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Abstract
Objectives To determine the diagnostic performance of cardiac computed tomography (CT)–based modalities including coro-
nary CT angiography (CTA), stress myocardial CT perfusion (stress CTP), computer simulation of fractional flow reserve by CT
(FFRCT), and transluminal attenuation gradients (TAG), for the diagnosis of hemodynamic significant coronary artery disease
(CAD), using invasive fractional flow reserve as the reference standard.
Methods PubMed and Cochrane databases were searched for original articles until July 2018. Diagnostic accuracy results were
pooled at per-patient and per-vessel level using random effect models.
Results Fifty articles were included in themeta-analysis (3024 subjects). The per-patient analysis per imagingmodality demonstrated
a pooled positive likelihood ratio (PLR) of 1.78 (95% confidence interval CI 1.49–2.11), 4.58 (95%CI 3.54–5.91), and 3.45 (95%CI
2.38–5.00) for CTA, stress CTP, and FFRCT respectively. Per-patient specificity of stress CTP (82%, 95% CI 76–86) and FFRCT

(72%, 95%CI 68–76) were higher than for CTA (48%, 95%CI 44–51). At the vessel level, PLR was 2.42 (95%CI 1.93–3.02), 7.72
(95% CI 5.50–10.83), 3.50 (95% CI 2.73–4.78), 1.97 (95% CI 1.32–2.93) for CTA, stress CTP, FFRCT, and TAG respectively.
Conclusion With improved PLR and specificity, stress CTP and FFRCT have incremental value over CTA for the detection of
functionally significant CAD.
Key Points
• New functional CT imaging techniques, such as stress CTP and FFRCT, improve diagnostic accuracy of coronary CTA to
predict hemodynamically relevant stenosis.

• TAG yields poor diagnostic performance.
•Combination of CTA and some functional CT techniques (stress CTP and FFRCT) might become a Bmust^ to improve diagnostic
accuracy of CAD and to reduce unnecessary invasive coronary angiography.
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Abbreviations
AUC Area under the curve
CABG Coronary artery bypass grafting
CAD Coronary artery disease
CT Computed tomography
CTA Coronary computed tomography angiography
CTP Computed tomography perfusion
FFRCT Computer simulation of fractional flow

reserve based on computed tomography
FN False negative
FP False positive
HU Hounsfield units
iFFR Invasive fractional flow reserve
mSv milliSievert
NLR Negative likelihood ratio
NPV Negative predictive value
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PLR Positive likelihood ratio
PPV Positive predictive value
TAG Transluminal attenuation gradient
TN True negative
TP True positive

Introduction

Given its high negative predictive value (NPV), coronary
computed tomography angiography (CTA) of coronary arter-
ies is routinely recommended to rule out obstructive coronary
artery disease (CAD) in patients with low and intermediate
risk of CAD [1, 2]. Recently, novel computed tomography
(CT) imaging techniques, such as stress myocardial computed
tomography perfusion (stress CTP), fractional flow reserve
calculated by CT (FFRCT), and transluminal attenuation gra-
dient (TAG), have emerged as potential strategies able to com-
bine both anatomical and functional evaluation with potential
positive impact on the diagnosis performance [3]. CTP eval-
uates myocardial perfusion by analyzing the iodine uptake of
myocardium during the first pass of contrast. FFRCT is obtain-
ed by the application of computational fluid dynamics princi-
ples to standard coronary CTA data set, allowing non-invasive
assessment of FFR. TAG gives contrast-based flow estima-
tions by analyzing the differences in contrast densities proxi-
mal and distal to a stenosis; TAG is defined as the linear
regression coefficient between luminal contrast attenuation
in Hounsfield units (HU) and length from the ostium.

In terms of functional assessment, the invasive fractional
flow reserve measurement during coronary angiography
(iFFR) is considered the reference standard for detection of
significant coronary lesions. The clinical value of iFFR to
guide revascularization therapy has been well established by
several prospective randomized trials [4–6]. Whether or not
these newCT techniques (stress CTP, FFRCT, and TAG)might
improve the diagnostic performance of CTA for the diagnosis
of functionally significant CAD using iFFR as the reference
standard was the purpose of the present meta-analysis.

Materials and methods

Methods

The meta-analysis was performed according to standard guide-
lines from the Preferred Reporting Items for Systematic
Reviews and Meta-analyses [7].

Search strategy

Database search for articles published in English up to
July 2018, using CTA, stress CTP, FFRCT, and TAG as CT

diagnostic techniques, was performed in MEDLINE, and
Cochrane databases, by two investigators independently
(MH, DG). We used the following search with Medical
Subject Headings (MeSH) and non-MESH search terms: cor-
onary angiography (MeSH Terms), myocardial fractional flow
reserve (MeSH Terms), computed tomography (MeSH
Terms), myocardial perfusion imaging (MeSH Terms), and
transluminal attenuation gradient. We also scanned references
in retrieved articles and reviews.

The retrieved studies were carefully examined by the same
two investigators (MH, DG) to exclude potentially duplicate
or overlapping data.Meetings abstracts were excluded, as they
could not provide adequately detailed data and their results
might not be final. Only papers evaluating the presence of
hemodynamically significant CAD by both iFFR and CT
technique in the same patients were included. Disagreements
were resolved by consensus by the same two authors.

Study selection

We included a study if (i) it used CTA, stress CTP, FFRCT,
and/or TAG as diagnostic test to detect hemodynamically rel-
evant CAD; (ii) reported cases in absolute numbers of true-
positive (TP), false-positive (FP), true-negative (TN), and
false-negative (FN) results or presented sufficiently detailed
data for deriving these figures; and (iii) used iFFR as the
reference standard. Studies evaluating only rest CT perfusion
without stress were excluded from the analysis. Only the pa-
pers concerning patients with stable chest pain were included.

Data extraction and quality assessment

The same two investigators (MH, DG) performed the data
extraction independently, and discrepancies were resolved
by consensus. The following information was extracted from
each study: first author, journal and year of publication, study
design, study population characteristics including inclusion
and exclusion criteria, sample size (number of lesions and
subjects evaluated with both tests without minimal sample
size), mean age, percentage male, technical characteristics of
the CT, including type and brand of machine used, technical
parameters for CT acquisition: radiation dose (mSv), amount
of iodine contrast (g), imaging protocol including for stress
CTP (z-axis coverage, stressor, static versus dynamic acquisi-
tion), analysis protocol including assessment criteria for CTA,
stress CTP, FFRCT, TAG, FFRCT software, and iFFR criteria
and threshold. In cases where > 1 diagnostic CT technique
was evaluated within a single publication, each modality
was considered separately except for stress CTP, which was
evaluated in combination with CTA results.

The study quality conformed to the QUADAS 2 [8].
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Data synthesis and statistical analysis

For CTA analysis, a positive test was defined as ≥ 50% coro-
nary artery stenosis.

Categorical variables from individual studies are presented
as n/N (%) and continuous variables are presented as median
values. Measures of diagnostic accuracy are reported as point
estimates (with 95% CI).

By means of TP, TN, FP, and FN rates, we computed sensi-
tivity, specificity, positive and negative predictive values (PPV
and NPV), positive and negative likelihood ratios (PLR and
NLR), and diagnostic odds ratios. Diagnostic performance anal-
ysis was conducted both at the per-patient and per-vessel levels.

We computed all statistics for individual studies and then
combined them using a random-effects model, weighting each
point estimate by the inverse of the sum of its variance and the
between-study variance. Between-study statistical heteroge-
neity was assessed using the Cochran Q chi-square and I-
square tests. Potential publication bias per modalities was
assessed by creating funnel plots.

Fagan’s nomogram analysis was conducted to evaluate a
patient’s probability of having or not a significant functional
CAD after the index test result.

Statistical computations were performed with Meta-DiSc
1.4 [9].

Results

The reviewing process is described in Fig. 1 (flow chart). We
finally included 50 studies (3024 subjects), in this systematic
review [10–59].

Characteristics of studies

All studies were published between 2008 and 2018. Design
study, index test, inclusion and exclusion criteria, and refer-
ence test characteristics including pre-selection criteria for
iFFR evaluation are reported in Table 1.

Population characteristics and imaging protocols for studies
evaluating CTA (Table 1), stress CTP (Tables 1 and 2), FFRCT

(Tables 1 and 3), and TAG (Table 1) are listed. The entire group
of studies included subjects with amean age of 57 [11, 43, 55] to
73 [49] years old, and the proportion of males ranged from 32%
[45] to 100% [11]. Studies were performed with 64-slice to 320-
slice CT. Thirty studies reported effective radiation dose. The
range of effective radiation dose was 1–9 millisieverts (mSv) for
CTA alone, 3–16 mSv for the total combined CTA and stress
CTP, 0.7–15 mSv for FFRCT, and 3–15 mSv for TAG.

The amount of iodine contrast, available in 26 studies,
ranged from 17 to 56 g.

All stress CTP studies used adenosine as stressor agent at a
dose of 140 μg/kg/min; all stress CTP studies were performed

using single-energy mode. Z coverage ranged from 38 to
160 mm [20–35]. Static first pass acquisition was used in nine
studies [21–24, 28, 30, 32, 33, 35], while seven studies used
dynamic acquisition (six in shuttle mode [20, 25, 27, 29, 31, 34]
and one in stationary mode [26]. In one study [26], only stress
CTP without CTAwas performed; in another one [24], only one
acquisition for both CTA and stress CTP analysis was per-
formed; for all the other studies, two acquisitions were per-
formed (one at rest used for CTA analysis and one at stress for
myocardial perfusion analysis) [20–23, 25, 27–35] (Table 2).

For FFRCTanalysis, off-site analysis (Heart Flow) was per-
formed in six studies [36–39, 46, 49], while on-site software
was used in 12 studies [30, 31, 40–45, 47, 48, 50, 51]. All
studies used ≤ 0.80 as FFRCT threshold for hemodynamically
significant CAD (Table 3).

For TAG studies, different cutoffs were used, ranging from
(− 0.645 to − 1.537 UH/mm) [42, 52, 53, 55–57]. Three studies
were exclusively performedwith large 320-slice CT [54, 58, 59].

Quality assessment

The overall quality of the studies according to the QUADAS 2
tool was high. Study quality assessment is reported in Fig. 2.

Pooled diagnostic accuracy

For the results, the articles included in the meta-analysis were
divided into four groups based on CT-modality evaluated
(CTA, stress CTP, FFRCT, and TAG). TAG was only available
at vessel level analysis. Overall diagnostic accuracy at the
patient level and the vessel level are reported in Table 4 and
in Forest plots (Figs. 3 and 4).

The per-patient analysis demonstrated a pooled PLR of
1.78, 4.58, and 3.45 for CTA, stress CTP, and FFRCT respec-
tively. At the vessel level, PLR were 2.42, 7.72, 3.50, and 1.97
for CTA, stress CTP, FFRCT, and TAG respectively.

Given the different PLR of CTA, stress CTP, FFRCT, and
TAG, if we use the Fagan’s nomogram (Fig. 5): for a pre-test
probability of 30%, the post-test probability of hemodynami-
cally significant CAD would raise to 43% for CTA, 65% for
stress CTP and 60% for FFRCTon a per-patient analysis and to
51% for CTA, 77% for stress CTP, 60% for FFRCT and 46%
for TAG on a per vessel-analysis. For NLR, there is no differ-
ence between CTA, stress CTP, and FFRCT, respectively, 0.21,
0.21, and 0.23 at vessel level. Hence, with a pre-test probabil-
ity of 30% on a per-vessel basis, the post-test probability given
a negative test would lower to 8%, 4%, and 7% for CTA,
stress CTP, and FFRCT respectively. With a NLR of 0.67 for
TAG, the post-test probability would only lower to 22%.

For stress CTP and FFRCT, the summary receiver operating
characteristic curve demonstrated superior diagnostic accura-
cy when compared with CTA alone or TAG (Table 4). This
finding was observed at both patient and vessel level.
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Separate analyses have been performed at vessel level for the
different CT modalities owing to various technical approaches
(Table 5). For stress CTP, sub-analysis demonstrated better PLR
for static than for dynamic mode, with PLR of 10.77 and 4.89,
respectively. For FFRCT, separate analysis of off-site compared
to on-site post-processing demonstrated similar performance
with PLR of 3.05 and 3.67, respectively. Overall performance
of TAG is poor; however, sub-analysis showed higher diagnos-
tic performance for > 320-slice CT than for < 320-slice CT,
with PLR of 3.53 and 0.61 respectively.

On a per-patient basis, statistical heterogeneity was observed
for CTA (for sensitivity, specificity, PLR, PPV, and NPV), for
stress CTP (for NPV), and for FFRCT (for specificity and PLR).
At lesion level, heterogeneity exists for all modalities except for
FFRCT (for sensitivity, PPVand NLR) and for TAG (for NPV),
justifying the use of the random effect model.

Funnel plots per modalities at patient and vessel level are
shown on eFig.1 and eFig.2 (electronic supplementary material).

Discussion

In the present analysis, stress CTP and FFRCT, which provide
additional functional information, demonstrated improved

diagnostic PLR and specificity compared with stand-alone CTA
for the detection of hemodynamically relevant stenosis, both at
the patient and vessel level. Conversely, TAG (with an area under
the curve (AUC) of 0.65) demonstrates poor diagnostic accuracy
for the diagnostic of hemodynamically relevant stenosis.

CTA is a non-invasive technique providing only anatomic
CAD information. As already known, CTA has a high NPV
and low NLR and is recommended as a test for ruling out
significant obstructive CAD in symptomatic patients with
low to intermediate likelihood of CAD [2]. However, mainly
due to the presence of artifacts related to coronary calcifica-
tion, the PLR and specificity of CTA is not sufficiently high,
resulting in false-positive studies or inconclusive studies lead-
ing to potential unnecessary referral to invasive coronary an-
giography or to further functional diagnostic tests (stress MRI,
stress echo, or stress SPECT).

In our meta-analysis, CTA alone yields only relatively low
PLR (1.8 on per patient and 2.4 on per-vessel analysis) and very
low specificity (48% on per patient, 64% on per-vessel analy-
sis) for the diagnosis of hemodynamically significant CAD.

Stress CTP and FFRCToffer higher PLR (4.6 and 3.4 on a per-
patient analysis, and 7.7 and 3.5 on a per-vessel analysis respec-
tively) and higher specificity (82% and 72% on a per-patient
analysis, 89% and 75% on a per-vessel analysis respectively).

251 Reports iden�fied by search

132 Reports poten�ally 

eligible for inclusion

50 Reports included in

meta-analysis

119 Reports

excluded on basis of 
�tle

82 Reports

excluded on basis of 

text and/or abstract

Stress CTP

(n=16)

CTA

(n= 37)

FFR CT

(n= 18)

TAG

(n= 10)

Fig. 1 Flowchart describing the
publication search and selection
of eligible studies. Abbreviations:
n = number of studies

Eur Radiol (2019) 29:3044–3061 3047



Ta
bl
e
1

S
um

m
ar
y
ch
ar
ac
te
ri
st
ic
s
of

in
cl
ud
ed

st
ud
ie
s

A
ut
ho
r,

jo
ur
na
l,
ye
ar

D
es
ig
n

In
de
x

te
st

St
ud
y
po
pu
la
tio

n
In
cl
us
io
n

St
ud
y

po
pu
la
tio

n
E
xc
lu
si
on

P
at
ie
nt

N (%
m
al
e)

M
ea
n

ag
e
±
SD

L
es
io
n

(N
)

H
ar
dw

ar
e

R
ad
ia
tio

n
do
se

(m
Sv

)
Io
di
ne

(g
)

IC
A

cr
ite
ri
a
fo
r

iF
F
R

iF
FR

th
re
sh
ol
d

M
ei
jb
oo
m

et
al
[1
0]

JA
C
C
,2
00
8

S
R
et
ro
sp
ec
tiv
e

C
TA

K
no
w
n
C
A
D

S
te
nt
,C

A
B
G

79
(8
1)

60
±
9

89
64
-s
lic
e
C
T
Se
ns
at
io
n
or

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

N
A

22
–4
0

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

<
0.
75
,

<
0.
8*

va
n
W
er
kh
ov
en

et
al
[1
1]

A
m
J
C
ar
di
ol
,2
00
9

S
R
et
ro
sp
ec
tiv
e

C
TA

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

–
33

(1
00
)

57
±
11

36
64
-r
ow

C
T

A
qu
ili
on

64
To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

N
A

N
A

–
≤
0.
75

Sa
rn
o
et
al
[1
2]

JA
C
C
Im

g,
20
09

S
Pr
os
pe
ct
iv
e

C
TA

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

–
81

(7
4)

62
±
11

11
6

64
-s
lic
e
C
T
Se
ns
at
io
n

Si
em

en
s
H
ea
lth
ca
re

N
A

36
–

≤
0.
75

K
ri
st
en
se
n
et
al
[1
3]

In
tJ

C
ar
di
ol
,2
01
0

S
Pr
os
pe
ct
iv
e

C
TA

In
te
rm

ed
ia
te
le
si
on

on
di
ag
no
st
ic
IC
A

–
42

(9
0)

61
±
10

56
64
-r
ow

C
T

A
qu
ili
on

64
To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

N
A

N
A

In
te
rm

ed
ia
te

st
en
os
is

on
IC
A

<
0.
75

O
po
sl
ki

et
al
[1
4]

E
ur

J
R
ad
io
l,
20
14

S
Pr
os
pe
ct
iv
e

C
TA

50
–8
0%

st
en
os
is
on

C
TA

S
te
nt
,C

A
B
G
,

pr
io
r
M
I,
L
M
,

he
av
ily

ca
lc
if
ie
d

le
si
on
s

61
(6
4)

63
±
9

71
64
-s
lic
e
D
SC

T
So
m
at
om

D
ef
in
iti
on

Si
em

en
s
H
ea
lth
ca
re

N
A

32
–4
8

≥
50
–8
0%

st
en
os
is

on
C
TA

≤
0.
8

R
os
si
A
et
al
[1
5]

C
ir
c
C
v
Im

g,
20
14

M
(2
)

R
et
ro
sp
ec
tiv
e

C
TA

K
no
w
n
C
A
D

L
M
,h
ea
vi
ly

ca
lc
if
ie
d
le
si
on
s

99
(7
8)

61
±
11

14
4

64
-s
lic
e
D
SC

T
So
m
at
om

D
ef
in
iti
on

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

N
A

18
–3
7

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

V
or
os

et
al
[1
6]

A
m
J
C
ar
di
ol
,2
01
4

S
Pr
os
pe
ct
iv
e

C
TA

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

–
85

(6
2)

61
±
8

85
64
-s
lic
e
So
m
at
on

Si
em

en
s
H
ea
lth
ca
re

32
0-
ro
w
C
T,
A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

N
A

N
A

40
–9
9%

st
en
os
is

on
C
TA

or
IC
A

≤
0.
75

K
o
et
al
[1
7]

E
ur

R
ad
io
l,
20
14

S
R
et
ro
sp
ec
tiv

e
C
TA

S
us
pe
ct
ed

C
A
D

C
A
B
G
,r
ec
en
tM

I
11
5
(7
6)

64
±
10

23
0

32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

4.
5
±
3.
1

N
A

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

G
ue
ki
er
e
et
al
[1
8]

In
tJ

C
v
Im

g
20
15

S
Pr
os
pe
ct
iv
e

C
TA

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

–
65

(7
2)

63
±
9

52
64

Li
gh
tS
pe
ed

or
D
is
co
ve
ry

C
T
75
0
H
D

G
E
H
ea
lth
ca
re

N
A

28
–3
6

40
–7
0%

st
en
os
is

on
IC
A

≤
0.
8

D
an
ad

et
al
[1
9]

JA
M
A
C
ar
di
ol
,2
01
7

S
Pr
os
pe
ct
iv
e

C
TA

S
us
pe
ct
ed

C
A
D

A
cu
te
M
I

20
8
(6
3)

58
±
9

61
5

25
6-
se
ct
io
n
C
T

B
ri
lla
nc
e
iC
T

P
hi
lip

s
H
ea
lth

ca
re

5.
31

±
1.
32

N
A

A
ll
co
ro
na
ry

ar
te
ri
es

≤
0.
8

B
am

be
rg

et
al
[2
0]

R
ad
io
lo
gy
,2
01
1

S
Pr
os
pe
ct
iv
e

C
TA

St
re
ss

C
T
P

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

–
33

(7
6)

68
±
10

96
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

3.
1
±
1
C
TA

10
±
2
sC

T
P

N
A

50
–8
5%

st
en
os
is

on
IC
A

≤
0.
75

K
o
et
al
[2
1]

E
ur

H
ea
rt
J,
20
12

S
Pr
os
pe
ct
iv
e

C
TA

St
re
ss

C
T
P

K
no
w
n
C
A
D
(a
tl
ea
st
on
e

>
50
%

st
en
os
is
by

IC
A
)

re
fe
rr
ed

fo
r
no
n
ur
ge
nt

re
va
sc
ul
ar
iz
at
io
n
by

P
C
A

C
A
B
G
,R

ec
en
tM

I
L
M
,C

T
O

42
(6
4)

65
±
8

86
32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

5.
3
±
2.
2
sC

T
P

4.
8
±
2.
6
C
TA

42
≥
50
% st
en
os
is

on
IC
A

≤
0.
8

K
o
et
al
[2
2]

JA
C
C
Im

g,
20
12

S
Pr
os
pe
ct
iv
e

C
TA

St
re
ss

C
T
P

S
us
pe
ct
ed

C
A
D

K
no
w
n
C
A
D

R
ec
en
tA

C
S

28
(6
7)

62
±
10

10
3

32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

4.
7
±
3.
9
C
TA

4.
5
±
1.
9
sC

T
P

42
A
ll
m
aj
or

ve
ss
el
s

≤
0.
8

B
et
te
nc
ou
rt
et
al
[2
3]

JA
C
C
,2
01
3

S
Pr
os
pe
ct
iv
e

C
TA

St
re
ss

C
T
P

S
us
pe
ct
ed

C
A
D

–
10
1
(6
7)

62
±
8

30
3

64
-s
lic
e
C
T
Se
ns
at
io
n

Si
em

en
s
H
ea
lth
ca
re

To
ta
l

5
±
0.
96

N
A

>
40
%

st
en
os
is

on
IC
A

≤
0.
8

3048 Eur Radiol (2019) 29:3044–3061



T
ab

le
1

(c
on
tin

ue
d)

A
ut
ho
r,

jo
ur
na
l,
ye
ar

D
es
ig
n

In
de
x

te
st

St
ud
y
po
pu
la
tio

n
In
cl
us
io
n

St
ud
y

po
pu
la
tio

n
E
xc
lu
si
on

P
at
ie
nt

N (%
m
al
e)

M
ea
n

ag
e
±
S
D

L
es
io
n

(N
)

H
ar
dw

ar
e

R
ad
ia
tio

n
do
se

(m
Sv

)
Io
di
ne

(g
)

IC
A

cr
ite
ri
a
fo
r

iF
F
R

iF
F
R

th
re
sh
ol
d

C
ho
o
et
al
[2
4]

A
ct
a
R
ad
io
l,
20
13

S
P
ro
sp
ec
tiv
e

C
TA

S
tr
es
s
C
T
P

Su
sp
ec
te
d
C
A
D

(s
ym

pt
om

at
ic
at
lo
w
to

in
te
rm

ed
ia
te
ris
k
of
C
A
D
)

an
d
>
50
%

di
am

et
er

st
en
os
is
on

C
TA

St
en
t,
C
A
B
G
,p
ri
or

M
I

37
(7
5)

62
±
20

81
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth

ca
re

4.
63

±
2.
57

27
50
–8
5%

st
en
os
is

on
IC
A

≤
0.
75

G
re
if
et
al
[2
5]

H
ea
rt
,2
01
3

S
P
ro
sp
ec
tiv
e

C
TA

S
tr
es
s
C
T
P

Su
sp
ec
te
d
or

kn
ow

n
C
A
,

in
cl
ud
in
g
st
en
t,
or

C
A
B
G

–
65

(6
4)

70
±
9

19
5

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth

ca
re

2.
9
±
0.
9
C
TA

9.
7
±
2.
2
sC

T
P

N
A

50
–8
5%

st
en
os
is

on
IC
A

≤
0.
8

H
ub
er

et
al
[2
6]

R
ad
io
lo
gy
,2
01
3

S
P
ro
sp
ec
tiv
e

S
tr
es
s
C
T
P

Su
sp
ec
te
d
C
A
D

R
ec
en
tA

C
S

32
(6
6)

63
±
8

96
25
6-
se
ct
io
n
C
T

B
ri
lli
an
ce

iC
T
P
hi
ip
s
H
ea
lh
ca
re

9.
5

16
–

<
0.
75

R
os
si
et
al
[2
7]

E
ur

H
ea
rt
J
C
v
Im

g,
20
14

M
(2
)

Pr
os
pe
ct
iv
e

C
TA

S
tr
es
s
C
T
P

Su
sp
ec
te
d
C
A
D

–
80

(7
9)

60
±
10

21
0

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth

ca
re

4.
2
C
TA

9.
4
sC

T
P

21
–5
0

30
–9
0%

st
en
os
is

on
IC
A

≤
0.
75

W
on
g
et
al
[2
8]

JA
C
C
,2
01
4

S
P
ro
sp
ec
tiv
e

C
TA

+
S
tr
es
s
C
T
P

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

C
A
B
G
,r
ec
en
tM

I
75

(6
9)

64
±
11

12
3

32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

4.
6
±
3.
2
C
TA

4.
8
±
3.
5
sC

T
P

42
≥
30
% st
en
os
is

on
IC
A

≤
0.
8

K
on
o
et
al
[2
9]

In
ve
st
ig
at
iv
e
R
ad
io
l,

20
14

S
P
ro
sp
ec
tiv
e

C
TA

+
S
tr
es
s
C
T
P

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

Pr
io
r
M
I

42
(8
1)

62
±
19

91
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth

ca
re

3.
5
C
TA

9.
4
sC

T
P

33
–3
7

–
≤
0.
8

Y
an
g
et
al
[3
0]

R
ad
io
lo
gy
,2
01
5

S
P
ro
sp
ec
tiv
e

C
TA

S
tr
es
s
C
T
P

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

(s
ym

pt
om

at
ic
at

in
te
rm

ed
ia
te
to
hi
gh

ri
sk

of
C
A
D
)

C
A
B
G
,p
ri
or

PC
I

75
(7
7)

64
±
10

21
0

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth

ca
re

N
A

48
–5
6

–
≤
0.
8

C
oe
ne
n,
et
al
[3
1]

JA
C
C
Im

g,
20
17

M
(2
)

Pr
os
pe
ct
iv
e

C
TA

S
tr
es
s
C
T
P

F
FR

C
T

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

C
T
O

74
(8
4)

61
±
9

14
2

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
O
R
C
E

Si
em

en
s
H
ea
lth

ca
re

3.
7
±
3.
2
C
TA

9.
3
±
01
.8

sC
T
P

N
A

30
–9
0%

st
en
os
is

on
IC
A

≤
0.
8

Y
an
g
et
al
[3
2]

E
ur

H
ea
rt
J
C
v
Im

g,
20
17

S
P
ro
sp
ec
tiv
e

C
TA

S
tr
es
s
C
T
P

F
FR

C
T

Su
sp
ec
te
d
C
A
D

C
A
B
G
,P

C
I,
C
T
O

72
(8
9)

63
±
9

16
8

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth

ca
re

7.
8
±
2.
8
C
TA

7.
7
±
3.
0
sC

T
P

N
A

20
–9
0%

st
en
os
is

on
iC
A

≤
0.
8

W
ill
ia
m
s
et
al
[3
3]

E
ur

R
ad
io
l,
20
17

S
P
ro
sp
ec
tiv
e

S
tr
es
s
C
T
P

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d
IC
A

–
51

(8
0)

63
±
2

14
1

32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

2.
73

C
TA

3.
71

sC
T
P

N
A

≥
50
% st
en
os
is

on
IC
A

≤
0.
8

C
oe
ne
n
et
al
[3
4]

E
ur

R
ad
io
l,2
01
7

S
P
ro
sp
ec
tiv
e

S
tr
es
s
C
T
P

Su
sp
ec
te
d
C
A
D
re
fe
rr
ed

fo
r
in
di
ca
te
d
in
va
si
ve

an
gi
og
ra
ph
y

43
(8
4)

63
±
9

94
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
O
R
C
E

Si
em

en
s
H
ea
lth

ca
re

9.
0
±
01
.9
sC

T
P

18
30
–9
0%

st
en
os
is

on
IC
A

≤
0.
8

P
on
to
ne

et
al
[3
5]

JA
C
C
Im

g,
20
18

S
P
ro
sp
ec
tiv
e

C
TA

S
tr
es
s
C
T
P

Su
sp
ec
te
d
C
A
D

Pr
io
r
M
I,
P
ri
or

P
C
I

C
A
B
G
,A

C
S

10
0
(6
9)

66
±
9

25
6-
Sc
lic
e
C
T

R
ev
ol
ut
io
n

G
E
H
ea
lth
ca
re

2.
8
±
1.
4
C
TA

2.
5
±
1.
1
sC

T
P

22
30
–8
0%

st
en
os
is

on
IC
A

≤
0.
8

K
oo

et
al
[3
6]

JA
C
C
,2
01
1

M
(4
)

Pr
os
pe
ct
iv
e

C
TA

F
FR

C
T

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d
IC
A
,w

ith
C
TA

≥
50
%

st
en
os
is

C
A
B
G

10
3
(7
2)

63
±
8

15
9

≥
64

sl
ic
es

m
ul
tiv
en
do
r

3–
15

26
–3
7

C
lin

ic
al
ly

in
di
ca
te
d

≤
0.
8

M
in
,e
ta
l[
37
]

JA
M
A
,2
01
2

M
(1
7)

Pr
os
pe
ct
iv
e

C
TA

F
FR

C
T

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d
no
n
ur
ge
nt

IC
A

C
A
B
G
,P

ri
or

P
C
I

25
2
(7
1)

63
±
9

40
7

≥
64

sl
ic
es

m
ul
tiv
en
do
r

4.
4–
15

N
A

30
–9
0%

st
en
os
is

on
IC
A

≤
0.
8

Eur Radiol (2019) 29:3044–3061 3049



T
ab

le
1

(c
on
tin

ue
d)

A
ut
ho
r,

jo
ur
na
l,
ye
ar

D
es
ig
n

In
de
x

te
st

St
ud
y
po
pu
la
tio

n
In
cl
us
io
n

St
ud
y

po
pu
la
tio

n
E
xc
lu
si
on

P
at
ie
nt

N (%
m
al
e)

M
ea
n

ag
e
±
SD

L
es
io
n

(N
)

H
ar
dw

ar
e

R
ad
ia
tio

n
do
se

(m
Sv

)
Io
di
ne

(g
)

IC
A

cr
ite
ri
a
fo
r

iF
F
R

iF
F
R

th
re
sh
ol
d

N
ør
ga
ar
d
et
al
[3
8]

JA
C
C
,2
01
4

M
(1
0)

Pr
os
pe
ct
iv
e

C
TA
FF

R
C
T

S
us
pe
ct
ed

C
A
D
re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d

no
n
ur
ge
nt

IC
A
,w

ith
C
TA

30
–9
0%

st
en
os
is

C
A
B
G
,P

C
I

A
C
S

25
4
(6
4)

64
±
10

48
4

≥
64

sl
ic
es

M
ul
tiv
en
do
r

3.
0
±
2.
2
Pr
o

14
.3
±
7.
0

R
et
ro

N
A

≥
30
% st
en
os
is

on
IC
A

≤
0.
8

K
im

et
al
[3
9]

JA
C
C
Im

g,
20
14

M
(3
)

Pr
os
pe
ct
iv
e

C
TA
FF

R
C
T

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d
no
n
ur
ge
nt

IC
A
w
ith

C
TA

≥
50
%

st
en
os
is

–
44

(8
0)

65
±
9

48
≥
64

sl
ic
es

M
ul
tiv
en
do
r

N
A

N
A

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

R
en
ke
r
et
al
[4
0]

A
m
J
C
ar
di
ol
,2
01
4

S
R
et
ro
sp
ec
tiv
e

FF
R
C
T

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

St
en
t,
C
A
B
G
,

B
if
ur
ca
tio
n
le
si
on

53
(6
4)

61
±
12

67
64
-s
lic
e
D
SC

T
D
ef
in
iti
on

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

N
A

N
A

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

C
oe
ne
n
et
al
[4
1]

R
ad
io
lo
gy
,2
01
5

S
R
et
ro
sp
ec
tiv

e
C
TA

FF
R
C
T

S
us
pe
ct
ed

or
kn
ow

n
C
A
B
G
,P

C
I,
C
A

sc
or
e
>
20
00

10
6
(7
7)

61
±
9

18
9

64
-s
lic
e
D
SC

T
D
ef
in
iti
on

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

7.
6

N
A

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

W
an
g
et
al
[4
2]

E
ur

J
R
ad
io
l2

01
5

S
R
et
ro
sp
ec
tiv

e
C
TA

FF
R
C
T
,

TA
G

S
us
pe
ct
ed

C
A
D

St
en
t,
C
A
B
G
,L

M
,

C
T
O
,B

if
ur
ca
tio
n

32
(6
6)

58
±
12

32
64
-s
lic
e
D
SC

T
D
ef
in
iti
on

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

7.
7
±
1

18
–4
4

–
≤
0.
8

Z
ha
ng

et
al
[4
3]

P
lo
s
on
e,
20
16

S
R
et
ro
sp
ec
tiv

e
C
TA

FF
R
C
T

S
us
pe
ct
ed

C
A
D

C
A
B
G
,P

C
I

C
A
sc
or
e
>
20
00

21
(7
6)

57
±
10

32
64
-s
lic
e
A
qu
ili
on

32
0-
ro
w
C
T
A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

N
A

N
A

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

D
e
G
ee
r
et
al
[4
4]

A
ct
a
R
ad
io
l2

01
6

S
R
et
ro
sp
ec
tiv
e

FF
R
C
T

S
us
pe
ct
ed

C
A
D

C
A
B
G
,P

C
I,
os
tia
l

st
en
os
is

21
(5
2)

60
±
9

23
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

0.
7–
14
.1

N
A

–
≤
0.
75

≤
0.
8*

K
ru
k
et
al
[4
5]

JA
C
C
Im

g
20
16

S
Pr
os
pe
ct
iv
e

C
TA

FF
R
C
T

S
us
pe
ct
ed

C
A
D
re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d

no
n
ur
ge
nt

IC
A
,w

ith
C
TA

50
–9
0%

st
en
os
is

C
A
B
G
,p
ri
or

M
I,

C
T
O

90
(3
2)

63
.4

±
8.
2

96
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

7.
3

24
–3
2

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

K
aw

aj
ie
ta
l[
46
]

In
tJ

C
v
Im

g,
20
16

M
(2
)

Pr
os
pe
ct
iv
e

FF
R
C
T

S
us
pe
ct
ed

C
A
D

C
A
B
G
,P

C
I,
re
ce
nt

pr
io
r
M
I

48
(6
5)

70
.8

±
7.
8

70
64
-s
lic
e
D
SC

T
D
ef
in
iti
on
,

Si
em

en
s
H
ea
lth
ca
re

32
0-
ro
w
C
T
A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

N
A

N
A

Si
gn
if
ic
an
t

st
en
os
is

on
C
TA

or
≥
30
%

on
IC
A

≤
0.
8

Te
sc
he

et
al
[4
7]

JC
C
T,
20
16

S R
et
ro
sp
ec
tiv

e
FF

R
C
T

TA
G

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

C
A
B
G
,P

C
I,

B
if
ur
ca
tio
n

37
(6
8)

61
±
10

37
64
-s
lic
e
D
SC

T
D
ef
in
iti
on

12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

6.
6
±
0.
8

18
–3
0

In
te
rm

ed
ia
te

st
en
os
is

on
IC
A

≤
0.
8

K
ur
at
a
et
al
[4
8]

E
ur

R
ad
io
l,
20
17

S
R
et
ro
se
pc
tiv
e

FF
R
C
T

S
us
pe
ct
ed

or
kn
ow

n
C
A
D

C
A
B
G
,P

C
I,
pr
io
r

M
I,
C
T
O

21
(7
6)

70
±
9

29
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

8.
7
±
3.
5

17
–2
2

C
lin

ic
al
ly

in
di
ca
te
d

≤
0.
8

O
sa
w
a
et
al
[4
9]

H
ea
rt
Ve
ss
el
s,
20
17

S
Pr
os
pe
ct
iv
e

FF
R
C
T

S
us
pe
ct
ed

C
A
D
an
d

C
TA

>
30
%

st
en
os
is

C
A
B
G
PC

I,
re
ce
nt

pr
io
r
M
I,
A
C
S

20
(8
0)

73
±
8

26
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

N
A

N
A

–
≤
0.
8

Sh
ie
ta
l[
50
]

B
io
m
ed

E
n
O
nl
in
e,
20
17

S
R
et
ro
sp
ec
tiv
e

FF
R
C
T

S
us
pe
ct
ed

C
A
D
w
ith

C
lin
ic
al
ly
in
di
ca
te
d
IC
A

–
29

(5
5)

68
±
8

36
32
0-
ro
w
C
T
A
qu
ili
on

O
ne

To
sh
ib
a

N
A

N
A

C
lin
ic
al
ly

in
di
ca
te
d

≤
0.
8

K
o
et
al
[5
1]

JA
C
C
Im

g
20
17

S
Pr
os
pe
ct
iv
e

C
TA

F
FR

C
T

S
ym

pt
om

at
ic
at

in
te
rm

ed
ia
te
to
hi
gh

ri
sk

of
C
A
D
,C

lin
ic
al
ly

in
di
ca
te
d
IC
A
w
ith

FF
R

–
30

(7
0)

60
±
8.
5

58
32
0-
ro
w
C
T
A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s
4.
7

N
A

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

3050 Eur Radiol (2019) 29:3044–3061



T
ab

le
1

(c
on
tin

ue
d)

A
ut
ho
r,

jo
ur
na
l,
ye
ar

D
es
ig
n

In
de
x

te
st

St
ud
y
po
pu
la
tio

n
In
cl
us
io
n

St
ud
y

po
pu
la
tio

n
E
xc
lu
si
on

P
at
ie
nt

N (%
m
al
e)

M
ea
n

ag
e
±
S
D

L
es
io
n

(N
)

H
ar
dw

ar
e

R
ad
ia
tio

n
do
se

(m
Sv

)
Io
di
ne

(g
)

IC
A

cr
ite
ri
a
fo
r

iF
F
R

iF
F
R

th
re
sh
ol
d

Y
on
n
et
al
[5
2]

JA
C
C
Im

g,
20
12

S
R
et
ro
sp
ec
tiv
e

C
TA

TA
G

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

re
fe
rr
ed

fo
r

cl
in
ic
al
ly

in
di
ca
te
d
IC
A
,

w
ith

C
TA

≥
50
%

st
en
os
is

C
A
B
G

53
(7
4)

63
±
9

82
64
-s
lic
e
D
ef
in
iti
on

Si
em

en
s

64
B
ri
lli
an
ce
,P

hi
lip
s

3–
15

32
C
lin
ic
al
ly

in
di
ca
te
d

≤
0.
8

C
ho
ie
ta
l[
53
]

E
ur

H
ea
rt
J,
20
12

S
R
et
ro
sp
ec
tiv
e

C
TA

TA
G

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

an
d
C
TA

≥
50
%

st
en
os
is

an
d
su
bs
eq
ue
nt
ly

un
de
rw

en
tI
C
A
w
ith

iF
FR

–
63

(7
0)

63
±
8

97
64
-s
lic
e
D
ef
in
iti
on

Si
em

en
s

64
B
ri
lli
an
ce
,P

hi
lip
s

N
A

32
C
lin
ic
al
ly

in
di
ca
te
d

≤
0.
8

W
on
g
et
al
[5
4]

JA
C
C
,2
01
3

S
R
et
ro
sp
ec
tiv
e

C
TA

TA
G

C
lin
ic
al
ly

in
di
ca
te
d
IC
A

w
ith

FF
R

C
A
B
G
,r
ec
en
tM

I
C
T
O

54
(6
5)

63
±
9

78
32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

5.
7
±
5.
2

N
A

_
≤
0.
8

St
ui
jf
za
nd

et
al
[5
5]

JA
C
C
Im

g,
20
14

S
Pr
os
pe
ct
iv
e

C
TA

TA
G

In
te
rm

ed
ia
te
pr
ob
ab
ili
ty

of
C
A
D

C
A
B
G
,P

C
I

Pr
ev
io
us

M
I

85
(6
0)

57
±
10

59
25
6-
se
ct
io
n
C
T

B
ri
lli
an
ce

iC
T

P
hi
lip

s

4.
97

±
0.
89

35
A
ll
te
rr
ito
ry

ex
ce
pt

oc
cl
ud
ed

or
su
bt
ot
al

le
si
on

≤
0.
8

H
el
le
ta
l[
56
]

E
ur

J
R
ad
io
l,
20
15

S
R
et
ro
sp
ec
tiv
e

TA
G

C
lin
ic
al
ly

in
di
ca
te
d
IC
A

w
ith

iF
FR

an
d
C
TA

≥
50
%

st
en
os
is

–
59

(7
5)

64
±
11

72
12
8-
sl
ic
e
D
SC

T
D
ef
in
iti
on

F
LA

SH
Si
em

en
s
H
ea
lth
ca
re

5.
0
±
5.
6

24
–2
8

C
lin
ic
al
ly

in
di
ca
te
d

≤
0.
8

N
ak
an
is
hi

et
al
[5
7]

In
tJ

C
v
Im

g,
20
15

M
(−
)

Pr
os
pe
ct
iv
e

TA
G

Su
sp
ec
te
d
or

kn
ow

n
C
A
D

C
A
B
G
,P

C
I,
C
T
O

10
3
(6
8)

62
±
7

14
6

≥
64

sl
ic
e

N
A

N
A

C
lin
ic
al
ly

in
di
ca
te
d

≤
0.
8

K
o
et
al
[5
8]

R
ad
io
lo
gy
,2

01
6

M
(3
)

Pr
os
pe
ct
iv
e

TA
G

Su
sp
ec
te
d
C
A
D
re
fe
rr
ed

fo
r
cl
in
ic
al
ly

in
di
ca
te
d

no
n
ur
ge
nt

IC
A
an
d

C
TA

30
–9
0%

st
en
os
is

C
A
B
G
,P

C
I

A
C
S

51
(7
4)

62
±
10

82
32
0-
ro
w
C
T
A
qu
ili
on

O
ne

or
A
qu
ili
on

Vi
si
on

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

12
.7
0
±
4.
8

R
et
ro

3.
3
±
3.
8
Pr
o

20
–2
6

≥
30
% st
en
os
is
on

IC
A

≤
0.
8

K
o
et
al
[5
9]

In
tJ

C
v
Im

g,
20
16

S Pr
os
pe
ct
iv
e

C
TA

TA
G

C
lin
ic
al
ly

in
di
ca
te
d
IC
A

w
ith

FF
R

C
A
B
G

A
C
S

27
(7
0)

65
±
10

51
32
0-
ro
w
C
T

A
qu
ili
on

O
ne

To
sh
ib
a
M
ed
ic
al

Sy
st
em

s

3.
2
±
1.
9

20
–2
6

In
te
rv
en
tio
na
l

ca
rd
io
lo
gi
st

di
sc
re
tio
n

≤
0.
8

S,
si
ng
le
ce
nt
er
st
ud
y;
M
,m

ul
tic
en
te
rs
tu
dy
;M

I,
m
yo
ca
rd
ia
li
nf
ar
ct
io
n;
LM

,l
ef
tm

ai
n;
C
a,
ca
lc
iu
m
;C

TO
,c
hr
on
ic
to
ta
lo
cc
lu
si
on
;A

C
S,
ac
ut
e
co
ro
na
ry

sy
nd
ro
m
e;
P
C
I,
pe
rc
ut
an
eo
us

co
ro
na
ry

in
te
rv
en
tio

n;
C
A
B
G
,c
or
on
ar
y
ar
te
ry

by
pa
ss

gr
af
tin

g;
D
SC

T,
du
al
so
ur
ce

co
m
pu
te
d
to
m
og
ra
ph
y;

N
A
,n
ot

av
ai
la
bl
e;
sC

T,
st
re
ss

C
T
P;

P
ro
,p
ro
sp
ec
tiv

e
ac
qu
is
iti
on
;R

et
ro
,r
et
ro
sp
ec
tiv

e
ac
qu
is
iti
on

*i
FF

R
th
re
sh
ol
d
us
ed

in
th
e
m
et
a-
an
al
ys
is

Eur Radiol (2019) 29:3044–3061 3051



Fagan’s nomogram analysis illustrates that in case of a
negative result, stress CTP and FFRCT have no incremental
value compared to CTA alone to rule out hemodynamically
significant CAD. Conversely, in case of a positive test,
stress CTP and FFRCT offer incremental value over CTA
alone. This suggests that CTA alone can act as an accurate
Bgate-keeper^ in ruling out functionally significant CAD,
while stress CTP and FFRCT, with significant reduction in
false-positive, can allow better identification of patients
with ischemic lesion.

Until now, validation of TAG at rest for the diagnosis
of hemodynamically significant CAD has yielded con-
flicting results [42, 47, 52–59]. Our meta-analysis demon-
strates global modest performance of TAG (AUC of 0.61).
However, large coverage CT scanners (320-slice CT) are
associated with better diagnostic performance with an
AUC of 0.83. This could be explained by the ability of
these wide coverage CT scanners to perform iso-temporal,
single-heartbeat, and whole-heart acquisition. Hence, it
seems that the ability of TAG to discriminate between

Table 2 Summary characteristics of studies evaluating stress CTP versus iFFR

Author,
journal, year

Hardware CT imaging
protocol

Perfusion
stressor

Perfusion Z
coverage

Perfusion
acquisition mode

Perfusion image
analysis

Bamberg et al [20]
Radiology, 2011

128-slice DSCT
Definition FLASH
Siemens Healthcare

1. CTA
2. Stress CTP

Adenosine 73 mm Dynamic (shuttle)
Single energy

Quantitative
(MBF < 75 mL/100
mL/min)

Ko et al [21]
Eur Heart J, 2012

320-row CT
Aquilion One
Toshiba Medical Systems

1. Stress CTP
2. CT-DE
3. CTA

Adenosine 160 mm Static first-pass
Single energy

Visual

Ko et al [22]
JACC Img, 2012

320-row CT
Aquilion One
Toshiba Medical Systems

1. CTA
2. Stress CTP

Adenosine 160 mm Static first-pass
Single energy

Visual
Semi-quantitative

Bettencourt et al [23]
JACC, 2013

64-slice CT Sensation
Siemens Healthcare

1. Ca scoring
2. Stress CTP
3. CTA

Adenosine 38 mm Static first-pass
Single energy

Visual

Choo et al [24]
Acta Radiol, 2013

128-slice DSCT
Definition FLASH
Siemens Healthcare

Stress
(CTP-CTA)

Adenosine 38 mm Static first-pass
Single energy

Visual

Greif et al [25]
Heart, 2013

128-slice DSCT
Definition FLASH
Siemens Healthcare

1. CTA
2. Stress CTP

Adenosine 73 mm Dynamic (shuttle)
Single energy

Quantitative
(MBF < 75 mL/100
mL/min)

Huber et al [26]
Radiology, 2013

256-section CT
Brilliance iCT
Philips Healthcare

Stress CTP Adenosine 78 mm Dynamic
(stationary)

Single energy

Semi-quantitative
Quantitative

(MBF < 75 mL/100
mL/min)

Rossi et al [27]
Eur Heart J Cardiovasc

Img, 2014

128-slice DSCT
Definition FLASH
Siemens Healthcare

1. Ca Scoring
2. CTA
3. Stress CTP

Adenosine 73 mm Dynamic (shuttle)
Single energy

Quantitative
(MBF < 78 ml/100

ml/min)
Wong et al [28]
JACC, 2014

320-row CT
Aquilion One
ToshibaMedical Systems

1. CTA
2. Stress CTP

Adenosine 160 mm Static first-pass
Single energy

Visual

Kono et al [29]
Investigative Radiology,

2014

128-slice DSCT
Definition FLASH
Siemens Healthcare

1. CTA
2. Stress CTP

Adenosine 73 mm Dynamic (shuttle)
Single energy

Quantitative (MBF
ratio)

Yang et al [30]
Radiology, 2015

128-slice DSCT
Definition FLASH
Siemens Healthcare

1. Stress CTP
2. CTA

Adenosine 38 mm Static first-pass
Single energy

Visual

Coenen et al [31]
JACC Img, 2017

128-slice Definition
FLASH, FORCE
Siemens Healthcare

1. CTA
2. Stress CTP

Adenosine 73 mm Dynamic (shuttle)
Single energy

Quantitative (MBF
index)

Yang et al [32]
Eur heart J
Cardiovasc Img, 2017

128-slice DSCT
Definition FLASH
Siemens Healthcare

1. Stress CTP
2. CTA

Adenosine 38 mm Static first-pass
Single energy

Visual

Williams et al [33]
Eur Radiol, 2017

320-row CT
Aquilion One
Toshiba Medical Systems

1.CTA
2.Stress CTP
3. CT-DE

Adenosine 160 mm Static first-pass
Single energy

Semi-quantitative

Coenen et al [34]
Eur Radiol, 2017

128-slice Definition
FLASH, FORCE
Siemens Healthcare

1.CTA
2. Stress CTP

Adenosine 73 mm Dynamic (shuttle)
Single energy

Semi-quantitative
Quantitative (MBF

index)
Pontone et al [35]
JACC Img, 2018

256-slice CT
Revolution
GE Healthcare

1. CTA
2. Stress CTP

Adenosine 160 mm Static first-pass
Single energy

Visual
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Table 3 Summary characteristics of studies evaluating FFRCT versus iFFR

Author,
journal, year

Index test Hardware Image analysis
Software FFRct

FFRCT threshold Rejected for low
image quality

Koo et al [36]
JACC, 2011

FFRCT

CTA
≥ 64 slices
multivendor

External laboratory
Heart Flow 1.0

≤ 0.80 NA

Min et al [37]
JAMA, 2012

FFRCT

CTA
≥ 64 slices
multivendor

External laboratory
Heart Flow 1.2

≤ 0.80 11%

Nørgaard et al [38]
JACC, 2014

FFRCT

CTA
≥ 64 slices
Multivendor

External laboratory
Heart Flow 1.4

≤ 0.80 13%

Kim et al [39]
JACC Img, 2014

FFRCT ≥ 64 slices
Multivendor

External laboratory
Heart Flow 1.2

≤ 0.80 NA

Renker et al [40]
Am J Cardiol, 2014

FFRCT

CTA
64-slice DSCT Definition
128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

< 0.80 6%

Coenen et al [41]
Radiology, 2015

FFRCT

CTA
64-slice DSCT Definition
128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 5%

Wang et al [42]
Eur J Radiol, 2015

FFRCT

CTA
TAG

64-slice DSCT Definition
128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 13%

Zhang et al [43]
Plos One, 2016

FFRCT

CTA
64-slice Aquilion Toshiba
320-row CTAquilion One
Toshiba Medical Systems

On-site computation ≤ 0.80 NA

De Geer et al [44]
Acta Radiol, 2016

FFRCT 128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4/1.7

≤ 0.80 NA

Kruk et al [45]
JACC Img, 2016

FFRCT

CTA
128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 6%

Kawaji et al [46]
Int J Cardiovasc Img,
2016

FFRCT 64-slice DSCT Definition, Siemens
320-row CTAquilion One
Toshiba Medical Systems

External laboratory
Heart Flow 1.4

≤ 0.80 11%

Tesche et al [47]
JCCT, 2016

FFRCT

TAG
128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 6%

Yang et al [30]
Eur heart J CV Img, 2017

FFRCT

CTA
CTP

128-slice DSCT
Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 10%

Coenen et al [31]
JACC Img, 2017

FFRCT

CTA
CTP

128-slice Definition FLASH,
128-slice Definition FORCE
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 10%

Kurata et al [48]
Eur Radiol, 2017

FFRCT 128-slice DSCT Definition FLASH
Siemens Healthcare

On-site computation
Siemens cFFR 1.4

≤ 0.80 25%

Osawa et al [49]
Heart vessels 2017

FFRCT 128-slice DSCT Definition FLASH
Siemens Healthcare

External laboratory
Heart Flow 1.4

≤ 0.80 10%

Shi et al [50]
Biomed Eng Online, 2017

FFRCT 320-row CTAquilion One
Toshiba Medical Systems

On-site computation ≤ 0.80 NA

Ko et al [51]
JACC Img, 2017

FFRCT

CTA
320-row CTAquilion One
Toshiba Medical Systems

On-site computation
Toshiba

≤ 0.80 3%
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Fig. 2 Quality assessment of included studies by QUADAS-2
Revised Criteria. QUADAS = Quality assessment of Diagnostic
Accuracy Studies. Stacked bars represent the proportion of studies

with a low risk of bias, unclear risk of bias, or high risk of bias with
regard to patient selection, utilized reference standard, and imaging
modality (index test)
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vessels with or without hemodynamically significant
CAD is influenced by cranio-caudal coverage.

Several prior meta-analyses assessed the diagnostic perfor-
mance of different imaging techniques with iFFR as the ref-
erence standard, for the diagnosis of functionally significant
CAD. In a previous published meta-analysis reporting 18
studies, Gonzalez et al reported similar diagnostic accuracy
for CTA, CTP, and FFRCT; however, they did not evaluate
TAG [60]. Their results are similar to our analysis which in-
dicated FFRCTand CTP have higher PLR compared with CTA
alone. Several other meta-analyses evaluated only FFRCT as
index test [61–67]. Their results are comparable to our find-
ings, with AUC varying from 0.87 to 0.96 at per-patient level
and 0.86 to 0.91 at per-vessel level. Takx et al analyzed diag-
nostic accuracy of different stress myocardial perfusion imag-
ing techniques (SPECT, stress echo, positron emission tomog-
raphy, MRI, and CTP) [68]. They evaluated seven stress CTP
studies (three in dynamic and four in static mode) without
separate analysis and reported global per-vessel PLR of 5.74
which is lower than our results (PLR of 7.72). In a separate
analysis, we found lower performance for dynamic (PLR 4.8)
than for static stress CTP (PLR 10.8). Danad et al evaluated
diagnostic performance of multiple non-invasive methods
(SPECT, stress echocardiography, invasive coronary angiog-
raphy, CTA, FFRCT, and MRI) [69]. For CTA (10 studies) and
FFRCT (3 studies), they reported quite similar results as those
found in our study, with per-vessel PLR of 2.09 and 4.02 for
CTA and FFRCT respectively.

In our meta-analysis, we evaluate more recent studies
(overall 50 studies) and focus on the comparison between all
the cardiac-modalities including CTA alone, and all the differ-
ent new emerging functional non-invasive methods such as
stress CTP (16 studies), FFRCT (18 studies), and TAG (10
studies).

Beyond diagnostic performance, other considerations are
relevant to evaluate which test will be better to use in clinical
practice, such as radiation exposure, contrast, availability, and
costs [70–72]. From this point of view, stress CTP and FFRCT

have different strengths and shortcomings.
Stress CTP has the advantage of being a direct technique

for myocardial ischemia assessment [73]. Myocardial CTP
evaluation requires two scans: one with pharmacological
stress and the other during rest. The rest acquisition is often
used to coronary anatomy evaluation. Protocol can be per-
formed according to the rest/stress or stress/rest sequences,
separated by 10–20 min to allow for contrast wash-out: if
the interval between the two acquisitions is too short, the
residual contrast can cross contaminate the second scan.
Hence, in the rest scan first approach, the contrast contamina-
tion of the myocardium during the second acquisition might
mask an area of ischemia. In our meta-analysis, nine studies
used rest phase first, and four studies stress phase first. For
suitable clinical use, some authors proposed to use rest scanTa

bl
e
4

O
ve
ra
ll
di
ag
no
st
ic
ac
cu
ra
cy

on
pe
r-
pa
tie
nt

an
d
pe
r-
ve
ss
el
an
al
ys
is

In
de
x
te
st

S
tu
di
es

N
o.

P
or

V
S
en
si
tiv

ity
(9
5%

C
I)

S
pe
ci
fi
ci
ty

(9
5%

C
I)

PP
V
(9
5%

C
I)

N
PV

(9
5%

C
I)

P
L
R
(9
5%

C
I)

N
L
R
(9
5%

C
I)

D
O
R
(9
5%

C
I)

A
U
C
(S
E
)

Q
*
(S
E
)

P
at
ie
nt

le
ve
l

C
TA

15
15
37

0.
91

(0
.8
9–
0.
93
)

0.
48

(0
.4
4–
0.
51
)

0.
59

(0
.5
6–
0.
62
)

0.
87

(0
.8
3–
0.
90
)

1.
78

(1
.4
9–
2.
11
)

0.
20

(0
.1
3–
0.
30
)

10
.5
8
(6
.3
0–
17
.7
8)

0.
80

(0
.0
5)

0.
74

(0
.0
4)

St
re
ss

C
T
P

9
57
9

0.
92

(0
.8
8–
0.
95
)

0.
82

(0
.7
6–
0.
86
)

0.
86

(0
.8
2–
0.
90
)

0.
89

(0
.8
4–
0.
93
)

4.
58

(3
.5
4–
5.
91
)

0.
11

(0
.0
8–
0.
17
)

54
.5
3
(3
0.
47
–9
7.
56
)

0.
93

(0
.0
2)

0.
86

(0
.0
2)

FF
R
C
T

8
82
3

0.
88

(0
.8
4–
0.
91
)

0.
72

(0
.6
8–
0.
76
)

0.
70

(0
.6
6–
0.
75
)

0.
90

(0
.8
7–
0.
93
)

3.
45

(2
.3
8–
5.
00
)

0.
18

(0
.1
3–
0.
26
)

19
.7
9
(1
0.
97
–3
5.
69
)

0.
90

(0
.0
4)

0.
83

(0
.0
4)

V
es
se
ll
ev
el

C
TA

37
53
51

0.
86

(0
.8
5–
0.
88
)

0.
64

(0
.6
3–
0.
66
)

0.
53

(0
.5
1–
0.
55
)

0.
91

(0
.9
0–
0.
92
)

2.
42

(1
.9
3–
3.
02
)

0.
21

(0
.1
6–
0.
28
)

12
.3
2
(8
.8
1–
17
.2
1)

0.
82

(0
.0
2)

0.
75

(0
.0
2)

St
re
ss

C
T
P

16
23
36

0.
82

(0
.8
5–
0.
88
)

0.
89

(0
.8
7–
0.
90
)

0.
79

(0
.7
6–
0.
82
)

0.
91

(0
.8
9–
0.
92
)

7.
72

(5
.5
0–
10
.8
3)

0.
21

(0
.1
6–
0.
27
)

50
.7
7
(3
0.
27
–8
5.
26
)

0.
94

(0
.0
1)

0.
88

(0
.0
1)

FF
R
C
T

18
20
71

0.
85

(0
.8
2–
0.
87
)

0.
75

(0
.7
3–
0.
78
)

0.
65

(0
.6
2–
0.
68
)

0.
90

(0
.8
8–
0.
92
)

3.
50

(2
.7
3–
4.
48
)

0.
23

(0
.1
9–
0.
28
)

18
.1
1
(1
1.
72
–2
8.
00
)

0.
89

(0
.0
2)

0.
82

(0
.0
2)

TA
G

10
93
0

0.
57

(0
.5
1–
0.
63
)

0.
62

(0
.5
8–
0.
66
)

0.
41

(0
.3
6–
0.
46
)

0.
76

(0
.7
2–
0.
80
)

1.
97

(1
.3
2–
2.
93
)

0.
67

(0
.5
3–
0.
85
)

3.
20

(1
.6
3–
6.
25
)

0.
65

(0
.0
6)

0.
61

(0
.0
4)

P,
pa
tie
nt
;V
,v
es
se
l;
P
P
V,
po
si
tiv

e
pr
ed
ic
tiv

e
va
lu
e;
N
P
V,
ne
ga
tiv

e
pr
ed
ic
tiv

e
va
lu
e;
P
LR

,p
os
iti
ve

lik
el
ih
oo
d
ra
tio

;N
LR

,n
eg
at
iv
e
lik

el
ih
oo
d
ra
tio

;D
O
R
,d
ia
gn
os
tic

od
d
ra
tio

;A
U
C
,a
re
a
un
de
rt
he

cu
rv
e;
C
I,

co
nf
id
en
ce

in
te
rv
al
;S

E
,s
ta
nd
ar
d
er
ro
r

3054 Eur Radiol (2019) 29:3044–3061



first for patients with lower pre-test probability of CAD, with
the aim of ruling out CAD. Conversely, the stress scan first
protocol, which has a better ability to detect ischemia, could
be more appropriate for patients with high pre-test probability
of CAD in whom there is a high clinical suspicion of signif-
icant functional CAD [74].

Stress acquisitions can be acquired using two different ap-
proaches: static or dynamic scans. Dynamic acquisition has
the advantage of allowing quantitative assessment of myocar-
dial perfusion while static only allows qualitative or semi-
quantitative evaluation. Regardless of the acquisition protocol
used, stress CTP requires the administration of a pharmaco-
logical stress agent and so double exposure to contrast agent
and radiation. Another shortcoming of CTP is technical issue
such as beam hardening artifacts. In the future, dual-energy
CT techniques might reduce these artifacts. In this meta-anal-
ysis, none studies used dual-energy CT mode; but in an on-
going multi-centric study (Decide Gold), stress CTP will be
performed using dual-energy technique and will evaluate po-
tential reduction of beam hardening artifacts, by using virtual
single-energy monochromatic imaging [75].

The FFRCT is an indirect technique for functional assess-
ment of CAD using coronary flow assessment. Compared to
stress CTP, one of the main strength is that FFRCT requires
only one acquisition as it is quantified from standard CTA
datasets, without modified protocol. Hence, this technique
does not require stress agent, additional contrast, nor addition-
al radiation. Another advantage over stress CTP is that FFRCT

has the ability to identify a specific coronary lesion that causes
ischemia and open the way to a treatment strategy at a coro-
nary artery lesion-specific level [71, 72]. However, FFRCT is
also associated with some limits: the first is the dependence on
very high image quality. In our meta-analysis, even if studies
were performed in experience cardiac imaging centers, a sig-
nificant percentage of patients (from 3 up to 25%, when infor-
mation was available) were excluded due to insufficient image
quality. Furthermore, as pointed out by Cook et al, the diag-
nostic accuracy of FFRCT varies substantially according to the
spectrum of CAD (with high values at extremes of disease
severity and lower values in the intermediate forms of disease)
[66]. Finally, other limitations are software availability (most

Fig. 3 Forest plots with pooled positive likelihood ration and negative
likelihood ratio across all the techniques for detection of
hemodynamically significant coronary stenosis on a per-patient basis

compared to invasive FFR as a reference standard. CTA (blue dots); stress
CTP (green dots); FFRCT (red dots)
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Fig. 4 Forest plots with pooled positive likelihood ration and negative
likelihood ratio across all the techniques for detection of
hemodynamically significant coronary stenosis on a per lesion basis

compared to invasive FFR as a reference standard. CTA (blue dots);
stress CTP (green dots); FFRCT (red dots); TAG (gray dots)
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multi-centric studies used off-site software analysis [36–39]),
cost, and long post-processing time.

Our review highlights the need for further studies. By
now, only one study, comprising a moderate number of
patients, directly compared stress CTP and FFRCT. They
found comparable accuracy for the two techniques [31]. In
our analysis, we found improved pooled specificity and
PLR for stress CTP compared to FFRCT. This difference
points out that large prospective multicenter studies are
warranted to determine if one of these technique yields
better clinical utility. In the near future, PERFECTION
prospective study (comparison between stress cardiac
computed tomography PERfusion versus fractional flow
rEserve measured by computed tomography angiography
in the evaluation of suspected cOroNary artery disease)
will directly prospectively evaluate the diagnostic accuracy
of these two modalities [76]. Moreover, it will be interest-
ing to evaluate the performance of these new CT modali-
ties, in some classical real world situations such as in case
of case of coronary artery stents, CABG, and coronary
calcifications.

Among potential limitations of our meta-analysis, we
can mention the different iFFR cutoff values used in the

included studies to define hemodynamically significant
lesions. Moreover, different techniques for each modality
have been combined in this analysis: included studies
used various CT technology (64-slice to 320-slice CT),
different acquisition protocols, different software for
FFRCT, different stress CTP post-processing, different
methods, and cutoff for calculating TAG. The observed
heterogeneity in the meta-analysis may have derived from
those differences in imaging technology. Given this het-
erogeneity and small publication bias, our conclusions
should be interpreted with caution. Furthermore, the ex-
ternal validity can be affected by expert center bias as
most studies were performed at experienced imaging cen-
ters. Finally, most studies excluded patients with stents,
coronary artery bypass grafts, chronic total occlusion and/
or prior myocardial infarction and no conclusion can be
given for these groups of patients.

Conclusion

In this meta-analysis comparing cardiac CT–based modalities
directly to iFFR, stress CTP and FFRCT have incremental

Fig. 5 Fagan’s Nomogram plot
analysis to evaluate the clinical
utility of cardiac CT modalities
for the detection of significant
hemodynamically CAD using
FFR as reference standard
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value over CTA for non-invasive diagnosis of ischemia-
causing CAD, with improved PLR and specificity in compar-
ison to CTA alone.
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