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Abstract
Coronary computed tomography angiography (CCTA) is an 

effective noninvasive method for detecting atherosclerotic disease, 
especially in symptomatic patients with low-to-moderate disease 
probability. Despite good accuracy in detecting obstructions, its 
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relationship with functional lesion severity is limited. For a more 
accurate assessment, anatomical evaluation can be associated 
with myocardial computed tomography perfusion and fractional 
flow reserve derived from CCTA (FFRct). Myocardial perfusion 
computed tomography identifies areas of ischemia. FFRct, which 
assesses the hemodynamic significance of stenoses, has shown high 
accuracy and can reduce the need for invasive catheterizations. 
The image acquisition and interpretation protocols are essential 
to ensure reliable results and appropriate management of patients 
with coronary artery disease.

Introduction
Coronary computed tomography angiography (CCTA), a well-

established noninvasive diagnostic method for detecting coronary 
atherosclerotic disease, has a high negative predictive value and 
is indicated in symptomatic patients with a low-to-intermediate 
pre-test probability of obstructive disease. Despite having good 
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Coronary computed tomography angiography (CCTA) combining anatomy and functional assessment in the investigation of coronary disease. Central panel: 
three-dimensional reconstruction of the heart and coronary arteries. Upper left panel: 3D coronary tree with perfusion map of the left ventricle demonstrating 
the region irrigated by the affected artery. Lower left panel: fractional flow reserve derived from CTA (FFRct) with a value <0.80, compatible with flow-limiting 
stenosis. Lower panel: color-coded myocardial perfusion, demonstrating a perfusion defect under stress related to the region of the left anterior descending 
artery. Right panel: visual anatomical analysis by CCTA, demonstrating a sub-occlusive lesion in the left anterior descending artery.
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accuracy for detecting obstructive disease, the relationship between 
detected lesions and their functional severity is low.1 In recent 
years, tomographic anatomical analysis has been complemented 
with ischemia assessment by myocardial computed tomography 
perfusion and fractional flow reserve derived from coronary 
computed tomography (CT) (FFRct). These assessments provide 
additional information, allowing more precise assessment of the 
repercussions of the identified stenoses. 

Combined assessment, such as associating CCTA with 
myocardial computed tomography perfusion, results in greater 
specificity and accuracy than CCTA alone. Combining both 
techniques has better diagnostic performance regarding restenosis 
of coronary stents and segments whose anatomical assessment is 
limited due to motion artifacts or excessive calcification. Similar 
results were found for prognostication of major cardiovascular 
events within 2 years, being comparable to the combined use 
of invasive coronary angiography and myocardial scintigraphy.2,3

In turn, tomographic analysis complemented with ischemia 
assessment by FFRct provides crucial information on patients with 
coronary artery disease, since ischemia-guided revascularization 
of lesions (FFR ≤ 0.80) detected by invasive FFR measurement 
reduces the incidence of major adverse cardiovascular events, 
especially urgent revascularization.4

Myocardial computed tomography perfusion
Myocardial computed tomography perfusion assessment 

uses iodinated contrast before and after administration 
of vasodilator drugs to identify ischemic areas.6 Two main 
techniques have been described for this assessment. The 

“dynamic” technique, which involves serial acquisition of 
the first contrast passage through the myocardium, and the 
“static” technique, which is based on a single acquisition 
during the peak of the initial contrast injection (Figure 1).5,6 
The dynamic technique  can quantitatively evaluate flow, 
although it requires specific post-processing software. It also 
requires CT scanners that can cover the entire heart, or at 
least 2 acquisitions from devices with less coverage which are 
subsequently merged using the image reconstruction function.7

The static perfusion technique, however, has a simpler 
and more accessible acquisition protocol on machines 
with less coverage and allows visual interpretation of the 
images (qualitative), eliminating the need for post-processing 
software.8 Due to its greater clinical applicability (it can be 
performed by CT  scanners with ≥ 64 detector columns), this 
article will describe the static perfusion protocol.

Two acquisitions are necessary for the perfusion assessment, 
one at rest, which is also used to assess coronary anatomy, and 
another after the use of a coronary vasodilator drug, with an 
interval of 10 to 15 minutes between acquisitions.9 

Although the order of acquisitions (stress/rest or rest/
stress) does not appear to affect the results, the techniques 
have certain advantages and disadvantages. Some authors 
report that performing the stress sequence first avoids artifacts 
secondary to residual contrast, which can be confused with 
perfusion defects. However, beginning with the rest sequence 
would prioritize coronary luminal evaluation and, if potentially 
obstructive coronary lesions are not visualized, the stress 
sequence may not be necessary.10

Figure 1 – Intensity of the myocardial and ventricular cavity attenuation curves over time. Relative hypoattenuation of the ischemic myocardium occurs close to 
the peak of ventricular cavity contrast enhancement. The difference in attenuation between a normal and ischemic myocardium (arrow) represents myocardial 
ischemia, which is identified in the first injection of iodinated contrast during pharmacological stress (ie, the “acquisition window” for identifying myocardial 
ischemia). LV: left ventricle.
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Acquisition protocol
Adequate preparation is required to effectively obtain the 

images, including caffeine abstinence in the 24 hours prior 
to the test. Patients should be assessed for contraindication 
to dipyridamole, beta-blockers, and nitrates. Heart rate, 
blood pressure, and electrocardiogram monitoring are also 
recommended  throughout the examination.6

Image acquisition at rest should follow the usual CCTA 
protocols, prioritizing anatomical assessment. However, the 
stress protocol can be performed at a lower radiation dose.10

The available stressor agents are dipyridamole, adenosine, 
and regadenoson, the first of which is the most widely used in 
our setting and, thus, is suggested. Nitrate and beta-blockers 
are used to achieve rest following the usual CCTA protocol.9 It 
is important to note that if the rest/stress protocol is selected, 
a 20-minute interval is required between the application of 
nitrate and acquisition of stress images.10

 Table 1 presents a suggested protocol for 64-channel CT 
scanners, including acquisition parameters. Figure 2 presents 
a flowchart summarizing the acquisition steps.

Image reconstruction and artifact recognition
Some strategies can be suggested to ensure good image 

reconstruction. One is to reconstruct several phases at each 5% 
of the R-R interval, allowing identification of the best temporal 
resolution. It is also essential to reconstruct the images in 3 classic 
projections: the short, long horizontal, and long vertical axes. 
These projections allow evaluation of the myocardial regions in 
2 distinct axes. Finally, the images should be evaluated in slices 
of 3-5 mm, and correction filters should be used, if available.9

Image interpretation 
Image interpretation should follow a systematic approach. The 

first step consists of evaluating the CCTA, describing and grading 
the identified stenoses. Uninterpretable segments should also be 

described, ie, those whose luminal evaluation was inaccessible 
due to artifacts, stents, or calcifications. It is important to check for 
points of myocardial thinning, adipose metaplasia, calcification, 
ventricular aneurysms or pseudoaneurysms, and mural thrombi, 
which may indicate or be related to areas of hypoperfusion.11

The images are then evaluated for the presence of 
hypoattenuation during rest and stress. Hypoattenuation 
during stress that is reversible at rest suggests myocardial 
ischemia (Figure 3), while areas of hypoperfusion at rest 
indicate infarction (fibrosis). It is worth noting that areas of 
hypoattenuation at rest may show partial improvement, 
normalization, or even hyperattenuation during stress, a 
phenomenon known as late hyperattenuation of myocardial 
scar areas. Finally, areas of hypoattenuation that increase in 
size during stress suggest peri-infarction ischemia (Figure 4).11 

All identified changes must be confirmed in at least two 
different projections and evaluated in several phases, since true 
hypoperfusions persist throughout these phases, which is essential 
to exclude the possibility of artifactual findings.

Finally, a detailed correlation is performed between the 
areas of hypoperfusion, whether fixed or reversible, and the 
corresponding coronary artery obstructions. Segments in which 
the CCTA assessment presented uncertainties, such as moderate 
lesions, stents, or calcified plaques, can be reclassified according 
to the identified perfusion defects. Diagnostic uncertainty 
in association with a perfusion defect strongly suggests the 
presence of significant stenosis.10 Combined assessment 
allows precise identification of the vessels responsible for 
irrigating a hypoattenuated region, which is useful given the 
frequent anatomical variation in the coronary tree. In addition, 
the plausibility of a specific stenosis being responsible for a 
perfusion defect can be assessed. For example, a perfusion 
defect in the inferoapical region may be attributed to a long 
anterior descending artery that bypasses the ventricular apex, 
demonstrating a correlation between anatomy and function.11 
Figure 5 summarizes the steps for image interpretation.

Table 1 – Suggested Myocardial Computed Tomography Perfusion Protocol

Suggested Myocardial Computed Tomography Perfusion Protocol

Pre-exam: abstain from caffeine for 24 hours.

Check contraindications to the use of dipyridamole, beta-blockers, nitrate, and iodinated contrast.

Make 2 access points (18-20 gauge catheters – antecubital veins)

Administer dipyridamole 0.56 mg/kg/4 min (check symptoms, vital signs, and ECG during injection).

Wait 2 minutes after completed injection.

Stress acquisition: retrospective gating; contrast (370 mg/mL) 60 mL at 3 mL/s. Begin acquisition at the peak of left atrial contrast.

Parameters: 100 mA current and 100 Kv tube voltage.

Reverse dipyridamole with aminophylline 240 mg.

Wait 10-15 min between acquisition under stress and acquisition at rest.

Heart rate control (IV metoprolol ≤ 20 mg) until the heart rate is < 65 bpm.

Administer sublingual nitrate 3 min before acquisition at rest.

Acquisition at rest: retrospective gating; contrast (370 mg/mL) 80-90 mL at 5 mL/s.

Parameters: tube current ≤ 850 mA and tube voltage 100 Kv (preferred).

References (2.9). bpm: beats per minute; ECG: electrocardiogram; IV: intravenous; HR: heart rate.



Arq Bras Cardiol: Imagem cardiovasc. 2024;37(4):e20240113 4

Review Article

Teixeira et al.
Myocardial perfusion and FFRct in angiography

Figure 2 – Acquisition steps of the combined CCTA and myocardial computed tomography perfusion protocol (modified from Magalhães et al.).2 bpm: beats 
per minute; HR: heart rate.

Check for drug 
contraindications and  
make 2 access points

Acquisition of preparatory 
images and calcium score 

(optional)

Pharmacological stress 
perfusion

Rest perfusion

Contrast (370 mg/mL)
60 mL – 3 mL/sec

Beta-blocker
If the HR is > 65 bpm
Vasodilator (nitrate)

Dipyridamole
0.56 mg/kg/4 min

Reversal with 
aminophylline 240 mg

After 10-15 minAfter 2 minutes

Figure 3 – These images demonstrate a practical case involving combined assessment with CCTA and myocardial computed tomography perfusion. First stage 
(anatomical evaluation): CCTA images demonstrate moderate (questionable) stenosis in the proximal third of the right coronary artery (RCA) and limited evaluation 
of the ostium of the diagonal branch. Second stage (perfusion evaluation): myocardial computed tomography perfusion images reveal reversible perfusion 
defects in the anterolateral and inferolateral segments, in line with the previously described stenoses. Third stage (lesion reclassification): reclassification of the 
stenoses is plausible. Fourth stage (anatomical-functional correlation): the findings indicate flow-limiting stenoses in the diagonal and right coronary branches. 
CCTA: coronary computed tomography angiography.

1A
 D

IA
G

O
N

A
L

S
T

R
E

S
S

 P
E

R
F

U
S

IO
N

R
IG

H
T

 C
O

R
O

N
A

R
Y

R
E

S
T

 P
E

R
F

U
S

IO
N

BASAL SHORT AXIS MEDIUM SHORT AXIS CCTA



Arq Bras Cardiol: Imagem cardiovasc. 2024;37(4):e202401135

Review Article

Teixeira et al.
Myocardial perfusion and FFRct in angiography

Figure 4 – Example of peri-infarction ischemia in the region irrigated by the second marginal branch (Mg2) (hypoattenuation at rest in the inferolateral segment, 
with an increase in the affected area during stress). There is also ischemia in the region irrigated by the RCA (inferior wall – occluded), which may indicate 
insufficient collateral circulation. The CCTA images confirm the anatomical plausibility of the perfusion findings.

Rest Perfusion

Stress Perfusion

Left Mg2
RCA

Figure 5 – Combined interpretation of CCTA and myocardial perfusion (modified from Magalhães et al).2 CCTA: Coronary computed tomography angiography.

CCTA

Perfusion 
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functional 
correlation

Reclassification
(after perfusion 

assessment)

•	 Are there luminal reductions? What are their gradations? (%)
•	 Are there uninterpretable or questionable segments?
•	 Are there non-coronary findings that suggest infarction? Areas of thinning? 

Calcifications? Aneurysms?

•	 No defects?
•	 Reversible during rest?
•	 Predominantly fixed?

•	 Reassessment of questionable or uninterpretable segments
•	 Reassessment of the stenoses

•	 Is there a stenosis > 50% associated with a stress perfusion defect?
•	 Is there an anatomical-functional correlation between the stenosis and the segment 

of the perfusion defect?

Flow reserve derived from CCTA 
The hemodynamic significance of coronary stenoses 

was initially demonstrated by invasive measurement of 
fractional flow reserve (FFR) through catheterization, which 
is considered the gold standard. For FFRct assessment, a 3D 

anatomical model of the aortic root and coronary arteries was 
created, followed by a physiological model derived from the 
following principles: 1) resting coronary flow is proportional 
to ventricular mass; 2) microvascular resistance is inversely 
proportional to vessel size; and 3) reduced microvascular 
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Figure 6 – Three-dimensional model of FFRct in the coronary tree. FFRct values ​​>0.80 in blue and green, and values ​​<0.80 in yellow, orange, and red. (A) Lesion 
in the middle third of the RCA, with abnormal values, suggesting flow-limiting stenosis, (B) Proximal third of the left anterior descending artery with normal 
FFRct values ​​(>0.8), without obstructions of hemodynamic significance. FFR: fractional flow reserve.

A

FFR = 0.69

B

FFR = 0.93

1

0.8

0.6

resistance simulates maximal hyperemia. Finally, dedicated 
computational algorithms calculate the hemodynamic effects 
of the stenoses on epicardial circulation.12 Thus, FFRct can 
be calculated at each point of the coronary tree from data 
obtained through a standard coronary tomography, without 
the need for adenosine or increased patient exposure to 
ionizing radiation.

The DISCOVER-FLOW study found that FFRct had 
a diagnostic accuracy of 84.3% and significantly greater 
specificity than visual analysis by CCTA (82.9% vs 39.6%, 
respectively).13 The DeFacto study did not meet its primary 
objective of exceeding the lower limit of the confidence 
interval, but it found better discrimination than CCTA 
(area under the receiver operating characteristic curve: 
0.81 vs 0.68).14 According to post-hoc analysis, the lack of 
standardization of beta-blocker and nitrate use may have 
contributed to the lower diagnostic performance.15 With 
an updated software version and more rigorous acquisition 
protocols, the NXT study found an 81% diagnostic accuracy, 
86% sensitivity, 79% specificity, 65% positive and 93% negative 
predictive values for FFRct in per-patient analysis.16

In the PLATFORM study, using FFRct as an initial strategy 
avoided 61% of catheterizations and significantly reduced 
catheterizations in stenoses ≥ 50% (12% in the FFRct group vs 
73% in the invasive group).17 The multicenter ADVANCE study 
found great prognostic value for FFRct, with revascularization 
rates of 38.4% and 5.8% in those with FFRct ≤ 0.80 and FFRct 
> 0.80, respectively.18

In recent years, new approaches based on machine 
learning algorithms have been developed to calculate FFRct 
more quickly. These algorithms use geometric relationships 
learned from large datasets to predict FFRct values ​​based on 
anatomical features derived from CCTA, eliminating the need 

for complex simulations. The main advantage of this method is 
the possibility of calculating FFRct directly at the examination 
site using conventional workstations.19 Studies with small 
numbers of patients have demonstrated good accuracy 
and high reproducibility compared to conventional CCTA 
in relation to invasive FFR measurement, with a shortened 
average analysis time.20

Acquisition and interpretation
The examination should be performed using machines with 

at least 64 detector columns under strict heart rate control 
with oral and intravenous beta-blockers (including ivabradine 
when necessary), aiming for a heart rate < 60 bpm, which is 
associated with sublingual nitrate for vasodilation and better 
coronary visualization. Finally, apnea training is essential to 
minimize motion artifacts, which degrade the images.21

After image acquisition, post-processing generates an 
interactive 3D anatomical model, with FFRct values ​​represented 
by colors ranging from blue to red, and respective values ​​from 
1 to 0 at each point of the coronary tree. The colors of normal 
values (​​> 0.8) range from blue to green, while abnormal values 
(​​< 0.8) range from yellow to orange to red (Figure 6).

Using the lowest FFRct value distal to the stenotic lesion 
has high sensitivity but low specificity, since there is a gradual 
decline in FFR in distal coronary segments, even in disease-
free individuals. Decreased coronary flow reserve can also be 
observed in patients who have diffuse atherosclerosis without 
significant lesions (Figure 7). For these reasons, FFRct should be 
measured 1 to 2 cm after the stenotic lesion, where it has the 
best diagnostic performance for detecting ischemia (Figure 8).

Errors in lumen segmentation and misalignment of the 
centerline can generate an inaccurate 3D model, reducing the 
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Figure 8 – Male patient, 70 years old, presenting dyspnea on light and moderate exertion. CCTA demonstrating moderate lesion 60 to 70%, and moderate 
reduction in catheterization. FFRct was performed at 2 cm from the lesion, with a value of 0.64, compatible with flow-limiting stenosis.

0.64 cFFR

method’s accuracy.12 Although calcification impedes stenosis 
interpretation in CCTA, there were no significant differences 
in the diagnostic performance of FFRct, even in patients with 
calcium scores > 400.15,22

Research on FFRct is limited, especially in clinical scenarios 
such as microvascular disease and the presence of stents and 
coronary grafts.

Figures 9 and 10 show additional clinical cases illustrating 
the added value of functional assessment by FFRct in patients 
with coronary stenoses identified by CTA.
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Figure 7 – Male patient, 82 years old, with atherosclerosis in the middle third of the left anterior descending artery, without causing significant luminal reductions. 
A gradual decrease in pressure was observed along the vessel, with a FFRct value of 0.66 at its nadir. However, following the recommendations for FFRct analysis 
(1 to 2 cm from the stenotic lesion), the values ​​were within the normal range (>0.8). FFR: fractional flow reserve.
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Figure 9 – Case 1: A 67-year-old male patient presented with atypical angina on moderate exertion. CTA demonstrated diffuse atherosclerotic disease with an 
elevated calcium score of 434. (A) Middle third of the left anterior descending artery (LAD) with mixed component plaque, with 70% luminal reduction, and 
FFRct of 0.84. Middle third of the RCA with mixed component plaque and moderate luminal reduction, with FFRct of 0.93 (Figure 8). The patient was exempted 
from invasive evaluation, opting for optimized drug therapy.

0,84 FFR TC

DA

0,93 FFR TC

CD

Figure 10 – Case 2: 46-year-old male patient undergoing evaluation for angina. (A) Predominantly non-calcified plaque in the proximal third of the LAD, with 
significant luminal reduction. (B) FFRct with a value of 0.68, confirming the presence of flow-limiting stenosis. (C) Cardiac catheterization confirming significant 
luminal reduction (below), with angioplasty with stent performed (above).

0,68 FFR TC
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