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Background: Computed tomography-derived fractional flow reserve (CT-FFR) is a non-invasive
imagological examination used for diagnosing suspected coronary atherosclerotic heart disease, providing the
morphological and functional value on a three-dimensional (3D) coronary artery model. This article aimed
to collate the existing knowledge and predict this novel technology’s future research hotspots.

Methods: To collect data, 1,712 articles were retrieved from the Web of Science Core Collection (WoSCC)
database from 2012-2022. CiteSpace5.8.R3 was used to visually analyze the research status and predict future
research hotspots.

Results: Firstly, the United States, China, and the Netherlands were identified as the countries having
published the most articles about CT-FFR. Jonathan Leipsic’s group ranked first for the highest number
of published articles. Secondly, the visualized analysis indicated that the exploration of CT-FFR is multi-
disciplinary and involves cardiology, radiology, engineering, and computer science. Thirdly, the hotspots
in this field, which were inferred from the keyword distribution and clustering, included the following:
“diagnostic performance”, “accuracy”, and the “prognostic value” of CT-FFR, and comparison of CT-FFR
and other imaging methods sharing similarities. The research frontiers included technologies utilized to
obtain more accurate CT-FFR values, such as artificial intelligence (AI) and deep learning.

Conclusions: As the first visualized bibliometric analysis on CT-FFR, this study captured the current

accumulated information in this field and offer more insight and guidance for future research.
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Introduction stenosis, contracture, and obstruction, which further

Coronary heart disease (CHD) threatens public health leads to myocardial ischemia. Currently, there is a hybrid

globally as a major cause of fatality. Pathologically, approach to assessing coronary ischemic lesions involving

atherosclerosis of the coronary artery results in luminal both anatomic and physiologic tests; the complementary
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nature of these tests could improve the strength of ischemic
differentiation (1).

Although invasive coronary angiography (ICA) and non-
invasive coronary computed tomography angiography
(CCTA) are jointly established as class I recommendations
for CHD diagnosis in the guidelines (2), their limitations
have been exposed. The limitations of ICA, regarded
as the gold standard for stenosis assessment, include its
high expense, the invasiveness of the procedure, and
the iatrogenic damage caused by the contrast agent (3);
meanwhile, the merely anatomical evaluation of coronary
stenosis provided by more conservative CCTA, which
ignores the functional hemodynamics, fails in differentiating
specific ischemia effectively (4). In general, flow reserve
begins to abate when diameter stenosis is >50% and
diminishes substantially when diameter stenosis is >75%
(1,5). Vice versa, it has been reported that a non-negligible
of number patients with mild coronary stenosis (<50%)
could experience myocardial ischemia (6). The anatomical
and functional tests show a poor mutual correlation thus
generating misdiagnoses and missed diagnoses by CCTA.

Introduced as a hemodynamics index, fractional flow
reserve (FFR) has emerged as the gold standard for the
compatible assessment of ischemic lesions (7) and is
defined as the ratio of blood flow distal to a stenotic lesion
to theoretically normal maximal flow in the distribution
supplied by the same artery. Functional significance has
been considered when coronary stenosis has an FFR value
<0.75 (5). However, as it involves the use of a pressure
sensor-tipped guidewire in cardiac catheterization (8), FFR
measurement is restricted by its invasiveness. As a result,
computed tomography (CT)-derived FFR (CT-FFR) acts as
an ideal alternative due to its non-invasiveness and lack of
an adenosine injection.

In the measurement of ischemia, the fundamental step
is to construct a three-dimensional (3D) anatomic model
based on the CCTA image of a stenotic artery. Then,
computational fluid dynamics (CFD) and the Navier-Stokes
equation are used to perform the operation on the CCTA
model (9). Through this algorithm, the maximal hyperemia
could be simulated by the effect of intravenous adenosine (10).
The computing results are visualized, with areas measured
as having identical CT-FFR values endowed with the same
color.

Multiple studies have suggested that CT-FFR values
show good consistency with invasive FFR and better
diagnostic performance than CCTA alone in diagnosing
stenosis (11,12). Regarded as the gatekeeper of ICA, the
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negative CT-FFR threshold value is acknowledged as 0.80
(13-15). In recent years, several trials have validated the
significant role of CT-FFR in guiding clinical decisions
by identifying patients’ needs for revascularization and
selecting appropriate strategies for revascularization (16-18).

The diagnostic performance of CT-FFR appears
comparable in sensitivity, yet with greater specificity, to
CCTA (19). When extensive calcification is more likely to
lead to overrated stenosis severity, the machine learning
(ML) algorithm of CT-FFR mitigates the influence of
calcification on CCTA imaging, which is considered the
Achilles heel of CCTA (20). Applied in cardiology, artificial
intelligence (AI) has the potential to improve the efficiency
of clinical workflow, provide objective and reproducible
quantitative results, increase interpretative speed, and
inform subsequent clinical pathways (21). With continuous
advancements in Al, the combination of Al technology and
medical diagnostics is inevitable and a milestone.

Methods
Data source and search

Retrieval of articles was conducted on April 23, 2022, from
the Web of Science Core Collection (WoSCC), because
it is recognized as one of the most authoritative databases
comprising comprehensive publications in many scientific
fields.

We set up the retrieval strategy based on terms identified
in previously published articles. The full name of this
technology based on CCTA is “fractional flow reserve
computed/calculated from computed tomography”
(common abbr. “FFRct”) (22). Other researchers would
like to refer to it as “computed tomography-derived
fractional flow reverse” (abbr. “CT-FFR”), and “non-
invasive fractional flow reserve” is also mentioned in some
articles (23). In this review, the searching strategy, based on
lexical search, was as follows: (T'S= [“computed tomography
fractional flow reserve” OR “fractional flow reserve from
computed tomography” OR “CT-FFR” OR “FFRct” OR
“non-invasive fractional flow reserve”]) AND (Language=
[English]). We restricted the time span of included literature
to within the past 10 years (Jan. 2012 to Apr. 2022).

A total of 2,200 publications were found. Then, the
exclusion was performed in terms of document types,
including 209 meeting abstracts, 183 editorial materials,
42 letters, 26 early access, 4 corrections, 2 data papers, 20
case reports, 8 reference materials, 2 retractions, 10 book
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chapters, and 2 news items. After exclusion, 1,712 (1,350
articles and 362 reviews) records containing information of
the authors, titles, abstracts, keywords, references, and so
on were refined to export as “plain text file” format.

Search screening was conducted by two independent
reviewers (XHZ and XPZ) to control the selection bias.
Designed as a bibliometric review, this study did not require
approval on either ethics or informed consent.

Scientometric analysis methods

We chose CiteSpace (http://cluster.cis.drexel.edu/~cchen/
citespace/) to fabricate the knowledge mapping for
its several views of interactive visualizations, including a
cluster view, a timeline view, and a hierarchical view (24).
CiteSpace5.8.R3 software is operated to process the secondary
data and explore the two fundamental aspects of information
science: intellectual bases and research fronts (25). Users
can quickly access the research status, trends, and critical
turning points of the research domain. The interpretation
of the running results of CiteSpace can be summarized in
four steps.

Firstly, the visualized knowledge maps are made up of
nodes and links. Different nodes represent research items
(i.e., institutions, countries, authors, keywords, etc.). Links
connecting nodes represent relationships of co-occurrence
or co-citation; the thicker links represent the higher
correlation. Publication years are featured with various
colors of each node and link (26); more specifically, the
warmer the color tone, the more recent the term.

Secondly, there are two indicators to discern the
transformative discoveries in a specialty. The betweenness
centrality (BC) measures the percentage of the shortest
paths in a network to which a given node belongs,
commonly used to highlight potential pivotal points
of paradigm shift over time (27). Burst detection, a
computational technique to identify sharp increases of
interest within a certain period, serves to detect abrupt
changes and emerging trends (25).

Thirdly, cluster analysis also plays a prominent role in
CiteSpace. Terms in the articles are classified into several
clusters according to the inter-group similarity, and the
central member of the cluster inferred by the algorithm as
recurring themes in the cited articles will be generated as a
label (28). CiteSpace distributes ID #0 to the largest cluster,
and the clusters gradually shrink when the ID number
increases. The resultant clusters use multidimensional scaling
and color the members of these clusters accordingly (29).
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Fourthly, in the timeline view, each cluster is shown
horizontally and advances from left to right over time. The
generation of annual labels based on the latent semantic
indexing (LSI) algorithm is laid on the corresponding
chronological line.

Before running CiteSpace, all operation metrics were set
to default.

Results
Distribution of annual publications

"To explore the pace of investigation in the CT-FFR domain,
the distribution of annual publications comes as the first
indicator. The annual distribution of 1,712 publications
was shown as a column chart (Figure I). A positive linear
trend suggests the approximately increasing number of
annual publications year by year, which means the CT-FFR
domain is gradually being paid attention to. Especially in
the past 6 years, the literature quantity hitting a higher level
than before has accrued steadily, except for in 2018, where
it slightly declined among the averagely increasing trend.

Distribution of spatial co-occurrence

Investigating countries/institutions can reflect the overall
structure of a specific field and clarify the influence
of different countries/institutions and the cooperative
relationship between them. The co-occurrence maps and
ranking of the top 5 countries/institutions are displayed in
Figure 24-2C and Table 1. According to Table 1, the top 5
countries and institutions contributed 1,457 articles (85%)
and 354 articles (21%), respectively. The top 5 countries
with the highest publication quantity also had high BC
values (above 0.1) (30); they were the USA, the Netherlands,
China, England, and Germany. The USA had the topmost
publication quantity and BC, suggesting its outstanding role
in CT-FFR research.

Indicated by Tuable 1, Stanford University, with the
highest BC of 0.61, was considered the institution that
had carried out the most scholarly communication and
cooperation with others. In contrast, others showed
relatively lower BC and interaction. Indisputably, the
representation of the co-occurrence map cannot be the sole
indicator to measure the position of the country/institution
in the CT-FFR domain. The predominant publication of
the USA and its research institutions may have led to the
omission of European institutions in the top rankings.
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Figure 1 The distribution of annual publications.
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Figure 2 The collaborative maps among countries and institutions. (A) The collaboration map among countries in the CT-FFR research
domain; (B) the collaboration map of main contributing institutions; (C) the density map of the main contributing institutions. CT-FFR,

computed tomography-derived fractional flow reserve.
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Table 1 The top 5 productive countries and institution of publication quantity and centrality

5609

Countries Institutions
Rank
Description Quantity Centrality Description Quantity Centrality

1 USA 638 0.28 Univ British Columbia 82 0.04

2 Netherlands 226 0.11 Stanford Univ 78 0.61

3 China 225 0.17 Aarhus Univ Hosp 72 0.02

4 England 190 0.3 Cedars Sinai Med Ctr 64 0.06

5 Germany 178 0.5 Leiden Univ 58 0
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Figure 3 The co-occurrence map of the authors with a minimum of 8 publications.

Table 2 The top 10 authors with the highest publication quantity Co-occurrence map of authors

Rank Authors Quantity Centrality

1 Jonathon Leipsic 64 0.24 on influential research groups and help look for potential
2 James K. Min 62 0.14 collaborators. A total of 509 researchers contributed 1,712
3 U. Joseph Schoepf 55 0.21 articles; the distribution of authors is presented in Figure 3,
4 Koen Nieman - 043 afld the r.anklng of the top '10 Productlve authors is
displayed in Table 2. As shown in Figure 3 and Table 2, the
5 Gianluca Pontone 50 0.07 . .
most significant node of the author was Jonathan Leipsic
6 Bjarne L. Norgaard 44 0.05 from the University of British Columbia, with the most
7 Bonkwon Koo 42 0.09 publication frequency and the highest BC; James K. Min
8 Daniele Andreini 41 0.11 from Cornell University shared a cooperative relationship
with Jonathan Leipsic.
9 Bernard De Bruyne 37 0.11 . .
Besides the factors mentioned above, the co-occurrence
10 Daniel S. Berman 35 0.06

A co-occurrence map of authors can provide information

map was relatively densely distributed, and 6 of the top
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Figure 4 The co-occurrence map of involved subjects in CT-FFR. CT-FFR, computed tomography-derived fractional flow reserve.

Table 3 The top 5 subjects with highest frequency

Rank Subject Frequency Centrality Burst
1 Cardiac & Cardiovascular Systems 1,438 0.38 3.84
2 Radiology, Nuclear Medicine, & Medical Imaging 645 0.03 5.07
3 Engineering 131 0.35 -
4 Computer Science 108 0.68 3.78
5 Mathematics 100 0.3 -

10 authors had high BC; we can infer that there was close
cooperation in the CT-FFR domain.

Co-occurrence map of categories

Scientific literature is a collection of publications focusing
on theoretical or practical issues in different fields (31).
CiteSpace is designed to mitigate gaps in the knowledge
domain and help researchers develop a good understanding
of each category of skills and knowledge (28). Based on
the co-occurrence map and the ranking of quantity, BC,
and burst (Figure 4, Tuble 3), the development and use of
CT-FFR involve multiple academic subjects other than
the sub-disciplines belonging to clinical medicine, such as
cardiology, radiology and medical imaging, and general and
internal medicine. The terms with higher centrality (e.g.,
computer science, engineering, and mathematics) also a
held vital role in CT-FFR. The technologies of CT-FFR
and quantitative FFR both involve collaboration between
the engineering and medical communities that apply fluid
dynamic principles to calculate estimates of the invasively
measured FFR value (32). As ML and Al are utilized to
increase diagnostic accuracy and improve the modelling

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

data quality of coronary physiology (33,34); computer
science, a positive node in burst detection, was considered
the frontier subject.

Analysis of topic distribution

Keywords can effectively embody the central view of
scientific literature. Aiming to delve further into hot topics
and future frontier topics (35), the top 20 keywords with
the highest frequency were ranked, as shown in 7able 4.
Combined with keyword distribution and burst detection,
we summarized the main topic as four trends: demonstrating
the CT-FFR’s non-inferiority or even the superiority of
diagnostic and prognostic performance over ICA and CCTA
(mentioned 913 times in 1,912 studies), the comparison
between CT-FFR and other similar cardiac imaging tests
[e.g., quantification FFR with 140 occurrences, magnetic
resonance imaging (MRI) with 152 occurrences, emission
CT with 119 occurrences, transluminal attenuation gradient
(TAG) with 67 occurrences], the ever-expanding clinical
application of CT-FFR (e.g., guiding the optimal medical
therapy 106 times, guiding revascularization 93 times),
and innovation of technical support (e.g., computed fluid
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Table 4 The top 20 keywords with highest frequency

Rank Keywords Frequency
1 Fractional flow reserve 1,288
2 Computed tomography angiography 1,249
3 Coronary artery disease 1,224
4 Diagnostic performance 483
5 Diagnostic accuracy 330
6 Computed tomography 283
7 Blood flow 245
8 Stenosis 189
9 Intervention 187
10 Prognostic value 160
11 Quantification 140
12 Myocardial perfusion 137
13 Emission computed tomography 119
14 Severity 116
15 Guideline 107
16 Medical therapy 106
17 Follow up 105
18 Intravascular ultrasound 104
19 Revascularization 93
20 Computational fluid dynamics 93

dynamics with 93 occurrences, ML with 55 occurrences, or
Al with 28 occurrences).

Knowledge mapping of keywords

Figure 5A displays the 225 keywords with more than 15
occurrences, furthermore, to generalize the research topics,
we exposed the mainstream by the word cloud view (Figure
5B). On the strength of the co-occurrence map, the network
consisting of the 9 largest keywords clusters was obtained
through the log-likelihood ratio (LLR) algorithm, as shown
in Figure 5C. Table 5 enumerates each cluster. The silhouette
is an index to measure the homogeneity of a cluster when
the values are bigger than 0.7 (30), leading to efficient and
reliable results, and the results can be reasonable when their
values are bigger than 0.5 (36). Thus, the cluster in Figure
5B can be regarded as satisfactory.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Burst detection of keywords

Burst detection explores the mentioned frequencies of
dramatically increasing terms over a period, and its strength
is related to the degree of attention being paid to it. Figure 6
enumerates the top 20 keywords with the strongest citation
bursts, where the red column indicates the burst period
of a research direction whereas the blue column indicates
the whole decade span [2012-2022]. By analyzing Table 6,
the research frontiers can be summarized as “emission
computed tomography” [2012-2014], “American Heart
Association” [2013-2015], “artery stenosis” [2013-2017],
“syntax score” [2018-2019], “artificial intelligence” [2020-
2022], “plaque characteristics” [2020-2022], and “deep
learning” [2020-2022].

Analysis of co-citation reference

Co-citation analysis reveals the groundbreaking articles
constituting the intellectual base and how research interests
evolve and contribute to the development of the CT-FFR
domain. Figure 74 shows the co-citation network, and the
top 10 references cited most frequently are listed in Table 6.

Norgaard et al. (11) carried forward the Next Step (NXT)
trial, a prospective, multi-center trial, which has indicated
that CT-FFR has a better diagnostic performance than
CCTA alone in the differentiation of ischemic lesions. Taylor
accomplished a review of the principle of CFD modelling
of coronary flow and pressure (9). Douglas compared CTA
strategy and functional tests on patients with suspected
CHD. He concluded that CTA does not improve clinical
outcomes, emphasizing the necessity of advancing the
non-invasive functional assessment (37). He also ran the
Prospective Longitudinal Trial of FFRCT: Outcomes and
229 Resource Impacts (PLATFORM) trial to verify the
role of CT-FFR in decreasing unnecessary ICA (14). The
2019 European Society of Cardiology (ESC) guidelines for
chronic coronary syndrome also recommended that CT-FFR
was non-inferior to ICA and FFR for decision-making and
targets for revascularization (2).

The timeline view is another two-dimensional (2D)
feature of CiteSpace, which integrates cluster analysis
and time slice; the results are shown in Figure 7B. Each
cluster represents the leading research frontier emerging in
chronological order.

As plentiful evidence has shown that merely anatomical
without hemodynamic evaluation cannot support
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Figure 5 The knowledge mapping of keywords distribution. (A) The co-occurrence map of keywords; (B) the word cloud view of
predominant keywords; (C) the cluster view of keywords analysis.

Table 5 Summary of the largest 9 clusters

Cluster ID Size Silhouette Mean (year)  Label (LLR)

0 95 0.596 2015 Blood flow

1 87 0.651 2014 Coronary computed tomography angiography
2 77 0.585 2015 Percutaneous coronary intervention

3 64 0.584 2014 Cardiac computed tomography

4 53 0.741 2016 Ischemic heart disease

5 46 0.62 2015 Intravascular ultrasound

6 33 0.745 2015 Magnetic resonance imaging

7 26 0.761 2017 Artificial intelligence

8 13 0.886 2016 Coronary heart disease

LLR, log-likelihood ratio.
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Keywords Year Strength Begin End 2012-2022

Emission computed tomography 2012 7.38 P20 o e —
Task force 2012 5.96 2012 20715 S o s s s s s s
Optimal medical therapy 2012 4.39 0 2 0 e ——
Acute chest pain 2012 3.9 2012 2015 0 S o s s s s s s
American heart association 2012 9.11 2013 2015 ———

Artery stenose 2012 4.55 2013 20717 e B R N I s s s s
Magnetic resonance imaging 2012 4.07 2013 2015

Incremental prognostic value 2012 4 2013 20715 e B N Nt s s s s s
Transluminal attenuation gradient 2012 5.69 2015 2017 o s s B N N s s s s s
Trial 2012 6.5 2016 2018 o o s s B S O s s s s
Shear stress 2012 4.16 2016 20718 s s s s S N B s s s s
Severity 2012 4.2 2017 20718 s e s s s B I s s s s
Syntax score 2012 4.45 2018 20719 s s s s s s N I s s s
Microvascular dysfunction 2012 4.1 2018 2019 s s s s s s B O s s s
North American society 2012 3.9 2018 20719 s s s s s s B I s s s
Ratio 2012 4.07 2019 2022 s s s s s s s NN S
Artificial intelligence 2012 6.62 2020 2022 s s s s s s s S
Plaque characteristics 2012 5.54 2020 2022 s s s s s s s S
Wave free ratio 2012 4.89 2020 2022 s s s s s s s s N
Deep learning 2012 4.58 2020 2022 o s o s s s s s S

Figure 6 The top 20 keywords with the highest bursts.

efficient diagnosis, researchers started to explore multiple
imaging tools to perform the functional assessment of the
suspected culprit artery. According to Figure 7B, earlier
than in 2010, there were three test tools put into use. FFR
(cluster#2) is acknowledged as the 1A recommendation for
guiding percutaneous coronary revascularization by the
2021 American College of Cardiology (ACC)/American
Heart Association (AHA)/Society for Cardiovascular
Angiography and Interventions (SCAI) guidelines (38);
however, its adoption into clinical work has limitations due
to its invasiveness and secondary side effects. Myocardial
perfusion imaging (MPI) (cluster#3) is a common way
to quantify myocardial blood flow through CT and MRI
(cluster#6). Perfusion cardiac magnetic resonance (CMR) is
appealing for its high specificity, which addresses the high
sensitivity but low specificity of CT-FFR, and these two
examinations show similar overall diagnostic accuracy (39).
TAG (cluster#8) is a derivative of CCTA imaging,
which enables morphological and functional assessment

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

concurrently in a non-invasive manner. Stuijfzand er 4/. did
not find a difference in TAG value between the positive or
negative value of CT-FFR and better diagnostic accuracy
than CCTA alone, which might indicate suboptimal
diagnostic performance (40).

Consequently, the scientific literature about CT-FFR
(cluster#0) and quantitative flow ratio (QFR) (cluster#1) has
surged until now. As a result of CFD having been applied
to cardiology, CT-FFR and QFR are designed as qualified
surrogates. QFR shows higher accuracy than CT-FFR,
which can be explained by more essential details provided
by angiographic images (41). Meanwhile, CT-FFR is more
suitable for the outpatient population to avoid unnecessary
invasive tests.

Atherosclerosis (cluster#5) is the adopted disease of
the CT-FFR test; the correlational research was traced
back to before 2010 and turned into hotspots between
2011 and 2016. In recent years, investigators have been
dedicated to broadening the clinical application of CT-
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Rank Frequency Centrality  Year Journal Author Title

1 326 0.03 2014 J Am Coll Cardiol Norgaard BL Diagnostic performance of noninvasive fractional flow
reserve derived from coronary computed tomography
angiography in suspected coronary artery disease

2 252 0.02 2012 JAMA-Jd Am Med Min JK Diagnostic accuracy of fractional flow reserve from

Assoc anatomic CT angiography

3 179 0.01 2012 New Engl Jd Med  De Bruyne B Fractional flow reserve—guided PCI versus medical
therapy in stable coronary disease

4 179 0.03 2011 J Am Coll Cardiol Koo BK Diagnosis of ischemia-causing coronary stenoses by
noninvasive fractional flow reserve computed from
coronary computed tomographic angiograms

5 176 0.02 2013 J Am Coll Cardiol Taylor CA Computational fluid dynamics applied to cardiac
computed tomography for noninvasive quantification of
fractional flow reserve

6 156 0.06 2015 New Engl J Med  Douglas PS Outcomes of anatomical versus functional testing for
coronary artery disease

7 150 0.05 2015 Eur HeartdJ Douglas PS Clinical outcomes of fractional flow reserve by computed
tomographic angiography-guided diagnostic strategies
vs. usual care in patients with suspected coronary artery
disease: the prospective longitudinal trial of FFRct:
outcome and resource impacts study

8 142 0.01 2020 Eur HeartdJ Knuuti J 2019 ESC guidelines for the diagnosis and management
of chronic coronary syndromes

9 140 0.01 2013 Eur Heart J Montalescot G 2013 ESC guidelines on the management of stable
coronary artery disease

10 124 0.02 2016 J Am Coll Cardiol Douglas PS 1-year outcomes of FFRCT-guided care in patients with

suspected coronary disease the PLATFORM study

CT, computed tomography; FFRct, fractional flow reserve computed/calculated from computed tomography; PCI, percutaneous coronary
intervention; ESC, European Society of Cardiology; FFRCT, fractional flow reserve computed from computed tomography; PLATFORM,
Prospective Longitudinal Trial of FFRCT: Outcomes and Resource Impacts.

FFR, including the interpretation of plaque characteristics
and aortic stenosis (cluster#9). Michail er 4. implemented a
prospective study demonstrating the safety and feasibility of
applying CT-FFR to patients with severe aortic stenosis for
the first time (42).

Since 2014, the ML (cluster#4) algorithm has been
paid growing attention to for its superior modeling effect
on CFD. Even as the limitations of AI modeling are
objectives, such as the poor correlation of invasive FFR
and considerable time to extract anatomical features from
CCTA for ML (20), the combination of Al and medical
science is still regarded as a milestone and future direction
in the development of CT-FFR.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Discussion

Other than common reviews, bibliometrics analysis is
characterized by systematical and comprehensive inclusion
of correlated research, so as to locate landmark literature in
this field, track current hotspots and trends, and predict the
future direction of progression.

According to the knowledge mapping of the keywords, we
classified the hotspots of present status as the following aspects.

The diagnostic performance and accuracy of CI-FFR

Although anatomical stenosis diagnosed by CCTA cannot

Quant Imaging Med Surg 2023;13(9):5605-5621 | https://dx.doi.org/10.21037/qims-22-1094
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predict some ischemic lesions which are observed better
hemodynamically, as suggested by multicenter trial data,
the CT-FFR value shows a remarkable correlation with
invasive FFR; incorporating CT-FFR remarkably improves
the diagnostic performance of ischemia and alters decision-
making over CCTA alone (11,43,44). The deFACTO
study found that CT-FFR enabled more effective
discrimination and correct reclassification of per-vessel
for intermediate ischemic lesions over measures of CT
stenosis, which is significant for those who did not meet the
traditional criteria of angiographically severe yet conferred
hemodynamic importance (45). Besides that, the application
of CT-FFR in the emergency room has been given less
attention. A retrospective study by Chinnaiyan et 4/. found

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

no statistically significant difference in major adverse
cardiac events (MACEs) for patients with acute chest pain
when CT-FFR was applied compared with CCTA alone
(2.7% wvs. 4.3%, P=0.310), and it is feasible to defer the
revascularization by negative CT-FFR value (46).

The precise CT-FFR measurement relies on accurate
luminal modelling, and the calcification of different severity
adversely affects the artery boundary imaging (9). However,
according to a prospective multicenter trial by Nergaard
et al., there is no statistically significant difference in the
diagnostic performance of CT-FFR by CFD across all
coronary artery calcification (CAC) score groups (11). This
might be due to the flow-limiting degree of lesions (47).
An FFR <0.80 is accepted as a definite threshold value
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in ischemic differentiation; nevertheless, the closest
value to 0.80 of CT-FFR could mislead the dichotomous
diagnosis. The diagnostic accuracy of 46% is restricted to
the grey zone of non-invasive FFR value between 0.70 and
0.80, which requires more comprehensive tests to guide
clinical decision-making (48). It is noteworthy that a few
researchers are dedicated to determining the rejection rate
of CT-FFR and identifying the correlates of thinner CT
section thickness and lower patient heart rate, which has
helped to refine this novel technology (49).

The prognostic value provided by C1-FFR

CT-FFR might be an independent predictor of prognosis
for patients with CHD. A newly released meta-analysis
conducted that the numerical value was inversely associated
with unfavorable clinical outcomes (50). According to the
PLATFORM, the accession of functional assessment of
CT-FFR, which plays the role of gatekeeper of invasive
examination and treatment, prevented the reported 50%
increase in ICA and revascularizations and brought lower
costs as well as better quality for life for patients (15,51).
As for long-term follow-up, as reported by the Assessing
Diagnostic Value of Non-invasive FFRCT in Coronary Care
(ADVANCE) trial, the 1-year outcomes of the patients with
negative CT-FFR show lower rates of revascularization and
a trend toward less MACEs compared with patients with
a positive test result (52). A median follow-up of 4.7 years
organized by a sub-analysis of the NXT trial indicated
that a CT-FFR value of 0.8 or less was a superior predictor
compared with the presence of clinically significant stenosis
(defined as greater than 70%) on coronary CT angiograms,
which extended the safety of negative CT-FFR result to
approximately 5 years (53).

Revascularization guided by CI-FFR

Complete revascularization in CHD aims to eliminate all
ischemia-inducing lesions including percutaneous coronary
intervention (PCI) and coronary artery bypass grafting
(CABG). The PLATFORM study noticed that 230 patients
(61%) of ICA in the CT-FFR group were cancelled safely
and dramatically lowered the rate of finding non-obstructive
CHD (14). As the research concerning CT-FFR evolves,
it has been demonstrated that the application of CT-FFR is
gradually expanding from diagnosis (the gatekeeper of ICA)
to treatment (the road mapper of revascularization). In the
SYNTAX III REVOLUTION trial, the heart team refined

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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the decision-making for revascularization by correcting the
overestimated severity of CHD from CCTA and changing
treatment recommendations in 7% of patients (17).
When CT-FFR is applied to guide PCI, the impact of an
intervention on hemodynamics can be simulated and used
to predict the likelihood of procedural success (54). The
ongoing FASTTRACK CABG, a first-in-man study, is in
the continuation of the SYNTAX III REVOLUTION
trial, which probes into the feasibility of CT-FFR in cardio
surgery by replacing ICA as a surgical guidance method for
planning and execution of CABG in patients with 3-vessel
disease (41). However, more outcome data is needed to
support the ulterior recommendation for selecting CT-FFR
in revascularization by guidelines.

CT-FFR vs. QFR

QFR, another hemodynamic index, is a novel technique
based on CFD for the rapid computation of FFR from
radioactive ICA. Similar to CT-FFR, QFR has the
significant advantage of higher safety and reduction of
procedure time, risk, and costs of unnecessarily using a
pressure guidewire or inducing maximum hyperemia. With
FFR set as the baseline, a study showed that QFR had a
positive discovery rate of 81% and a negative predictive
value (NPV) of 90%, whereas CT-FFR had a positive
predictive value (PPV) of 70% and an NPV of 82% (41).
Despite the better potential in diagnostic accuracy of QFR,
by contrast, CT-FFR is more appropriate for outpatients
without evident coronary syndrome to reduce unnecessary
ICA (55).

CT-FFR and CT-MPI

With the technical advancements of CT scanners,
investigators’ interests have gradually shifted to performing
CT-MPI, which aims to evaluate coronary blood flow
effectively. This technique is used to image the transit
of contrast material from the coronary arteries to the
myocardium, and hypo-enhanced areas represent
myocardial hypo-perfusion (56). The need for extra
scanning and pharmacological stimulus is a limitation
of CT-MPI compared with CT-FFR. Presented by a
prospective study, the combination of CCTA+CT-FFR
showed better sensitivity and NPV, but lower specificity,
accuracy, and PPV over the combination of CCTA + CT-
MPI, yet the CCTA + CT-FFR + CT-MPI elevated the
efficiency on the above aspects (57). These two methods can
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be complementary to facilitate optimal decision-making.
Burst detection is the representative function of
CiteSpace by elucidating respective research hotspots
chronologically. At an early stage, the research focused on
demonstrating the non-inferiority or even the superiority
in differentiating ischemia of CT-FFR to other similar
imaging examinations; until recently, more attention
has been paid to amplifying the clinical application and
innovative development of CT-FFR such as Al support.

Emission CT and CT-FFR

To evaluate myocardial perfusion, positron emission
tomography (PET) for absolute quantification and single-
photon emission CT (SPECT) for visual analysis are
common reference standards (56). SPECT is the most
commonly performed non-invasive stress test; compared
with CT-FFR, which yields high diagnostic sensitivity,
the correlation might be moderate (58). However, these
two CT-based imaging tools are expected to combine to
improve diagnostic accuracy and optimize the non-invasive
method to guide clinical decisions.

TAG and CT-FFR

By definition, TAG, another hemodynamically non-invasive
measurement of CCTA images, is the contrast opacification
gradient along the lumen of a coronary artery on CCTA
images (40), and the significant stenosis could enhance the
contrast descent more dramatically. Yoon ez 4/. found that
CT-FFR showed better diagnostic accuracy than TAG
in ischemic lesions (59). Also, compared to CT-FFR, the
limitation of TAG lies in the effect of multiple heartbeats
and severe calcification on the interpretation of the results.

ML and AI technology in CI-FFR

The deep neural network of the ML CT-FFR model is built
on abundant CFD-based experiments (20). Compared to
CFD modeling, ML-based CT-FFR is additionally trained
by a specific subset of Al algorithms and is more capable of
improving diagnostic accuracy. Coenen et 4/. reported that
diagnostic accuracy improved from 58% by CTA to 78% by
ML-based CT-FFR on a per-vessel basis (60). To overcome
the major shortcoming of the too-long processing time of
CT-FFR, the ML-based coronary CFD protocols allow the
time to generate numerical results within a matter of hours,
even if sent offsite for analysis (61). Applying Al technology

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

to the clinical practice of cardiology is undoubtedly
progressive, paradigm-shifting, and represents the future

trend (34).

Plaque characteristics

The presence of adverse plaque characteristics, including
positive remodeling, napkin-ring sign, low-attenuation
plaque, and spotty calcification, is associated with plaque
rupture (60). Lee er al. reported that culprit lesions in
acute coronary syndrome exhibited lower CT-FFR and
higher magnitude of ACT-FFR, the difference between the
proximal and distal CT-FFR, showing the best incremental
reclassification ability among different hemodynamic
parameters (62).

This review is not without limitations. First, we chose
WoSCC as the only database resource for its predominant
collection of authoritative articles and because it is the only
database directly matching the import format of CiteSpace.
However, not using other databases could have led to an
information gap and bias, which is an ineligible issue for
this review. Second, the time lag, which takes the period
for the accumulation of high cited frequency, would result
in overlooking the detection of research fronts is the main
challenge of co-citation analysis (24).

Conclusions

Due to the increasing morbidity and mortality of CHD, the
earliest possible adjustment of lifestyle, pharmacological
therapies, and non-invasive testing for suspected CHD
patients is highly important. This review analyzed literature
concerning CT-FFR published within the past decade on
WoSCC in the form of a bibliometric and visual review.
CiteSpace, an efficient data processing tool, was chosen to
visualize the research status and frontiers through figures
and tables.

For the first time, this review analyzed science literature
about CT-FFR. It makes it more straightforward for
researchers to grasp existing results from multiple
dimensions, seek potential collaborators, and establish
further research directions (30).
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