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Introduction

Cardiac computed tomography (CCT) is the non-invasive 
reference model for the evaluation of coronary arteries (1)  
and has become the predominant imaging modality to 
identify coronary artery disease (CAD) with high diagnostic 
accuracy. CT imaging of the heart has improved rapidly, and 
it is now possible to perform a comprehensive evaluation 
using a low amount of radiation dose.

Non-invasive acquisition of patients with suspected 
CAD has traditionally rested on two pillars: morphologic 
assessment for coronary artery stenosis and functional/

perfusion evaluation for determining the downstream 
hemodynamic significance of lesions (2). This approach is 
of fundamental importance as the morphological evaluation 
of coronary stenoses does not linearly reflect the extension 
and severity of myocardial ischemia throughout the left 
ventricle (LV).

Furthermore, by evaluating morphology and function in 
a combined way, the prognosis and supervision of patients 
are more reliable and efficient (3,4).

According to the current appropriate use criteria and 
guidelines, CCT is the method of choice for the exclusion 
of significant coronary artery stenosis in patients with low 
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and intermediate CAD risk profiles. Sensitivity (96%) and 
specificity (86%) of computed tomography angiography 
(CTA) determine its diagnostic accuracy (5,6).

Moreover, the electrocardiogram (ECG) trigger 
acquisition allows us to quickly obtain functional parameters 
of the LV. Besides, this emerging technology is used for 
the evaluation of myocardial perfusion has the potential 
to become the standalone method for the evaluation of 
patients with suspected CAD, with a single modality and 
within a single imaging session.

Myocardial CT perfusion (CTP) imaging can implement 
information to CCT and is particularly useful in patients 
with heavily calcified coronary arteries or coronary artery 
stents (7).

Indeed, myocardial CTP can be achieved with a single 
static scan during the first-pass of the contrast agent, with 
the monoenergetic or dual-energy acquisition, or as a 
dynamic, time-resolved scan during stress by using coronary 
vasodilator agents such as adenosine or dipyridamole (8).

The goal of this article is to review the expanding body 
of literature on the CT estimation of myocardial perfusion 
focusing on static first-pass rest acquisition methods.

We present the following article in accordance with the 
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/cdt-20-552).

Myocardial perfusion methodologies

Myocardial perfusion can be assessed through different 
i m a g i n g  m o d a l i t i e s .  C C T  c a n  b e  c o n s i d e r e d  a 
semiquantitative/quantitative method useful in detecting 
ischemia, and comparable to other perfusion imaging tests.

CCT may be considered in patients with low or 
intermediate pre-test probability of CAD and non-
conclusive stress test. The advantage of CCT over other 
methods is to detect anatomical details of coronary tree and 
myocardium. The spatial resolution is very high compared 
to other imaging modalities but one of the disadvantages 
is the radiation dose exposure which, however, is gradually 
improving thanks to technological advancement.

Besides to radiological diagnostics, nuclear cardiology 
techniques play a main role in the evaluation of heart failure. 
Myocardial single photon emission computed tomography 
(SPECT) offer valuable information of ventricular 
function and myocardial perfusion and commonly used 
radio-tracers include technetium (Tc)-based agents, such 
as 99mTc-sestamibi and 99mTc-tetrofosmin. Moreover, 
positron emission tomography (PET) assess myocardial 

perfusion, metabolism and viability with high quality 
images and provide to quantitative analysis. Cardiac PET 
perfusion radio-tracers are rubidium-82 (82Rb), oxygen-15 
water (15O-H2O) and nitrogen-13 ammonia (13N-NH3), 
most often used with metabolic 18F-fluorodeoxyglucose 
(18F-FDG) (9).

Although nuclear medicine investigations represent, 
in the case of PET, the gold standard in the evaluation of 
myocardial metabolism, CTP has numerous advantages, 
well described in the next paragraph.

The limitations are in sharp decrease thanks to 
technological progress and depend largely on the 
equipment. Dose values delivered will therefore be different 
based on the performance and technology used.

CTP derives from the CTA acquisition but still remains 
affected to artifacts, such as beam hardening, which 
can be overcome thanks to the development of iterative 
reconstruction algorithms.

Despite the use of multiple protocols and various 
artifacts, the available data suggests than CTP may have an 
accuracy which is comparable to SPECT for identifying 
myocardial ischemia. Ultimately, CTP may serve as a useful 
adjunct to coronary CTA to improve specificity of detecting 
myocardial ischemia. Future advances in CTP will likely 
improve the diagnostic accuracy of CTP + CTA, and will 
better estimate the severity of ischemia (10).

Overview of myocardial CTP

CT evaluation of myocardial perfusion is based on the 
distribution of iodinated contrast agent during its first 
pass over the myocardium. Because the arterial blood flow 
determines the contrast material’s distribution, myocardial 
perfusion defects can be identified as hypoattenuating areas 
containing less concentration of contrast material (11).

Static CTP imaging occurs at or near the peak 
contrast opacification of the left ventricle and includes 
the acquisition of a single dataset. Dynamic CTP 
imaging requires sequential datasets during the initial 
pass of iodinated contrast from the venous to the arterial 
circulation. On both static and dynamic CTP imaging, 
regions of LV hypoperfusion will appear as low attenuation 
regions within an otherwise normal contrast distribution 
(i.e., perfusion), typically worse in the subendocardial layer 
than the epicardial layer.

A comprehensive myocardial CTP examination should 
include both rest and stress acquisitions to differentiate 
reversible from fixed myocardial perfusion defects (12).
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Rest acquisition is derived from datasets obtained 
for coronary anatomy (13). It is less sensitive to the 
detection of myocardial ischemia since blood flow, and 
therefore perfusion is compromised when the stenosis 
is hemodynamically significant and exceeds 85–90% of 
the luminal diameter. A subendocardial or transmural 
hyperenhancement in the rest phase may indicate a critical 
flow-limiting coronary artery stenosis or a myocardial 
necrosis/scar from infarction. 

Moreover, being derived from the CCT acquisition, it 
does not require further scans, thus decreasing the radiation 
dose delivered to the patient.

Besides, available post-processing software may allow 
for the generation of attenuation-based color mapping 
and a semi-quantitative assessment using a transmural 
perfusion ratio (TPR). TPR is just the ratio of the mean 
Hounsfield unit (HU) of a region of interest (ROI) within 
the subendocardial layer compared with the mean HU 
attenuation within the same ROI of the epicardial layer 
(Figure 1). This evaluation highlights the well-described 
aspects of an ischemic wave, which is worse in the sub-
endocardial myocardial layers and gradually improves moving 
closer to the epicardial coronaries (i.e., creating a gradient). 
The use of TPR in static CTP significantly improves 

Figure 1 Examples of static perfusion with CCT. Panel A (A1-A3), shows a normal perfusion pattern in a patient with normal left anterior 
descending coronary artery (LAD), on multiplanar reformat images (A1; MPR), on short axis (A2; SAX) of the left ventricle (LV), and on 
the perfusion mask of transmural perfusion ratio (TPR) (A3). On SAX and TPR every left ventricular segment shows normal thickness and 
morphology with homogeneous first-pass perfusion. Panel B (B1-B3), shows a patient with a severe calcified LAD stenosis (B1; MPR); even 
though thickness and morphology of anterolateral segments of the LV appear normal (B2; SAX), there is a quite large first-pass perfusion 
defect (or delay) on TPR (B3). CCT, cardiac computed tomography.
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diagnostic accuracy compared to other techniques (14).
Other CT imaging signs of necrosis/fibrosis may 

be identified at the rest phase, such as myocardial wall 
thinning, lipomatous metaplasia (<10 HU), myocardial 
calcifications, aneurysmal/pseudoaneurysmal dilation, and 
mural thrombus. 

These data highlight the significance of rest imaging in 
myocardial perfusion evaluation (12).

Acquisition techniques and image analysis

Static CTP imaging allows for qualitative evaluation 
of myocardial iodine contrast attenuation of a single 
acquisition. This image is taken during the arterial phase of 
first-pass contrast enhancement. The flow rate of injected 
contrast medium should be at least 5 mL/s, to provide 
for notable differences in contrast enhancement. It is of 
paramount importance the timing for first-pass single-phase 
stress CTP to increase diagnostic accuracy (15). Because the 
same acquisition can be used for the evaluation of coronary 
artery stenosis and myocardial blood supply, static CTP 
at rest can be achieved employing any CT scanner able 
to obtain diagnostic-quality CCT (16), hence being less 
technology-dependent.

Static CTP evaluation at rest is generally performed 
using CCT image datasets. Thus, no additional acquisition 
time or radiation is necessary. It can further be categorized 
into single- and dual-energy techniques.

Single energy acquisition

Generally, the CCT examination allows generating rest 
myocardial CTP imaging ECG-gating of coronary CTA 
or CTP can be retrospective but also prospective, which is 
another feature of most advanced multislice CT scanners (64 
or more slices), providing a significant reduction in terms 
of radiation dose (less than 5 mSv), without any significant 
decreasing in image quality (17).

A prospective ECG-triggered high-pitch spiral 
acquisition performed with the 2nd-generation 128-slice 
dual-source CT (DSCT) scanner concedes the volumetric 
acquisition data of the heart in a single cardiac cycle with 
radiation dose as low as 1 mSv (18,19).

The analysis of myocardial perfusion is qualitative 
and consists in the identification of areas of hypodensity 
corresponding to areas of hypoperfusion. For myocardial 
perfusion analysis, multiplanar reconstructions should 
be carried out at 5 to 8 mm to improve the contrast-to-

noise ratio (17). Myocardial contrast enhancement rises 
proportionally with iodine concentration, so perfusion 
defects appear as a hypodense area with subendocardial or 
transmural distribution concerning the normal myocardium 
(Figure 1).

Automated software providing modeling of the 
perfusion data into a 3D volume-rendering of the LV and a 
17-segment polar map, are readily available.

Finally, automated software applications allow for 
evaluation of the TPR (an endocardial-to-mean epicardial 
ratio of attenuation values) using the 17-segment bulls s-eye 
scheme. However, this semi-quantitative index parameter 
seems not reliable in the presence of prior infarction or 
significant beam-hardening. To better distinguish between 
artifacts and true perfusion defects, myocardial perfusion 
in multiphase reconstructions are recommended. Artifacts 
may affect only a single cardiac phase, whereas true defects 
should persist throughout the entire cardiac cycle (16). 
Data can be reconstructed with an iterative beam hardening 
correction (IBHC) algorithm to improve reliability. IBHC 
is a raw data-based beam hardening correction algorithm 
that raises image quality using 3D forward projection and 
exploits an additional two-compartment iodine/water 
model, to reduce beam hardening artifacts while having 
proper representation of anatomical structures (20).

The decisive move for the study of a CTP is the match 
of perfusion defects with the anatomic localization of 
coronary stenosis, which is crucial for understanding the 
hemodynamic significance of CAD (8,13).

Dual-energy acquisition

Dual-energy computed tomography (DECT) was 
first introduced in the late 1970s and provided for the 
differentiation of materials based on their X-ray attenuation 
at different tube voltages. The DECT technique permits 
the simultaneous acquisition of CT data using two different 
photon spectra (at 80/90/100 and 140/150 kV) of distinctly 
different mean energies within a single helical acquisition (21).

Based on the specific attenuation characteristics of the 
different tissues, DECT enables identifying the features of 
the tissue and evaluating the myocardial blood supply by 
mapping iodine distribution within the myocardium (22).

Different vendors propose specific CT technologies 
to perform dual-energy acquisitions. Dual X-ray source 
system (Siemens Healthineers) is the most commonly used 
technology: there are two independent tubes paired with 
two detectors that concurrently emit high (140–150 kV) and 
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low (80–90–100 kV) energy levels (17).
A second modality is based on single-source CT with 

rapid (about 0.25 ms) switching of tube voltage between 80 
and 140 kV either in a single gantry rotation (GSI Cardiac, 
GE Healthcare) or in sequential rotations (Acquilion One, 
Toshiba) (13,17).

Another method is represented by the dual-layer 
(“sandwich”) detector (Philips Healthcare). Two different 
materials can discriminate between low and high energy 
photons, with the source working at constant tube 
voltage; however, this system is not yet available in 
clinical practice (21).

DSCT-based dual-energy CT can generate an iodine 
distribution map. Because myocardial iodine concentration 
is a surrogate for myocardial perfusion, its volume reflects 
the myocardial blood pool (23). A color-coded map 
represents different myocardial territories and reflects 
iodine distribution in all segments, according to American 
Heart Association (AHA) classification (17 segments). 
Advanced post-processing workstations automatically 
compute perfusion maps, and then the relative normalized 
myocardial attenuation density and TPR are obtained.

DECT myocardial perfusion studies performed during 
rest or stress protocols showed good accuracy compared 
with various reference modalities (24-29).

Ruzsics et al. (25) studied the feasibility of rest myocardial 
perfusion imaging using a first-generation DECT system 
matched with SPECT in 36 patients and reported a 
sensitivity and specificity of 92% and 93%, respectively.

A study of 31 patients showed improved sensitivity and 
specificity in detecting CAD by supplying coronary CTA 
with DECT myocardial perfusion (29).

De Cecco and colleagues (30) reported a significant 

increase in specificity from 33% to 67% when DECT 
myocardial perfusion was combined with coronary CTA 
when compared with invasive coronary angiography (31-33) 
(Table 1).

Like the single-energy static technique, DECT generates 
a snapshot of the myocardial iodine distribution at a single 
time point. As with single-energy perfusion imaging, 
different myocardial regions may be scanned in different 
phases of the iodine contrast uptake, thus narrowing the 
comparability of myocardial iodine content among regions. 
An additional limitation is that the non-standardized 
assessment of the iodine distribution maps makes the 
evaluation highly user-dependent. Beam hardening artifacts 
can compromise the correct evaluation of iodine distribution 
maps that could affect areas of myocardial hypoperfusion 
and so false-positive findings. The development of new 
reconstruction algorithms aims to prevent these artifacts 
that affecting the evaluation of myocardial perfusion, such 
as the IBHC mentioned above.

Clinical implementation and role

At present, a variety of protocols are available for 
myocardial perfusion imaging. Progress will reduce the 
radiation dose of myocardial CTP, such as low tube voltage 
imaging or new reconstruction algorithms, making it a 
more viable clinical option (7).

The rest static CTP technique has the potential to 
become the most widely used in the clinical setting, given 
the simplicity of execution, speed, and tolerability with 
a minimum dose delivery. In clinical routine, identifying 
normal coronary artery morphology and related normal 
myocardial perfusion may not require stress imaging. It 

Table 1 Summary of main static perfusion studies with CCT

Rest-static CTP studies
No. of 

subjects
CT technology

CT perfusion 
protocol

CT dose 
(mSv)

Reference 
technique

Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

NPV 
(%)

Koonce et al. (23) 36 1st-gen. DSCT Rest 14 SPECT 92 93 83 97

Ko et al. (27) 45 1st-gen. DSCT Rest 4.2 ICA 42 83 59 70

Wang et al. (29) 31 1st-gen. DSCT Rest 10.5 SPECT, ICA 89 98 87 98

Kachenoura et al. (31) 64 64-MDCT Rest 7–15 ICA 96 68 88 87

Osawa et al. (33) 145 2nd-gen. DSCT Rest 14.8 ICA 85 94 79 96

George et al. (32) 24 64-MDCT Rest 16.8 SPECT, ICA 86 92 92 85

1st and 2nd gen., generation of equipment; DSCT, dual source computed tomography; MDCT, multi-detector computed tomography; 
ICA, invasive coronary angiography; SPECT, single photon emission computed tomography; CCT, cardiac computed tomography; CTP,  
computed tomography perfusion; CT, computed tomography; PPV, positive predictive value; NPV, negative predictive value.
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is also possible for those patients diagnosed with critical 
stenosis of one of the main coronary vessels with resting 
perfusion defects, where invasive coronary angiography is 
indicated rather than stress imaging. Several studies have 
suggested that resting imaging is adequate in the evaluation 
of myocardial perfusion (32,34). Myocardial infarction can 
be recognized through low myocardial attenuation areas on 
resting CT images; however, rest-only protocols have lower 
diagnostic accuracy than rest-stress protocols (35).

A variety of other methods have also been improved to 
evaluate the functional signal of coronary artery stenosis by 
CT imaging. These include the CT-derived fractional flow 
reserve (36) and the transluminal attenuation gradient of 
the coronary artery (37).

These methods have the benefit that they are derived 
from rest images without the necessity of additional 
imaging, contrast medium, or radiation exposure. Further 
work is needed to determine whether these methods are 
better for myocardial perfusion imaging (7).

The main advantage of CT imaging is that accurate 
information on the coronary arteries can also be obtained. 
It is also helpful for patients where magnetic resonance 
imaging (MRI) is contraindicated. CTP imaging can be 
performed as an add on test after CTA if there is diagnostic 
doubt or it can be planned for patients with known or 
suspected heavy calcification or coronary artery stents. Also, 
CTP imaging can be performed in order to aid the planning 
of interventions.

Radiation dose

When considering radiation exposure, static CTP imaging 
is chosen over dynamic techniques.

The radiation dose for complete static CTP studies 
varies greatly depending on the specific acquisition 
protocol. Useful dose values between 2.5 and 21 mSv have 
been reported with frequent radiation exposure of 12 mSv. 
Combined dynamic rest and stress CTP studies can require 
radiation exposure of approximately 18 mSv (2). Also, from 
standard CCT acquisition, it is possible to obtain rest static 
CT myocardial perfusion images; this is not the case with 
dynamic imaging. In this case, no further dose is delivered 
to the patient.

Moreover, many factors may affect the radiation dose, 
such as the patient’s biometrical parameters [body mass 
index (BMI), cardiac output, and heart rate], the type of CT 
equipment accessible, and the CT protocols used, which 
have to be tailored to the patient (17).

Current applications are directed to reduce radiation 
exposure while maintaining high diagnostic performance. In 
this interest, the use of recent technical findings, including 
the low voltages (70 to 80 kV) acquisition, automated tube 
current modulation, and iterative reconstruction, seems to 
be able to achieve this ambitious goal (13).

Conclusions

Current experiences suggest that adding perfusion 
imaging to the standard morphological imaging performed 
with CTA improves diagnostic accuracy and positive 
predictive value. It not only provides data on coronary 
artery atherosclerotic plaques but also functional and 
hemodynamic information on the myocardium. In various 
CTP protocols, the evaluation of perfusion is qualitative, 
quantitative, or semi-quantitative. Implementing this aspect 
could represent the turning point in the clinical routine 
to better stratify the patient based on risks and results 
obtained.
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