitivity, specificity, PPV, and NPV for CTP detecting a SPECT perfusion deficit was
70%, 51%, 58%, and 63%, respectively.

In the 256-row CT group, in which both rest and stress perfusion on SPECT and CT imaging
were available, 1 patient with a normal SPECT study had a partially reversible defect on
CTP. There were 6 patients with reversible perfusion deficits on SPECT with CTP deficits
noted to be reversible in 2 patients, partially reversible in 1 patient, and fixed in 3 patients.
All 7 patients noted to have partially reversible perfusion deficits on SPECT also had
partially reversible perfusion deficits on CT. Two patients with fixed deficits on SPECT had
partially reversible perfusion deficits on CTP.
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Discussion
This study is the first to quantify transmural differences of myocardial perfusion by CT in
humans. Its main findings are (1) adenosine stress CTP imaging can detect transmural
differences in myocardial perfusion; (2) these transmural differences in the subendocardial
and subepicardial attenuation can be quantified using the TPR; (3) TPR is inversely related
to percent diameter stenosis measured by quantitative angiography; (4) severe CTP deficits
indicate the presence of severe stenoses detected by invasive angiography; and (5) CTP,
when combined with CTA, can accurately predict coronary stenosis causing perfusion
deficits on QCA/SPECT.

Angiography Versus Myocardial Perfusion
Previous studies have established that coronary angiography and MPI provide quite different
but complimentary assessments of ischemic heart disease. Although invasive coronary
angiography has the advantage of directly visualizing and quantifying the severity of
coronary stenoses caused by atherosclerosis, metrics such as percent diameter stenosis have
been shown to only moderately correlate with measurements of myocardial perfusion using
positron-emission tomography (PET) and fractional flow reserve.20,21 Furthermore,
radionuclide MPI has been shown to have incremental prognostic value when used in
conjunction with, and independent of, the coronary angiogram.22,23

Although CTA provides a noninvasive assessment of percent diameter stenosis and allows
for the identification of atherosclerotic plaque, it falls short of providing information on the
physiological significance of coronary stenoses.4–6 Furthermore, a recent study has
demonstrated that overall plaque burden on CTA, rather than plaque location, is a better
predictor of territorial ischemia on radionuclide MPI.24 Preferably, noninvasive testing for
CAD would assess atherosclerosis and perfusion imaging in 1 setting. There are several
prospects for this comprehensive evaluation of ischemic heart disease, including hybrid
imaging systems that combine CTA with SPECT or PET.4,6 However, these systems come
with additional cost and, in some instances, significant increases in the overall radiation
dose.4 Our study, in conjunction with several preclinical studies of CTP imaging by our
group and others, proposes the concept that CT alone can provide simultaneous
atherosclerosis and MPI.7,8,25

Transmural Distribution of Myocardial Perfusion
SPECT MPI using technetium- and thallium-based radionuclide tracers are well established
for the evaluation of myocardial perfusion. However, due to limited spatial resolution,
SPECT is not capable of detecting transmural differences in myocardial perfusion. Although
improvements in spatial resolution are seen with PET, which is actually capable of
quantifying myocardial perfusion, PET still falls short of enabling quantification of the
transmural extent of myocardial perfusion. In this regard, MRI is the only other modality
capable of visualizing transmural differences in myocardial perfusion, even if limited in
allowing for its accurate quantification.9,10,26

It is well established that the first manifestations of myocardial ischemia occur in the
subendocardium.27 Under resting conditions, in the absence of critical CAD, myocardial
perfusion is higher in the subendocardium than in the subepicardium.9,28 Whereas this
endocardial/epicardial flow ratio is maintained in myocardium supplied by normal epicardial
arteries during the administration of vasodilators (ie, dipyridamole and adenosine), it is
decreased in myocardium supplied by stenosed epicardial arteries. Previously, Keijer et al
used gadolinium-enhanced MR perfusion imaging to measure relative transmural differences
in myocardial perfusion clinically. During dipyridamole stress MRI, they demonstrated
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subendocardial/subepicardial ratios of 1.08±0.23 in normal territories and 0.96±0.21 in
abnormal territories supplied by vessels with diameter stenoses ranging from 70% to 99%.
These finding are very similar to our findings of TPR=1.12±0.13 in territories supplied by
normal coronary arteries and our finding of TPR=0.91±0.10 in territories supplied by
coronary arteries with 70% to 100% diameter stenoses.

Helical Versus Dynamic Volume CT
In this study, patients were imaged on either a 64-DCT or a 256-DCT system. It is important
to point out that the 256-DCT system used in this study was a prototype 256 system and
commercially available 320-row detector systems that provide similar dynamic volume CT
capabilities have since been introduced. Although the current study was not designed to
compare the efficacy of 64- versus 256-DCT scanners for CTP imaging, there are several
potential advantages that full cardiac coverage with dynamic volume (256- to 320-row
detector) CT scanning can provide. Current radiation and contrast doses limit the ability to
perform rest and stress studies. The ability to perform a rest study is important to ensure a
high-quality CTA and to assess the reversibility of a perfusion deficit. The recent
introduction of prospective ECG gating has significantly reduced the overall radiation dose
for CTA and is currently available on 64- and 320-detector systems. However, prospective
ECG gating with 64-DCT is limited in temporal resolution due to half-scan reconstruction,
limiting its use to patients with HR <63 beats per minute.29 In the current study, the mean
HR during adenosine infusion was 75 beats per minute. Alternatively, prospective ECG
gating with dynamic volume CT is capable of segmented reconstruction and thus will allow
imaging at the higher HRs commonly experienced during adenosine infusion. 320-DCT is
also capable of synchronous perfusion imaging of the entire heart. At the present time, it is
unclear whether imaging the base of the heart at a different time than the apex may impact
the evaluation of myocardial perfusion by CT within a patient.

Limitations
There are several limitations to this study in regard to study design and inherent limitations
of CT technology for the assessment of myocardial perfusion. First, this was a study of
patients with mostly abnormal SPECT studies, therefore limited in its assessment of CTP
imaging in patients with normal perfusion. However, the study does show that the TPR in
those patients with normal coronary arteries on QCA did indeed have a normal TPR on CTP
imaging. Second, this study only used rest perfusion imaging in the 256-DCT group;
therefore no assessment of reversibility was available in the 64-DCT group. Further, this
study used patients from the study group to establish a cutoff for an abnormal TPR.
Therefore, further validation studies are required to confirm these promising results.

The 256-DCT scanner used in this study was a prototype scanner. This prototype scanner
was limited in temporal resolution and did not have prospective ECG gating available.
Therefore, the radiation dose in this study was relatively high compared with the low-dose
CT protocols currently available on the 320-row detector scanner.

Moreover, CTA frequently uses β-blockers to lower the HR. β-Blockers have been shown to
increase hyperemic myocardial blood flow, and this effect may reduce differences between
normally perfused and ischemic territories.30 In this regard, β-blockers may have “hidden”
ischemia in 1 patient with significant CAD whose HR remained below 60 beats per minute
during adenosine infusion. Last, beam-hardening artifacts can be mistaken for myocardial
perfusion deficits. For the purposes of this study, we developed a beam-hardening correction
that was implemented to correct for artifacts during reconstruction of the dynamic volume
CT studies.31
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Conclusions
CTP imaging can detect transmural differences in myocardial perfusion that can be
accurately quantified as the transmural perfusion ratio (subendocardial/subepicardial
attenuation density). CTP imaging, when combined with CTA, can accurately predict
atherosclerosis causing perfusion abnormalities in comparison with combined QCA/SPECT.
The combination of CTA with CTP imaging could have ground-breaking implications to the
future diagnostic evaluation of patients with suspected CAD.

CLINICAL PERSPECTIVE

Multidetector computed tomography coronary angiography (CTA) is a robust method for
the noninvasive diagnosis of coronary artery disease. However, in its current form, CTA
is limited in its prediction of myocardial ischemia. This pilot study investigated whether
the combination for CTA and adenosine stress CT myocardial perfusion imaging can
accurately detect atherosclerosis, causing perfusion abnormalities compared with the
combination of invasive angiography and single-photon emission computed tomography.
In a quantitative analysis, CT perfusion images were analyzed for the transmural
perfusion ratio, the ratio of the subendocardial attenuation density, and the subepicardial
attenuation density. This study demonstrated that CT perfusion imaging, when performed
with adenosine, can detect subendocardial perfusion deficits and the combination of CTA
and CT perfusion imaging can detect obstructive atherosclerosis causing perfusion
abnormalities when compared with the combined gold standard of invasive angiography
and single-photon emission computed tomography myocardial perfusion imaging. If
confirmed by larger studies, the combination of CTA with CT perfusion imaging could
have important implications to the future diagnostic evaluation of patients with suspected
coronary artery disease.
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Figure 1.
CT imaging protocols for 64- and 256-detector CT.
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Figure 2.
Left ventricular segmentation of CTP images. A through C, 16-segment analysis of the
subendocardial, midmyocardial, and subepicardial layers, excluding only the most distal
apex.
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Figure 3.
Relative frequency distribution plot (solid line) of the transmural perfusion ratio (x-axis)
measurements in patients with no obstructive atherosclerosis determined with invasive
coronary angiography (n=224 myocardial segments). Dotted line represents the normal
distribution.
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Figure 4.
Bland-Altman Plot demonstrating the agreement in the measurement of the TPR between
observer A and observer B on the rest (A) and stress (B) images.

George et al. Page 15

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2011 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
TPR versus percent diameter stenosis on QCA performed on invasive coronary angiograms
in patients with stenoses ≥30%.
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Figure 6.
Images from 64-row detector CTP. A, Partially reversible perfusion deficit in the territory of
the LAD and a primarily fixed perfusion deficit in the inferior wall on radionuclide
myocardial perfusion imaging with increased subdiaphragmatic tracer uptake (stress, upper
panels; rest, lower panels). B and C, Adenosine stress CTP shows a dense perfusion deficit
in the LAD territory, as well as a subendocardial perfusion deficit in the inferior and lateral
walls. D, Invasive coronary angiogram demonstrates a left-dominant system with a totally
occluded LAD (black arrow) as well as intermediate and high-grade stenoses in a large
ramus intermedius, the body of the left circumflex, an the ostium of the obtuse marginal
artery (white arrows).
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Figure 7.
Images from 256-row detector CTP. A, Partially reversible perfusion deficit in the inferior
and inferolateral wall on radionuclide MPI in this patient with exertional angina (stress,
upper panels; rest, lower panels). Rest (B) and stress (C) CTP imaging shows a reversible
subendocardial perfusion deficit in the inferior and inferolateral walls. Noninvasive
angiography confirms a significant stenoses (white arrows) in the proximal right coronary
artery (D and E) and the proximal left circumflex artery (F).
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Table 1

Baseline Characteristics

Age, y 60.9±10.1

Body mass index, kg/m2 28.1±11.9

Male 28 (65)

Female 15 (35)

Tobacco use (current or prior) 24 (56)

Family history of premature CAD 12 (28)

Diabetes mellitus 12 (28)

Prior CAD 10 (23)

Known prior MI 2 (5)

Prior PTCA with stent 4 (9)

Hyperlipidemia 36 (84)

Hypertension 34 (79)

Chronic β-blocker use 22 (51)

Data are presented as mean±SD or n (%). MI indicates myocardial infarction; PTCA, percutaneous transluminal coronary angioplasty.

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2011 February 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

George et al. Page 20

Table 2

Accuracy Parameters of CTA/CTP in the Per-Patient Analysis

With Nonevaluable Vessels Categorized
as Negative (n=27)

With Nonevaluable Vessels Categorized as
Positive (n= 27)

Evaluable Vessels Only (n=26)

Prevalence 15/27, 56% 16/27, 59% 14/26, 54%

Sensitivity 12/15, 80% (51–95) 14/16, 88% (60–98) 12/14, 86% (57–97)

Specificity 11/12, 92% (60–100) 10/11, 91% (57–100) 11/12, 92% (61–98)

PPV 12/13, 92% (62–100) 14/15, 93% (66–100) 14/15, 92% (62–100)

NPV 11/14, 79% (49–94) 10/12, 83% (51–97) 11/13, 85% (54–97)

AUC 0.84 (0.77–0.90) 0.89 (0.71–0.97) 0.88 (0.70–0.97)

Data are presented as n/N, % (95% CI). The reference gold standard is QCA plus SPECT MPI. AUC indicates area under curve.

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2011 February 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

George et al. Page 21

Table 3

Accuracy Parameters of CTA/CTP in the Per-Vessel/Territory Analysis

With Nonevaluable Vessels Categorized
as Negative (n=81)

With Nonevaluable Vessels Categorized as
Positive (n= 81)

Evaluable Vessels Only (n=76)

Prevalence 18/81, 22% 18/81, 22% 16/76,21%

Sensitivity 12/18, 67% (41–86) 14/18, 78% (52–93) 12/16, 75% (47–92)

Specificity 53/63, 84% (72–92) 51/63, 81% (69–89) 52/60, 87% (75–94)

PPV 12/22, 55% (33–75) 14/26, 54% (34–73) 12/20, 60% (36–80)

NPV 53/59, 90% (79–96) 51/55, 93% (82–98) 52/56, 93% (82–98)

AUC 0.75 (0.64–0.84) 0.79 (0.68–0.87) 0.80 (0.70–0.89)

With Nonevaluable Vessels
Categorized as Negative (n= 81)

Corrected for Multivessel Disease With
Nonevaluable Vessels Categorized as Positive

(n= 81)

Evaluable Vessels Only (n=76)

Prevalence 21/81, 26% 21/81, 26% 19/76, 25%

Sensitivity 15/21, 71% (48–88) 17/21, 81% (57–94) 15/19, 79% (54–93)

Specificity 53/60, 88% (77–95) 51/60, 85% (73–92) 52/57, 91% (80–97)

PPV 15/22, 68% (45–85) 17/26, 65% (44–82) 15/20, 75% (51–90)

NPV 53/59, 90% (79–96) 51/55, 93% (82–98) 52/56, 93% (82–98)

AUC 0.79 (0.69–0.88) 0.83 (0.73–0.90) 0.85 (0.75–0.92)

Data are presented as n/N, % (95% CI). The reference gold standard is QCA plus SPECT MPI. The top half of the table shows data without
correction for multivessel disease, and the bottom shows data with correction for multivessel disease. AUC indicates area under curve.
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