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S T R U C T U R E D A B S T R A C T

Objectives: The purpose of this study was to analyze the prognostic value of dynamic CT perfusion imaging (CTP)
and CT derived fractional flow reserve (CT-FFR) for major adverse cardiac events (MACE).
Methods: 81 patients from 4 institutions underwent coronary computed tomography angiography (CCTA) with
dynamic CTP imaging and CT-FFR analysis. Patients were followed-up at 6, 12, and 18 months after imaging.
MACE were defined as cardiac death, nonfatal myocardial infarction, unstable angina requiring hospitalization,
or revascularization. CT-FFR was computed for each major coronary artery using an artificial intelligence-based
application. CTP studies were analyzed per vessel territory using an index myocardial blood flow, the ratio
between territory and global MBF. The prognostic value of CCTA, CT-FFR, and CTP was investigated with a
univariate and multivariate Cox proportional hazards regression model.
Results: 243 vessels in 81 patients were interrogated by CCTA with CT-FFR and 243 vessel territories (1296
segments) were evaluated with dynamic CTP imaging. Of the 81 patients, 25 (31%) experienced MACE during
follow-up. In univariate analysis, a positive index-MBF resulted in the largest risk for MACE (HR 11.4) compared
to CCTA (HR 2.6) and CT-FFR (HR 4.6). In multivariate analysis, including clinical factors, CCTA, CT-FFR, and
index-MBF, only index-MBF significantly contributed to the risk of MACE (HR 10.1), unlike CCTA (HR 1.2) and
CT-FFR (HR 2.2).
Conclusion: Our study provides initial evidence that dynamic CTP alone has the highest prognostic value for
MACE compared to CCTA and CT-FFR individually or a combination of the three, independent of clinical risk
factors.
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1. Introduction

Coronary computed tomography angiography (CCTA) has become
an established, widely accepted imaging technique to evaluate coronary
artery disease (CAD). However, CCTA provides only anatomic in-
formation and is a poor predictor of the functional significance of a
stenosis with a tendency to overestimate stenosis severity.1–4 Over the
past decade, functional parameters have become more important for
patient management.5

Non-invasive Fractional Flow Reserve (FFR) derived from CCTA
(CT-FFR) provides incremental diagnostic value over CCTA alone by
adding functional information.6–11 Among the advantages of CT-FFR is
the fact that no additional acquisition is needed and no stressor agent is
used, as is often the case with other non-invasive functional evaluation
techniques.12 Several studies show high discriminatory accuracy of CT-
FFR to detect hemodynamically significant stenosis compared to in-
vasive FFR.6,7,13–15
Dynamic myocardial perfusion CT (CTP) imaging performed during

pharmacologic stress has been described as complementary to CCTA for
assessing the functional significance of coronary artery stenoses.8 The
unique advantage of dynamic myocardial CTP imaging is the possibility
of absolute quantification of myocardial blood flow (MBF) and the
ability to assess anatomical and functional parameters of a coronary
artery stenosis using a single modality. The added value of dynamic
CTP over CT-FFR is the fact that CTP analyzes the directly the myo-
cardial bloodflow. Multiple studies show excellent accuracy of CTP in
assessing the functional significance of a stenosis.16–21

Only a few studies have investigated the prognostic value of CT-FFR
and dynamic CTP.17,22,23 A study on the prognostic value of CT-FFR for
major adverse cardiac events (MACE) showed that patients with a pa-
thologic CT-FFR value had a 4.3-fold higher risk of MACE then patients
with normal CT-FFR, using a CT-FFR cut-off of 0.80 23. Studies on dy-
namic CTP imaging show that patients with visually detected perfusion
defects are up to 4.8 times more likely to suffer a MACE, depending on
the number of territories involved.17

The purpose of this study was to intra-individually analyze and
compare the prognostic value of dynamic CTP and CT-FFR in predicting
MACE.

2. Methods

2.1. Population

The population for this study was enrolled in a global multicenter
registry with 4 participating centers in Asia, Europe, and the US.
Portions of this study population have been previously reported.24–26 In
this population CT perfusion was performed for research purposes.
However, CT-FFR analysis was not performed and the prognostic value
of CT-FFR in combination with CCTA and dynamic CTP on future MACE
was not assessed in these studies.
Patients were included in the original study if they had suspected or

known CAD. Patients were excluded if they had contraindications to
CT, iodinated contrast medium, or adenosine. The following demo-
graphic parameters and baseline clinical risk factors were recorded for
all included patients: age, sex, history of diabetes/hypertension/dysli-
pidemia, smoking history, history of CAD, and family history of CAD.
The respective research study protocols had been approved by the in-
stitutional review boards of all participating institutions, and written
informed consent had been obtained from all research subjects before
enrollment.
From this multicenter registry, we selected data from patients who

had undergone CCTA and dynamic myocardial CTP imaging and had a
follow up period of 18 months or until MACE occurred. Patients with
stents, bypasses, incomplete follow-up data, or poor image quality of
either the CCTA or the dynamic CTP study were excluded. Patients with
a history of CAD, such has known MI or ischemia, without intervention

were not excluded from analysis.

2.2. Imaging protocols

All image acquisitions were performed with a second-generation
dual-source CT system (SOMATOM Definition Flash, Siemens
Healthineers, Forchheim, Germany). CCTA was performed after ad-
ministering 50–80mL of iodinated contrast material with a con-
centration of 300–370mg I/mL at a flow rate of 4–5mL/s. Depending
on heart rate and rhythm, the CCTA acquisition was performed with
retrospective ECG gating in case of arrhythmias, prospectively ECG-
triggered sequential acquisition in case of regular hearts rates above 60
beats/min, or prospectively ECG triggered high-pitch spiral acquisition
in case of regular heart rates under 60 beats/min. After 3–4min of
adenosine administration (140 μg/kg/min), the dynamic CTP acquisi-
tion was initiated. Data acquisition was performed for 30 s with both x-
ray tubes at 100 kV, gantry rotation time of 0.28 s, and tube current of
300mAs per rotation. CTP imaging was performed with an ECG-trig-
gered shuttle mode (two alternating table positions) with a systolic
image acquisition (250ms after the R wave). The perfusion images were
acquired after the administration of 40–50mL of iodinated contrast
agent with a concentration of 300–370mg I/mL, administered at a flow
rate of 4–7.5mL/s.

2.3. Image analysis

All CCTA and CTP studies were assessed 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.

2.3.1. CCTA evaluation
CCTA datasets were reconstructed with a section thickness of

0.75mm and 0.5mm increments with a vascular reconstruction kernel
(B26F). Two experienced readers (3 and 6 years of experience in car-
diac CT interpretation) independently evaluated all CCTA studies. The
presence of stenosis was assessed in the left anterior descending, left
circumflex, and right coronary artery. The left main coronary artery
was included with the left anterior descending. The degree of stenosis
was assessed with multiplanar reformats and curved multiplanar re-
constructions along the vessel centerline (Circulation, Siemens). Vessels
were visually assessed as to whether they had no stenosis, stenosis<
50% or stenosis ≥50%. A CCTA was considered positive if there was a
stenosis ≥50% in any vessel. Additionally, coronary artery dominance
(right, left, or co-dominance) was recorded.

2.3.2. CT-FFR evaluation
CT-FFR was computed using an on-site prototype application (cFFR

version 3.0, Siemens, not currently commercially available), which has
been previously described.7,15,27 With this software a three-dimensional
coronary model was semi-automatically segmented, after which mar-
kers were manually placed proximal and distal to each stenotic lesion.
CT-FFR values were recorded for each vessel, distal to any stenotic le-
sions, when present. In case of multiple stenoses, the CT-FFR value
distal to the most severe lesion was used. In case of no stenosis, the CT-
FFR value from the mid-segment of the vessel was recorded. For the
prognostic analysis, the lowest FFR-value of each patient was used. A
CT-FFR value above the optimal cut-off threshold, as described in the
statistical analysis section, was considered negative.

2.3.3. Dynamic CT perfusion evaluation
CTP studies were analyzed using a dedicated software package

(Volume Perfusion CT body, Siemens). Motion correction was applied
to all images. MBF was calculated using tissue attenuation curves (TAC)
and the arterial input function (AIF) with a hybrid deconvolution
method. The AIF was sampled in the descending aorta. By using images
from both table positions, a double sampled AIF was generated to
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increase accuracy. MBF maps were reconstructed as color-coded images
(section thickness 3.0mm, increment 1.5 mm). MBF was evaluated on a
per segment basis, according to the 17-segment AHA myocardial model,
with exclusion of the apical (17th) segment. After the segmentation,
each segment was attributed to a vessel territory, taking into account
the coronary artery dominance. An index-MBF was calculated to ac-
count for inter-patient differences in MBF. The index-MBF was calcu-
lated as a ratio between territory and global MBF. For our analysis, the
lowest index-MBF out of the three territories was used. An index-MBF
above the optimal cut-off threshold, as described in the statistical
analysis section, was considered negative.

2.4. Clinical follow-up

All study subjects underwent prospective follow-up by chart review
and telephone interviews with the patient or an immediate relative at 6,
12, and 18 months after imaging. Reported clinical events were con-
firmed by contact with the patient's primary care physician or the ad-
mitting hospital. At each time point, the occurrence of MACE was re-
corded. MACE were defined as cardiac death, non-fatal myocardial
infarction, unstable angina requiring hospitalization, or revasculariza-
tion (percutaneous coronary intervention or coronary artery bypass
grafting) and used as the primary end-point of this study. Hard MACE
was defined as MACE excluding revascularizations. CT-FFR and CTP
images were retrospectively analyzed at a central location and findings
from these acquisitions had no influence on the diagnostic work-up and
were not used for treatment management. Patients who underwent
revascularizations that followed directly from the CCTA images were
excluded from our initial population.

2.5. Statistical analysis

Continuous variables are represented as mean (standard deviation
[SD]) or median (interquartile range [IQR]), depending on their dis-
tribution (tested with Shapiro Wilks test). Categorical data is displayed
as absolute frequencies and proportions. The difference between the
MACE positive and MACE negative patients was evaluated with an
unpaired, 2-sided Mann-Whitney U test. The CT-FFR and index-MBF
values for MACE negative and MACE positive cases were compared
using an unpaired, 2-sided Mann-Whitney U test. A Chi-square test was
used to compare the frequency distribution of categorical and binary
data between groups. Optimal thresholds for CT-FFR and index-MBF
values to predict MACE were calculated using the Youden index. A grey
zone of CT-FFR values between 0.70 and 0.80 was determined by the
range of FFR cut-off thresholds, currently used in clinical (invasive FFR)
and research (CT-FFR) contexts. The univariate Cox proportional

hazards regression model was used to analyze the prognostic value of
findings at CCTA, CT-FFR and index-MBF individually for MACE during
follow-up. Multivariate Cox proportional hazards regression analysis
was performed to evaluate whether the prognostic value of each
parameter was independent of the other imaging parameters and
whether they were independent of age, sex, and clinical risk factors,
including hypertension, hyperlipidemia, diabetes, smoking history, and
family history of CAD. Using multivariate analysis, a combination of
CCTA and CT-FFR, CCTA and index-MBF and CCTA, CT-FFR and index-
MBF was investigated, with or without correction for clinical data.
Statistical analyses were conducted using SPSS version 23 (IBM,
Armonk, New York). MedCalc version 13.0 (MedCalc Software, Ostend,
Belgium) was used to compare the areas under the curve (AUCs) using
the method of DeLong et al.

3. Results

From the initial population of 106 patients with CCTA and dynamic
CT perfusion imaging, 16 were excluded because of previously im-
planted stents and coronary artery bypass grafts, 5 were excluded be-
cause of poor image quality, and 4 were excluded because of in-
complete follow up, see Fig. 1. The final study population consisted of
81 patients, in whom 243 vessels were investigated on CCTA with CT-
FFR and 243 vessel territories (1296 segments) were evaluated with
dynamic CTP. The mean follow-up period was 15.7 months (SD 4.7). Of
these 81 patients, 25 (31%) experienced MACE in their follow up
period. Of the MACE positive patients, 11 patients (14%) experienced a
hard MACE, including unstable angina, myocardial infarction, or car-
diac death, 14 (17%) patients were considered MACE positive because
of revascularizations. Table 1 gives an overview of the patient demo-
graphics.

3.1. CCTA

Of the total 243 vessels analyzed on CCTA, 104 had no stenotic
lesions, 92 had a lesion with<50% stenosis, and 47 had a stenosis
≥50%. An overview of the CCTA findings for all patients, MACE po-
sitive and MACE negative patients is provided in Table 2. In the MACE
positive group, 14 (56%) patients had a stenosis ≥50% in any of the
vessels according to CCTA, in the MACE negative group, 14 (25%)
patients had a CCTA-derived stenosis ≥50%.

3.2. CT-FFR

An overview of the CT-FFR findings for all patients, MACE positive
and MACE negative patients is provided in Table 2. The MACE positive

Fig. 1. Flowchart patient selection. MACE, major adverse cardiac events.
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group had 9 patients with non-pathological CT-FFR values, and 16
patients with CT-FFR values indicating lesion specific ischemia. The
MACE negative group had 45 (80%) patients with CT-FFR values >
0.80 and 11 (20%) patients with positive CT-FFR values. The median
CT-FFR values for MACE positive patients was 0.71 (IQR: 0.64 to 0.84),
which was significantly lower than the median CT-FFR value in MACE
negative patients, 0.84 (IQR: 0.75 to 0.90, p-value=0.004). The op-
timal threshold computed using the Youden index was a CT-FFR value
of 0.75.

3.3. Dynamic CT perfusion

The index MBF findings for all patients, MACE positive, and MACE
negative patients are summarized in Table 2. Global MBF was similar in

the MACE negative (median 130.0mL/100mL/min; IQR: 112.5–146.3)
and MACE positive (median 138.0; IQR 109.0–151.0) patients. The
MACE positive group had 3 (12%) patients without positive index-MBF,
and 22 (88%) patients with a positive index-MBF. The three MACE
positive patients with a negative index-MBF all had revascularizations
and no hard MACE. The MACE negative group had 42 (75%) patients
without a positive index-MBF and 14 (25%) patients with a positive
index MBF. The median lowest index MBF values for MACE positive
patients was 0.72 (IQR: 0.57 to 0.85), which was significantly lower
than the median index MBF value in MACE negative patients, 0.95
(IQR: 0.87 to 1.00), p-value< 0.001. The optimal threshold for the
index MBF was 0.88, as computed by the Youden index.

3.4. CT-FFR and dynamic CT perfusion

Correct classification of MACE was reached by both CT-FFR and
index MBF in 60 patients (74%). In cases of disagreement between CTP
and CT-FFR (21 patients), CTP predicted MACE correctly in 12 patients
(57%), and in 8 (38%) cases CT-FFR predicted MACE correctly. Fig. 2
shows a case in which CT-FFR and index-MBF are in agreement and a
case in which CT-FFR and index-MBF were discordant. Especially in
cases of negative CTP and positive CT-FFR, CTP was most predictive of
outcome (83% of patients correctly classified), see Fig. 3. Interestingly,
in the patients with discordant imaging tests, the median CT-FFR value
in MACE negative patients (0.75; 0.63–0.87 (n=13)) was lower than
the CT-FFR value in MACE positive patients (0.84; 0.71–0.88 (n=8)).
The index MBF values were lower in the MACE negative group (0.72;
0.63–0.91) than in the MACE positive group (0.81; 0.69–0.86) for pa-
tients with discordant tests. However, differences in both CT-FFR and
index-MBF were not statistically significant (p-value of 0.972 and
0.301).
The grey zone for CT-FFR was determined to be between 0.70 and

0.80, including the clinically used range for FFR cut-off thresholds. In
the group of patients with CT-FFR values in the grey zone, the MACE
positive patients (n=8) had a significantly lower index MBF (0.69,
IQR: 0.56 to 0.73) than the MACE negative group (0.97, IQR: 0.81 to
1.02, p-value=0.007)). All 8 MACE positive patients had a positive
index-MBF and of the MACE negative patients, 3 (25%) had a positive
index-MBF. Of the MACE positive patients with a grey zone CT-FFR
value, 50% received revascularization.

3.5. Prognostic value of imaging findings

Table 3 shows an overview of the results of the Cox proportional
hazards regression models. Patients with at least one>50% stenosis on
CCTA images were significantly more likely to experience MACE during
follow-up (HR 2.7 (95% CI 1.2–5.9); p-value 0.0015). This effect was
independent of clinical information (age, gender, and risk factors),
however it lost significance when CT-FFR, index MBF, or both were
taken into consideration. Patients with a positive CT-FFR value
(i.e.,< 0.75) in at least one coronary artery were at significantly in-
creased risk of MACE (HR 4.6 (95% CI 2.0–10.5); p-value<0.001).
This association remained significant after adjustment for age, sex, and
clinical risk factors and when CCTA findings were considered (HR
3.7(95% CI 1.2–11.1); p-value 0.019). When index-MBF was taken into
account, CT-FFR lost its significance (HR 2.2 (95% CI 0.8–6.4); p-value
0.130).
Patients with a perfusion defect in at least one vascular territory

according to index-MBF (< 0.88) were at increased risk of MACE (HR
11.4 (95% CI 3.4–38.2); p-value<0.001). This association remained
statistically significant after adjusting for CCTA, CT-FFR findings, age,
sex, and clinical risk factors (HR 10.1 (95% CI 2.1–48.8) p-value 0.004).

4. Discussion

The present study evaluated the prognostic value of CCTA, CT-FFR,

Table 1
Patient characteristics.

Total MACE - MACE + p-value

N=81 N=56 (69) N=25 (31)

Age, yrs 60.2 (9.8) 60.5 (10.0) 59.5 (9.6) 0.677
Male 59 (72.8) 39 (69.8) 20 (80.0) 0.423
Cardiovascular risk factors
Hypertension 39 (48.1) 29 (51.8) 10 (40.0) 0.612
Dyslipidemia 36 (44.4) 27 (48.2) 9 (36.0) 0.458
Diabetes 22 (27.2) 14 (25) 8 (32.0) 0.414
Family history of CAD 18 (22.2) 13 (23.2) 5 (20.0) 1.000
History of smoking 25 (30.9) 19 (33.9) 6 (24.0) 0.594
Right Dominance 74 (91.4) 49 (87.5) 25 (100) 0.181
Revascularizations N=14
PCI 13 (16)
CABG 1 (1)
MACE N=11
Death 1 (1)
Non-fatal myocardial

infarction
3 (4)

Unstable agina 7 (9)

Values are given as mean ± SD, n (%). A p-value<0.05 is considered sig-
nificant. CAD: coronary artery disease.

Table 2
Overview CCTA, CT-FFR and index MBF results.

CCTA CT-FFR Index-MBF

Overall patients
(n=243)

Significant
lesions

LAD 23 (28) 0.87 (0.74–0.94) 1.00 (0.91–1.13)
RCA 13 (16) 0.92 (0.81–0.96) 1.08 (0.98–1.17)
Cx 11 (14) 0.89 (0.81–0.94) 1.00 (0.84–1.07)

MACE Negative patients (n= 56)
Parameter value

overall
– 0.84 (0.75–0.90) 0.95 (0.87–1.00)

Negative test n(%) 42 (75) 45 (80) 42 (75)
Parameter value – 0.87 (0.80–0.94) 0.98 (0.93–1.03)
Positive test n(%) 14 (25) 11 (20) 14 (25)
Parameter value 0.58 (0.37–0.66) 0.63 (0.52–0.79)
1 vessel/territory 2 (14) 5 (45) 10 (71)
2 vessel/territory 8 (57) 5 (45) 4 (29)
3 vessel/territory 4 (29) 1 (10) 0 (0)

MACE Positive patients (n=25)
Parameter value

overall
– 0.71 (0.64–0.84) 0.72 (0.57–0.85)

Negative test n(%) 11 (44) 9 (36) 3 (12)
Parameter value – 0.87 (0.80–0.89) 0.99 (0.96–0.99)
Positive test n(%) 14 (56) 16 (64) 22 (88)
Parameter value – 0.67 (0.50–0.71) 0.67 (0.52–0.78)
1 vessel/territory 11 (79) 11 (69) 16 (73)
2 vessel/territory 3 (21) 4 (25) 5 (23)
3 vessel/territory 0 (0) 1 (6) 1 (4)

Values are given as mean ± SD, n (%). LAD: left anterior descending coronary
artery, RCA: right coronary artery, Cx: circumflex coronary artery.
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and dynamic CTP imaging for MACE. Our results demonstrate that
index-MBF calculated from dynamic CTP acquisitions has the highest
prognostic value, over CCTA and CT-FFR values, or a combination of
the three. In univariate analysis, the presence of a positive index-MBF
resulted in the largest risk for MACE (HR 11.4) compared to CCTA (HR
2.6) and CT-FFR (HR 4.6). In multivariate analysis, only index-MBF
significantly contributed to the risk of MACE (HR 10.1), unlike CCTA
(HR 1.2) and CT-FFR (HR 2.2).
The strong prognostic value of myocardial perfusion evaluation is in

line with evidence from a large number of nuclear perfusion studies,
showing that the presence and extent of perfusion defects found with
SPECT and PET are highly predictive of MACE with HRs ranging from
2.3 to 6.45.28-34 The HRs found in this study are higher, which could be
caused by the capability of CT perfusion to absolutely quantify MBF and
by the high-risk population investigated in this study.
In our opinion, this observation is also in accordance with the fact

that CT-FFR is an indirect measure of myocardial ischemia induced by
atherosclerotic lesions, whereas dynamic CTP provides a direct quan-
titative assessment of myocardial perfusion. A positive CT-FFR result
does not directly translate in myocardial ischemia. This is especially
true when CT-FFR values fall in the grey area, where the accuracy
significantly decreases (from 70-86% to 55–68% in the grey zone).6,8

The grey zone is also seen with invasive FFR, where myocardial per-
fusion imaging confirmed that a FFR value of ≤0.75 results in stress-
inducible myocardial ischemia. Other studies demonstrated that re-
vascularization of coronary stenosis with a FFR>0.75 did not improve
clinical outcomes whereas using FFR ≤0.80 did.35–37 Moreover, by
measuring the myocardial blood flow directly, dynamic CTP does not
only detect stenotic specific ischemia but can also detect

microcirculatory impairment.38 Coronary microcirculatory dysfunction
may be an early indicator of CAD and is associated with a wide range of
myocardial diseases and can affect patient outcomes.39,40 The CT-FFR
measurement predominantly interrogates conditions in the main cor-
onary arteries and larger branches, but fails to reflect the effect of mi-
crovascular disease or collateral vessels, thus providing an indirect and
partial overview of the status of the myocardium. Furthermore, the
location of the CT-FFR measurement could influence the correlation
with dynamic CTP measurements - a distal flow-obstructive CT-FFR
measurements is expected to have a smaller effect on myocardial blood
flow than a proximal pathological CT-FFR value. The added value of
CTP in the CT-FFR grey area is supported by our sub-analysis where we
demonstrated that CTP was effective in predicting MACE, with the
positive patients having a significantly lower index MBF than the MACE
negative group. This finding is also confirmed by a recent study de-
monstrating the incremental diagnostic role of myocardial perfusion
assessment in the grey zone with an increase in accuracy from 55%
using only CT-FFR to 77% with the addition of dynamic CTP image
analysis.8

Previous studies comparing invasive FFR and PET derived flow
demonstrated only a moderate correlation, with reported r2 values of
0.15 and r values of 0.34–0.36.41,42 Although there is correlation be-
tween the hemodynamically significance of a stenosis measured with
FFR and blood flow, it is not a direct relationship and many factors can
influence this correlation, which in turn can influence the relationship
to outcomes.41–43

Moreover, CT-FFR demonstrates superiority to stenosis severity on
CCTA for MACE prognostication (HR 4.6 for CT-FFR vs. 2.7 for CCTA).
This reflects the high sensitivity and negative predictive value of CCTA,

Fig. 2. Panels A and B represent a MACE positive patient,
(age 63, male). The CT-FFR illustration (A) shows a hemo-
dynamically significant LAD lesion with a FFR-value of 0.68
that decreases to 0.54 distally (CT-FFR<0.75 is considered
positive). On the dynamic CTP (B) a perfusion defect is shown
(black arrow), classified as ischemic with an index-MBF of
0.77 (index-MBF<0.88 is considered positive).Panels C and
D represent a MACE negative patient (age 52, male). The
second CT-FFR illustration (C) shows a hemodynamically
significant lesion in the LAD with a FFR-value of 0.66,
without a corresponding positive index-MBF value (D) (0.98).
CT-FFR; CT derived fractional flow reserve, Index-MBF,
myocardial blood flow ratio between territory and global
flow.
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along with the incremental value of CT-FFR owed to the increased
specificity for the detection of flow-limiting stenosis, especially in the
cases of intermediate stenosis.44

A similar study on the prognostic value of CT-FFR for MACE showed
that patients with a positive CT-FFR value (≤0.80) had 4.3-fold higher
risk of MACE than patients with a negative CT-FFR value (> 0.80).23

Our study shows a similar HR of 4.6 for at least one positive vessel with

CT-FFR<0.75. Of note, the CT-FFR cut-off threshold used in our study
differs from other CT-FFR studies where a value of 0.80 was applied for
detecting functionally significant stenosis.23 However, in those studies
the cut-off was determined for stenosis detection, whereas our
threshold was derived from MACE. Moreover, the threshold determined
in this study still falls within the range of thresholds (0.75–0.80) used in
other studies investigating the prognostic value of invasive FFR.45–47 A

Fig. 3. Classification by CT-FFR and index-MBF. Correct classification was reached by both CT-FFR and index-MBF in 60 patients (74%). In cases of disagreement
between index-MBF and CT-FFR (21 patients), index-MBF predicted MACE correctly in 12 patients (57%). In patients with a negative CTP and a positive CT-FFR,
index-MBF was most predictive of outcome (83% of patients). CT-FFR; CT derived fractional flow reserve, Index-MBF, myocardial blood flow ratio between territory
and global flow.

Table 3
Risk of major adverse cardiac events associated.

Modality Prognostic value

Imaging Only Corrected for Clinical data

Hazard Ratio 95% confidence interval P-value Hazard Ratio 95%confidence interval P-value

CCTA 2.7 (1.2–5.9) 0.015 4.6 (1.8–11.7) 0.002
CT-FFR 4.6 (2.0–10.5) <0.001 5.0 (2.1–14.1) <0.001
Index-MBF 11.4 (3.4–38.2) <0.001 14.9 (3.4–64.6) <0.001
CCTA and CT-FFR CCTA 1.4 (0.6–3.4) 0.459 2.3 (0.8–6.8) 0.122

CT-FFR 3.9 (1.5–9.9) 0.004 3.7 (1.2–11.1) 0.019
CCTA and index-MBF CCTA 1.2 (0.5–2.8) 0.636 1.7 (0.6–4.5) 0.321

Index MBF 10.5 (3.0–36.9) <0.001 11.9 (2.6–55.7) 0.002
CCTA and CT-FFR and index-MBF CCTA 0.9 (0.4–2.1) 0.801 1.2 (0.4–3.5) 0.758

CT-FFR 2.3 (0.9–5.9) 0.080 2.2 (0.8–6.4) 0.130
Index MBF 8.5 (2.3–30.9) 0.001 10.1 (2.1–48.8) 0.004

Hazard Ratio with MACE as outcome for CCTA, CT-FFR, index MBF, and combined (CCTA and CTA FFR, CCTA and index MBF; CCTA, CT-FFR, and index MBF)
analyses. The first analysis takes only imaging data into account, the second model corrects for age, gender and number of risk factors.
CT computed tomography; CCTA coronary computed tomography angiography; FFR fractional flow reserve; MBF myocardial blood flow; TP true positive; FP false
positive; TN true negative; FN false negative.
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recent meta-analysis on the prognostic value of invasive FFR further
shows that the optimal threshold for predicting death, MI, and re-
vascularizations was 0.76, which is similar to the CT-FFR threshold
determined in the current study.45

A previous investigation on a subset of patients from the same
multicenter registry used in this study including 144 patients showed a
HR between 2.03 and 2.50 for MACE based on visual analysis of dy-
namic CTP studies.17 Our study shows HRs between 8.5 and 14.9 for
index MBF. Although these results are based on patient populations
from the same registry, they show very different HRs. This could be
attributed to the additional exclusion criteria required for the CT-FFR
analysis and the corresponding smaller population. Another reason
causing the difference could be the difference in analysis, with the ac-
tual study focused on the quantitative analysis of the dynamic CTP
acquisition instead of visual analysis. Studies on quantitative analysis of
perfusion data show that quantitative analysis can detect perfusion
deficits that seem visually homogenous28,29,38 and add to the prognostic
value of myocardial perfusion imaging.
Several limitations of this investigation have to be discussed. The

population investigated in this study showed a very high disease
burden, corresponding with the high number of MACE (31%) compared
to previous studies on cardiac imaging and MACE.22 This is most likely
caused by our study design and selection criteria. Whether the in-
vestigated techniques and the combinational approach will show si-
milar results in a population at lower risk has to be further investigated.
Due to extensive inclusion and exclusion criteria, only a moderate
number of patients were included in the analysis. This resulted in wide
confidence intervals in the HR calculation. A larger population is
needed to confirm our results and to investigate the influence of the
number of territories involved in both CT-FFR and dynamic CTP. Pre-
vious studies on the predictive value of dynamic CTP showed that the
number of territories with perfusion defects or the amount of myo-
cardium involved was strongly predictive of MACE.22,48 Taking the
number of positive territories into account could increase the prog-
nostic value of index MBF. With CT-FFR the same issue occurs - this
study only took into account whether one vessel had a positive CT-FFR
value. The number of vessels involved and the location of the stenosis
could improve the prognostic value of CT-FFR. Several studies on dy-
namic CTP have shown that relative measurements of MBF rather than
absolute MBF values are more suitable to diagnose significant
CAD.25,26,49 With this investigation the MBF was indexed using the
average MBF of the entire myocardium of the left ventricle. However,
results show a minimal effect of using an index MBF on false negative
predictions, with a very low prevalence of three vessel disease (n= 1)
in this group. Finally, all examinations were acquired using a dual-
source CT system of a single vendor. The CT-FFR software used in this
study is a prototype from that vendor and is currently not clinically
available. Generalization of our results to CT systems and software from
other vendors remains unclear and needs further investigation.
In conclusion, our study provides initial evidence that in a popula-

tion with suspected or known CAD, dynamic CTP has the highest pre-
dictive value for MACE compared to CCTA and CT- FFR, (individually
and in combination of the three), independent of clinical factors, adding
evidence to the role of CT myocardial perfusion imaging as a strong
predictor of clinical outcome.
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