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Abstract
Objectives—To test the diagnostic accuracy of myocardial CT perfusion (CTP) imaging using
color and gray scale image analysis.

Background—Current myocardial CTP techniques have varying diagnostic accuracy and are
prone to artifacts that impair detection. This study evaluated the diagnostic accuracy of color and/
or gray-scale CTP and the application of artifact criteria to detect hypoperfusion.

Methods—Fifty-nine prospectively-enrolled patients with abnormal single photon emission
computed tomography (SPECT) studies were analyzed. True hypoperfusion was defined if SPECT
hypoperfusion corresponded to obstructive coronary stenoses on CT angiography (CTA). CTP
applied color and gray scale myocardial perfusion maps to resting CTA images. Criteria for
identifying artifacts were also applied during interpretation.

Results—Using combined SPECT plus CTA as the diagnostic standard, abnormal myocardial
CTP was present in 33 (56%) patients, 19 suggesting infarction and 14 suggesting ischemia.
Patient-level color and gray scale myocardial CTP sensitivity to detect infarction was 90%, with
specificity 80%, and negative and positive predictive value of 94% and 68%. To detect ischemia
or infarction, CTP specificity and positive predictive value were 92% while sensitivity was 70%.
Gray scale myocardial CTP had slightly lower specificity but similar sensitivity. Myocardial CTP
artifacts were present in 88% of studies and were identified using our criteria.

Conclusions—Color and gray scale myocardial CTP using resting CTA images identified
myocardial infarction with high sensitivity as well as infarction or ischemia with high specificity
and positive predictive value without additional testing or radiation. Color and gray scale CTP had
slightly better specificity than gray scale alone.
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Background
The presence and size of regions of myocardial hypoperfusion have been shown to be
independent predictors of poor prognosis.1, 2 Several non-invasive imaging modalities
reliably detect myocardial hypoperfusion at rest and stress, suggestive of myocardial
infarction, as well as with stress alone, suggestive of myocardial ischemia. Single photon
emission computed tomography (SPECT) is commonly used to identify myocardial
ischemia or infarction, but can have a relatively high false positive or false negative rate.3
Combining perfusion images with coronary artery anatomic evaluation could improve
diagnostic accuracy and clinical care by reducing additional testing and unnecessary
treatments.4

Coronary computed tomography angiography (CTA) can evaluate for coronary artery
disease (CAD) with high diagnostic accuracy compared to invasive coronary angiography.
While the CTA negative predictive value is very high (up to 100%), the positive predictive
value is modest (approximately 64% for >50% stenosis), motivating the need for
complimentary information to inform the significance of CTA findings.5 Myocardial CT
perfusion imaging (CTP) using CTA images has reasonable diagnostic accuracy to detect
hypoperfusion using either first pass iodinated contrast myocardial hypo-enhancement or a
separate delayed contrast enhancement CT scan. However, prior CTP studies have been
limited by use in low prevalence populations6, the need for additional radiation for delayed
enhancement scanning7, and inconsistent comparisons to imaging “gold” standards for true
myocardial hypoperfusion8. Further, CTP with contemporary 64 slice scanners yields
significant artifacts that impair CTP evaluation primarily because of beam hardening and
reconstruction artifacts.

The purpose of this study was to assess hypoperfusion by applying criteria to identify CTP
artifacts and by testing the diagnostic performance of color and gray scale CTP perfusion
maps. Myocardial infarction was identified when a rest and stress SPECT perfusion
abnormality occurred in the same region that CTA had evidence of significant stenosis or
prior revascularization. Myocardial ischemia was assumed if only stress SPECT
hypoperfusion was present and there was a correlating CTA finding consistent with
significant stenosis or prior revascularization.

Methods
Sixty-two consecutive subjects referred for CTA because of abnormal SPECT scans were
enrolled and underwent CTA scans. All subjects gave informed consent prior to CTA.
Demographic and clinical data were gathered from medical records review. This prospective
HIPAA-compliant study was approved by each site’s institutional review board.

Subjects were excluded from participation due to known contrast allergy, creatinine > 1.7
mg/dL, irregular heart rhythm, resting heart rate > 100 beats per minute (bpm), and
pregnancy, as well as contraindications to beta blocker, calcium channel blocker, or
nitroglycerin. Subjects with heart rates >65 beats per minute were given oral or IV beta
blockers or calcium channel blockers with a goal HR of <65 bpm. All eligible subjects were
scanned regardless of final resting heart rate. Nitroglycerin 0.4 mg sublingual was
administered immediately prior to the gated CT acquisition.
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All subjects underwent cardiac CT with either prospective or retrospective gating on a 64
slice GE VCT scanner (GE Healthcare, Waukesha, WI) with a collimation of 64 × 0.625
mm and a rotation time of ~0.35 seconds. CT settings, including tube current, voltage and
beam on duration, were selected by the supervising physician.

CT Myocardial Perfusion Imaging
Myocardial CTP imaging was performed using the resting CTA images. For inclusion in the
analysis, LV chamber contrast density must have been greater than 200 HU. To ensure
readers were blinded to the coronary anatomy during CTP evaluation, the myocardium was
extracted from the background and left ventricular (LV) cavity using a GE Advantage
Workstation (GE AW 4.4, Chalfont St. Giles, UK). The left ventricular images were
oriented to short axis, vertical long axis, and four-chamber views. Myocardial images were
reconstructed to 3-4 mm slice thickness using average pixel intensity projections.9 Gray
scale images for each study were then evaluated using a window of 300 and a level of 100.
CTP was evaluated using a color perfusion map based upon a graded myocardial Hounsfield
unit (HU) scale (Figure 1).9 The HU scale began at 20 and changed color every 20 HU until
>100 HU.10 Levels of enhancement on the CT images were visually scored on a 6 point
ordinal scale (0= normal, 5=no enhancement) by 2 readers (K.B., J.B.) using a standard
AHA 17-segment model of the LV.11 Both readers were blinded to CTA data. Available
diastolic and systolic phases were also scored to assist with artifact identification.12 Wall
thickness was also evaluated to support determination of prior myocardial infarction.13

Discrepancies were resolved by consensus. To help identify artifact on CTP, we applied a
set of criteria derived from our previous work.14

Cardiac CT Angiography
Cardiac CT angiography studies were evaluated by two cardiologists with 3 and 6 years of
CTA experience (JB, KB) using axial and multi-planar reconstructions of the coronary
arteries (GE AW workstation). Any discrepancies were resolved by consensus. Coronaries
were segmented using a modified 19-segment coronary model,15, 16 and visually estimated
coronary stenosis was categorized on an ordinal scale (0=0%, 1=1-30%, 2=31-50%,
3=51-70%, 4=71-90%, 5=91-100%). Quantitative CTA tools were used to ensure correct
classification of stenosis. All CTA studies were read after CT myocardial perfusion
evaluation and reviewers were blinded to patient and SPECT results.

Nuclear SPECT and CTA for Myocardial Hypoperfusion
All subjects underwent exercise or pharmacologic single (99mtechnetium) or dual
isotope 201thallum and 99mtechnetium) SPECT stress testing prior to enrollment. Subjects
with abnormal SPECT studies were enrolled. SPECT results were abstracted to identify rest,
rest/stress, and stress abnormalities and locations on an AHA 17 segment model.17 To create
a standard to compare to CTP, we first evaluated only resting SPECT images to define
regions of infarction. As SPECT was likely to deliver a high false positive rate, we used a
combination of SPECT and CTA results to define true ischemia or infarction for comparison
to CTP. By SPECT/CTA criteria, a SPECT perfusion defect was considered to be true if the
SPECT region was supplied by either an obstructive (>50%) CTA coronary stenosis or a
revascularized coronary segment (stent or a coronary bypass graft proximal to the SPECT
segment).18 Given the variability in stenosis evaluations as well as correlation between
stenosis and decreased blood flow, we also defined “obstructive” coronary stenosis as >30%
stenosis for SPECT/CTA criteria in an exploratory analysis.
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Statistics
Diagnostic performance of CTP to detect resting SPECT abnormalities as well as suspected
ischemia or infarction based on SPECT plus CTA was calculated at the segmental and
patient level. CTP was considered to be correct only if CTP perfusion defects were seen in
the same myocardial segments as the SPECT/CTA findings. We calculated sensitivity,
specificity, positive predictive value, and negative predictive value for CTP. Receiver
operator curves (ROC) and the area under the ROC curves (AUC) were also calculated. We
also compared prospective ECG-gated and retrospective ECG-triggered CT diagnostic data
by t-test. All statistical analysis was performed using Stata IC software (College Station,
PA). A p<0.05 was considered significant.

Results
Sixty-two subjects were enrolled. Three subjects were excluded due to poor contrast
enhancement, leaving 59 subjects for final analysis. Of the 30 subjects with rest and stress
SPECT abnormalities, 19 had obstructive CAD or revascularization supplying the SPECT
defect and were considered true myocardial infarction by our SPECT/CTA criteria. Of the
11 remaining subjects with abnormal rest/stress SPECT and CTA, only one had obstructive
CAD on CTA although the coronary disease did not correlate with rest/stress SPECT
findings; this subject had proximal LAD stenosis on CTA but inferior wall defect on
SPECT. This left 10 patients with abnormal rest/stress SPECT but no coronary artery
disease on CTA suggesting false positive SPECT scans.

SPECT defects only on stress testing suggestive of myocardial ischemia were seen in 29
subjects. Of this group, 14 had obstructive CAD supplying the SPECT defect and were
classified as having true ischemia. None of the remaining “false positive” ischemia patients
had obstructive coronary disease. For final comparison to CTP, true infarction by SPECT/
CTA criteria was identified in 19 subjects and true ischemia was identified in 14 subjects.

Table 3 shows the patient-level diagnostic performance data of color and gray scale CTP
and gray scale CTP to detect myocardial infarction or ischemia. Using SPECT/CTA criteria,
color and gray scale CTP identified 17 of 19 subjects with infarction and 6 of 14 subjects
with ischemia (Figure 2). CTP identified infarction with a good sensitivity and modest
specificity. When CTP was compared to either infarction or ischemia, sensitivity decreased
but specificity improved. Gray scale CTP had similar sensitivity for infarction, but a lower
sensitivity. However, specificity was minimally better for infarction or ischemia.

CTP had two false negative studies for infarction caused by coexisting artifacts,, one due to
beam hardening and inferior stair-step artifact19, and one with an anterior wall stair-step
artifact. CTP had also had two false positive studies for hypoperfusion. One false positive
CTP correlated to an abnormal stress SPECT but had no coronary artery disease. The second
subject had discrepant results with SPECT suggesting an inferior infarction, a CTP
suggesting an anterior defect and a CTA revealing severe multi-vessel CAD with several
stents and bypass grafts. Retrospective ECG-gated CT was used in 33 (55%) of patients and
prospective ECG-triggered CT in 26 (45%). There was no difference in diagnostic accuracy
between imaging types (p=NS).

To reduce possible patient misclassification for true infarction or ischemia, two exploratory
analyses were performed. First, we applied an obstructive CAD cutoff of >30% to the
SPECT/CTA criteria and four subjects were identified with CTA stenosis between 30% and
50%. None of these subjects had correlative SPECT defects to suggest either infarction or
ischemia and diagnostic ability was unchanged. Second, an exploratory analysis using only
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resting SPECT as the standard for infarction, CTP had a sensitivity of 59%, specificity of
73%, negative of 65% and positive predictive value of 68%.

Artifacts were common and present on color perfusion images in 52 (88%) patients (Table
4). The most common artifact was an inferior-lateral basal artifact consistent with beam
hardening from the spine and/or aorta.20 Axial slice, stair-step artifacts cause a band that
corresponds to the width of the CT detector and commonly affects the anterior wall and
leads to difficulty in interpretation (Figure 3).19 The two true regions of hypoperfusion
missed by CTP were misclassified due to artifacts. Other artifacts were produced by three
events: mis-registration caused by respiratory motion or heart rate variability; retrospective
gated studies when there is inadequate data for adequate reconstruction the first helical slice;
and a lack of homogeneous contrast enhancement as the scan is taken over time.

Discussion
Identification of myocardial infarction and ischemia are important to inform prognosis and
to plan patient treatments. Using resting CTA images, both coronary anatomy and
myocardial hypoperfusion evaluation is possible without the need for further studies, or
additional radiation or contrast. This study showed that compared to combined SPECT/CTA
criteria, resting color and gray scale CTP identifies myocardial infarction with high
sensitivity (90%), good specificity (80%) and high negative predictive value (94%).
Grayscale CTP has a similar sensitivity but slightly lower specificity (73%). Color and gray
scale CTP also identifies myocardial ischemia or infarction with high specificity (92%) but
lower sensitivity (70%) compared to infarction alone. Thus, the presence of CTP-detected
hypoperfusion suggests either myocardial infarction or ischemia with high predictive power
(92%).

Our data are consistent with previous CTP reports that focus on detecting hypoperfusion on
resting SPECT, although diagnostic sensitivity and specificity varied widely from 75% to
100% and 57% to 98%, respectively.21-25 Reasons for the range of diagnostic values are
likely due to either differences in CTP technique or the comparators to CTP (Table 5). To
date, most reported CTP techniques relied on gray scale interpretation of CTP images. In our
study, gray scale alone had a sensitivity of 90% but a lower specificity of 73%. Our
observations, and the observations of others, suggest that color imaging makes CTP
abnormalities easier to see and use of color and gray scale CTP may enhance diagnostic
accuracy.10

Previous studies suggest that post-processing techniques, including various types of pixel
projections and various slice thickness, may also change diagnostic accuracy.9, 10 We used
average pixel intensity projection with 3-4 mm slice thickness based on prior studies. Use of
different projections, slice thickness, or windows and levels has been suggested to affect
CTP accuracy, but these questions are beyond the scope of this study. Additionally, prior
studies have reported other CTP techniques such as dual energy CT 24, 26, or a novel
rescaling method using control group data 27. However, to date, none of these techniques
have been proven superior and additional formal studies are needed to answer these
important questions.

Complicating the diagnostic CTP data are the variety of “gold standard” comparators used in
the literature. Bauer, et al used delayed enhancement cardiac magnetic resonance imaging as
the standard and showed a CTP specificity of 97% and a sensitivity of 77% to identify of
prior myocardial infarction.24 However, most studies used SPECT as the comparator (Table
5). As we observed, this may result in subject misclassification. SPECT has limited spatial
resolution and may miss small or sub-endocardial areas of hypoperfusion which would
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increase the CTP false positive rate (Type 1 error) and decrease specificity. For example,
Rubenshtein, et al showed that six of seven “false positive” CTP scans (abnormal CTP with
normal resting SPECT) had subendocardial hypoperfusion that corresponded with
obstructive coronary disease or revascularized myocardial segments.22 SPECT may also
increase CTP false negative results (Type II error) typically because of soft tissue
attenuation which would reduce CTP sensitivity. To minimize potential misclassification of
patients, we used combined SPECT/CTA criteria as our standard to define myocardial
infarction or ischemia. This also reflects the likely clinical use of CTP where CTA and CTP
will be used in conjunction. However, since we used CTA in our comparator, we could not
evaluate the incremental value of CTA to CTP. This is an important area for future study.

Further complicating CTP interpretation is the fact that resting CTP may identify myocardial
ischemia without infarction. Kachenoura, et al23 reported that 8 of 16 subjects diagnosed
with ischemia by SPECT perfusion had resting CTP hypoperfusion. Similarly, of the 8 CTP
abnormalities identified in our subjects with normal resting SPECT scans, 6 had obstructive
CAD corresponding to stress SPECT myocardial hypoperfusion. The reasons resting CTP
can detect ischemia are unclear. One hypothesis is that coronary vasodilation from either
pre-CT scan nitroglycerin or iodinated contrast28 or the mild stress of having a CT scan may
cause myocardial ischemia. Alternatively, the SPECT scan may not be able to detect small
areas of prior infarction because of limited spatial resolution. It is possible that the SPECT
abnormalities may only become large enough to be detected with stress-induced peri-infarct
ischemia. Our data suggest that hypoperfusion on resting CTP commonly reflects
myocardial infarction with high specificity, but may detect infarction or ischemia with high
sensitivity and positive predictive value. Differentiation of CTP infarction or ischemia using
CTP warrants further study, but utilization of delayed enhancement with resting CTP may
be one alternative.

One technical challenge for CTP using 64 slice CT was the presence of artifacts which
occurred in most (88%) of our subjects. This is a relatively high artifact rate and most likely
due accentuation of both abnormal findings and artifacts with color perfusion images.
Frequently, imaging artifacts that were not appreciated on gray scale images were prominent
on color images. Further, two instances of infarction were missed because CTP studies that
had artifacts obscured the regions with hypoperfusion and would have resulted in only 1
missed myocardial infarction by CTP. Further technical advances in CT hardware and
processing techniques that eliminate beam hardening artifacts29 and the stair-step artifacts
with larger and faster detectors should improve the diagnostic ability of CTP.

This study supports continued technologic improvements in CT hardware as well as efforts
in integrating CTP and CTA using rest and/or stress CT imaging.12, 30, 31 For resting CTP,
additional CT scanning is not needed and the effective radiation dose is reduced. The
combination of CTP and CTA at rest and stress could improve the diagnostic accuracy for
identifying hemodynamically significant coronary stenosis and lead to a more accurate,
single non-invasive test4. Further CTP studies are needed to explore the incremental benefit
of CTA and CTP together, and to build better gold standards.

Limitations
There are several limitations to this study. First, subjects were referred by community
physicians and clinical interpretations of SPECT studies were used to assess hypoperfusion.
However, incorporation of the CTA and SPECT data likely increased our ability to identify
hypoperfusion that resulted from a specific coronary artery lesion. Second, not all CT
studies had both systolic and diastolic phases for evaluation, which we and others have used
as criteria to define true CTP abnormalities. This likely reflects the real world use of CTA

Busch et al. Page 6

J Cardiovasc Comput Tomogr. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



where all phases will not be available due to increasing use of low dose prospective ECG-
triggered CT. Third, only first pass, static images for coronary angiography were used.
Dynamic imaging of myocardial contrast enhancement over time may better discern
hypoperfusion from artifact although radiation dose may become a limiting factor. Finally,
the detection accuracy reported in this work is appropriate for the patient population with
abnormal SPECT studies and therefore a high prevalence of disease. These values may not
be appropriate for the whole population because of this selection bias.

Conclusions
Using resting CTA scans, CTP can identify presumed myocardial infarction with high
sensitivity without the need for additional radiation or additional testing. In addition, CTP
hypoperfusion may also identify myocardial infarction or ischemia with high specificity and
could lead to an evolution in non-invasive risk stratification. Future studies combining CTA
and CTP results as well as future techniques to allow differentiation of infarction and
ischemia using CTP are warranted.

Acknowledgments
Relationship with Industry: Drs. Branch and Budoff are on the Speaker’s Bureau for GE Healthcare. Drs. Shuman,
Alessio and Caldwell have received research funding from GE Healthcare.

Abbreviations List

SPECT single photon emission computed tomography
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Figure 1.
This is a representative example of a subject with normal CTP images. A – Color scale
vertical long axis view. B – Color scale short axis view. C – Gray scale vertical long axis
view. D – Gray scale short axis view.
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Figure 2.
This is a representative example of a subject with myocardial infarction. The arrow indicates
hypo-enhancement crossing a phase delineated boundary which meets criteria for abnormal
CTP. A – Color perfusion map in short axis showing inferior hypo-enhancement. B – Gray
scale vertical long axis (3 chamber) view showing infero-lateral hypo-enhancement. C- Gray
scale short axis view showing inferior and infero-lateral hypo-enhancement.
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Figure 3.
This figure shows several examples of imaging artifacts seen on color and gray scale images
designated by arrows. Panels A and C are two different patients and panels B and D are
from the same patient. A – Color perfusion image with an anterior artifact with a linear cut-
off typical of a stair-step artifact. B- Anterior artifact caused by phase boundary and beam
hardening from sternum (Arrow 1). Artifact due to beam hardening from the aorta or spine
(Arrow 2). C –Linear boundaries caused by axial slice/stair-step artifacts. D – Gray scale of
the color image in panel B. Artifacts in the apical anterior wall are not as evident as the color
image (Arrow 1). However, the beam hardening artifact in the basal inferior wall is still
evident (Arrow 2).
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Table 1
Demographic Data

Mean 95% CI

Age 67 (64,71)

Body Mass Index (kg/m2) 26.9 (25.6,28.3)

N
N=59

Percent (%)

Gender Male 41 (59)

Race: Caucasian 40 (68)

African American 2 (3.4)

Hispanic 9 (15.3)

Asian 3 (5.1)

Other/Unknown 5 (8.5)

Prior myocardial infarction 21 (35.6 %)

Risk Factors High Cholesterol 35 (59.3)

Diabetes 14 (23.9)

Hypertension 34 (57.6)

Smoker 14 (23.7)

Family History 33 (55.9)
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Table 2
Criteria for Artifact on CT-MPI

Not in the distribution of a coronary artery

Not consistent through all available cardiac phases

Does not cross a phase determined boundary

Occurs at commonly reported location: postero-basal, anteriorly at LVOT
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Table 4
Artifact Data

Artifact Locations N

Antero-apical 7

Antero-apical and inferior 25

Inferior 19

Antero-apical, inferior, lateral 1

Lateral 0

None 7

Artifact Types N

Axial slice (stair-step) 38

Beam Hardening 40

Axial slice (stair-step) and beam hardening 27

Mis-registration 1

Pacer or sternal wire 2

Subendocardial Sparing 1
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