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ABSTRACT

Objective: To investigate the relationship between functional parameters obtained 
from CTMPI and CT-FFR in the same patient at various measurement locations.

Methods: We included patients who underwent CT-FFR analysis as well as dynamic 
CTMPI. On-site CT-FFR was computed for each coronary artery at proximal, mid and 
distal segments. Myocardial perfusion was analyzed per vessel territory in the basal, 
mid and apical left ventricle, by calculating myocardial blood flow (MBF) and MBF 
index (MBFi), the ratio between territory MBF and global MBF. Correlations between 
CT-FFR, MBF, and MBFi were analyzed with Pearson’s correlation coefficients for all 
three territories and for the proximal, mid, and distal CT-FFR locations. Differences in 
perfusion values between patients with positive (<0.75) and negative CT-FFR values at 
different vessel locations were evaluated. 

Results: A total of 100 patients were included for analysis. The CT-FFR and MBFi 
values in the left anterior descending territory showed low to moderate correlation 
(0.25-0.53), with highest correlation mid-coronary. The CT-FFR and MBFi values from 
the circumflex territory and right coronary artery territory exhibited the same trend 
although the mean correlation was lower (0. 25-0.36 and 0.27-0.31, respectively). Overall, 
significant proximal and mid stenosis according to CT-FFR, resulted in a significant 
decrease in MBF and MBFi, whereas distal stenosis did no results in a decrease in MBF.

Conclusion: Our study provides evidence that CT-FFR and MBFi correlate only 
moderately. Depending on the measurement location of CT-FFR, a significant CT-FFR 
value reflects a decrease in myocardial perfusion. 
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INTRODUCTION

Coronary computed tomography angiography (CCTA) has become a widely accepted 
imaging technique for the evaluation of coronary artery disease (CAD)(1,2). However, 
CCTA is known to be a poor predictor of the functional significance of a stenosis with 
a tendency to overestimate stenosis severity (3–5). Therefore, non-invasive functional 
parameters have been gaining interest and are being increasingly used for the 
assessment of CAD (6).

Non-invasive coronary fractional flow reserve (FFR) derived from CCTA studies (CT-
FFR) is a recent development in the field of functional parameters. CT-FFR offers the 
possibility of assessing the functional significance of coronary stenoses without the 
need for an additional image acquisition(7,8).  Additionally, no pharmacological stressor 
agent is necessary, as is often the case in perfusion imaging. Several studies show high 
discriminatory accuracy of CT-FFR in detecting hemodynamically significant stenoses 
when compared to invasive FFR (9–13). Although diagnostic accuracy is high, the 
diagnostic accuracy of CT-FFR compared to invasive FFR decreases in the so called 
grey zone. (12,14).

Another promising functional parameter is myocardial blood flow (MBF), calculated 
with dynamic CT myocardial perfusion imaging (CTMPI) during pharmacologically 
induced hyperemia. Dynamic CTMPI offers the unique possibility of absolute 
quantification of MBF and the ability to anatomically and functionally assess coronary 
artery stenoses using a single modality. Multiple studies show excellent accuracy of 
CTMPI in assessing the functional significance of a stenosis (15–20).

Whereas CT-FFR estimates the pressure difference caused by a stenosis with the 
assumption that if the difference is large enough it will cause decreased MBF, dynamic 
CT perfusion directly measures MBF thereby taking into account other contributing 
causes of decreased myocardial perfusion such as microvascular disease. Although CT-
FFR and MBF are related to each other, there is no direct relationship between the two 
and many factors can influence the FFR-perfusion correlation(21). A major factor that 
could influence the correlation between CT-FFR and MBF is the measurement location 
of CT-FFR (22). 

The purpose of this study was to evaluate the correlation between CT-FFR, measured at 
different locations, and dynamic CTMPI derived myocardial blood flow.

chapter 6: relationship between coronary ct derived ffr and dynamic ct myocardial perfusion imaging
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METHODS

Population
The population for this study was enrolled in a multicenter registry. A portion of this 
study population has been previously reported on (16). However, CT-FFR analysis was 
not performed and the relationship between CT-FFR and MBF was not evaluated.

All patients in the multicenter registry had suspected or known CAD. Patients were 
excluded if they had contraindications to CT, iodinated contrast medium, or adenosine. 
Demographic parameters and baseline clinical risk factors were recorded for all patients 
including: age, sex, history of diabetes, hypertension and dyslipidemia, smoking 
history, and family history of CAD. The institutional review boards of all participating 
institutions approved the respective research study protocols, and written informed 
consent was obtained from all patients prior to inclusion.

From this multicenter registry, we selected data from patients who had undergone 
CCTA and dynamic CTMPI and had both data sets available for analysis. Patients with 
a history of CAD that required intervention such as stents and bypasses, patients with 
coronary anomalies or poor image quality in either the CCTA or the dynamic CTMPI 
studies were excluded from analysis.

Imaging protocols
All patients underwent CT imaging with a second-generation dual-source CT system 
(SOMATOM Definition Flash, Siemens Healthineers, Forchheim, Germany). CCTA 
was performed after administering 50–80 mL of iodinated contrast material with a 
concentration of 300–370 mg I/mL at a flow rate of 4-5 mL/s. The CCTA acquisition was 
performed with retrospective ECG gating in cases of arrhythmias, prospective ECG-
triggered sequential acquisition in case of hearts rate above 60 beats/min, or prospective 
ECG triggered high-pitch spiral acquisition in case of regular heart rate below 60 beats/
min. For the dynamic CTMPI acquisition, adenosine was administered for 3-4 minutes 
(140 μg/kg/min) before the acquisition started. The perfusion images were acquired 
after the administration of 40–50 mL of iodinated contrast agent with a concentration 
of 300–370 mg I/mL, administered at a flow rate of 4–7.5 mL/s. Perfusion imaging was 
performed for 30 seconds with an ECG-triggered shuttle mode (two alternating table 
positions) with a systolic image acquisition (250 ms after the R wave). The following 
scan parameters were used: Both x-ray tubes were set at 100 kV, gantry rotation time of 
0.28 seconds, and tube current of 300 mAs per rotation. 
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Image analysis 
All CCTA and CTMPI images were assessed by a radiologist with experience in cardiac 
imaging for image quality on a 4-point Likert scale (1- poor image quality, 4-excellent 
image quality). Patients with poor image quality were excluded from analysis.

CT-FFR
CT-FFR was computed using an on-site prototype application (cFFR version 3.0, Siemens 
Healthineers, not currently commercially available). A three-dimensional coronary 
model was semi-automatically segmented with this software. Manual adjustments 
were made if necessary.  CT-FFR values were recorded for each vessel at three different 
locations: proximal, mid, and distal according to the AHA-segmentation. If there was a 
stenosis at the measurement location, the CT-FFR was measured distal to the stenosis. 
A CT-FFR value <0.75 was considered hemodynamically significant.

Dynamic CT Perfusion
CTMPI studies were analyzed using a dedicated software package (Volume Perfusion 
CT body, Siemens Healthineers). Motion correction was applied to all images before 
quantitative analysis was performed. MBF was calculated using the tissue attenuation 
curves (TAC) and the arterial input function (AIF) using a combination of a two-
compartment and upslope model. The AIF was sampled in the descending aorta. 
Images were used from both table positions, creating a double sampled AIF to increase 
accuracy. MBF maps were reconstructed as color-coded images (slice thickness 3.0 
mm, increment 1.5 mm). MBF was evaluated on a per segment basis, according to the 
17-segment AHA model, with exclusion of the 17th segment. After the segmentation, 
each segment was attributed to a vessel territory for the basal, mid and apical slice to 
correspond with the CT-FFR measurements, taking into account the coronary artery 
dominance. A myocardial perfusion index (MBFi) was calculated as the ratio between 
territory and global MBF to account for inter-patient differences in MBF. 

Statistical analysis
Continuous variables are represented as mean (SD) or median (interquartile range 
[IQR]), depending on their distribution (tested with Shapiro Wilks test). Categorical 
data is displayed as absolute frequencies and proportions. Correlations between CT-
FFR, MBF, and MBFI were analyzed with Pearson’s correlation coefficients for the 
different CT-FFR and perfusion locations. Different groups were created based on the 
CT-FFR values and the location of the significant stenosis. Patients with and without 
a stenosis were compared using an independent t-test. A p-value <0.05 was considered 
statistically significant. Statistical analyses were conducted using SPSS version 23 
(IBM, Armonk, New York).
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RESULTS

From the initial population of 124 patients with CCTA and dynamic CT perfusion 
imaging, 18 were excluded because of previously implanted stents and coronary artery 
bypass grafts, and 6 were excluded because of poor image quality, leaving 100 patients 
for analysis, see Figure 1. The included patients had a mean age of 61.2 (SD 10.1) and 
were predominantly male (75%). An overview of patient characteristics is given in 
Table 1.

Figure 1: Overview of study enrollment

Table 1: Patient characteristics 

Total
N=100

Age, (yrs) 61 (10)
Male (%) 75 (75)
BMI (kg/m^2) 25.1 (3.8)
Cardiovascular risk factors
 Hypertension 49 (49)
 Dyslipidemia 46 (46)
 Diabetes 32 (32)
 Family history of CAD 25 (25)
 History of smoking 35 (35)
 Right Dominance (%) 92 (92)

Values are given as mean± SD, n (%). A p-value<0.05 is considered significant. 
CAD: coronary artery disease 
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Absolute CT-FFR, MBF and MBFI values stratified for stenosis location
An overview of all CT-FFR, MBF, and MBFI values for the left anterior descending 
artery (LAD), circumflex artery (Cx) , and the right coronary artery (RCA) territory and 
the proximal, mid, and distal coronary segments is given in Table 2 with corresponding 
p-values.

In the LAD, Cx, and RCA territory, the coronary arteries without stenosis showed CT-
FFR values well above the functional significance threshold (>0.75), independent of the 
measurement location and corresponding to a MBF of 157 (37), 149 (30), and 144 (27) 
mL/100mL/min and an MBFI of 1.02 (0.06), 1.02 (0.06), and 0.97 (0.06) for the LAD, Cx, 
and RCA respectively.

Patients with a stenosis in the proximal segment of the LAD, CX, and RCA resulting 
in abnormal CT-FFR values (<0.75) at the stenotic segment and all segments distally, 
showed a corresponding significant decrease in MBF to 96 (6), 107 (11), and 103 (5) 
mL/100mL/min and a decrease in MBFI to 0.85 (0.03), 0.91 (0.09), and 0.81 (0.13) for the 
LAD, Cx, and RCA, respectively. The same relationship was observed in patients with 
a stenosis in the mid segment of the LAD, CX, and RCA, resulting in abnormal CT-FFR 
values (<0.75).  There was also a corresponding significant decrease in MBF to 109 (27)
and 116 (28) mL/100mL/min as well as a decrease in MBFI to 0.87 (0.13), 0.81 (0.08)and 
0.87 (0.11) for the LAD, Cx and RCA respectively. The MBF in the Cx did not show a 
decrease with a mean MBF values of 131 (51) mL/100mL/min.

In the patients with a distal stenosis, the LAD, Cx and RCA show an abnormal (≤0.75) 
mean CT-FFR value, however, without a corresponding decrease in MBF values with 
mean MBF of 135 (40), 114 (37) and 128 (43) mL/100mL/min  with p-values of 0.078, 0.081 
and 0.136 for the LAD, Cx and RCA respectively. In patients with an abnormal CT-FFR 
value, the MBFi did show a significant decrease with mean MBFi values of 0.92 (0.12), 
0.91 (0.11) and 0.89 (0.12) with all p-values ≤0.001 for the LAD, Cx and RCA respectively. 
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Table 2: CT-FFR, MBF and MBFI values for different stenosis locations

CT-FFR LAD MBF LAD p-value MBFI LAD p-value

Proximal Mid Distal

No stenosis 0.98 (0.02) 0.92 (0.05) 0.87 (0.06) 157 (37) - 1.02 (0.06) -

Proximal stenosis 0.63 (0.06)* 0.57 (0.07) 0.42 (0.06) 96(6)  0.022 0.85 (0.03) <0.001

Mid stenosis 0.94 (0.05) 0.68 (0.0.8)* 0.58 (0.13) 109 (27) <0.001 0.87 (0.13) <0.001

Distal Stenosis 0.96 (0.03) 0.88 (0.05) 0.69 (0.08)* 135 (40) 0.078 0.92 (0.12) <0.001

CT-FFR Cx MBF Cx MBFI Cx

Proximal Mid Distal

No stenosis 0.97 (0.03) 0.94 (0.04) 0.89 (0.06) 149 (30) - 1.02 (0.06) -

Proximal stenosis 0.49 (0.15)* 0.47 (0.14) 0.46 (0.16) 107 (11) 0.12 0.91 (0.09) 0.002

Mid stenosis 0.95 (0.04) 0.69 (0.08)* 0.59 (0.10) 131 (51) 0.168 0.81 (0.08) 0.002

Distal Stenosis 0.96 (0.04) 0.87 (0.08) 0.73 (0.11)* 114 (37)  0.081 10.91 (0.11) <0.001

CT-FFR RCA MBF RCA MBFI RCA

Proximal Mid Distal

No stenosis 0.98 (0.01) 0.94 (0.04) 0.89 (0.05) 144 (27) - 0.97 (0.06) -

Proximal stenosis 0.72 (0.02)* 0.67 (0.03) 0.67 (0.15) 103 (5)  0.006 0.81 (0.13)  <0.001

Mid stenosis 0.93 (0.06) 0.69 (0.12)* 0.57 (0.14) 116 (28) 0.004 0.87 (0.11) <0.001

Distal Stenosis 0.97 (0.02) 0.92 (0.07) 0.67 (0.11)* 128 (43) 0.136 0.89 (0.12) 0.001

Values are given as mean± SD, n (%).MBF, myocardial blood flow in mL/100mL/min, MBFI, relative myocardial perfusion.* 
indicates the most proximal abnormal CT-FFR value (<0.75). The p-values indicate significant differences in MBF and 
MBFI values compared to non-stenosis arteries. A p-value<0.05 is considered significant.

Correlation between CT-FFR, MBF and MBFI
The CT-FFR and MBF values in the LAD territory showed low to moderate correlation 
(0.25-0.53) depending on the location of CT-FFR. The highest correlation (r=0.53) 
was found with CT-FFR values measured at the mid segment of the left anterior 
descending (LAD) coronary artery and the lowest correlation was found at the 
proximal level (r=0.25). The CT-FFR and MBF values in the Cx territory exhibited the 
same trend, although the mean correlation was slightly lower (0.25-0.36), with the 
highest correlation found when CT-FFR values were measured at the mid segment 
(0.33). The RCA territory showed low correlation between CT-FFR and MBF (0.28-0.31) 
with very little difference between measurement locations. Overall, MBFI showed a 
better correlation with CT-FFR than absolute MBF values, independent of location. 
In the LAD territory, CT-FFR and MBFI values showed moderate to good correlation 
(0.52-0.73) with the highest correlation with CT-FFR measured at the mid segment 
of the LAD. Again, the Cx territory showed the same trend as the LAD territory with 
correlation coefficients ranging from 0.34-0.57, and the mid segments resulted in the 
best correlation with MBFI (0.57). The RCA territory showed similar correlation trends, 
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with correlation coefficients ranging from 0.47-0.50, again with very little difference 
between measurement locations. An overview of all correlation coefficients is given in 
Table 3. Grouping all CT-FFR values between 0.70 and 0.80 in the so called grey zone 
results in a poor correlation of 0.17 (p<0.001) with MBF values. Figure 2 shows three 
examples of patients with CT-FFR and perfusion images.

Table 3: Correlation

LAD Cx RCA

Proximal Mid Distal Proximal Mid Distal Proximal Mid Distal
MBF/CT-FFR
correlation 0.25 0.53 0.46 0.25 0.33 0.36 0.27 0.27 0.31

p-value <0.001 <0.001 <0.001 0.014 0.001 <0.001 0.008 0.006 0.002
MBFI/CT-FFR
correlation 0.52 0.73 0.54 0.34 0.57 0.54 0.48 0.47 0.50

p-value <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Correlation between CT-FFR, MBF and MBFI for three different CT-FRR measurement location corresponding to a basal, 
mid or apical slice from the perfusion acquisition

DISCUSSION

In this study we evaluated the relationship between CT-FFR and dynamic CTMPI derived 
MBF, and the effect of both measurement and stenosis location on this relationship. We 
demonstrated only a moderate correlation between CT-FFR, MBF, and MBFI values, 
where the mid coronary segment CT-FFR measurements show the highest correlation 
to CTMPI. MBFi values show a slightly better correlation to CT-FFR than absolute MBF 
values. Stenoses with abnormal CT-FFR values (<0.75) in the proximal and mid segment 
are most likely to result in a decrease in MBF, whereas an abnormal distal CT-FFR in 
the LAD or Cx does not necessarily result in a decrease in MBF, however, MBFi was able 
to show this difference.
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Figure 2: A-C 62 year old man with a CT-FFR value of 0.43 in the LAD (A) and a corresponding 
perfusion defect in the anteroseptal wall of the left ventricle (B-C) with MBF of 51 mL/100mL/min 
and an MBFI of 0.21. D-F 36 year old man with CT-FFR values of 0.67, 0.85, and 0.79 for the LAD, Cx 
and RCA (D), respectively, with a CTMPI study showing no perfusion defects with an average MBF 
of 240 mL/100mL/min and an average MBFI of 0.99 (E-F). G-E 65 year old man with known HCM. 
The CT-FFR values for all three main coronaries are above 0.75 (G) and no stenosis is seen on CCTA, 
while CTMPI shows a global decrease in MBF with an average MBF value of 67 mL/100mL/min and 
an MBFI which does not reflect this decrease of 0.98 (H-I).

Invasive FFR measures the pressure drop across a stenosis and is an indirect measure of 
coronary blood flow. Although invasive FFR and coronary blood flow measurements are 
correlated, they are not entirely analogous. Several studies have shown a discrepancy 
between FFR measurements, PET coronary flow reserve (CFR), and myocardial perfusion 
using PET.  Johnson et al. showed that there is only a modest correlation between 
invasive coronary flow reserve (CFR) and FFR (r =0.34). Similarly, CFR derived by PET 
shows a modest correlation with stress PET relative tracer uptake (r =0.36) (26).  A study 
by Arena et al. (27) demonstrated that although FFR values >0.8, correlate well with 
CFR values, pathological FFR values <0.8 correlate poorly with CFR values. Decreased 
CFR values positively identified coronary stenosis causing myocardial ischemia as 
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determined by PET imaging, while FFR values did not. This discordance between CFR, 
FFR, and myocardial ischemia underlines the differences in measurement techniques 
and emphasizes that measurements of flow, pressure, and perfusion capture different 
aspects of CAD pathophysiology. Our results using CT as a modality instead of PET are 
in accordance with these findings. 

Comparing CT-FFR with CTMPI for the detection of hemodynamically significant 
lesions, Coenen et al. demonstrated similar diagnostic performance of CT-FFR 
and (relative) MBF with reported accuracies of 70% for both. They also stated that 
combined interpretation MBFi improves diagnostic performance significantly (14). 
However, they show that in 42% of measurements CT-FFR and CT perfusion did not 
agree. An interesting phenomenon is the CT-FFR grey zone. Multiple studies have 
shown a decrease in accuracy from 70-86% to 55-68% when CT-FFR values are around 
the significance threshold (12,14). Coenen et al. shows that the diagnostic accuracy of 
CT-FFR values between 0.74 and 0.85 decreases to only 55%, where this would increase 
to 77% if dynamic CTMPI was used (14). This is reflected by the poor correlation shown 
in this study (0.17) between CT-FFR and MBF values in patients who have a CT-FFR 
value in the grey zone.

Invasive FFR and CT-FFR have proven to correlate very well (9,11,28). However, 
invasive FFR measurements are limited to larger vessel diameters, while CT-FFR can 
be calculated throughout the coronary tree.  The inability to measure invasive FFR 
in vessels with small diameters results in a lack of data on the accuracy of distally 
measured CT-FFR values.  Our study shows that distally measured CT-FFR values do 
not correlate very well with apical blood flow. One reason could be the inaccuracy of 
CT-FFR in arteries with small diameters. It could also be the effect of microvascular 
disease. A study on invasive FFR and CFR states that a reduction in CFR with near 
unity FFR in the distal artery (<5mm) is an indication for microvascular disease (26). 
Whereas FFR intends to measure pressure differences across a specific stenosis, CFR 
is a flow measurement and is able to detect not only lesion specific ischemia but also 
other causes of reduced flow. Our study shows a similar comparison by which CT-FFR 
measures lesion specific ischemia and dynamic CTMPI enables the detection of global 
ischemia and microvascular disease (29). The high prevalence of diabetes (32%) and 
hypertension (49%) in our study population may have caused a decrease in our global 
perfusion measurements and could have a negative effect on the correlation between 
CT-FFR and MBF and MBFI. A previous study by Vliegenthart et al. confirmed that 
dynamic CTMPI is able to identify early changes in global perfusion in conditions such 
as diabetes and hypertension (29). 
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Solecki et al. investigated the optimal anatomic location for CT-FFR measurements 
with cardiac perfusion MRI as the reference standard (22). They show that the distal 
vessel shows the lowest diagnostic accuracy compared to more proximal measured CT-
FFR values. Ours confirm their results, where a positive distal CT-FFR in the LAD, Cx 
and RCA did not correspond to a decrease in MBF values. Although proximal measured 
CT-FFR and basal MBF/MBFi measurements show a low correlation too, in these cases 
it could be that this is caused by the perfusion defects showing in the mid or distal 
slice, since a significant drop in MBF is still detected. The low number of patients with 
a proximal stenosis could also effect this correlation. In this study MBFi, however 
was able to pick up on distal perfusion defects correlated to abnormal distal CT-FFR 
values. Another reason for the poor relationship between distal significant CT-FFR 
values and myocardial perfusion is the fact that distal stenoses have less effect on the 
flow distributed to the entire myocardium compared to more proximal stenosis and 
therefore have less of an influence on myocardial perfusion values such as MBF and 
MBFI, resulting in only a limited correlation. For this reason, this study calculated MBF 
and MBFi for the basal, mid and apical slice, to correspond to proximal, mid and distal 
CT-FFR location and avoid the averaging out of small defects. This could attribute to 
the better results obtained distally by MBFi, compared to other studies.

On the basis of the known heterogeneity of MBF between patients during 
pharmacological stress (30), we also applied a normalized MBF to correct for interpatient 
differences. Several studies on dynamic CTMPI have shown that relative measurements 
of MBF, rather than absolute MBF values, are more suitable to diagnose significant CAD 
(24,25,30). In accordance with these prior findings, our results show that MBFi values 
have a higher correlation with CT-FFR than absolute MBF. 

Several limitations of this investigation need to be discussed. First, all coronary arteries 
were analyzed with respect to the corresponding myocardial territory. The relationship 
between vessels and territories for individual patients was not taken into account. 
Coronary arteries and perfusion territories were matched as described by several 
guidelines, but discrepancies cannot be fully avoided. The CT-FFR software used in 
this study is a prototype and is not currently clinically available. Generalization of 
our results to CT systems and software from other vendors remains elusive and needs 
further investigation. Further research needs to be done on the clinical implication of 
the differences in CT-FFR and myocardial perfusion. Different types of patients could 
benefit from different diagnostic work-up, since both techniques have their strengths 
and limitations. CT-FFR specifically looks at lesion specific causes for myocardial 
ischemia offering direct relation with potential interventions while myocardial 
perfusion look at a combination of causes for myocardial ischemia with the possibility 
to also detect microvascular disease.
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In conclusion, our study provides evidence that although CT-FFR and MBF/MBFI 
parameters are both useful to assess hemodynamically significant changes in CAD, 
CT-FFR and dynamic CTMPI parameters correlate only moderately. This indicates that 
both techniques highlight different aspects of CAD. Depending on the measurement 
location of CT-FFR, a significant CT-FFR value reflects changes in myocardial perfusion, 
with an MBF index parameter showing better correlation than absolute MBF values.  
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