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Chronic total occlusions (CTOs) are a subset of lesions that present a considerable burden to cardiovascular patients. There exists a strong
clinical desire to improve non-surgical options for CTO revascularization. While several techniques, devices, and guide wires have been
developed and refined for use in CTOs, the inability of angiography to adequately visualize occluded arterial segments makes interventions
in this setting technically challenging. This review describes the current status of several invasive and non-invasive imaging techniques that
may facilitate improved image guidance during CTO revascularization, with the goals of improving procedure safety and efficacy while reducing the time required to complete these interventions. Cardiac imaging also has important potential roles in selecting patients most likely to
benefit from revascularization as well as pre-procedural planning, post-procedural assessment of revascularized segments and long-term outcomes studies. Modalities discussed include non-invasive techniques, such as CT(computed tomography) angiography and cardiac magnetic
resonance imaging (MRI), as well as invasive techniques, such as intravascular ultrasound, optical coherence tomography, intravascular MRI,
and conventional angiography. While some of these techniques have some evidence to support their use at present, others are at earlier
stages of development. Strategies that combine imaging techniques with the use of interventional therapies may provide significant opportunities to improve results in CTO interventions and represent an active area of investigation.
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Introduction
Chronic total occlusions (CTOs) are defined as occlusions greater
than 1 month old with angiographic TIMI 0 or TIMI 1 flow.
Successful revascularization of CTOs by either surgical or percutaneous means has been associated with improved LV function1,2 and
possibly reduced mortality.3,4 Patients who present with an
ST-elevation myocardial infarction (STEMI) and are found to
have an underlying CTO in a non-infarct related artery
are known to have poor outcomes with .30% mortality at 1

year. Furthermore, CTOs appear to account substantially for the
poor prognosis in patients with multivessel disease who suffer an
STEMI5 compared with their single-vessel disease cohorts.
Recent data from the occluded artery trial (OAT) and total
occlusion study of Canada (TOSCA-2) trials6,7 demonstrate that
routine percutaneous coronary revascularization of sub-acute
total occlusions (3–28 days old) does not reduce the combined
endpoint of death, myocardial re-infarction, or NYHA class IV
heart failure. However, these studies did not address CTOs (.1
month old) and excluded patients with multi-vessel disease,
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Table 1 Comparison of described visualization techniques
Technique

Resolution (mm)
(approximate)

Invasive

Visualize
occluded
lumen

Maturity

Salient features

...............................................................................................................................................................................
Angiography
Computed tomography
(CT) angiography
Cardiovascular magnetic
resonance imaging (MRI)
Conventional intravascular
ultrasound (IVUS)

300– 500
500

Yes
No

No
No

þ þþ þþ
þ þþ þ

Real-time; broad availability
Good assessment of calcifications; increasing
availability
Strong soft tissue contrast; excellent assessment of
function and viability
Assessment of revascularized CTO; cannot see
through calcium; may be combined with tissue
characterization techniques such as virtual
histology
Forward-looking configurations more appropriate for
most CTOs; good compromise between
resolution and tissue penetration (4 –8 mm) but
cannot see through calcium

500– 700

No

In periphery

þ þþ

50–200

Yes

Yes

þ þþ þ

Forward-looking IVUS

30–200

Yes

Yes

þ

Forward-looking optical
coherence tomography
(OCT)

4 –15

Yes

Yes

þ

High resolution and contrast; easily integrated with
laser-based interventions; limited tissue
penetration (400–700 mm)

Intravascular MRI

150– 250

Yes

Yes

þ

Excellent soft tissue contrast; broader field of view
than OCT or IVUS

A summary of the several imaging techniques described, with descriptions of their most salient features.

angina at rest or severe inducible ischemia. Randomized controlled
trial data for either routine or selective revascularization of CTOs,
including these important subgroups are currently not available.8
Revascularization by percutaneous coronary intervention is
often a technical challenge. The manipulation of wires and
devices through a CTO during percutaneous coronary intervention (PCI) without a means to visually identify vessel wall boundaries involves an inherent risk of complications such as arterial
dissection, perforation and cardiac tamponade. Prolonged procedural times for CTOs increases the likelihood of contrast
nephropathy and radiation skin injury. Finally, the unpredictable
and lengthy amount of time required for these procedures complicates the scheduling and efficiency of catheterization labs. A large
proportion of patients are treated with medical management
alone. Reductions in restenosis rates with drug eluting stents in
CTOs9 suggest markedly improved long-term patency over bare
metal stents. Thus, the main limitation to PCI in CTOs is the
ability to negotiate the CTO. Improvements in guidewire technology, interventional devices and revascularization techniques are
helping to increase the likelihood of success with PCI for CTOs.
A recent series of review articles further describes the background,
significance and treatment methods for this highly relevant subset
of lesions.10 – 13

The developing roles of imaging in the
management of chronic total occlusions
The most important clinical roles for imaging in CTOs include
(i) identifying the CTO; (ii) predicting whether or not the patient
is likely to derive clinical benefit from revascularizing the occluded
segment; (iii) predicting the ease with which a CTO can be

crossed; (iv) pre-procedural planning; (v) visualization during the
procedure; (vi) post-procedural assessment of the revascularized
arterial segments and affected myocardium, and (vii) long-term
follow-up. In addition, imaging of coronary and peripheral CTOs
may help us better understand their pathophysiology and natural
history, and provide important insights into devising future strategies to facilitate their management.
Improvements in patient selection, procedural success rates,
myocardial function, and long-term morbidity and mortality are
important goals that may be facilitated by cardiac imaging in the
context of CTOs. Other secondary but important goals include
reductions in both procedure times and the frequency of
complications.
Angiography provides real-time interactive guidance and will
likely continue as the primary imaging technique for CTOs. It is
widely available and serves as the de facto imaging technique
most familiar to interventional cardiologists. Indeed, the contemporary definition of a CTO is dependent on a lesion’s angiographic
appearance. The use of adjunctive imaging techniques to guide the
penetration of a wire or other device through a CTO to improve
procedural outcomes is an unrealized but very desirable goal.
Proposed imaging techniques for CTOs can be broadly categorized into (i) large field of view and modest resolution [such as
cardiac MRI(magnetic resonance imaging) or CT(computed tomography) angiography] and (ii) small field of view and high
resolution (Table 1). High-resolution methods include forwardlooking adaptations of intravascular ultrasound (IVUS), optical
coherence tomography (OCT), and intravascular MRI. Many of
these imaging modalities can be coupled with interventional techniques, and thus improve upon the guidance provided by angiography during revascularization. Characterizing a CTO before
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Table 2 A summary of imaging findings and their relevance based on currently available clinical evidence for the
management of chronic total occlusions (CTCA, computed tomography coronary angiography)
Modality

Supportive references

Non-supportive
references

...............................................................................................................................................................................
Features with demonstrated
value
Length . 15–20 mm

Negative predictor of
successful crossing

Angiography, CTCA

Olivari, Noguchi, Maiello,
Mollett

Calcification

Negative predictor of
successful crossing

Angiography, CTCA

Olivari, Noguchi, Soon,
Mollett

Multivessel disease

Negative predictor of
successful crossing

Angiography

Tan, Olivari, Noguchi,
Ivanhoe, Suero

Tapered stump

Positive predictor of
successful crossing

Angiography, CTCA

Tan, Mollett, Soon, Maeillo,
Olivari, Ivanhoe

Predicts improvement in
myocardial function

Magnetic resonance
imaging (MRI)

Baks

Negative predictor of
successful crossing

Angiography

Mollett, Tan

Olivari, Maiello

Vessel Size , 3 mm

Negative predictor of
successful crossing

Angiography

Tan

Olivari, Noguchi

Bridging collaterals

Negative predictor of
successful crossing

Angiography, CTCA

Tan, Maiello

Kinoshita, Olivari,
Noguchi

Tan

Maiello

...............................................................................................................................................................................
Emerging features with
potential value
Myocardial viability

...............................................................................................................................................................................
Features of debated value
Proximity to a side branch

intervention, such as with non-invasive techniques, may provide
information about mechanical and geometric properties that
would influence interventional strategies. Post-intervention
imaging may help assess the resulting lumen and predict outcomes
such as long-term patency and need for follow-up.

Angiography
As mentioned previously, angiography will continue as the
primary imaging technique for procedural guidance during CTO
interventions into the foreseeable future. Angiographic characteristics of CTOs can strongly predict the likelihood of a successful
intervention (Table 2). Features that consistently correlate with
failure to cross a lesion with a guidewire include lesion length
greater than 15– 20 mm, multi-vessel disease, calcifications, and
absence of a tapered stump,.1,4,14 – 17 Other features with conflicting results in terms of their predictive value include the presence of
bridging collaterals, proximity to a side branch, tortuosity, and lack
of visibility of the distal vessel.4,15 – 18 Contralateral (and simultaneous) injections of both the right coronary artery (RCA) and
LCA will often permit simultaneous visualization of the entry
point and exit point via collaterals. Multiple projections or
bi-plane angiography are often used to further augment visualization of the coronary anatomy. While angiography is very useful
for guidance purposes, it still has considerable limitations that
stem from its two-dimensional projection format and the lack of
soft tissue contrast. Angiography does not provide sufficient information about the geometry, composition or vessel borders of an
occluded segment. Additional safety concerns include excessive

X-ray exposure (.40 min fluoroscopy time) and contrast loads
averaging 350 mL.19,20
Resolution remains another significant limitation of angiography.
Even in angiographic CTOs with TIMI grade 0 or 1 antegrade flow,
50% are ,99% stenotic by histopathology.21 Intraluminal microchannels measuring 100–500 mm, beyond the resolution of angiography, are commonly found in both human pathological samples
and in animal models of CTOs.22 These micro-channels may
have importance in characterizing the age and mechanical properties of a CTO. We suspect that they may also serve as useful landmarks for other higher resolution imaging methods to facilitate
successful guidewire passage through CTO and may provide conduits that facilitate delivery of lesion-modifying agents such as
collagenase.23

Computed tomography angiography
Multi-slice or multi-detector CT coronary angiography (CTCA) is
rapidly gaining in popularity for assessing coronary artery lesions. A
single venous injection of less than 100 mL is used for most scans.
CT angiography is more accurate in identifying severe stenoses24
compared with less significantly diseased segments, although
severe calcification reduces the ability to distinguish the vessel
lumen from calcified deposits. An example of a CTO with
minimal calcification is shown in Figure 1, with a potential exit
point visualized near the distal end of the occluded segment.
A recent study demonstrated that procedural success for crossing CTOs could be predicted based on several features identifiable
by CT angiography.25 Occlusion length .15 mm and severe
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Figure 1 (A) Volume rendered computed tomography (CT) angiogram of a native right coronary artery (RCA) with a long chronic total
occlusion (CTO) (white arrow). (B – D) The longitudinal multi-planar reformatted images demonstrate the presence of a minimally calcified
entry point (En) and a potential exit (Ex) point of a CTO (white arrow) for revascularization

calcification were negative predictors of success, while tapered
stump morphology was a positive predictor. In particular, heavy
transluminal calcification (occupying .50% of the cross-sectional
area of the lumen) may be an important predictor of procedural
failure.26 CT angiography provides measurements of occlusion
length that can exceed measurements obtained using conventional
angiography, likely due to the absence of foreshortening effects. As
a three-dimensional imaging technique, features such as vessel tortuosity, bridging collaterals, and the extent of calcifications within
the occlusion may provide important information in preprocedural planning of interventional strategies. Yokoyama
et al.27 reported on the use of CT angiography for pre-procedural
planning. This strategy identified the location of calcifications and
regions of sharp bends along the course of a CTO to help guide
their interventions.
Disadvantages of CT angiography include the lack of soft tissue
contrast, which can impair localization of the luminal borders of
the CTO, and a relatively high degree of radiation exposure,
especially when the doses delivered by both a pre-procedural
CT angiogram and a potential subsequent interventional procedure are taken into account.28
Incorporation of ECG-pulsed modulation of the tube current
can significantly reduce radiation dose,29 and becomes most practical in dual-source CT scanners.30 Dual-source CT scanners can
acquire data at twice the speed as single source multi-detector
CT systems, obviating the need for heart rate control prior to
scanning and improving the likelihood of interpretable imaging
data.31 Dual-energy CT uses two different tube voltages to generate a pair of imaging datasets that may improve tissue characterization.32 Its potential role to improve discrimination between
calcifications and iodine contrast in vessels is under investigation.
Indeed, rapid advances in CT technology are contributing significantly to CT angiography’s popularity. Further data regarding its
suitability for CTO identification, characterization, and preprocedural planning is anticipated.

Cardiac magnetic resonance imaging
At present, cardiac magnetic resonance (MR) has its most significant clinical relevance for CTO management in assessing myocardial function and predicting the potential of a myocardial bed to
regain contractility after CTO intervention. Delayed hyperenhancement imaging by contrast-enhanced MRI has been shown
to predict the recovery of myocardial function in dysfunctional segments by surgical revascularization33,34 and in the setting of acute
myocardial infarctions.35,36 It can also predict functional improvement in patients undergoing PCI of CTOs,37 and may therefore
play an important role in selecting patients who are most likely
to benefit from intervention. While positron emission tomography
has a long history of evidence to support its accuracy in detecting
myocardial viability, MRI has the advantages of broader availability,
and better resolution with comparable sensitivity and
specificity.38,39
Non-invasive characterization by CMR of cardiac structure and
function also are very useful for assessing the natural history of
myocardium in areas affected by CTOs, for post-procedural
studies and to provide long-term follow-up after CTO interventions. For example, CMR has been used to demonstrate a
reduction in infarct size and improvement in left ventricular function with the concomitant delivery of progenitor cells to target
regions that were previously rendered ischaemic by CTO.40
Several techniques to non-invasively detect significant coronary
artery stenoses are available using CMR. First-pass contrast studies
to image tissue perfusion41 and dobutamine stress CMR to detect
regions of ischemia with changes in myocardial contractility42
provide indirect evidence of significant coronary stenoses.
However, there is no evidence to suggest that either of these techniques can differentially identify a total occlusion from a partial
occlusion.
The use of cardiac MRI to directly assess coronary plaque via
CMR angiography continues to undergo active development.43
CMR angiography utility is currently limited to ruling out left
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Figure 2 (A) Conventional angiogram of an experimentally
induced chronic total occlusion in a porcine left anterior descending artery (LAD) (black arrow) 30 days after implanting a
biodegradable occlusion. (B) Occlusion at the distal end of
patent portion of the LAD (white arrow) and the neighbouring
great cardiac vein (white arrowhead) by magnetic resonance
(MR) angiography with an intravascular contrast agent

main or multivessel disease44 and for assessing coronary artery
bypass graft patency.45 The sensitivity and specificity for identifying
coronary CTOs has not been studied. Cardiac and respiratory
motions contribute to technical difficulties in achieving ideal resolutions and signal-to-noise ratios with non-invasive characterization
of coronary plaque. Nonetheless, steady improvements in overcoming these obstacles continue to develop with success via the
use of surface coils, stronger magnetic fields, and novel scanning
sequences. Figure 2 demonstrates an example of a coronary
CTO imaged in vivo in an experimental porcine model using a
1.5T scanner and an intravascular contrast agent.
CMR remains attractive for future work due to its inherent soft
tissue contrast and its non-invasive nature. Its real-time images,
flow measurement, various contrast-weighting schemes and
imaging planes provide a great deal of potential for future CTO
research. Data from our laboratory has shown that intravascular
MR contrast agents can assess intraluminal perfusion through the
CTO and possibly even identify micro-vessels that are undetectable by conventional angiography in peripheral CTOs, as seen in
Figure 3. Extravascular agents simultaneously enhance both the
lumen and the surrounding myocardium, while intravascular
agents preferentially enhance the lumen and may thus improve
the diagnostic performance of CMR angiography in humans.46
MR contrast agents are also rapidly maturing in animal models of
disease, including agents that target molecules frequently found
in atherosclerotic activity.47
Another variant of cardiac MRI that may have relevance to the
assessment of CTOs is direct thrombus imaging48 (MRDTI).
MRDTI allows for the estimation of the extent and age of
thrombi without the use of an exogenous contrast agent and is
being refined for use towards coronary lesions.

Intravascular magnetic resonance
imaging
The ability to characterize coronary plaque composition using MRI
remains limited by the inherent resolution of the technique and
artefacts generated by cardiac and respiratory motion.

Intravascular coils improve the signal-to-noise ratio sufficiently to
attain a resolution that allows for the identification of structural
layers within a plaque49 and could be used to confirm intraluminal
position of devices during CTO revascularization. Recently, a 0.014
inch MRI imaging guidewire has been developed and tested in
vivo.50
Previous efforts of intravascular MRI development have been
directed towards side-viewing orientations.51 However, most
CTOs will require forward-looking coils to guide penetration
during the intervention. We have recently developed intravascular
coils with sufficient sensitivity as far as 5 mm ahead of the catheter
tip for that purpose.
The inclusion of MR-compatible receiver coils in catheters is
also very helpful for tracking the catheter motion during
CMR-guided interventions,52 as most conventional catheters and
devices are not well visualized under MRI. MR sensitive coils in
guide wires, catheters, and devices have been used to guide the
recanalization of a long CTO in a carotid swine model.53 Finally,
the use of intravascular MR receiver coils remains controversial,
as these devices can be subject to significant in vivo heating
under specific conditions.54 There are many ways to reduce the
severity and likelihood of this potential hazard, but very few
studies have been performed in humans using intravascular MRI
to date.55

Intravascular ultrasound
IVUS is a particularly appealing imaging modality for image guidance
purposes due to its high resolution, reasonable penetration depth,
and its ability to readily identify the external elastic lamina in the
absence of calcifications. Conventional IVUS systems are sideviewing, and are commonly used in non-occluded vessels. Alternative configurations of IVUS with the imaging transducer focused in
a forward-looking manner, rather than side-viewing, would be
more suitable for imaging of CTOs.56 – 58 Examples of forwardlooking ultrasound images collected from a peripheral CTO in
an ex vivo setting are shown in Figure 4. Frequencies of 25–
60 MHz would likely provide useful resolution in the order of
30 –200 mm, while still retaining sufficient penetration depth in
the order of 2– 10 mm. The development of capacitive micromachined ultrasound transducers may have a role in improving
the performance of forward-looking IVUS,59 although adequate
imaging quality has not yet been demonstrated with this particular
technology. IVUS-based techniques such as elastography,60,61
radio-frequency (RF) tissue characterization or virtual histology62 – 64 can be incorporated with forward-looking IVUS
systems to identify the mechanical properties and composition of
CTOs. However, many properties of ultrasound signals are
affected by the direction in which the beam approaches the
tissue being imaged. Therefore, these techniques would have to
be revised and revalidated in a forward-looking configuration.
Forward-looking IVUS systems can also be combined with ablation
or other strategies for altering vascular tissues.
Conventional side-viewing IVUS has also been applied on rare
occasions to provide real-time interventional guidance. Ito
et al.65 have described techniques for guiding a wire through the
proximal cap of CTO by placing an IVUS catheter in a side
branch of the occluded lumen. Guidance of an intervention
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Figure 3 (A) Magnetic resonance (MR) angiogram of an experimentally induced chronic total occlusion in rabbit right femoral artery taken
with a 3.0T scanner and intravascular contrast agent. The MR angiogram detected a microvessel (white arrows) not detected by conventional
angiography. (B) Histology confirms the presence of microvessels (mv) and also demonstrates disruption of the internal elastic lamina (white
arrows) and the media (med) within the occluded segment

IVUS can be used in its side-viewing configuration to image
CTOs once they have been revascularized in order to assess properties of the new lumen that may require further intervention.67 It
can also be used to identify important features at follow-up for
revascularized CTOs such as restenosis and late-stent malapposition.68 A recent study using IVUS to assess CTOs immediately
after they had been recanalized demonstrated intramural haematomas in as many as 34% of the lesions,69 supporting the notion that
current techniques lack sufficient guidance to minimize vessel
trauma. Conventional IVUS has also demonstrated a positive correlation between the extent of calcification and duration of an
occlusion, thus providing some insight into the difficulties experienced when attempting to cross older CTOs.70

Optical coherence tomography

Figure 4 (A) Cross-sectional image of a human peripheral
chronic total occlusion acquired ex vivo using a bench-top
forward-looking micro-ultrasound system with a centre frequency of 55 MHz. (B) Histological cross-section of the same
sample stained with Masson’s Trichrome. (C) Three-dimensional
image, including cross-sectional and longitudinal cuts. The external elastic lamina (EEL) separates the media from the surrounding
adventitia and is visible in the histology and micro-ultrasound
images

within the true lumen by placing the IVUS catheter into a previously created false lumen has also been described.66 However,
operators must be very mindful of complications that can arise
during the manipulation of a conventional IVUS catheter within a
false lumen.

OCT produces images in a manner analogous to ultrasound using
light rather than sound waves.71 Its primary advantage is increased
resolution (in the order of 4–15 mm) at the cost of poorer penetration through tissue and blood.72 Saline flushing is often
required to improve visualization. OCT has significant potential
in the area of image-guidance for CTOs, as demonstrated by
bench top testing of forward-looking OCT with ex vivo specimens
of peripheral CTOs. Figure 5 illustrates an image of a CTO generated using forward-looking OCT alongside the corresponding histology. Forward-looking OCT has more than sufficient resolution
to clearly depict microvessels and the different layers of the
vessel wall.73 As a result of lower flow rates in regions adjacent
to a CTO (as compared with non-occluded regions) the requirement for frequent or prolonged saline flushes to obtain meaningful
images should be less problematic.
While the penetration depth of OCT is intrinsically poor, it
would be helpful in guiding initial wire penetration or in guiding
laser ablation74 to create an initial entry hole or divot into the
cap of the occlusion. Forward looking OCT could then be
applied in an iterative fashion to guide along the length of CTO
in small increments of a few millimeters at a time. In such a scenario, a lesion-modifying intervention would be applied at each
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Image fusion: incorporating
three-dimensional image roadmaps

Figure 5 (A) Forward-looking optical coherence tomography
image acquired ex vivo of a peripheral chronic total occlusion
(CTO). The image planes lies just below the surface of the
CTO’s cap. (B) The corresponding histology with Masson’s Trichrome. (C) A longitudinal image reconstructed in a plane perpendicular to the white line seen in panel A. The white arrows
delineate the external elastic lamina. The arrowheads are
surface reflection artefacts at the air/tissue interface of the proximal cap. (D) Longitudinal section (perpendicular to the black line
in panel B) shows the internal and external elastic laminas (black
arrows and black arrowheads respectively)

increment, such as balloon angioplasty, laser ablation, or the
advancement of a micro-dilator through the lesion.
Several variants of conventional side-viewing OCT exist that
could be adapted to forward-looking implementations. Optical
frequency-domain imaging is a form of OCT that enables a dramatically more rapid scan time and would facilitate volumetric
imaging to guide CTO procedures.75 Polarization sensitivity
imaging is another variant of OCT, which provides a method to
assess the concentration of collagen within coronary artery
plaques.76 Elastography using OCT rather than IVUS has also
been investigated in preparation for future efforts to assess the
mechanical properties of plaque.77 OCT-based Doppler techniques are possible,78 and may help assess the presence of flow
in the microvessels of a CTO.
A method to optically assess CTOs using optical coherence
reflectometry (OCR) has previously been combined with an RF
ablation probe in a single guidewire (SafeCross, IntraLuminal
Therapeutics, Carlsbad, CA, USA).79 OCR uses OCT along a
single line of sight rather than producing a true image. Clinical
results from the use of the SafeCross wire have resulted in
device success rates in the order of 50–60% in CTOs not crossable using conventional techniques. While these results illustrated
the potential of additional guidance strategies to facilitate CTO
interventions, considerable room for improvement remains.

Image guidance for crossing CTOs is markedly different from the
guidance required for the treatment of stenoses or acute occlusions. In vessels that are either non-occluded or contain a soft,
thrombotic occlusion, the mechanical integrity of the vessel wall
helps contain the wires and devices within the vessel’s boundaries.
CTOs, on the other hand, are more difficult to navigate. For
example, an intraluminal calcification or heavily fibrotic region
may deflect a guide wire out of the lumen. Similarly, disruption
of the normal three-layer architecture of the vessel wall that
occurs within some occlusions may make it easier for a wire to
exit the vessel boundaries. The practical value of threedimensional image guidance becomes more significant in this
setting, and many interventionalists will either use bi-plane angiography or alternate between orthogonal views in frequent
attempts to identify wire position relative to the presumed path
of the true lumen.
CTCA and MR coronary angiography provide opportunities to
collect three-dimensional datasets of the coronary anatomy that
could potentially augment guidance during CTO interventions.
The fusion of cardiac MR or CT images with angiography would
combine the real-time capabilities of angiography with additional
three-dimensional information and, in the case of MR, soft tissue
contrast. Image fusion is presently more developed for electrophysiological applications, but could be applied to CTO interventions using similar principles. There may also be a select role for
catheterization suites with combined fluoroscopic and cardiac
MR imaging equipment80 so that both datasets are acquired
during the same procedure, which may improve the accuracy of
registering the two datasets.

Comparison with vulnerable plaque
imaging
A major focus of imaging research over the past five years has been
the identification of locations of the vasculature that will develop
plaque disruption leading to significant clinical events such as myocardial infarction. Imaging of such vulnerable plaques has been
studied with many of the modalities described above, such as
IVUS (with or without virtual histology), elastography, OCT, elastography, and thermography.81 Potential clinical benefits from
adjunctive imaging techniques for CTO revascularization may be
easier to demonstrate than clinical benefits from vulnerable
plaque imaging. For example, changes in clinical outcomes such
as procedural success rates, ventricular function and resolution
of angina as a result of CTO revascularization may be easier to
measure than effects that may result from the identification and/
or stabilization of vulnerable plaques. Additionally, with the high
incidence of CTOs in the peripheral vasculature that lead to significant morbidity, such as claudication and amputation due to critical
limb ischemia, there is a large opportunity to use the peripheral
vascular bed to refine CTO imaging techniques prior to use in
the coronaries.
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Conclusions
The imaging techniques described above are at different stages of
maturation and their roles (present and anticipated) in the characterization and treatment of CTOs are similarly diverse. In addition
to developments in imaging techniques, there have been significant
improvements in guide wire technology. The integration of these
new imaging techniques with advances in guide wires, steering
mechanisms, drug eluting stents, and other plaque modification
strategies may enable impressive improvements in CTO revascularization and significantly expand the complexity of CTOs
attempted by percutaneous techniques. Importantly, imaging may
help identify situations in which it is most appropriate to attempt
these challenging lesions. Further development and validation of
these techniques are required before integration into routine
practice.

7.

8.

9.

Acknowledgements
The authors would like to thank Dr Normand Robert of the Sunnybrook Research Institute, Canada, for his expert opinion in
reviewing the manuscript.
10.
Conflict of interest: none declared.

Funding
The authors would like to acknowledge funding support from the
Canadian Institutes of Health Research, The Ontario Research and
Development Challenge Fund and VisualSonics Incorporated.

11.

References
1. Ivanhoe RJ, Weintraub WS, Douglas JS Jr, Lembo NJ, Furman M,
Gershony G, Cohen CL, King SB 3rd. Percutaneous transluminal
coronary angioplasty of chronic total occlusions. Primary
success, restenosis, and long-term clinical follow-up. Circulation
1992;85:106– 115.
2. Danchin N, Angioi M, Cador R, Tricoche O, Dibon O, Juilliere Y,
Cuilliere M, Cherrier F. Effect of late percutaneous angioplastic
recanalization of total coronary artery occlusion on left ventricular
remodeling, ejection fraction, and regional wall motion. Am J
Cardiol 1996;78:729– 735.
3. Suero JA, Marso SP, Jones PG, Laster SB, Huber KC, Giorgi LV,
Johnson WL, Rutherford BD. Procedural outcomes and long-term
survival among patients undergoing percutaneous coronary intervention of a chronic total occlusion in native coronary arteries: a
20-year experience. J Am Coll Cardiol 2001;38:409 – 414.
4. Noguchi T, Miyazaki MS, Morii I, Daikoku S, Goto Y, Nonogi H.
Percutaneous transluminal coronary angioplasty of chronic total
occlusions. Determinants of primary success and long-term clinical
outcome. Catheter Cardiovasc Interv 2000;49:258 – 264.
5. van der Schaaf RJ, Vis MM, Sjauw KD, Koch KT, Baan J Jr,
Tijssen JG, de Winter RJ, Piek JJ, Henriques JP. Impact of multivessel coronary disease on long-term mortality in patients with
ST-elevation myocardial infarction is due to the presence of a
chronic total occlusion. Am J Cardiol 2006;98:1165– 1169.
6. Dzavik V, Buller CE, Lamas GA, Rankin JM, Mancini GB,
Cantor WJ, Carere RJ, Ross JR, Atchison D, Forman S,
Thomas B, Buszman P, Vozzi C, Glanz A, Cohen EA, Meciar P,
Devlin G, Mascette A, Sopko G, Knatterud GL, Hochman JS. Randomized trial of percutaneous coronary intervention for subacute

12.

13.

14.

15.

16.

infarct-related coronary artery occlusion to achieve long-term
patency and improve ventricular function: the Total Occlusion
Study of Canada (TOSCA)-2 trial. Circulation 2006;114:
2449– 2457.
Hochman JS, Lamas GA, Buller CE, Dzavik V, Reynolds HR,
Abramsky SJ, Forman S, Ruzyllo W, Maggioni AP, White H,
Sadowski Z, Carvalho AC, Rankin JM, Renkin JP, Steg PG,
Mascette AM, Sopko G, Pfisterer ME, Leor J, Fridrich V,
Mark DB, Knatterud GL. Coronary intervention for persistent
occlusion after myocardial infarction. N Engl J Med 2006;355:
2395– 2407.
Silber S, Albertsson P, Aviles FF, Camici PG, Colombo A, Hamm C,
Jorgensen E, Marco J, Nordrehaug JE, Ruzyllo W, Urban P,
Stone GW, Wijns W. Guidelines for percutaneous coronary interventions. The Task Force for Percutaneous Coronary Interventions of the European Society of Cardiology. Eur Heart J 2005;
26:804– 847.
Hoye A, Tanabe K, Lemos PA, Aoki J, Saia F, Arampatzis C,
Degertekin M, Hofma SH, Sianos G, McFadden E, van der
Giessen WJ, Smits PC, de Feyter PJ, van Domburg RT,
Serruys PW. Significant reduction in restenosis after the use of
sirolimus-eluting stents in the treatment of chronic total occlusions. J Am Coll Cardiol 2004;43:1954– 1958.
Stone GW, Kandzari DE, Mehran R, Colombo A, Schwartz RS,
Bailey S, Moussa I, Teirstein PS, Dangas G, Baim DS, Selmon M,
Strauss BH, Tamai H, Suzuki T, Mitsudo K, Katoh O, Cox DA,
Hoye A, Mintz GS, Grube E, Cannon LA, Reifart NJ, Reisman M,
Abizaid A, Moses JW, Leon MB, Serruys PW. Percutaneous recanalization of chronically occluded coronary arteries: a consensus
document: part I. Circulation 2005;112:2364 – 2372.
Stone GW, Reifart NJ, Moussa I, Hoye A, Cox DA, Colombo A,
Baim DS, Teirstein PS, Strauss BH, Selmon M, Mintz GS,
Katoh O, Mitsudo K, Suzuki T, Tamai H, Grube E, Cannon LA,
Kandzari DE, Reisman M, Schwartz RS, Bailey S, Dangas G,
Mehran R, Abizaid A, Moses JW, Leon MB, Serruys PW. Percutaneous recanalization of chronically occluded coronary arteries: a
consensus document: part II. Circulation 2005;112:2530 – 2537.
Stone GW, Colombo A, Teirstein PS, Moses JW, Leon MB,
Reifart NJ, Mintz GS, Hoye A, Cox DA, Baim DS, Strauss BH,
Selmon M, Moussa I, Suzuki T, Tamai H, Katoh O, Mitsudo K,
Grube E, Cannon LA, Kandzari DE, Reisman M, Schwartz RS,
Bailey S, Dangas G, Mehran R, Abizaid A, Serruys PW. Percutaneous recanalization of chronically occluded coronary arteries:
procedural techniques, devices, and results. Catheter Cardiovasc
Interv 2005;66:217 – 236.
Kandzari DE. The challenges of chronic total coronary occlusions:
an old problem in a new perspective. J Interv Cardiol 2004;17:
259– 267.
Giokoglu K, Preusler W, Storger H, Hofmann M, Klopper JW,
Schwarz F, Reifart N. [The recanalization of chronic coronary
artery occlusions: what factors influence success?]. Dtsch Med
Wochenschr 1994;119:1766 – 1770.
Olivari Z, Rubartelli P, Piscione F, Ettori F, Fontanelli A, Salemme L,
Giachero C, Di Mario C, Gabrielli G, Spedicato L, Bedogni F.
Immediate results and one-year clinical outcome after percutaneous coronary interventions in chronic total occlusions: data
from a multicenter, prospective, observational study (TOASTGISE). J Am Coll Cardiol 2003;41:1672– 1678.
Tan KH, Sulke N, Taub NA, Watts E, Karani S, Sowton E. Determinants of success of coronary angioplasty in patients with a
chronic total occlusion: a multiple logistic regression model to
improve selection of patients. Br Heart J 1993;70:126 – 131.

Imaging for chronic total occlusions

17. Maiello L, Colombo A, Gianrossi R, Mutinelli MR, Bouzon R,
Thomas J, Finci L. Coronary angioplasty of chronic occlusions:
factors predictive of procedural success. Am Heart J 1992;124:
581 – 584.
18. Kinoshita I, Katoh O, Nariyama J, Otsuji S, Tateyama H,
Kobayashi T, Shibata N, Ishihara T, Ohsawa N. Coronary angioplasty of chronic total occlusions with bridging collateral vessels:
immediate and follow-up outcome from a large single-center
experience. J Am Coll Cardiol 1995;26:409– 415.
19. Buller CE, Dzavik V, Carere RG, Mancini GB, Barbeau G,
Lazzam C, Anderson TJ, Knudtson ML, Marquis JF, Suzuki T,
Cohen EA, Fox RS, Teo KK. Primary stenting versus balloon angioplasty in occluded coronary arteries: the Total Occlusion Study of
Canada (TOSCA). Circulation 1999;100:236 – 242.
20. Suzuki S, Furui S, Kohtake H, Yokoyama N, Kozuma K,
Yamamoto Y, Isshiki T. Radiation exposure to patient’s skin
during percutaneous coronary intervention for various lesions,
including chronic total occlusion. Circ J 2006;70:44– 48.
21. Srivatsa SS, Edwards WD, Boos CM, Grill DE, Sangiorgi GM,
Garratt KN, Schwartz RS, Holmes DR Jr. Histologic correlates
of angiographic chronic total coronary artery occlusions: influence
of occlusion duration on neovascular channel patterns and intimal
plaque composition. J Am Coll Cardiol 1997;29:955 – 963.
22. Strauss BH, Segev A, Wright GA, Qiang B, Munce N, Anderson KJ,
Leung G, Dick AJ, Virmani R, Butany J. Microvessels in chronic total
occlusions: pathways for successful guidewire crossing? J Interv
Cardiol 2005;18:425– 436.
23. Strauss BH, Goldman L, Qiang B, Nili N, Segev A, Butany J,
Sparkes JD, Jackson ZS, Eskandarian MR, Virmani R. Collagenase
plaque digestion for facilitating guide wire crossing in chronic
total occlusions. Circulation 2003;108:1259– 1262.
24. Aviram G, Finkelstein A, Herz I, Lessick J, Miller H, Graif M,
Keren G. Clinical value of 16-slice multi-detector CT compared
to invasive coronary angiography. Int J Cardiovasc Intervent 2005;7:
21 – 28.
25. Mollet NR, Hoye A, Lemos PA, Cademartiri F, Sianos G,
McFadden EP, Krestin GP, Serruys PW, de Feyter PJ. Value of preprocedure multislice computed tomographic coronary angiography to predict the outcome of percutaneous recanalization of
chronic total occlusions. Am J Cardiol 2005;95:240 – 243.
26. Soon KH, Cox N, Wong A, Chaitowitz I, Macgregor L, Santos PT,
Selvanayagam JB, Farouque HM, Rametta S, Bell KW, Lim YL. CT
coronary angiography predicts the outcome of percutaneous coronary intervention of chronic total occlusion. J Interv Cardiol 2007;
20:359– 366.
27. Yokoyama N, Yamamoto Y, Suzuki S, Suzuki M, Konno K,
Kozuma K, Kaminaga T, Isshiki T. Impact of 16-slice computed
tomography in percutaneous coronary intervention of chronic
total occlusions. Catheter Cardiovasc Interv 2006;68:1– 7.
28. Hunold P, Vogt FM, Schmermund A, Debatin JF, Kerkhoff G,
Budde T, Erbel R, Ewen K, Barkhausen J. Radiation exposure
during cardiac CT: effective doses at multi-detector row CT and
electron-beam CT. Radiology 2003;226:145– 152.
29. Abada HT, Larchez C, Daoud B, Sigal-Cinqualbre A, Paul JF. MDCT
of the coronary arteries: feasibility of low-dose CT with ECGpulsed tube current modulation to reduce radiation dose. AJR
Am J Roentgenol 2006;186(Suppl. 2):S387 – S390.
30. McCollough CH, Primak AN, Saba O, Bruder H, Stierstorfer K,
Raupach R, Suess C, Schmidt B, Ohnesorge BM, Flohr TG. Dose
performance of a 64-channel dual-source CT scanner. Radiology
2007;243:775 – 784.

591
31. Scheffel H, Alkadhi H, Plass A, Vachenauer R, Desbiolles L,
Gaemperli O, Schepis T, Frauenfelder T, Schertler T,
Husmann L, Grunenfelder J, Genoni M, Kaufmann PA,
Marincek B, Leschka S. Accuracy of dual-source CT coronary
angiography: first experience in a high pre-test probability population without heart rate control. Eur Radiol 2006;16:2739– 2747.
32. Flohr TG, McCollough CH, Bruder H, Petersilka M, Gruber K,
Suss C, Grasruck M, Stierstorfer K, Krauss B, Raupach R,
Primak AN, Kuttner A, Achenbach S, Becker C, Kopp A,
Ohnesorge BM. First performance evaluation of a dual-source
CT (DSCT) system. Eur Radiol 2006;16:256 – 268.
33. Selvanayagam JB, Kardos A, Francis JM, Wiesmann F, Petersen SE,
Taggart DP, Neubauer S. Value of delayed-enhancement cardiovascular magnetic resonance imaging in predicting myocardial viability after surgical revascularization. Circulation 2004;110:
1535 –1541.
34. Selvanayagam JB, Porto I, Channon K, Petersen SE, Francis JM,
Neubauer S, Banning AP. Troponin elevation after percutaneous
coronary intervention directly represents the extent of irreversible myocardial injury: insights from cardiovascular magnetic resonance imaging. Circulation 2005;111:1027 –1032.
35. Beek AM, Kuhl HP, Bondarenko O, Twisk JW, Hofman MB, van
Dockum WG, Visser CA, van Rossum AC. Delayed
contrast-enhanced magnetic resonance imaging for the prediction
of regional functional improvement after acute myocardial infarction. J Am Coll Cardiol 2003;42:895– 901.
36. Gerber BL, Garot J, Bluemke DA, Wu KC, Lima JA. Accuracy of
contrast-enhanced magnetic resonance imaging in predicting
improvement of regional myocardial function in patients after
acute myocardial infarction. Circulation 2002;106:1083 –1089.
37. Baks T, van Geuns RJ, Duncker DJ, Cademartiri F, Mollet NR,
Krestin GP, Serruys PW, de Feyter PJ. Prediction of left ventricular
function after drug-eluting stent implantation for chronic total coronary occlusions. J Am Coll Cardiol 2006;47:721 – 725.
38. Kuhl HP, Beek AM, van der Weerdt AP, Hofman MB, Visser CA,
Lammertsma AA, Heussen N, Visser FC, van Rossum AC. Myocardial viability in chronic ischemic heart disease: comparison of
contrast-enhanced magnetic resonance imaging with (18)Ffluorodeoxyglucose positron emission tomography. J Am Coll
Cardiol 2003;41:1341 – 1348.
39. Klein C, Nekolla SG, Bengel FM, Momose M, Sammer A, Haas F,
Schnackenburg B, Delius W, Mudra H, Wolfram D,
Schwaiger M. Assessment of myocardial viability with
contrast-enhanced magnetic resonance imaging: comparison with
positron emission tomography. Circulation 2002;105:162– 167.
40. Erbs S, Linke A, Adams V, Lenk K, Thiele H, Diederich KW,
Emmrich F, Kluge R, Kendziorra K, Sabri O, Schuler G,
Hambrecht R. Transplantation of blood-derived progenitor cells
after recanalization of chronic coronary artery occlusion: first randomized and placebo-controlled study. Circ Res 2005;97:756– 762.
41. Sakuma H, Suzawa N, Ichikawa Y, Makino K, Hirano T, Kitagawa K,
Takeda K. Diagnostic accuracy of stress first-pass contrastenhanced myocardial perfusion MRI compared with stress
myocardial perfusion scintigraphy. AJR Am J Roentgenol 2005;185:
95 – 102.
42. Nagel E, Lehmkuhl HB, Bocksch W, Klein C, Vogel U, Frantz E,
Ellmer A, Dreysse S, Fleck E. Noninvasive diagnosis of
ischemia-induced wall motion abnormalities with the use of highdose dobutamine stress MRI: comparison with dobutamine stress
echocardiography. Circulation 1999;99:763 – 770.
43. Yang PC, Santos JM, Nguyen PK, Scott GC, Engvall J,
McConnell MV, Wright GA, Nishimura DG, Pauly JM, Hu BS.

592

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.
57.

58.

Dynamic real-time architecture in magnetic resonance coronary
angiography – a prospective clinical trial. J Cardiovasc Magn Reson
2004;6:885– 894.
Kim WY, Danias PG, Stuber M, Flamm SD, Plein S, Nagel E,
Langerak SE, Weber OM, Pedersen EM, Schmidt M, Botnar RM,
Manning WJ. Coronary magnetic resonance angiography for the
detection of coronary stenoses. N Engl J Med 2001;345:
1863 – 1869.
Appelbaum E, Botnar RM, Yeon SB, Manning WJ. Coronary magnetic resonance imaging: current state-of-the-art. Coron Artery Dis
2005;16:345– 353.
Paetsch I, Jahnke C, Barkhausen J, Spuentrup E, Cavagna F,
Schnackenburg B, Huber M, Stuber M, Fleck E, Nagel E. Detection
of coronary stenoses with contrast enhanced, three-dimensional
free breathing coronary MR angiography using the gadoliniumbased intravascular contrast agent gadocoletic acid (B-22956).
J Cardiovasc Magn Reson 2006;8:509– 516.
Lipinski MJ, Fuster V, Fisher EA, Fayad ZA. Technology insight: targeting of biological molecules for evaluation of high-risk atherosclerotic plaques with magnetic resonance imaging. Nat Clin Pract
Cardiovasc Med 2004;1:48 – 55.
Moody AR, Murphy RE, Morgan PS, Martel AL, Delay GS, Allder S,
MacSweeney ST, Tennant WG, Gladman J, Lowe J, Hunt BJ.
Characterization of complicated carotid plaque with magnetic resonance direct thrombus imaging in patients with cerebral ischemia.
Circulation 2003;107:3047– 3052.
Worthley SG, Helft G, Fuster V, Fayad ZA, Shinnar M, Minkoff LA,
Schechter C, Fallon JT, Badimon JJ. A novel nonobstructive intravascular MRI coil: in vivo imaging of experimental atherosclerosis.
Arterioscler Thromb Vasc Biol 2003;23:346 – 350.
Qiu B, Karmarkar P, Brushett C, Gao F, Kon R, Kar S, Atalar E,
Yang X. Development of a 0. 014-inch magnetic resonance
imaging guidewire. Magn Reson Med 2005;53:986– 990.
Rivas PA, Nayak KS, Scott GC, McConnell MV, Kerr AB,
Nishimura DG, Pauly JM, Hu BS. In vivo real-time intravascular
MRI. J Cardiovasc Magn Reson 2002;4:223– 232.
Dumoulin CL, Souza SP, Darrow RD. Real-time position monitoring of invasive devices using magnetic resonance. Magn Reson Med
1993;29:411– 415.
Raval AN, Karmarkar P, Guttman MA, Ozturk C, Sampath S,
DeSilva R, Aviles RJ, Xu M, Wright VJ, Schenke WH,
Kocaturk O, Dick AJ, Raman VK, Atalar E, McVeigh ER,
Lederman RJ. Real-time MRI-guided endovascular recanalization
of chronic total arterial occlusion in a swine model. Circulation
2006.
Atalar E. Radiofrequency safety for interventional MRI procedures.
Acad Radiol 2005;12:1149 – 1157.
Dick AJ, Raman VK, Raval AN, Guttman MA, Thompson RB,
Ozturk C, Peters DC, Stine AM, Wright VJ, Schenke WH,
Lederman RJ. Invasive human magnetic resonance imaging: feasibility during revascularization in a combined XMR suite. Catheter
Cardiovasc Interv 2005;64:265 – 274.
Yock PG, Fitzgerald PJ. Intravascular ultrasound: state of the art
and future directions. Am J Cardiol 1998;81:27E – 32E.
Yeh DT, Oralkan O, Wygant IO, O’Donnell M, Khuri-Yakub BT.
3-D ultrasound imaging using a forward-looking CMUT ring
array for intravascular/intracardiac applications. IEEE Trans Ultrason
Ferroelectr Freq Control 2006;53:1202 – 1211.
Degertekin FL, Guldiken RO, Karaman M. Annular-ring CMUT
arrays for forward-looking IVUS: transducer characterization and
imaging. IEEE Trans Ultrason Ferroelectr Freq Control 2006;53:
474 – 482.

B.K. Courtney et al

59. Demirci U, Ergun AS, Oralkan O, Karaman M, Khuri-Yakub BT.
Forward-viewing CMUT arrays for medical imaging. IEEE Trans
Ultrason Ferroelectr Freq Control 2004;51:887 – 895.
60. de Korte CL, Pasterkamp G, van der Steen AF, Woutman HA,
Bom N. Characterization of plaque components with intravascular
ultrasound elastography in human femoral and coronary arteries in
vitro. Circulation 2000;102:617– 623.
61. Schaar JA, De Korte CL, Mastik F, Strijder C, Pasterkamp G,
Boersma E, Serruys PW, Van Der Steen AF. Characterizing vulnerable plaque features with intravascular elastography. Circulation
2003;108:2636– 2641.
62. Nair A, Kuban BD, Tuzcu EM, Schoenhagen P, Nissen SE, Vince DG.
Coronary plaque classification with intravascular ultrasound radiofrequency data analysis. Circulation 2002;106:2200–2206.
63. Kawasaki M, Takatsu H, Noda T, Sano K, Ito Y, Hayakawa K,
Tsuchiya K, Arai M, Nishigaki K, Takemura G, Minatoguchi S,
Fujiwara T, Fujiwara H. In vivo quantitative tissue characterization
of human coronary arterial plaques by use of integrated backscatter intravascular ultrasound and comparison with angioscopic findings. Circulation 2002;105:2487 – 2492.
64. Yokoyama M, Komiyama N, Courtney BK, Nakayama T,
Namikawa S, Kuriyama N, Koizumi T, Nameki M, Fitzgerald PJ,
Komuro I. Plasma low-density lipoprotein reduction and structural
effects on coronary atherosclerotic plaques by atorvastatin as clinically assessed with intravascular ultrasound radio-frequency signal
analysis: a randomized prospective study. Am Heart J 2005;150:287.
65. Ito S, Suzuki T, Ito T, Katoh O, Ojio S, Sato H, Ehara M, Suzuki T,
Kawase Y, Myoishi M, Kurokawa R, Ishihara Y, Suzuki Y, Sato K,
Toyama J, Fukutomi T, Itoh M. Novel technique using intravascular
ultrasound-guided guidewire cross in coronary intervention
for uncrossable chronic total occlusions. Circ J 2004;68:
1088– 1092.
66. Kimura BJ, Tsimikas S, Bhargava V, DeMaria AN, Penny WF. Subintimal wire position during angioplasty of a chronic total coronary
occlusion: detection and subsequent procedural guidance by intravascular ultrasound. Cathet Cardiovasc Diagn 1995;35:
262– 265.
67. Prati F, Di Mario C, Hamburger JN, Gil R, von Birgelen C,
Serruys PW. Perforation of chronic total occlusion with laser
guide wire followed by multiple stent deployment: usefulness of
three-dimensional intracoronary ultrasound guidance. Am Heart J
1995;130:1285– 1289.
68. Hong MK, Mintz GS, Lee CW, Park DW, Park KM, Lee BK,
Kim YH, Song JM, Han KH, Kang DH, Cheong SS, Song JK,
Kim JJ, Park SW, Park SJ. Late stent malapposition after
drug-eluting stent implantation: an intravascular ultrasound analysis
with long-term follow-up. Circulation 2006;113:414– 419.
69. Fujii K, Ochiai M, Mintz GS, Kan Y, Awano K, Masutani M, Ashida K,
Ohyanagi M, Ichikawa S, Ura S, Araki H, Stone GW, Moses JW,
Leon MB, Carlier SG. Procedural implications of intravascular
ultrasound morphologic features of chronic total coronary occlusions. Am J Cardiol 2006;97:1455 – 1462.
70. Suzuki T, Hosokawa H, Yokoya K, Kojima A, Kinoshita Y, Miyata S,
Suzumura H, Kawajiri K, Suzuki T. Time-dependent morphologic
characteristics in angiographic chronic total coronary occlusions.
Am J Cardiol 2001;88:167 – 169, A165 – 166.
71. Brezinski ME, Tearney GJ, Weissman NJ, Boppart SA, Bouma BE,
Hee MR, Weyman AE, Swanson EA, Southern JF, Fujimoto JG.
Assessing atherosclerotic plaque morphology: comparison of
optical coherence tomography and high frequency intravascular
ultrasound. Heart 1997;77:397– 403.

593

Imaging for chronic total occlusions

72. Jang IK, Tearney GJ, MacNeill B, Takano M, Moselewski F, Iftima N,
Shishkov M, Houser S, Aretz HT, Halpern EF, Bouma BE. In vivo
characterization of coronary atherosclerotic plaque by use of
optical coherence tomography. Circulation 2005;111:1551 –1555.
73. Munce NR, Yang VX, Standish BA, Qiang B, Butany J, Courtney BK,
Graham JJ, Dick AJ, Strauss BH, Wright GA, Vitkin IA. Ex vivo
imaging of chronic total occlusions using forward-looking optical
coherence tomography. Lasers Surg Med 2006.
74. Patel NA, Li X, Stamper DL, Fujimoto JG, Brezinski ME. Guidance
of aortic ablation using optical coherence tomography. Int J Cardiovasc Imaging 2003;19:171 – 178.
75. Yun SH, Tearney GJ, Vakoc BJ, Shishkov M, Oh WY,
Desjardins AE, Suter MJ, Chan RC, Evans JA, Jang IK,
Nishioka NS, de Boer JF, Bouma BE. Comprehensive volumetric
optical microscopy in vivo. Nat Med 2006.
76. Giattina SD, Courtney BK, Herz PR, Harman M, Shortkroff S,
Stamper DL, Liu B, Fujimoto JG, Brezinski ME. Assessment of coronary plaque collagen with polarization sensitive optical coherence tomography (PS-OCT). Int J Cardiol 2006.
77. Khalil AS, Chan RC, Chau AH, Bouma BE, Mofrad MR. Tissue elasticity estimation with optical coherence elastography: toward

78.

79.

80.

81.

mechanical characterization of in vivo soft tissue. Ann Biomed Eng
2005;33:1631– 1639.
Yang VX, Mao YX, Munce N, Standish B, Kucharczyk W,
Marcon NE, Wilson BC, Vitkin IA. Interstitial Doppler optical
coherence tomography. Opt Lett 2005;30:1791 – 1793.
Baim DS, Braden G, Heuser R, Popma JJ, Cutlip DE, Massaro JM,
Marulkar S, Arvay LJ, Kuntz RE. Utility of the Safe-Cross-guided
radiofrequency total occlusion crossing system in chronic coronary total occlusions (results from the Guided Radio Frequency
Energy Ablation of Total Occlusions Registry Study). Am J Cardiol
2004;94:853– 858.
Rhode KS, Hill DL, Edwards PJ, Hipwell J, Rueckert D,
Sanchez-Ortiz G, Hegde S, Rahunathan V, Razavi R. Registration
and tracking to integrate X-ray and MR images in an XMR facility.
IEEE Trans Med Imaging 2003;22:1369– 1378.
Stefanadis C, Toutouzas K, Tsiamis E, Stratos C, Vavuranakis M,
Kallikazaros I, Panagiotakos D, Toutouzas P. Increased local temperature in human coronary atherosclerotic plaques: an independent predictor of clinical outcome in patients undergoing a
percutaneous coronary intervention. J Am Coll Cardiol 2001;37:
1277 –1283.

