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Abstract With wider adoption of coronary computed
tomography angiography (coronary CTA), chronic to-
tal occlusions (CTOs) are being increasingly identified
and characterised by non-invasive angiography. In
particular, the ability of coronary CTA to clearly delin-
eate atherosclerotic plaque, as well as to display three-
dimensional vessel trajectories, has garnered partic-
ular attention in the context of preprocedural plan-
ning and periprocedural guidance of CTO percuta-
neous coronary intervention (PCI). Single CTO fea-
tures and combined scoring systems derived from CTA
(mostly exceeding the diagnostic performance of the
angiographic J-CTO score) have been used to predict
time-efficient guidewire crossing, and thus grade the
CTO difficulty level prior to PCI. In addition, the in-
troduction of three-dimensional CTA/fluoroscopy co-
registration for periprocedural navigation during CTO
PCI offers the unprecedented opportunity to resolve
proximal cap ambiguity and clearly visualise the dis-
tal CTO segment, thereby potentially influencing CTO
PCI strategies and techniques. In this review, the po-
tential advantages of non-invasive evaluation of CTO
by coronary CTA are described, and a CTA-based hy-
brid algorithm is introduced for further enhancing
the efficiency of CTO PCIL Further studies are clearly
needed to verify the proposed approach. However,
several luminary operators have already implemented
coronary CTA for planning and periprocedural guid-
ance of CTO interventions using the hybrid algorithm.

M. P. Opolski (<)

Department of Interventional Cardiology and Angiology,
National Institute of Cardiology, Warsaw, Poland
opolski.mp@gmail.com

A. Nap - P. Knaapen

Department of Cardiology, Heart Center, Amsterdam UMC,
University of Amsterdam, Amsterdam Cardiovascular
Sciences, Amsterdam, The Netherlands

Keywords Coronary chronic total occlusion -
Coronary computed tomography angiography -
Percutaneous coronary intervention

Introduction

A chronic total occlusion (CTO) may be identified ei-
ther in patients with suspected coronary artery dis-
ease (CAD) undergoing coronary computed tomog-
raphy angiography (coronary CTA) [1], or CTA may
be specifically performed for a better characterisation
of CTO previously detected on invasive angiography
(usually for planning percutaneous or surgical inter-
ventions) [2, 3]. The prevalence of CTO detected on
non-invasive CTA among patients with a low-to-in-
termediate probability of CAD is low but significant
(reaching up to 6.2% among subjects with obstructive
CAD), and increases relative to male sex, typicality of
symptoms and CAD risk factors [1]. Whereas most in-
dividuals with CTO are managed medically, the pres-
ence of CTO on coronary CTA confers a worse prog-
nosis with an increased rate of late revascularisation
(but similar mortality) as compared with moderate-
to-severe CAD [4].

Consistent with the angiographic definition of CTO,
coronary CTA typically shows a lack of contrast opaci-
fication within the occlusion site with reversal of
contrast enhancement in the distal vessel [5]. Im-
portantly, the temporal definition of >3 months used
to define a CTO should be applied based on prior
clinical information [6]. Notwithstanding the absence
of systematic comparison between CT characteristics
of acute versus chronic total coronary occlusions,
acute occlusions usually display pronounced positive
remodelling and absence of extensive calcifications,
whereby the distal vessel segment may lack clear con-
trast opacification via the collateral circulation [7].
In addition, the non-invasive differentiation between
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high-grade stenoses and complete occlusions may be
challenging due to the limited spatial resolution of
current CT scanners, with lesion length =9 mm, con-
trast density difference =43% (reflecting intraluminal
contrast kinetics over the lesion) and the presence
of a ‘reverse attenuation gradient sign’ increasing the
likelihood of CTO [8-10]. Notably, non-invasive CTA
not only can detect CTO but also adds clues to the
natural history of CTO by identification of coronary
lesions that later progressed to CTO. Specifically, min-
imal lumen diameter of <2.0mm, reference segment
diameter of <3.2mm, and mean plaque attenuation
of <50 Hounsfield units on CTA were reported as
independent predictors of future CTO lesions [11, 12].

Advantages of CTO characterisation on CTA

In contrast to invasive angiography, coronary CTA en-
ables complete visualisation of the occlusion site and
distal vessel segment [3, 5, 13]. In particular, that
coronary CTA can reliably quantify morphological and
anatomical details of CTO characteristics (i.e. prox-
imal cap, calcification, tortuosity, occlusion length,
and number of occlusion sites) has been repeatedly
demonstrated in several trials [2, 14-25]. In addition,
the unconstrained number of three-dimensional CT
reconstructions facilitates the exact visualisation of
the CTO trajectory and aids in selecting the most op-
timal angiographic projection for orthogonal visuali-
sation of the occluded segment [5, 13]. In general, the
more demanding CTO visualisation is on invasive an-
giography (e.g. patients after coronary artery bypass
grafting, ostial occlusions), and/or the more difficult
the CTO lesion is to treat (high complexity score, prior
failed attempt), the higher is the potential benefit of
coronary CTA for planning percutaneous coronary in-
tervention (PCI).

Coronary CTA for preprocedural planning of CTO
PCI

Prediction of procedural outcome of CTO PCI by
coronary CTA

Coronary CTA has been consistently applied for the
prediction of time efficiency (i.e. guidewire crossing
within 30min) and the procedural outcome of CTO
PCI (i.e. guidewire crossing with restoration of throm-
bolysis in myocardial infarction grade 3 flow). To this
end, several single CTO features as well as combined
scoring systems based on CTA have been used to as-
sess the difficulty level of the CTO prior to PCI. No-
tably, all of the trials on the role of CTA for the pre-
diction of the procedural outcome of CTO PCI were
limited by their observational design, and mainly fo-
cused on antegrade wiring strategy [2, 14-25].

Proximal cap

The shape of the proximal cap on angiography is
paramount for planning antegrade wiring—whereas
a tapered stump indicates the presence of ‘microchan-
nels’ that are usually negotiated with soft polymer-
jacketed wires, a blunt stump necessitates the use
of stiffer and more penetrating wires [26]. Although
coronary CTA can differentiate between a blunt and
tapered proximal cap (including the exact origin and
direction of the side branches), CT studies have pro-
vided conflicting results concerning the influence of
stump morphology on success rates in CTO PCI [2,
14, 16, 17, 21, 25]. These disparities may result from
varying levels of operator experience and varying CTO
PCI techniques across different clinical sites as well
as a potentially high variability in the assessment of
stump morphology on coronary CTA [25].

Apart from assessing the shape of the CTO entry,
coronary CTA is uniquely suited for clear visualisation
of the proximal cap relative to the further course of
the occlusion site—a phenomenon not readily avail-
able by any other imaging modality. This virtually
precludes the occurrence of an ambiguous cap on
CTA, and can be potentially applied for proximal cap
clarification in lesions with inconclusive angiographic
findings—including guiding of proximal cap puncture
(Fig. 1a—d), balloon-assisted subintimal entry (Fig. 2),
and the scratch and go technique. In this context,
coronary CTA can be also used for localisation of the
stumps of the occluded bypass grafts and guiding
their recanalisation for retrograde access to CTO PCI
(Fig. 1le-h).

Calcification

The extent and severity of calcifications are propor-
tional to the age of coronary occlusions, and increase
the difficulty of CTO PCI [6]. Noteworthy is that
CTA is more sensitive in identifying, localising and
quantifying calcification as compared with invasive
angiography [15, 25]. Several CT studies have con-
sistently demonstrated the independent relationship
between calcification and procedural failure in CTO
PCI [2, 14-19, 21, 24, 25, 27-29]. Specifically, calci-
fication involving =250% of the vessel cross-sectional
area (CSA) within the occlusion site (rather than cal-
cification length) is considered the most frequent
quantitative correlate of failed CTO PCI [2, 14, 15, 17,
21, 25, 27]. In addition, it was suggested that calcifi-
cation at the proximal cap (but not at the distal cap)
constitutes the major hurdle of successful guidewire
crossing when using the antegrade approach [2, 21].
Hence, the identification of the extent and severity
of calcification (preferably by using the >50% cut-off
value for vessel CSA) on coronary CTA is paramount
for guidewire and microcatheter selection, planning
wiring escalation and de-escalation strategies, guiding
the knuckle wire technique (Fig. 3), and marking the
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Fig. 1 a-h Coronary computed tomography angiography
(CTA) for clarification of proximal cap ambiguity and guid-
ing recanalisation of the occluded venous graft for retrograde
access to a chronic total occlusion. Three-dimensional CTA
volume-rendered reconstruction showing the exact location
of the proximal cap of a chronically occluded left anterior de-
scending coronary artery (LAD) arising proximal to and above
the septal (S) branch in the right anterior oblique (RAO) view
(arrow). The exact course of the ostial LAD occlusion travers-
ing between the septal and intermediate branch (/B) is dis-
played (a). Invasive coronary angiography failing to show the
origin of the chronically occluded LAD (b). Advancement of
the PILOT 200 guidewire (Abbott Vascular, Santa Clara, CA,

USA) into the false lumen along the IB (c). Based on CTA im-
ages, the PILOT 200 guidewire was retracted and redirected
pointing upwards and proximal to the septal branch, tracking
the course of the LAD between the septal and IB (d). Three-
dimensional CTA volume-rendered reconstruction depicting
the exact location of the short stump (black arrow) as well
as the course of the occluded venous graft to the chronically
occluded LAD (e). Invasive angiography showing the stump
(black arrow) of the occluded graft to the LAD (f). Based on
CTA reconstructions aligned with the angulation of the C-arm,
the occluded venous graft was successfully recanalised using
the PILOT 200 guidewire supported by a Caravel (Asahi Intecc,
Nagoya, Japan) microcatheter (g, h)

Fig. 2 a-c Coronary computed tomography angiography
(CTA) for guiding balloon-assisted subintimal entry. Colour-
coded CTA multiplanar reconstruction showing the exact
course of severely calcified and tortuous chronic total occlu-
sion of the right coronary artery (RCA) with adequate length of
the proximal segment of the RCA for balloon-assisted subin-
timal entry. The coronary segments are displayed in green (no
foreshortening) or red (substantial foreshortening) (a). Based

on CTA reconstructions aligned with the angulation of the
C-arm, a3.0x 15mm balloon was inflated in the proximal RCA,
and a Fielder XT-A guidewire (Asahi Intecc, Nagoya, Japan)
was advanced into the subintimal space (b). After balloon de-
flation, the Turnpike Spiral microcatheter (Teleflex, Wayne, PA,
USA) was advanced, and a knuckled Fielder XT-A guidewire
was pushed into mid-RCA (c). LAO left anterior oblique
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Fig. 3 a-d Coronary computed tomography angiography
(CTA) for guiding the knuckle wire technique. Colour-coded
CTA multiplanar reconstructions demonstrating the exact
course of a severely calcified and tortuous CTO of the right
coronary artery (RCA) with clear delineation of the uptake
of the right ventricular branch in right anterior oblique (RAO)
30° projection. The coronary segments are displayed in green
(no foreshortening) or red (substantial foreshortening) (a, b).
Based on CTA reconstructions aligned with the angulation
of the C-arm, the knuckled Fielder XT-A guidewire (Asahi
Intecc, Nagoya, Japan) supported by the Turnpike Spiral
microcatheter (Teleflex, Wayne, PA, USA) was intentionally
advanced along the course of the RCA, and not into the right
ventricular branch (c, d). LAO left anterior oblique

most optimal re-entry sites in the antegrade dissection
and re-entry strategy.

Tortuosity

CTO tortuosity has significant implications for ap-
propriate guidewire selection. In CTO lesions with
marked tortuosity (particularly over long distances),
polymer-jacketed wires are preferred due to the lower
risk for coronary perforation, whereas straight and
short CTO segments can usually be traversed with
stiffer wires [26]. Significantly, CTA enables straight-

forward recognition and precise quantification of
coronary tortuosity, which is frequently underesti-
mated on invasive angiography [5, 13]. Particularly
germane to this concept, marked vessel tortuosity
throughout the occluded segment (most commonly
defined as an angle >45°) on CTA was repeatedly as-
sociated with procedural failure (although not always
as an independent predictive factor) [16, 25, 27].

The recognition of marked CTO vessel tortuosity
on non-invasive CTA can thus enhance appropriate
guidewire selection, and lower the threshold for the
dissection and re-entry strategy. In addition, the
timely identification of pronounced CTO bending
should prompt the operator to choose the optimal
fluoroscopic angulation with the least foreshortening
of the occlusion site based on three-dimensional CTA
reconstructions (Fig. 3).

Occlusion length and multiple occlusion sites

Angiographic occlusion length >20mm has been ac-
cepted as a handy and approximate correlate of failed
antegrade wiring [28]. Although coronary CTA sur-
passes invasive angiography in accurate measurement
of the occlusion length, the relevance of CT-defined
occlusion length in CTO PCI is uncertain [5, 13]. In-
deed, while some CT studies indicated the indepen-
dent association between long occlusions (defined as
either >15mm or >18mm or =32mm or as a continu-
ous variable) and failed PCI [14, 18, 20, 23, 24, 27],
others failed to confirm any independent relation-
ship between occlusion length and CTO PCI outcome
[2, 15-17, 19, 21, 22, 25]. These disparities may re-
flect differences in the application of the hybrid CTO
PCI techniques (mainly dissection and re-entry tech-
niques) by different operators for resolving long oc-
clusions.

Besides occlusion length, the relevance of multiple
occlusion sites in significantly reducing the chances
of time-efficient guidewire crossing has been reported
[25]. Specifically, the detrimental effect of multiple oc-
clusions on recanalisation attempts relies on longer
occlusion length and multiple entry and exit sites,
hampering successful guidewire passage into the dis-
tal true lumen. It is noteworthy that coronary CTA is
superior to invasive angiography for visualisation of
multiple occlusion sites [25].

Table 1 Studies on computed tomography angiography-derived scores for prediction of chronic total occlusion (CTO) per-

cutaneous coronary intervention

References Score name  Design Recruitment
period

Opolski et al. [25] CT-RECTOR  Multicentre, retrospective 2007-2013

Li et al. [29] J-CTOcr NR, retrospective 2011-2014
Fujinoetal. [30]  J-CTOct Single-centre, retrospective 2012-2016
Yu et al. [27] KCCT Multicentre, retrospective 2007-2015

CT computed tomography, NR not reported

Type of CT No. of Retrograde External valida-
CTOs approach tion

64/128-slice 240 11% Yes [27, 31]

dual source

64-slice dual source 171 NR Yes [30]

320-slice 218 33% Yes [29]

64-slice (including dual 456 12% No

source)
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CTA-derived scores for prediction of CTO PCI

To date three CTA scoring systems have been devel-
oped to predict the procedural outcome of CTO PCI,
and thus to grade the CTO difficulty level prior to PCI
(Tab. 1). Notably, the trials on CTA-derived scoring
systems comprised European, Japanese, and Chinese
populations enrolled between 2007 and 2016, and
predominantly focused on antegrade wiring strate-
gies [25, 27, 29, 30]. Hence, the clinical applicability
of CT scores for prediction of CTO PCI success rates
using retrograde wiring and dissection and re-entry
strategies is largely unknown.

Originally, the CT-RECTOR (Computed Tomogra-
phy Registry of Chronic Total Occlusion Revascu-
larization) score was introduced as an easy-to-use
prediction rule for 30-min guidewire crossing derived
from 240 CTO lesions from a multicentre European
registry [25]. The score features six independent
predictors (multiple occlusions, blunt stump, severe
calcification occupying =50% vessel CSA, bending,
CTO age =12 months or unknown, previously failed
CTO PCID), and is calculated by assigning 1 point for
each of the variables and summing all points accrued
(Fig. 4). Notably, the CT-RECTOR score was externally
validated in a Chinese population as a more accurate
prediction rule for 30-min guidewire crossing and
final procedural success rate as compared with the
angiographic J-CTO (Multicenter Chronic Total Occlu-
sion Registry of Japan) score [31]. Subsequently, two
trials explored the predictive ability of the J-CTO score
derived from CTA (the so-called J-CTOcr score) [29,
30]. Interestingly, while in one study the non-inva-
sive J-CTO score determined by CTA yielded a similar
predictive value for 30-min guidewire crossing as
compared with the angiographic J-CTO score [29],
the other study demonstrated significantly higher dis-
criminating accuracy of the J-CTOcr score than that of
the angiography-based J-CTO score [30]. Noteworthy
is that the J-CTO scores determined by coronary CTA
and invasive angiography differ in the amount of sur-
veyed calcification—while on CTA calcification must
involve >50% of the vessel CSA, invasive angiography
stratifies the presence or absence of calcification only.
Finally, the KCCT (Korean Multicenter CTO CT Reg-
istry) score was developed in the derivation cohort
of 456 CTO lesions, yielding seven independent pre-
dictors (proximal blunt entry, proximal side branch,
bending, occlusion length >15mm, severe calcifica-
tion or whole luminal calcification, reattempt, and
>12 months or unknown duration of occlusion) of
30-min guidewire crossing [27]. Whereas it showed
higher discriminative performance compared with
the other scoring systems, including J-CTO, CL (clini-
cal and lesion-related), PROGRESS-CTO (Prospective
Global Registry for the Study of Chronic Total Occlu-
sion Intervention), and CT-RECTOR scores (with the
least numerical difference between KCCT and CT-
RECTOR score), some of the parameters included in

CT-RECTOR score calculator
Predictor definitions
Multiple occlusions

Multiple occlusions

Presence of 22 complete interruptions
of the contrast opacification separated
by contrast-enhanced segment of 25 mm

B Presence (1)
[l Absence (0)

Blunt stump Blunt stump

M Presence (1)
B Absence (0)

Absence of any tapered stump
at the entry or exit site

Severe calcification Severe calcification

Presence of any calcium involving . Presence (1)

=250% of the vessel cross-sectional H Absence (0)
area at the entry or exit site or within

the occlusion route

Bending 245° Bending 245°

Presence of any bending 245°
at the entry or exit site or within
the occlusion route

M Presence (1)
[l Absence (0)

Second attempt Second attempt

Previously failed PCI at CTO [ Yes (U]
H No (0)
Duration of CTO Duration of CTO
Duration of CTO 212 months or unknown B Yes (1)
H No (0)
Difficulty group Total score
M Easy (0) W Difficult (2)

Fig. 4 Calculation sheet for the CT-RECTOR (Computed
Tomography Registry of Chronic Total Occlusion Revascu-
larization) score with definitions of each variable and listing
of the difficulty groups (reprinted with permission from [25]).
CTO chronic total occlusion, PCI percutaneous coronary in-
tervention

B Intermediate (1) [l Very difficult (=3)

the KCCT score (e.g. proximal side branch, occlusion
length =15mm) may be less relevant when hybrid
techniques (e.g. balloon-assisted subintimal entry)
and modern CTO PCI devices are applied [26, 32].

In summary, clinicians may find the CTA-based
scores particularly useful to better estimate the time
and resources required for the interventional treat-
ment of CTO, and to plan training sessions for less-
skilled interventionalists.

Coronary CTA for periprocedural guidance of
CTO PCI

Coronary CTA co-registration in the catheterisation
laboratory

Apparently, the biggest advantage of coronary CTA
for facilitating CTO PCI relies on real-time CTA co-
registration in the catheterisation laboratory [13]. To
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2. Appropriate ‘interventional’ collaterals
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Multiple occlusion

Severe calcification (250% CSA)
Bending 245°
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Antegrade
wiring

Antegrade dissection
and reentry

Controlled
(Stingray)

Wire-based

(LAST, AFR, STAR)

yes

Retrograde

Retrograde true Retrograde dissection
lumen puncture and reentry

\

Switch strategy

Fig. 5 Computed tomography angiography (CTA)-based hy-
brid algorithm for crossing a chronic total occlusion (CTO).
The algorithm is based on a meticulous review of coronary
CTA and dual-injection invasive angiography. Based on the
premise that coronary CTA enables clear visualisation of the
CTO entry relative to the further course of the occlusion site,
the proximal cap does not determine the choice of either an
antegrade or a retrograde strategy. Thus, only two CTO fea-
tures determine whether the primary strategy is antegrade or
retrograde: (1) the quality of the distal vessel; and (2) inter-

this end, one approach has been to import preproce-
dural CT datasets directly to the angiography system
with subsequent display of CTA images on sepa-
rate monitors. Specifically, such a solution features
a fully automatic alignment of CT reconstructions
according to the angulation of the C-arm, enabling
a continuous three-dimensional CTA roadmap during
PCI [5, 13]. In addition, the colour-coded display of
coronary arteries in virtual CTA facilitates contrast-
free identification of fluoroscopic projections with-
out foreshortening for each respective vessel segment
[5]. This has been corroborated in a study by Rolf
et al,, who reported a significantly higher CTO re-
canalisation success rate in 25 patients with CTA co-
registration as compared with 25 patients without
CTA overlay [33]. Subsequently, the periprocedural
co-registration of CTA using a wearable computer re-
sulted in improved efficiency and less use of resources
(as reflected by more frequent selection of the first-
choice stiffer wire and lower contrast exposure), al-
though there were no differences in CTO success rate
as compared with standard CTO PCI [34]. Notably,
both of these studies were limited by observational
design and antegrade wiring strategies, so that the
results need to be interpreted with caution [33, 34].

ventional collaterals. Also, occlusion length alone does not
determine the choice of either a wire escalation strategy or
a dissection and re-entry strategy, but rather a combination
of factors including multiple occlusion sites, severe calcifica-
tion (=50% vessel cross-sectional area (CSA)), bending (=45°),
and occlusion length =20 mm. Swift changes of strategies are
encouraged in case of failure in order to boost procedural effi-
ciency. AFR antegrade fenestration and re-entry, LAST limited
antegrade subintimal tracking, STAR subintimal tracking and
re-entry

Coronary CTA/fluoroscopy fusion guidance

Recently, a more challenging approach involving real-
time fusion of three-dimensional coronary CTA with
X-ray fluoroscopy for guiding CTO PCI has been inves-
tigated. In a study by Ghoshhajra et al. among 24 con-
secutive CTO PCI patients, CTA/fluoroscopy fusion
provided new insights into the extent and localisation
of coronary calcification as well as vessel tortuosity,
potentially influencing antegrade wiring, antegrade
and dissection re-entry, and retrograde wiring strate-
gies [35]. Similar findings were reported by Xenogian-
nis et al., in whose study CTA/fluoroscopy fusion was
used in 27 of 146 CTO PCI cases performed between
2018 and 2019 within the PROGRESS-CTO registry
[36]. Noteworthy, the most common indication for
CTA/fluoroscopy fusion was to clarify proximal cap
ambiguity, followed by facilitation of intra-CTO wire
advancement and re-entry. This subsequently con-
tributed to antegrade and dissection re-entry being
the most common successful crossing technique in
the CTA/fluoroscopy fusion group—a phenomenon
with a potential for reducing the need for a retrograde
approach. Notably, although both of these studies
were small and had an observational design, they are
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Dual injection

1. Poor distal target - NO
2. Appropriate ‘interventional’ collaterals - YES

l no
Antegrade

. Lesion length 220 mm - NO

. Multiple occlusion - NO

. Severe calcification (250% CSA) - NO
. Bending >45° - NO

Fig. 6 a-g Antegrade wire escalation strategy of a chroni-
cally occluded left anterior descending coronary artery (LAD).
Coronary computed tomography angiography (CTA) multipla-
nar reconstruction revealing a tapered proximal cap, a short
non-calcified occlusion site without bending and a good distal
target (@). Colour-coded CTA multiplanar reconstruction dis-
played in the catheterisation laboratory for guidance of ante-
grade wiring. The coronary segments are displayed in green
(no foreshortening) or red (substantial foreshortening) (b).
Baseline dual invasive angiography demonstrating a chronic
total occlusion (CTO) of the ostial LAD with distal filling via col-
laterals from the right coronary artery (c, d). Based on the CTA-

the first to examine the influence of coronary CTA for
guiding CTO PCI using the hybrid algorithm (35, 36].

Periprocedural CTA scanning in the catheterisation
laboratory

Finally, the interchangeable CTA scanning and anal-
ysis intertwined with invasive fluoroscopy has been
tested in a series of 61 patients undergoing CTO PCI
to investigate the role of intraprocedural CTA for iden-
tification of guidewire tip locations [37]. Whereas on-
site acquisition and review of the CT images in the
catheterisation laboratory was safe and feasible, not
every CTA result provided precise information about
guidewire location (not to mention potentially higher
labour input and radiation dose of intraprocedural
CTA).

Considerations for implementation of coronary
CTA within the hybrid algorithm

The hybrid algorithm was developed by North Amer-
ican operators in 2012 and is based on the concept

Switch strategy

based hybrid algorithm, antegrade wiring was chosen as the
primary recanalisation strategy, and the CTO was successfully
crossed with a Fielder XT-A guidewire (Asahi Intecc, Nagoya,
Japan) (e). Final angiographic result after the implantation
of multiple drug-eluting stents with restoration of antegrade
thrombolysis in myocardial infarction grade 3 flow (f). The CTA-
based hybrid algorithm for the presented case (g). AFR an-
tegrade fenestration and re-entry, CRAN cranial, CSA cross-
sectional area, LAST limited antegrade subintimal tracking,
RAO right anterior oblique, STAR subintimal tracking and re-
entry

of a rapid change of one strategy to another in case
of failure, in order to boost procedural efficiency [38].
Herein, we propose a modified hybrid algorithm for
CTO PCI based on coronary CTA—namely a CTA-
based hybrid algorithm (Fig. 5). To this end, the avail-
ability of coronary CTA co-registration aligned with
the angulation of the C-arm during CTO PCI is highly
recommended.

In particular, all CTO features are simultaneously
evaluated based on invasive angiography and coro-
nary CTA. In contrast to the original hybrid algorithm,
the proximal cap does not determine the choice of
either an antegrade or a retrograde approach based
on the premise that CTO lesions have a clear (non-
ambiguous) proximal cap on coronary CTA. Notably,
two remaining angiographic parameters (namely the
quality and size of the distal vessel and ‘interventional
collaterals’) dictating whether the primary approach
is antegrade or retrograde are retained. In addition,
in contrast to the original hybrid approach, occlusion
length alone does not dictate the choice of either an
antegrade wire escalation strategy or an antegrade dis-
section and re-entry strategy, but rather a combina-
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LAO 30/ CRAN 20°

Fig. 7

a-i Antegrade dissection and re-entry strategy of
a chronically occluded right coronary artery (RCA). Coronary
computed tomography angiography (CTA) multiplanar recon-
structions revealing short and tapered proximal cap, long and
severely calcified double occlusion site (stars) with bending
and a relatively good distal target with multiple calcium spots.
The white arrows indicate the favourable re-entry sites within

the distal RCA (a, b). Baseline dual invasive angiography
demonstrating a complex chronic total occlusion of the RCA
with distal filling via collaterals from the left anterior descend-
ing coronary artery supplied by the left internal mammary
artery (c). Based on the CTA-based hybrid algorithm, an an-
tegrade dissection and re-entry strategy was selected as the
primary recanalisation approach, and a knuckle Fielder XT-A
guidewire (Asahi Intecc, Nagoya, Japan) was advanced to the
mid-RCA (d). After antegrade insertion of a GuideLiner (Tele-
flex, Wayne, PA, USA), the CrossBoss catheter (Boston Scien-

tion of factors including multiple occlusion sites, se-
vere calcification (=50% vessel CSA), bending (=45°),
and occlusion length (Figs. 6 and 7). This is based on
numerous CT studies that have identified the above-
mentioned factors as significant predictors for failed
guidewire crossing [2, 14-25, 27, 29-31]. Importantly,
the threshold for antegrade dissection and re-entry as
an initial CTO PCI strategy is lowered based on the
clear delineation of both the proximal cap and the
distal CTO segment (including the extent and sever-
ity of calcifications) on coronary CTA, thereby poten-
tially reducing the need for the retrograde approach.
In contrast, complex lesions with poor distal targets
(including bifurcation at distal cap) and good inter-
ventional collaterals favour an initial retrograde ap-
proach.

Conclusion

The ability of CTA to identify and quantify coronary
atherosclerotic plaque, as well as to project three-
dimensional coronary vessel reconstructions, has gar-

Dual injection

1. Poor distal target - NO
2. Appropriate ,interventional” collaterals — YES

1. Lesion length 220 mm - YES

2. Multiple occlusion - YES

3. Severe calcification (250% CSA) - YES
4. Bending >45° - YES

Antegrade
dissection and —
reentry
Controlled
(Stingray)
Switch strategy

tific, Boston, MA, USA) crossed the occlusion subintimally into
the distal RCA (e). Subsequently, the CrossBoss catheter was
exchanged for a Stingray balloon (Boston Scientific, Boston,
MA, USA), placed adjacent to the true lumen in the distal RCA
between calcium spots as indicated on CTA images (f). Af-
ter multiple sticks with a Confianza Pro 12 guidewire (Asahi
Intecc, Nagoya, Japan), the Gladius guidewire (Asahi Intecc,
Nagoya, Japan) successfully crossed into the distal true lu-
men (arrows, g, h). Final angiographic result after implantation
of multiple drug-eluting stents with restoration of antegrade
thrombolysis in myocardial infarction grade 3 flow (i). The CTA-
based hybrid algorithm for the presented case (j). AFR ante-
grade fenestration and re-entry, CRAN cranial, LAO left an-
terior oblique, LAST limited antegrade subintimal tracking,
RAO right anterior oblique, STAR subintimal tracking and re-
entry

nered particular attention in the context of preproce-
dural planning and periprocedural guidance of CTO
PCI. To this end, several CTO features on coronary
CTA (e.g. severe calcification, bending, multiple oc-
clusion sites) have been used to predict the procedural
success rate of CTO PCI. More importantly, combined
CTA scoring systems (e.g. CT-RECTOR score) have
been developed to gauge the time required for suc-
cessful guidewire crossing, and thus to grade the level
of difficulty of the CTO prior to PCIL Significantly,
the CTA-based scores have been validated as more
accurate prediction tools compared with the angio-
graphic J-CTO score, lending support to improved
treatment and training strategies as well as allocation
of resources in the catheterisation laboratory. More-
over, the introduction of automated software tools
enabling real-time CTA/fluoroscopy co-registration
can aid in periprocedural guidance of CTO PCI based
on three-dimensional CTA information. Specifically, it
offers the unprecedented opportunity to resolve prox-
imal cap ambiguity and clearly visualise the distal
CTO segment (not to mention accurate identification

2

A computed tomography algorithm for crossing coronary chronic total occlusions 49



Review Article

of severe calcification, multiple occlusion sites, and
bending), thereby potentially influencing CTO PCI
strategies and techniques. In this regard, we have
introduced a CTA-based hybrid algorithm with po-
tential for further enhancing the efficiency of CTO
PCI. Importantly, this coincides with wider adoption
and growing indications for coronary CTA in the di-
agnostic work-up of patients with chronic coronary
syndromes. Further studies are needed to confirm the
time efficiency and procedural success rates of CTO
PCI using a CTA-based hybrid algorithm.
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