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Abstract: Despite having excellent diagnostic accuracy to detect anatomical coronary stenosis, coronary
CT angiography (CTA) has a limited specificity to detect myocardial ischemia. CT perfusion (CTP) can
identify myocardial perfusion defects during vasodilator stress, and when added to coronary CTA, improves
the specificity of detecting hemodynamically significant stenosis. A CTP protocol typically involves the
acquisition of two separate data sets: (I) a rest scan that can be used as both a coronary CTA and for
evaluating rest myocardial perfusion, and (II) a stress CTP scan acquired during vasodilator stress testing.
This review summarizes some the techniques, strengths, and limitations of CTP, and provides an overview of

the recent evidence supporting the potential use of CTP in clinical practice.
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Introduction Addressing these limitations, several advances in
Coronary computed tomography angiography (CTA) has cardiac CT.have permiltted addlng functional information

. o . to the routinely acquired anatomical data. Among those
a high sensitivity to rule out obstructive coronary artery

disease (CAD), though its specificity to identify myocardial
ischemia is only modest, mostly due to the lower positive
predictive value of obstructive lesions detected by coronary
CTA (1). The lower specificity of CTA has contributed to
a higher rate of downstream invasive coronary angiography
(ICA) and coronary revascularization in patients undergoing
coronary CTA versus functional testing, despite uncertain
clinical benefit of such procedures (2-4). Although recent
studies suggest coronary CTA may result in improved
outcomes, the overall ICA and revascularizations rates
remains higher than desired (4,5).
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techniques is the development of CT perfusion (CTP)
imaging. This technique has been shown to improve the
specificity and overall accuracy of cardiac CT to detect flow
limiting CAD or areas of prior myocardial infarction (6-9).
The evaluation of myocardial ischemia is particularly
important in situations where the anatomical information
might be inconclusive, such as in patients with moderate
coronary stenosis. This manuscript will review the current
status of CT myocardial perfusion as well as outline future
refinements and research pathways necessary for clinical
adoption of this technology.
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Table 1 Summary of advantages and disadvantages of CT perfusion

453

Categories Advantages

Disadvantages

Static CTP
Rapid analysis
Less dependent on specific vendor technology
Most data on diagnostic accuracy and outcomes

Lower radiation dose

Dynamic CTP  Qualitative, semi- and fully quantitative (mL/min/gram)

measurements possible

Ability to observe first pass of myocardial perfusion, which may

help mitigate some artifacts

Timing less critical than static CTP

CT coronary angiography and CT perfusion with single data set

Qualitative and semi-quantitative CTP analyses only
Susceptible to artifacts

Timing of acquisition essential

Long breath hold

More susceptible to patient and cardiac motion artifacts

Higher radiation dose

Increased image noise (due to multiple data sets being
acquired)

Longer and more complex analysis

CTP, CT perfusion.

Basic CTP concepts and acquisition methods

Myocardial CTP is in many ways similar to nuclear
and magnetic resonance perfusion imaging techniques.
During CTP, radiopaque iodinated contrast is injected
intravenously, transits the cardiac and pulmonary structures
and then perfuses through the coronary vasculature and
myocardium. This “first pass” of contrast through the
myocardial vasculature is directly proportional myocardial
blood flow. In turn, myocardial blood flow can be measured
by two different techniques (7able 1). On static perfusion
imaging, one single image may be used to compare
myocardial CTP from one region of the myocardium to
other remote areas. Alternatively, several sequential images
can be acquired over time to determine both contrast
perfusion into the myocardium as well as wash out. This
technique is referred to as dynamic perfusion, and allows
for semi-quantitative and fully quantitative assessment of
myocardial blood flow.

A full CTP protocol requires the acquisition of both rest
and stress images (Figure I). Stress CTP is performed using
vasodilator pharmacologic stress agents, not physical stress
or dobutamine. Similar to late gadolinium enhancement
imaging by cardiac magnetic resonance imaging, areas of
scar have delayed washout of contrast out of the interstitial
space. Thus, late enhancement of retained iodinated
contrast can be used to detect fibrosis and myocardial scar.
However, this requires a third acquisition approximately
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5-10 minutes after the last contrast injection and is usually
performed only in selected cases where such information is
clinically needed. The combination of rest, stress and/or late
enhancement perfusion images allows the differentiation
of normal myocardial flow from myocardial ischemia and
infarction. To date, various techniques for CTP acquisition
and analysis have been reported and there currently is
no consensus on CTP performance, since each protocol,
technique, and analysis have advantages and disadvantages
as considered below.

Static CTP

Static CTP is a single imaging set acquired similarly
to coronary CTA. Static CTP is timed at or just after
the peak of myocardial contrast opacification where
separation of contrast content between normal, ischemic
and infarcted tissue is highest. This has the advantage of
acquiring both coronary CTA and CTP simultaneously
and with a single contrast bolus. The exact techniques for
CTP vary depending on the CT scanner used although
CTP settings and imaging techniques are similar to the
typical settings used for acquiring coronary CTA. Virtually
any CT acquisition technique can be used including
retrospectively ECG-gated helical scanning, prospective
ECG-triggered scanning or high-speed helical scanning.
Static CTP generally requires 50-80 mL of iodinated
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Figure 1 Example of two possible CT perfusion protocols. (A) stress first protocol—stress perfusion is completed first followed by a

delay of 15-20 minutes and then rest perfusion and coronary CTA; (B) rest first protocol—rest perfusion and coronary CTA is completed

first followed by stress perfusion; (C) the images on the right show stress CTP image which shows a perfusion defect throughout the

anteroseptal, anterior, and anterolateral wall; (D) the same patient had a normal rest myocardial perfusion image with no defects. CTA, CT

angiography; CTP, CT perfusion.

contrast bolus injected intravenously at 4-6 mL/second
followed by a saline bolus. To determine correct timing
of the CT scan, real time bolus tracking of aortic contrast
enhancement or a test bolus of 10-20 mL can be used
to determine the ideal time necessary to achieve peak
contrast opacification in the myocardium, typically 4
seconds after contrast peaks in the ascending aorta (10).
Scanner settings include a variable mA depending on
body habitus and a kVp of 80-120 mV, though lower kVp
is preferred for better contrast to noise ratio in CTP as
well as for lower radiation exposure for the patient. With
wide bore detectors that cover the entire Z-axis of the
heart, coronary CTA and CTP are timed to ensure that
contrast has reached all portions of the myocardium, and
the acquisition is performed using a single data set and
without any table motion. In scanners that have smaller
Z-axis coverage, the coronaries and myocardium are
imaged over time and a single data set often incorporates
data from multiple table positions, using either a helical
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mode or an axial mode. In this case, the acquisition timing
is even more important, as inaccurate timing may worsen
step artifacts through the myocardium, which may lead to
incorrect interpretation of perfusion abnormalities (11).

Dynamic CT

In contrast to single image static CT, dynamic CT acquires
multiple CT images as contrast moves through the
myocardium (Figure 2). Because of the need for repeated
myocardial imaging, dynamic CT is generally performed
with wide bore or high helical pitch scanners where the
latter uses repeated shuffling of patients in and out of
the scanner to cover the cardiac z-axis. To ensure correct
acquisition of myocardial enhancement over time, an initial
timing bolus is commonly used to time the dynamic CT
scan to start 4 to 6 seconds prior to contrast arrival at the
left ventricle or ascending aorta. CT acquisitions then occur
every 1-3 seconds for the next 20 to 40 seconds. This has
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Figure 2 Time attenuation curves for normal myocardium (blue),
ischemic myocardium (red) and the arterial input function (AIF;
green). Representative CT images for certain time points are
shown above the graph. The upslopes are represented by the
dashed lines and are used to calculate semiquantitative myocardial
blood flow. HU, Hounsfield units; LV, left ventricle.

the distinct advantage of imaging the entire “first pass”
of contrast through the myocardium like dynamic MRI.
In this mode, the myocardial blood flow may be semi- or
fully quantitatively measured. However, this acquisition
mode has some challenges including patient discomfort and
possible motion artifacts due to the required long breath
hold. In addition, the repeated scans result in a significantly
higher radiation exposure. This can be compensated with
the use of low radiation dose images, though this may result
in noisier images.

Dual energy CT

Various chemical compounds within cardiac tissue react
differently to the spectra of CT photon energies and certain
keV spectra have attenuation spikes (termed the K spike)
that can improve the image signal to noise ratio. While
CTP acquisition is similar to other techniques, differing
energies can be delivered by either two orthogonal CT
tubes with a dual source gantry, by rapid kVp switching
during CT gantry rotation or alternating kVp with each
rotation, by filtering the photon energies using different
metallic filters, or by delineating different photon energies
with layered detectors. Dual or spectral energy CT has
the potential to differentiate iodinated contrast from other
cardiac compounds, like water and calcium, and thus has
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applicability to CTP. Despite these potential advantages,
data showing the incremental benefit of dual energy CT
beyond standard CTA techniques is lacking.

Stress CTP imaging

Stress CTP imaging uses vasodilator stress agents such
as regadenoson, adenosine, and dipyridamole to evaluate
for ischemia. The protocols are similar to those used
during other non-invasive stress tests and these agents
have been reviewed extensively elsewhere (12). However,
for continuous infusion agents, such as adenosine or
dipyridamole, two IV accesses are required, one for contrast
and one for stress agents, as opposed to only requiring a
single IV for both the single regadenoson bolus and IV
contrast. Regardless of the agents used, heart rates increase
approximately 10-20 bpm that may make coronary and
myocardial imaging more challenging (6,13). In addition,
patients commonly have drug side effects such as dyspnea,
chest pain, or nausea (12) which may create patient
discomfort and motion especially with the long breath holds
with dynamic CT.

CTP imaging protocols

Most CTP protocols incorporate a resting scan, which is
also used for evaluating the coronary analysis, a stress scan,
and in selected cases, a late enhancement scan. A common
protocol has resting CTP with coronary CTA first followed
by stress CT. A compelling reason for this imaging order
is that a normal coronary CTA may allow deferment of
stress C'T imaging. In clinical practice, however, rapid
coronary CTA processing may not always be possible.
Another limitation of the rest first technique is that some
contrast may remain in areas of scar, and thus result in a
false negative finding on the subsequent stress CTP scan.
An alternative protocol is stress CT imaging first followed
by resting CTP with coronary CTA. This protocol could
obviate the need for rest CT scanning if the stress perfusion
images do not show any defects and the coronary arteries
have no stenosis. However, because motion artifacts are
common during vasodilator stress testing, it is likely that a
rest CTA would still be required in many cases.

"To date, most protocols perform resting CT followed by
stress C'T. However, in patients that have known obstructive
CAD or those who have a large amount of coronary artery
calcifications, we suggest performing a stress-first protocol
(Figure 3), as in such cases it is likely that both stress and
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Parameter Favor Stress | Favor Rest
First First
Low to intermediate pre-test X

probability of CAD

Severe amount of coronary X
artery calcifications

Known prior CAD / PCI X

Prior Ml X

Figure 3 Features that may be used in deciding whether to

perform a stress-first or rest-first acquisition.

rest images would be required.

Importantly, to ensure clearance of circulating contrast,
and to ensure that the pharmacological effects of longer
acting stress agents regadenoson or dipyridamole are
no longer present following a stress first approach, it is
recommended to wait at least 15-20 minutes between scans.
This this interval could be shortened if the reversal agent
aminophylline is administered (1).

CT myocardial perfusion analysis

Post-processing of static CTP images is similar to nuclear
imaging and generally analyzed visually where a myocardial
segment with comparatively “normal” blood flow is
required to visually detect segments with lower blood flow.
Multiplanar reconstructions place the myocardial structures
into orthogonal views as well as a short axis stack of images
to allow analysis using the standardized 17 segment model.
For static perfusion, various reconstruction techniques have
been described for optimal visualization of hypoperfusion.
In order to account for image noise, it is suggested to
use appropriate image display settings that optimize
visualization of the myocardium, including thick MPR slabs
(6-8 mm) using an average or minimum intensity projection
(MinIP) rather than maximum intensity projections (MIP;
Figure 4) (6,13,14). CTP images should be viewed with a
narrow window and level of approximately 300 and 100,
respectively, which is more attuned to the Hounsfield units
(HU) of myocardial contrast enhancement (15). Other
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suggested techniques include additional image processing
tools such as smoothing filters or beam hardening artifact
corrections when available.

Static CTP images are commonly visualized using
a grayscale display, and qualitatively described as mild,
moderate, or severe perfusion defect (Figure 5). For
each defect, the location and reversibility should also be
described. Similar to nuclear myocardial perfusion imaging,
regional wall motions abnormalities during peak stress may
be used to identify abnormal blood flow (16). However, a
complete multiphase data set is often not acquired to avoid
excess radiation exposure. However, all available phases
should be evaluated for perfusion defects, as this can help
distinguish artifacts (which may only be present on one
phase) from true perfusion defects (which typically persist
on multiple phases).

To further enhance CTP specificity, some investigators
have applied a HU color map to the images, compared CTP
to a normal cohort, or normalized to an average myocardial
HU (Figure 4) (11,17). In addition, semi-quantitative
perfusion measurements can also be performed using
actual HU with normal myocardial perfusion averaging
90-100 HU (18) with ischemia and infarction ranging
from negative HU to a mean of approximately 30 HU (19).
The trans-myocardial perfusion ratio (I’ PR) measures the
ratio of the average subendocardial HU to subepicardial
HU where normal TPR is greater than one (20). A TPR
below 0.75 is suggestive of ischemia and has even been
used to differentiate normal myocardium from balanced
ischemia (20). Interestingly, visual analysis appears to be
more accurate overall and thus semiquantitative TPR
evaluation remains an adjunct to qualitative analyses. At
present, relative superiority of each of these techniques
remains an important but largely unresolved question,
and clinical reports are mostly based on subjective image
analysis.

A significant limitation to both qualitative and
quantitative CTP analyses is imaging artifacts (Figure 6).
The most common artifact is beam hardening which
generally occurs at the inferior base of the myocardium
due to interpositioning of the highly attenuating spine
and contrast filled descending aorta between the CT tube
and myocardium (21,22). This essentially creates “photon
starvation” at the inferior base and manifests as an area of
hypoperfusion. Various imaging-based and raw data-based
algorithms have been proposed to obviate this artifact (23),
although few are currently in routine use. Another
important artifact is from cardiac motion, especially as
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Figure 4 CT perfusion reconstructions in a patient with lateral wall infarction with (A) minimum intensity projection (MinIP) and average

intensity projection grayscale and color HU map; (B) enhanced voxel distribution where >1 SD from the average HU of the myocardium

shows blue suggesting hypoattenuation. High grade obtuse marginal stenosis (arrows) in the CT angiogram (C) and invasive coronary

angiogram (D).

vasodilator medications can cause a significant increase in
heart rate. Beta blockers are generally avoided during stress
CTP due to concerns of affecting ischemia identification,
although they can be given if the rest images are performed
first, or after stress perfusion is completed. In addition,
small z-axis detectors can have other challenges of banding
artifacts, which are generally caused by myocardial motion
within a detector coverage zone, as well variable contrast
content from the superior to inferior myocardium due to
contrast wash out during the longer acquisition required to
cover the heart (Figure 6).

For dynamic CTP, qualitative, semi-quantitative and
quantitative measurements are possible. Post-processing
for visual analysis is similar to static CT although it is
performed on all images through time. These images may
be evaluated for relative areas of hypoperfusion over time
similar to dynamic MRI. However, the theoretic benefit
of dynamic CT is more robust semi and fully quantitative
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myocardial blood flow analyses. The relative enhancement
of each pixel in the myocardium and cardiac cavities is
measured over time to generate time attenuation curves
(TAC’s; Figure 2) for both the myocardium and arterial
input (taken from the left atrium or ventricle). The
myocardial TAC’s can then be amalgamated into myocardial
segments or total myocardial blood flow for mathematical
analysis. In areas of impaired blood flow due to ischemia or
infarction, the peak enhancement, rate of rise of myocardial
enhancement, and the area under the TAC curve are
diminished. To account for differences in contrast delivery
and cardiac output, the arterial input function is used as
a normalization factor. Since the CT attenuation in HU
has a linear correlation with the iodine concentration, the
myocardial upslope to left ventricular upslope are strongly
associated with myocardial blood flow in animal models (24).
Using a model-based deconvolution analysis, the absolute
myocardial blood flow (mL/min/gram of myocardial tissue)

Cardiovasc Diagn Ther 2017;7(5):452-462
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Figure 5 A 59-year-old obese man with no prior cardiac history who presented with chest pain and dyspnea on exertion. (A) A CT perfusion

showed a large, severe perfusion defect in the anteroseptal, anterior, and anterolateral walls; (B) the CT angiography showed large non-

calcified plaque in the proximal LAD; (C) SPECT MPI images with fully reversible defect throughout the mid and apical anterior wall; (D)

invasive angiography in the left anterior oblique caudal view showing severe stenosis in LAD before the takeoff of the first diagonal branch.

Reproduced from J Am Coll Cardiol (6) with permission from Elsevier.

can be estimated based on the dynamic CT myocardial
attenuation values (24,25). Quantitative modeling
techniques are mathematically complex but in simple
terms, account for flow into the myocardial vasculature,
the transport kinetics for the relatively slow extravasation
of contrast into the interstitium, and myocardial mass.
Although other variables that may affect quantitation have
been considered, the judicious two compartment models
(with one compartment as myocardial vasculature and the
other, the myocardial interstitium) approximate flow nearly
as well as other or more complex models (26). More recent
studies have also demonstrated that the CT derived MBF
measurement has an excellent correlation with invasive
fractional flow reserve (FFR) (1) and with MBF measured
by positron emission tomography (27).

Diagnostic accuracy of CT myocardial perfusion

Despite numerous validations studies for both static and
dynamic CT myocardial perfusion studies, the diagnostic
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accuracy of this technology is still debated. This is due, in
part to the high variability in acquisition techniques used
by various studies, as well as the large number of different
reference standards including nuclear single photon
emission computed tomography (SPECT) perfusion studies
(28,29), magnetic resonance stress perfusion (30), positron
emission tomography (PET) (27), invasive angiography
and invasive FFR (31,32). One meta-analysis has evaluated
the sensitivity and specificity of CT myocardial perfusion
compared only to ICA and FFR and estimated a CTP
sensitivity of 81% and a specificity of 93% (33). A more
recent meta-analysis has stratified the accuracy of CT
myocardial perfusion according the CT acquisition mode,
using various modalities as the reference standards. Despite
the limitation of combining heterogeneous reference
standards, the overall sensitivity varied from 75% to 84%,
with specificities from 78% to 95% (34).

Besides the single center trials, two randomized trials
have also evaluated the accuracy of CTP. The CORE320
study evaluated 381 individuals undergoing coronary CTA

Cardiovasc Diagn Ther 2017;7(5):452-462
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Figure 6 CT perfusion artifacts with (A) beam hardening (arrow) in basal inferolateral wall due to interposed spine and contrast filled aorta

and (B) banding artifact (arrows) due to differences in contrast uniformity during a scan acquisition with smaller detector scanners that

requires multiple heart beats.

plus CTP, in addition to invasive angiography and SPECT
myocardial perfusion imaging. The combination of CTA and
CTP had a sensitivity of 80% and specificity of 74%, when
compared to a reference standard of invasive angiography
and SPECT MPIL. Importantly, for both CTA and invasive
angiography, lesions of >50% stenosis had to have a perfusion
defects (whether by CT or SPECT MPI) in order to be
categorized as abnormal (29). As expected, the specificity
of any angiographic finding on CTA increased the more
severe the perfusion defect on CTP, as quantified by the
CTP stress summed score. The second multicenter trial by
Cury et al. performed regadenoson rest/stress C'1' myocardial
perfusion in 110 subjects using various CT scanners from
64 to 320 detectors and compared to SPECT imaging.
CTP sensitivity was 90% and specificity was 84% and was
deemed non-inferior to SPECT (28). Interestingly, this trial
included multiple sites which did not have prior experience in
performing CTP, suggesting that despite its technical nature,
CTP can be successfully adopted by various sites.

Most studies to date have evaluated the independent
accuracy of CT myocardial perfusion to detect obstructive
CAD and/or myocardial ischemia. However, it is unlikely
that CT myocardial perfusion will be used this way. Since
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the anatomical CTA information is already available, the
contribution of CTP beyond the anatomical information is
of most interest, except for situations where the coronary
vessel is significantly limited by artifacts, heavy calcifications
or the presence of stents (35). The CORE320 study
demonstrated that the addition of static CTP to the coronary
CTA improved the specificity from 51% to 74% but at the
cost of a reduction in sensitivity (92% to 80%) (29). Despite
these changes, the overall diagnostic accuracy measured by
area under the receiver operator curve increased from 0.84
for CTA (=50% stenosis) alone to 0.87 for combined CTA-
CTP. Not surprisingly, combined CTA-CTP accuracy was
less in patients with stenting, prior myocardial infarction
or uninterpretable CTA. Other smaller studies have shown
similar incremental changes in accuracy with the combining

CTA and static CTP information (9).

CTP limitations and future directions

While there are limitations to the current CTP literature,
significant advances continue, and the capabilities and
performance of this technique are expected to further
improve. As stated previously, significant heterogeneity
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of CTP analytic techniques within the literature affect
comparisons between studies and there remains equipoise
as to whether static or dynamic CTP are the optimal
technique. Future studies should further define the most
optimal CTP techniques, although these may in part be
dependent on the scanner used. In addition, future studies
should standardize how CTP can determine not just the
presence or absence of ischemia, but also quantify the
amount of ischemia, similar to the various semi-quantitative
scores that are used in nuclear cardiology. From a technical
perspective, future studies should determine how to mitigate
various artifacts, ranging from motion to beam hardening.

While there are various imperfect “gold standard”
comparators, we suggest that future studies employ
techniques such as invasive angiography plus FFR, or
positron emission tomography (ideally with quantitative
coronary flow reserve), in order to provide a more
valid reference standard. In addition, future outcomes
data regarding CTP and how it may influence patient
management are needed. To date, only one study from the
CORE320 trial reported outcome data (36), and showed
that 2-year major adverse cardiac events were similar for
combined CTA-CTP as for invasive coronary angiography
(ICA) and SPECT performed in the same subjects.
However, further trials are needed to ensure that the
theoretical benefits of combined anatomic and functional
CTA-CTP analyses translate into improved resource
utilization and improved clinical outcomes.

Conclusions

Despite the use of multiple protocols and various artifacts,
the available data suggests that CTP may have an accuracy
which is comparable to SPECT MPI for identifying
myocardial ischemia. Ultimately, CTP may serve as a
useful adjunct to coronary CTA to improve the specificity
of detecting myocardial ischemia. Future advances in CTP
will likely improve the diagnostic accuracy of CTP + CTA,
and enable semi- or fully quantitative techniques that will
better estimate the severity of ischemia.
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