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Abstract

Background The importance of a diagnostic strategy combining coronary computed tomography angiography
(CCTA) with fractional flow reserve derived from CCTA (FFRCT) for detecting myocardial ischemia is increasing. How-
ever, sensitivity and specificity alone may be insufficient to understand the efficiency characteristics of a diagnostic
strategy combining CCTA and FFRCT (DSCCF). Our study aimed to evaluate the overall efficiency of DSCCF in detect-
ing myocardial ischemia and compare it with other diagnostic strategies to determine whether evaluation by DSCCF
is currently appropriate.

Results This simulation study included 1000 patients with stable chest pain and suspected myocardial ischemia.
Using a decision tree analysis, assuming a diagnostic strategy of adding FFRCT to CCTA-positive patients, we calcu-
lated the following efficiency parameters of DSCCF: (1) true positive (TP), false positive (FP), net false negative (FN),
and net true negative (TN) test results; (2) net sensitivity; (3) net specificity; (4) positive predictive value; (5) nega-

tive predictive value; (6) post-test probability; (7) diagnostic accuracy; (8) diagnostic odds ratio; and (9) number
needed to diagnose. We also calculated the efficiency parameters of other diagnostic strategies and compared them
with those of DSCCF. In the basic setting, regarding efficiency parameters (1), the number of TPs, FPs, net FNs, and net
TNs were 254, 69, 46, and 631, respectively. Efficiency parameters (2)—(9) were 0.85 (95% confidence interval [Cl],
0.80-0.89), 0.90 (95% C10.88-0.92), 0.79 (95% Cl 0.74-0.83), 0.93 (95% C1 0.91-0.95), 0.07 (95% Cl 0.05-0.09), 0.89 (95%
C10.86-0.90), 50.50 (95% Cl 33.83-75.37), and 1.34 (95% Cl 1.24-1.48), respectively. Compared with other diagnostic
strategies, DSCCF had good efficiency parameters. Moreover, the sensitivity analysis did not reveal any evidence

to contradict the findings in the basic setting.

Conclusions This study demonstrated the diagnostic ability characteristics of DSCCF by assessing various efficiency
parameters. Compared with other diagnostic strategies, DSCCF had good efficiency. In terms of efficiency, evaluation
using DSCCF for detecting myocardial ischemia appears to be appropriate.
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Background

Non-invasive diagnostic imaging for detecting myocar-
dial ischemia in patients with stable chest pain is essen-
tial for deciding whether to perform invasive coronary
angiography and revascularization [1-3]. Recently, with
technological improvements in computed tomography
(CT), coronary CT angiography (CCTA) has been widely
performed to detect coronary artery disease (CAD) [3,
4]. The latest guidelines recommend using CCTA as an
anatomical examination for future risk assessment of
patients with intermediate-to-high risk for major cardiac
events [5, 6]. However, since CCTA only provides infor-
mation on coronary artery morphology, it may not be
possible to determine the presence or absence of myocar-
dial ischemia based on the presence or absence of coro-
nary artery stenosis alone [7]. Therefore, in such cases,
assessment of myocardial perfusion using other methods
is required to accurately detect myocardial ischemia [5,
6].

In recent years, the use of fractional flow reserve
(FFR) derived from CCTA (FFRCT) has become wide-
spread in clinical practice for assessing myocardial
perfusion using CT. This method evaluates myocar-
dial blood flow by calculating FFR values through
computational fluid dynamics analysis based on image
data from CCTA [8-10]. Consequently, no additional
imaging examinations are required, and the presence
of myocardial ischemia can be evaluated by reanalyz-
ing the image data obtained from CCTA. Therefore,
a diagnostic strategy combining CCTA and FFRCT
(DSCCE), which can obtain both coronary artery mor-
phological information and myocardial perfusion in a
single examination, has been widely used for detect-
ing myocardial ischemia [9, 10]. Diagnostic tests with
non-invasive functional imaging modalities, including
FFRCT, are performed to select patients who require
invasive coronary angiography and revascularization
procedures [11-13]. Recent guidelines recommend
additional evaluation with FFRCT as class 2a recom-
mendations if 40—90% of stenotic lesions are detected
using CCTA [6]. Most studies that have investigated
the ability of cardiac imaging, including CCTA and
FFRCT, in detecting myocardial ischemia have reported
results using mainly sensitivity and specificity as indi-
cators [1, 11]. However, it is difficult to determine the
characteristics relevant to the diagnostic performance
of DSCCF based solely on the sensitivity and speci-
ficity of CCTA and FFRCT, respectively. To properly
incorporate DSCCF into diagnostic strategies aimed
at detecting myocardial ischemia, it may be necessary
to evaluate its efficiency, namely, the properties rel-
evant to its diagnostic performance based on actual
clinical situations. One example would be to obtain
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diagnostic performance indicators calculated from the
combination of the pre-test probability (PTP) and the
sensitivity and specificity of the DSCCE. If the effective-
ness of DSCCF needs to be evaluated, the efficiency of
diagnostic strategies combining CCTA and imaging
modalities other than FFRCT should be evaluated and
analyzed in comparison with DSCCF. Although the
efficiency of FFRCT alone has been previously evalu-
ated [14], the efficiency of DSCCF as a whole has not
yet been assessed. Clarifying the efficiency of DSCCF
using various indexes is considered to potentially yield
advantages not only for the physician but also for other
medical practitioners involved in the examination by
enhancing their understanding of the capabilities of
DSCCF and leading them to conduct precise and suit-
able diagnostic examinations.

Therefore, in this study, we aimed (1) to obtain the inte-
grated sensitivity and specificity of DSCCF for detecting
myocardial ischemia using information from the litera-
ture, (2) to evaluate the efficiency of DSCCF and PTP,
and (3) to consider whether the evaluation using DSCCF
is currently appropriate by comparing its efficiency with
that of diagnostic strategies that add other modalities to
CCTA.

Methods

Study design

This was a simulation study. This study was conducted
using only published literature data, without including
individual patient data. Therefore, institutional ethics
approval was not obtained. In the analysis, 1,000 patients
who satisfied both of the following clinical conditions
were included [6]:

« Stable chest pain with no known CAD
+ Intermediate-to-high risk for major CAD events
based on the results of the initial evaluation

In these patients, the following clinical course was
assumed for the simulation analysis:

+ Asa further examination, CCTA was performed first.

+ Although a significant stenotic lesion was detected
using CCTA, it was difficult to determine the pres-
ence or absence of myocardial ischemia based on
CCTA results and symptoms [5, 6].

+ FFRCT was performed to confirm the presence of
myocardial ischemia using the same imaging data as
CCTA.

DSCCEF for the above clinical course was defined as a
two-stage strategy (TS).
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Literature search

We performed a literature search to collect data on the
diagnostic ability for analyses. The literature search
was as broad as possible to minimize potential bias and
ensure transparency in the selection of data for analy-
sis. Meta-analysis articles that evaluated the diagnos-
tic ability of non-invasive imaging modalities to detect
myocardial ischemia caused by CAD on a patient basis
were searched. The reference standard of each searched
article was exclusively invasive FFR because many stud-
ies have used this as the reference standard for assessing
the diagnostic ability of non-invasive diagnostic imaging
modalities for detecting CAD. Furthermore, it is a refer-
ence standard for the assessment of the severity of CAD
and an important parameter when considering coronary
revascularization [15]. A literature search was performed
using the PubMed database to identify articles published
between January 1, 2017 and October 31, 2022 (search
date: November 17, 2022). The search terms were as
follows:

(1) “diagnostic accuracy” and “coronary artery disease”

(2) “diagnostic accuracy” and “myocardial ischemia”

(3) “diagnostic performance” and “coronary artery dis-
ease

(4) “diagnostic
ischemia”

performance” and  “myocardial

In case of multiple results, as a candidate article, the top
three articles with the highest number of target patients
were extracted. Subsequently, a qualitative assessment

FFRCT or (CMRI,SPECT, (TP)
SE, PET, and CTP)

Patients : n=1000 +

TEST 1 _—
(CCTA) ——-# Finding

Pre-test
probability:30%

(FP)
TEST 2 4‘ MI
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was performed using a previously published method [14].
Consequently, the article with the highest total score was
selected for analysis. The article with the highest number
of patients was selected in cases with the same scores.
Finally, from the selected articles, data on the sensitivity
and specificity of the diagnostic ability of each modality
were extracted.

Definition of efficiencies for detecting myocardial ischemia
The efficiencies for detecting myocardial ischemia in this
study were as follows:

(1) The following indicators calculated per 1,000
patients in the TS (Fig. 1):

(a) Number of true positives (TPs) and false positives
(FPs),

(b) Number of false-negative (FN) results in CCTA
(FN1),

(c) Number of true-negative (TN) results in CCTA
(TN1),

(d) Number of false-negative (FN) results in FFRCT
(FN2),

(e) Number of true-negative (TN) results in FFRCT
(TN2),

(f) Number of FN (net FN) =FN1 + FN2,

(g) Number of TN (net TN)=TN1+TN2,

(2) Net sensitivity and net specificity (net SEN and net
SP) [16],

(3) Positive predictive value (PPV)=post-test probabil-
ity (positive results),

(4) Negative predictive value (NPV),

True Positive

+ False Positive

False Negative
- at TEST2 (FN2)

True Negative
at TEST2 (TN2)

T False Negative
at TEST1 (FN1)

(10-90%)

net FN=FN1+FN2
net TN=TN1+TN2

+ True Negative
at TEST1 (TN1)

MI: Myocardial ischemia
T, ¥ : The values of FN1 and TN1 are
the same for all diagnostic strategies.

Fig. 1 Decision tree model (two-stage and the other five strategies). CCTA: coronary CT angiography; FFRCT: fractional flow reserve derived
from CCTA; CMRI: cardiac MRI; SE: stress echocardiography; CTP: CT perfusion
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(5) Post-test probability (post-TP [negative results])
(17],

(6) Diagnostic accuracy (DA),

(7) Diagnostic odds ratio (DOR),

(8) Number needed to diagnose (NND) [18].

Definition of the other diagnostic strategies
and comparison of the efficiencies using the TS
To assess the acceptability of TS, we defined the follow-
ing diagnostic strategies and evaluated their efficiencies.
Subsequently, the obtained efficiency parameters were
compared with those of the TS.

(1) Simultaneous strategy

As DSCCEF differs from TS, a diagnostic strategy was
used in performing FFRCT in all patients undergoing
CCTA. In this strategy, the test result was defined as fol-
lows: if any result of CCTA and FFRCT, or both, was pos-
itive, the final result was considered positive, and if both
CCTA and FFRCT were negative, the final result was
considered negative.

(2) CCTA-only strategy

This strategy was defined as the performance of only
CCTA.

(3) Diagnostic strategies combining CCTA with other
modalities

We proposed a diagnostic strategy combining CCTA
with the existing non-invasive functional imaging
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modality. The subject of the evaluation was a diagnostic
strategy that combined CCTA with the following imaging
modalities currently used to detect myocardial ischemia:

(a) Cardiac magnetic resonance imaging (CMRI: stress
perfusion CMRI).

(b) Single-photon emission computed tomography
(SPECT).

(c) Positron emission computed tomography (PET).

(d) Stress echocardiography (SE).

(e) CT perfusion (CTP).

It was assumed that each modality was performed
after CCTA in patients with the same conditions as TS.
The literature on diagnostic ability was investigated and
selected similarly to TS. A comparison of each diagnos-
tic strategy defined to evaluate the efficiencies is shown
in Fig. 2.

Calculation and comparison of efficiency parameters

A decision tree analysis simulation [19] was performed
to assess the efficiency of the patient group. Based on
the PTP and the sensitivity and specificity of CCTA and
FFRCT in the literature, we calculated the final probabil-
ity of reaching the end point of each branch in the deci-
sion tree (Fig. 1). Based on previous studies [6, 20], using
each probability, the number of TP, FP, FN1, TN1, EN2,
TN2, net FN, and net TN per 1,000 patients was calcu-
lated (Tables S1-S2). To calculate the number of patients,

- Two-stage strategy (Diagnostic strategies combining CCTA with other modalities)

Myocardial
Ischemia (+ or -)

Inconclusive FFRCT
CCTA (Other Modalities)
No Finding No Significant CAD

(No Myocardial Ischemia)

- Simultaneous strategy

All Patients

Myocardial

CCTA FFRCT

- CCTA-only strategy

Ischemia (+ or -)

All Patients
CCTA

Significant CAD (+ or -)

Fig.2 Comparison of each diagnostic strategy. CAD: coronary artery disease. CCTA: coronary CT angiography. FFRCT: fractional flow reserve derived

from CCTA
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we followed the method published by Hsu et al. [21]. Sub-
sequently, using TP, FP, net FN, and net TN, efficiency
parameters (3-8) and 95% confidence intervals (Cls)
were calculated (Tables S1-S2). In the CCTA-only strat-
egy, the efficiency parameters were calculated similarly
to those of the TS (Fig. S1 and Table S1). Using the TP,
FP, FN1, and TN1, efficiency parameters (3—8) and 95%
CIs were calculated (Tables S1-S2). In the simultane-
ous strategy, we calculated the net SEN and net SP using
methods described in the literature (Table S3) [16]. Sub-
sequently, the efficiency parameters (2—8) and 95% Cls of
the simultaneous strategy were calculated using net SEN,
net SP, and PTP. In the diagnostic strategy combining
FERCT with the other modalities, its efficiency param-
eters were calculated in the same manner as TS. Finally,
we compared the efficiency parameters of TS with those
of the other strategies.

Sensitivity analyses

In the basic analysis, the PTP was set to 30%. However,
the PTP of CAD depends on patient background fac-
tors (such as sex, age, lifestyle habit, and the presence or
absence of risk factors) [5, 6]. Therefore, we performed
a sensitivity analysis to assess the efficiency of various
PTPs. Changes in the efficiency of the TS were assessed
at various PTPs (10-90%) centered on an intermediate
PTP. In intermediate PTP, additional diagnostic tests are
useful for detecting myocardial ischemia due to CAD
[22]. The subject of the sensitivity analysis was exclusively
the efficiency that changed in response to changes in the
PTP. The change in efficiency parameters of the strategies
(a—e) was also assessed for various PTPs; subsequently,
these were compared with those of the TS.

Calculation of each efficiency and statistical analysis

In the comparison of efficiency parameters (2-8), the
difference in the point estimated value was consid-
ered significant if there was no overlap in the 95% Cls.
For statistical analysis and calculation of each efficiency
parameter, R version 3.6.1 (R Foundation for Statistical
Computing, Vienna, Austria, package: epiR) was used.
For decision analysis, Microsoft Excel for Mac 2021 ver-
sion 16.54 (Microsoft Corp., Redmond, WA, USA) was
used.

Results

Literature search and articles selected for analysis

In the initial selection, we extracted eight, nine, six, four,
one, two, and three articles on CCTA, FFRCT, CMR],
SPECT, PET, SE, and CTD, respectively (Table S4). To
select articles for the analysis, three articles for each
modality were extracted [23—-32]. Among them, the arti-
cles by Celeng et al. regarding CCTA [25], Zhou et al.
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regarding FFRCT [23], Pontone et al. regarding CMRI
and SE [28], Knuuti et al. regarding SPECT and PET [31],
and Celeng et al. regarding CTP [25] satisfied the inclu-
sion criteria. The patients’ characteristics are presented
in Table 1.

Efficiency of the TS, comparison of efficiency parameters
between the TS and the simultaneous strategy, and the TS
and the CCTA-only strategy

The efficiency parameters of TS and each strategy in the
basic setting (PTP =30%) are listed in Table 2. Compar-
ing TS with the simultaneous strategy, the TP and FP of
TS were lower, whereas the FN, TN, and DOR of TS were
higher than those of the simultaneous strategy. The net
SP, PPV, post-TP (negative result), and DA of TS were
significantly higher, whereas the net SEN, NPV, and NND
of TS were significantly lower. Comparing TS with the
CCTA-only strategy, the TP and FP of the TS were lower,
whereas the FN and TN were higher than in the CCTA-
only strategy. The net SP, PPV, DA, and DOR of TS were
considerably higher, whereas the net SEN and NND of
TS were significantly lower.

Comparison of efficiency parameters between the TS

and other diagnostic strategies

The efficiency parameters of TS and other diagnostic
strategies in the basic setting (PTP=30%) are listed in
Table 3. The calculated numbers of TP and FP ranged
from 180 (SE strategy) to 254 (TS) and from 44 (CMRI
strategy) to 76 (CTP strategy). FN2 and TN2 ranged
from 28 (TS) to 102 (SE strategy) and 288 (CTP strategy)
to 320 (CMRI strategy), respectively. Net FN and TN
ranged from 46 (TS) to 120 (SE strategy) and 624 (CTP
strategy) to 656 (CMRI strategy), respectively. Regarding
other efficiency parameters and comparisons, TS had the
highest net SEN (0.85), while its net SP (0.90) was compa-
rable to the other strategies. The PPV and DOR of the TS
(0.79 and 50.50, respectively) were higher than those of
the SPECT, SE, and CTP strategies and lower than those
of the CMRI and PET strategies. The NPV, post-TP (neg-
ative result), DA, and NND of TS (0.93, 0.07, 0.89, and
1.34, respectively) were comparable to those of the CMRI
and PET strategies. We also confirmed significant differ-
ences in the net SEN, NPV, post-TP (negative results),
DOR, and NND between the TS, SPECT, and SE strate-
gies and in the DA between the TS and SE strategies.

Sensitivity analyses

The changes in the efficiency of each diagnostic strategy
in the sensitivity analysis with various PTPs are shown
in Figs. 3, 4 and Figure S2. The estimates of TPs, NPVs,
and DAs for the TS, CMRI, and PET strategies were high
for all PTPs, with no change in the sequence of the six
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Table 1 List of candidate articles and their characteristics

Author Year Modality No. of No. of Sensitivity Specificity FFR threshold PRISMA
[Reference] Studies patients (95% ClI) (95% Cl) Score
Zhou [23] 2021 CCTA 17 1,832 0.94 (0.89-0.97) 0.50 (0.43-0.58) 0.75-0.8 15
Hamon [24] 2019 CCTA 15 1,537 0.91 (0.89-0.93) 048 (0.44-0.51) 0.75-0.8 17
Celeng [25] 2019 CCTA NA 3,101 0.94 (0.91-0.97) 0.48 (0.37-0.59) 0.75-0.8 18
Luo [26] 2022 FFRCT 13 1,737 0.88 (0.85-0.90) 0.79 (0.71-0.85) 0.8 14
Zhou [23] 2021 FFRCT 30 2,646 0.90 (0.87-0.93) 0.81(0.73-0.87) 0.8 15
Tang [27] 2019 FFRCT 17 1,418 0.90 (0.86-0.92) 0.78 (0.68-0.86) 0.8 14
Pontone [28] 2020 CMRI NA 1,085 0.87 (0.84-0.90) 0.88 (0.85-0.90) 0.75-0.8 18
Ullah [29] 2020 CMRI 17 1,886 0.86 (0.79-0.91) 0.86 (0.82-0.90) 0.75-0.8 15
Yang [30] 2019 CMRI 7 718 0.87 (0.73-0.94) 0.87 (0.82-0.90) 0.75-0.8 17
Pontone [28] 2020 SPECT NA 682 71 (0.66-0.76) 0.79 (0.74-0.83) 0.75-0.8 18
Yang [30] 2019 SPECT 842 0.72 (0.52-0.86) 0.79(0.71-0.85) 0.75-0.8 17
Knuuti [31] 2018 SPECT 740 0.73 (0.62-0.82) 0.83 (0.71-0.90) 0.8 18
Knuuti [31] 2018 PET 4 709 0.89 (0.82-0.93) 0.85(0.81-0.88) 0.8 18
Pontone [28] 2020 SE NA 361 0.64 (0.56-0.71) 0.84 (0.78-0.89) 0.75-0.8 18
Danad [32] 2017 SE 2 115 0.77 (0.61-0.88) 0.75 (0.63-0.85) 0.75-0.8 15
Pontone [28] 2020 CcTP NA 410 0.79(0.73-0.84) 0.88 (0.82-0.92) 0.75-0.8 18
Hamon [24] 2019 CcTP 9 579 0.92 (0.88-0.95) 0.82 (0.76-0.86) 0.75-0.8 17
Celeng [25] 2019 CcTP 8 697 0.83(0.71-0.92) 0.79 (0.68-0.87) 0.75-0.8 18

Articles in bold were satisfied the inclusion criteria and selected for analysis

FFR: fractional flow reserve; NA: not available; CCTA: coronary CTA; FFRCT: fractional flow reserve derived from coronary CCTA; CMRI: cardiac MRI; SE: stress
echocardiography; CTP: CT perfusion; PRISMA: preferred Reporting Items for Systematic Reviews and Meta-Analyses

Table 2 Comparison of efficiencies of the three types of strategies in the basic setting (PTP =30%)

TS Simultaneous CCTA only

Number of TP (n) 254 298 282

Number of FP (n) 69 428 364

Number of net FN (n) 46 2 18

Number of net TN (n) 631 272 336

net Sensitivity (95% Cl) 0.85 (0.80-0.89) 0.99 (0.98-1.00) 0.94 (0.91-0.96)

net Specificity (95% Cl) 0.90 (0.88-0.92) 0.39(0.35,0.43) 0.48 (0.44-0.52)

PPVt (95% Cl) 0.79 (0.74-0.83) 041 (0.37-0.45) 044 (0.40-0.48)

NPV (95% Cl) 0.93 (0.91-0.95) 0.99 (0.97-1.00) 0.95 (0.92-0.97)

Post-test probabilityF (95% Cl) 0.07 (0.05-0.09) 0.01 (0.00-0. 03) 0.05 (0.03-0.08)
)

Diagnostic accuracy (95% Cl)
Diagnostic odds ratio (95% Cl)
NND (95% Cl)

0.89 (0.86-0.90)
50.50 (33.83-75.37)
1.34 (1.24-1.48)

0.57 (0.54-0.60)
94.69 (23.38-383.54)
262 (2.35-3.04)

0.61(0.59-0.65
14.46 (8.78-23.82)
2.38(2.08-2.86)

TS: two-stage strategy; CCTA: coronary CTA; PTP: pre-test probability; TP: true positive; FP: false positive; FN: false negative; TN: true negative; Cl: confidence interval

T PPV: Positive predictive value = Post-test probability (positive result); NPV: Negative predictive value

¥ Post-test probability (negative result); NND: number needed to diagnose

strategies (TS>PET >CMRI>CTP>SPECT >SE). The
FPs of TS were the second highest after CTP, with no
change in the sequence (CTP>TS>SPECT >SE>PET >
CMRI). TS had the lowest FN2s and net FNs among all
PTPs, with no change in the sequence of the six strate-
gies (TS<PET <CMRI<CTP<SPECT<SE). The TN2s

and net TNs of the TS were the second lowest, with no
change in the sequence (CTP < TS<SPECT <SE<PET<C
MRI). The PPVs of TS were the third highest, although
the difference between the six strategies was eliminated
as the PTP increased (CMRI>PET >TS>SPECT >SE>C
TP). TS had the third-highest DOR value. Although there
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Table 3 Comparison of efficiencies between TS and other diagnostic strategies in the basic setting (PTP = 30%)
TS CMRI SPECT PET SE CTP
Number of TP (n) 254 245 206 251 180 234
Number of FP (n) 69 44 62 55 58 76
Number of FN2 (n) 28 37 76 31 102 48
Number of TN2 (n) 295 320 302 309 306 288
Number of net FN (n) 46 55 94 49 120 66
Number of net TN (n) 631 656 638 645 642 624
net Sensitivity (95% Cl) 0.85 (0.80-0.89) 0.82 (0.77-0.86) 0.69 (0.63-0.74) 0.84 (0.79-0.88) 0.60 (0.54-0.66) 0.78 (0.73-0.83)
net Specificity (95% Cl) 0.90 (0.88-0.92) 0.94 (0.92-0.95) 091 (O 89-0.93) 0.92 (0.90-0.94) 0.92 (0.89-0.94) 0.89 (0.87-0.91)
PPV (95% Cl) 0.79 (O 74-0.83) 0.85 (0.80-0.89) 0.77 (0.71-0.82) 0.82 (O 77-0.86) 0.76 (0.70-0.81) 0.75 (0.70-0.80)
NPV (95% Cl) 0.93 (0.91-0.95) 0.92 (0.90-0.94) 0.87 (O 85-0. 89) 0.93 (0.91-0.95) 0.84 (0.81-0.87) 0.90 (0.88-0.93)
Post-test probabilityF (95% Cl) 0.07 (O 05-0.09) 0.08 (0.06-0.10) 3(01 15) 0.07 (O 05-0.09) 0.16 (0.13-0.19) 0.10(0.07-0.12)
Diagnostic accuracy (95% Cl) 0.89 (0.86-0.90) 0.90 (0.88-0.92) 0.84 (0.82-0. 87) 0.90 (0.88-0.91) 0.82 (0.80-0.85) 0.86 (0.83-0.88)
Diagnostic odds ratio (95% Cl) 50.50 6641 2255 60.07 16.60 29.11
(33.83-75.37) (43.52-101.35) (15.78-32.23) (39.80-90.67) (11.65-23.66) (20.26-41.82)
NND (95% Cl) 134 (1.24-1.48) 1.33(1.23-1.46) 1.67 (1.49-1.93) 1.32(1.22-1.45) 1.93 (1.69-2.29) 149 (1.35-1.68)
TS: two-stage strategy; CMRI: Cardiac MRI; SE: stress echocardiography; CTP: CT perfusion; TP: true positive;
FP: false positive; FN: false negative; TN: true negative; PTP: pre-test probability
* PPV: Positive predictive value =Post-test probability (positive result); NPV: negative predictive value
* Post-test probability (negative result); NND: number needed to diagnose
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was no change in the order of the six strategies (CMRI
>PET >TS>CTP>SPECT >SE), there was no consistent
trend of increasing or decreasing DOR with changes in
PTP. The post-TP (negative results) of TS was the lowest.
Additionally, at all PTPs, there was almost no difference
among the TS, CMRI, and PET strategies.

Discussion

We evaluated the efficiencies of the TS DSCCEFE, which
performs from CCTA to FFRCT, for the detection of
myocardial ischemia, and compared them with those

60 80 100

obtained using other diagnostic strategies. Sensitiv-
ity analyses at various PTPs were also performed. Our
results indicated that the TS has good efficiencies. In
the basic setting, compared with the simultaneous and
CCTA-only strategies, the TS showed a considerable
reduction in FP, a large increase in TN, and significant
increases in net SP, PPV, and DA. Compared with the
simultaneous strategy, although the TS showed a mod-
erate increase in FN and a significant decrease in net
SEN, there was also a considerable reduction in FP, a
large increase in TN, a significant decrease in NND, and
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significant increases in net SP, PPV, and DA. Therefore,
if the clinical situation is consistent with the recommen-
dations of guidelines for appropriate use, it is consid-
ered reasonable to add FFRCT only for patients who are
CCTA positive, and it is considered inappropriate to add
FERCT for all patients undergoing CCTA. The exception
to this is that it might be acceptable to add FFRCT to all
patients undergoing CCTA if the physician determines
that a higher sensitivity and NPV are necessary to mini-
mize the risk of missed myocardial ischemia. Compared
with the CMR and PET strategies, the TS had a slightly
lower net SP, PPV, and DOR due to a slightly higher FP.
However, although we did not obtain evidence of statisti-
cal equivalence, point estimates of the TP, net SEN, NPV,
post-TP, and DA of the TS were almost the same as for
the other two strategies. Furthermore, there was no sig-
nificant difference in NND. Except for FP and TN, each
efficiency of the TS was almost the same or more supe-
rior than those of the SPECT, SE, and CTP strategies.
Moreover, the results of each sensitivity analysis did not
reveal any evidence to deny the findings in the basic set-
ting. Therefore, regarding efficiency, it is conceivable that
adding FFRCT is appropriate for patients with significant
coronary artery stenosis using CCTA.

In the non-invasive diagnostic imaging modalities, past
studies reported the efficiency of detecting myocardial
ischemia with stable chest pain using economic analy-
ses such as cost-effectiveness and cost-utility analyses
[33-36]. However, interpreting the efficiency indica-
tors derived from these results requires some expertise.
In this study, we obtained the integrated sensitivity and
specificity of TS in detecting myocardial ischemia, and
based on this, we were able to clarify the efficiency of TS
using various indexes. These efficiency parameters may
be more useful than the sensitivity specificity of CCTA
and FFRCT alone in understanding the characteristics of
the diagnostic performance of TS. Moreover, based on
the PTP estimated from the interview results and basic
tests, using our findings, the physician can determine the
degree of accuracy or inaccuracy in detecting myocardial
ischemia in the TS and each diagnostic strategy in terms
of percentage or number of patients. Furthermore, for
physicians and medical professionals associated with the
examination, our findings may be useful from the per-
spective of understanding the characteristics of the diag-
nostic performance of TS.

In a previous meta-analysis, Tan et al. [37] assessed the
diagnostic performance of strategies involving the com-
bination of CCTA and FFRCT, reporting that the pooled
sensitivity and specificity were 0.99 and 0.16, respec-
tively, when either CCTA or FFRCT was positive and 0.8
and 0.81, respectively, when both were positive. Pooled
DOR and DA were 12.6 and 0.54 (either) and 17.6 and
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0.81 (both), respectively. Our values were the same as or
greater than those reported by Tan et al. However, such a
comparison should consider that the calculation models
differed between studies in terms of treating positive and
negative test results when calculating each efficiency. As
reported by Tan et al,, the TS may potentially reduce the
transition of non-diseased patients to invasive testing,
decrease medical resource wastage, and reduce the prog-
nostic risk of invasive procedures.

Considering our findings from another perspective,
each calculated efficiency parameter may be easier to
understand for patients without medical expertise than
indicators such as sensitivity and specificity. In par-
ticular, the number of TP, FP, net FN, and net TN per
1,000 patients, as well as PPV, NPV, and DA, is consid-
ered more indicative of the test’s strengths, weaknesses,
and ability to distinguish the presence instead of the
absence of lesions. If physicians or medical staff conduct-
ing the test can use these efficiency parameters to pro-
vide patients with information on diagnostic ability, our
results may also contribute to the smoother implemen-
tation of informed consent [14]. Additionally, regarding
diagnostic ability, these may provide the evidence needed
to evaluate the validity of using DSCCF to detect myo-
cardial ischemia. Furthermore, this research methodol-
ogy can potentially be extended to other areas of research
that assess the efficiency and effectiveness of diagnostic
techniques using a combination of multiple tests.

Our study has several limitations. First, each index cal-
culated as the efficiency was calculated by a simulation
based on data obtained from each article. Therefore, our
results may not be appropriate in some situations. Sec-
ond, the diagnostic ability of each modality for calculat-
ing efficiency was obtained from meta-analysis studies.
Owing to the nature of the data obtained from the litera-
ture, patient background characteristics for each modal-
ity in the calculations and efficiency comparisons were
not similar. Furthermore, differences in diagnostic ability
based on sex [10] were not considered. Therefore, com-
parisons of efficiency parameters were confined to point
estimates and their 95% Cls without statistical signifi-
cance tests. To cope with these problems, we conducted a
comprehensive literature search and restricted our inclu-
sion criteria when selecting literature for analysis. How-
ever, some bias may have occurred. Thus, to overcome
these problems, further evaluations based on large-scale
real-world data with more consideration of patient back-
ground are needed.

The TS is considered a good diagnostic strategy that
can obtain information on the coronary artery and myo-
cardial perfusion within one test without additional
contrast agent administration, radiation exposure, and
additional tests [10]. Furthermore, by adding FFRCT to
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CCTA, TS can reduce the FP results to almost equal and
increase the TN results equivalently compared with other
strategies. Moreover, it is also expected to reduce the
unnecessary psychological burden caused by FP results
[38] as well as the physical and economic burden caused
by the reduction of additional examinations such as inva-
sive coronary angiography. Previous studies have shown
a reduction in invasive evaluations in most patients with
negative FFRCT results. Furthermore, a positive impact
was noted in decision-making on patient management
following the FFRCT implementation [1, 39]. Although
limited to testing and diagnostic opportunities, our study
clarified the efficiency of TS in detecting myocardial
ischemia. By comparing the efficiency of TS with other
diagnostic strategies using existing diagnostic modali-
ties, we also clarified that TS has good efficiency. To fur-
ther validate the usefulness of TS, our findings should
be applied to actual clinical practice, and the results
should be evaluated. Finally, the following points should
be considered when considering the implementation of
TS: (1) The overall efficiency of TS depends on the diag-
nostic ability of CCTA; thus, patients who are actually
ischemia-negative will be diagnosed positive on CCTA
and undergo FFRCT (Table 2); and (2) Patient factors
such as obesity, heart rate variability, and vascular calci-
fication significantly affect the image quality of CCTA.
Furthermore, FFRCT cannot currently be performed in
patients with a history of coronary stenting or coronary
artery bypass surgery [40].

Conclusions

TS is more efficient in detecting myocardial ischemia
than other diagnostic strategies. Therefore, DSCCF
with TS evaluation is considered appropriate. In addi-
tion, elucidating the diagnostic ability of a test with vari-
ous efficiency indexes might help physicians, patients,
and medical professionals conducting the examination
understand its characteristics.
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