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Abstract Intravascular optical coherence tomography
(IVOCT) has become the imaging modality of choice for the
evaluation of coronary artery disease and percutaneous coro-
nary intervention (PCI). Both for clinical practice and re-
search, there is a growing interest in 3-dimensional (3D)
visualization, as this gives a more comprehensive and intui-
tively easier to understand representation, compared with 2-
dimensional, cross-sectional images. Integrating 3D-IVOCT
with classic X-ray angiographic images offers additional ad-
vantages and the prospect of integrating IVOCT in fluoro-
scopic guidance during PCI. Different vendors of IVOCT
technology already provide integrated 3D rendering software
in their consoles, making 3D images available at the ‘push-of-
a-button’. In this review, we will discuss (1) the basic princi-
ples and elaboration of 3D-IVOCT in recent years, (2) the
feasibility and potential advantages of co-registration with X-
ray angiography, (3) the currently available solutions for 3D
imaging and their potential clinical applications, and (4) the
ongoing development of applications for advanced 3D
visualization.
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Introduction

Two-dimensional intravascular optical coherence tomography
(2D-IVOCT) is a near infrared light-based imaging modality
with an unrivalled spatial resolution. It has enhanced our
understanding of atherosclerotic coronary artery disease tre-
mendously and became the imaging modality of choice for the
assessment of intracoronary stent implantation and
atherosclerosis.

While first-generation time-domain OCT (TD-OCT) suf-
fered from a low frame rate and long acquisition times, the
introduction of frequency-domain OCT (FD-OCT) simplified
the use of this imaging method in clinical practice [1, 2]. With
current commercially available FD-OCT systems, it is possi-
ble to acquire a pullback within seconds, during the injection
of a single bolus of contrast dye in the coronary artery, with a
frame rate as high as 160–180 frames/s. Since the first-in-man
experience with FD-OCT systems in 2008, the possibility to
render 3D-reconstructions from these OCT acquisitions has
been reported [1, 3]. Its potential value in assessing the true
anatomic extent of coronary lesions, guiding complex percu-
taneous coronary interventions (PCI), and assessing stent
failure has been emphasized in recent publications [4–7, 8••,
9, 10••].

While 2D-IVOCT is increasingly being used in routine
clinical practice, 3-dimensional intravascular optical coher-
ence tomography (3D-IVOCT) does not seem to find its
way into every day cathlab routine. The need for long-time
manual processing and off-line creation of 3D reconstructions
was, until recent, the main limitation for this technology to be
used. To acquire detailed, high-resolution 3D images, manual
identification of the structures of interest (eg, guide-wire, stent
strut, calcifications) on the 2D cross-sectional images was
needed, making this a labor intensive and time-consuming
procedure unsuitable for on-line application during PCI or
for large scale use in clinical trials [8••]. Furthermore, as the
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2D-IVOCT images are acquired along the line of the imaging
catheter, 3D views will per definition align along a straight
line, not respecting the angulation, bends, or tortuosity of the
coronary vessel. Integrating 3D-IVOCT data into the
‘luminogram’ acquired with coronary CT or X-ray coronary
angiography has the potential to generate anatomically cor-
rect, detailed images in various clinical scenarios in vivo [11••,
12].

Against this background, we will discuss 3D-IVOCT pro-
cessing and imaging, as well as 3D-IVOCT co-registration
with X-ray coronary angiography. We will discuss different
methodologies described so far and focus in particular on
recently developed rapid and fully automatic software algo-
rithms. Examples of 3D-IVOCT visualization, including their
potential clinical utility during PCI or for research purposes,
will be highlighted.

3D IVOCT Imaging

3D-IVOCTAcquisition, Processing, and Visualization

3D-IVOCT images can be obtained through standard tech-
niques for volume rendering. Many DICOM viewer software
(commercially available or open source) can be used for this
purpose, typically based on data processing using vtk/itk or
similar libraries [13–16]. The most widely used software for
this purpose is OsiriX (OsiriX foundation, Geneva, Switzer-
land), Intage Realia (Cybernet Systems, Co., Ltd, Tokyo,
Japan) and the ones specifically developed by St. Jude Med-
ical (St. Paul, MN) and Medis Special (Leiden, The Nether-
lands). Other companies (eg, TerumoCorp., Tokyo, Japan) are
known to be working on their own software, which may be
available soon. However, in general, many other different
approaches can be successfully applied and there is no partic-
ular recommendation at this time of using one software with
respect to another. Moreover, predefined color settings, illu-
mination, and shading may be significantly different. This
makes comparison between 3D rendering from different soft-
ware rather difficult, especially with regard to its use in clinical
studies. As a lot of work is done for the standardization of 2D-
IVOCT and large consensus exists on optimal guidelines for
conventional 2D-IVOCT visualization and validation [17], a
lot of work remains to be done for its 3D counterpart by the
IVOCTcommunity. This would allow for more consistent 3D-
IVOCT visualizations between different vendors and research
groups, and more importantly guarantee minimum require-
ments and validation of different 3D-IVOCT applications to
cardiovascular imaging (eg, lumen visualization, stent assess-
ment, assessment of plaque distribution, and other advanced
visualizations).

Visualization of 3D images is not only dependent on image
processing and viewer software. Optimal acquisition of the

‘source’ OCT pullback may influence 3D imaging to an even
greater extent. There is an inevitable trade-off between pull-
back speed, image resolution, and motion artifacts. A slower
pullback speed and a longer acquisition time for a similar
pullback length, gives rise to a higher incidence of motion
artifacts (cardiac motion, relative motion of the imaging cath-
eter to the vessel wall, etc), leading to elongation, rotation, or
repetition of segments along the longitudinal axis. With fast
pullback speeds, the incidence of motion artifacts is reduced,
however, at the expense of a lower longitudinal resolution,
giving a ‘grainy’ or even ’blurry’ appearance to the 3D
IVOCT reconstruction [18••]. In our opinion, the minimum
requirements for a sufficient 3D image quality, is a longitudi-
nal resolution as high as 10 frames per mm pullback (ie, a slice
thickness of 0.1 mm). While with the previously commercial-
ly available C7 XR FD-OCT Imaging system by St.-Jude
Medical (St. Paul, MN, USA), the pullback speed had to be
reduced to 10 mm/sec to obtain a longitudinal resolution of 10
cross-sections per millimeter, the current Ilumien Optis system
from the same vendor (with a frame rate of 180/sec) has a
default setting of 18 mm/sec for the same longitudinal reso-
lution. In the Terumo OFDI system (with a frame rate of 160/
sec) a pullback speed of 20 mm/s corresponds to 8 frames per
mm pullback (ie, a slice thickness of 0.125 mm). Also here,
standardization on minimum requirements for acquisition by
IVOCT experts, in order to obtain sufficient image resolution
for 3D rendering, would be of interest for interventional
cardiologists planning to use these modalities in clinical prac-
tice and for future research efforts with 3D-IVOCTevaluation
of new techniques and devices.

While current literature on 3D-IVOCT is limited to case
presentations, feasibility studies, and small series by different
groups, some consistency regarding the nomenclature for 3D
reconstructions can be found in most publications. In general,
a 3D reconstruction is rendered as a ‘longitudinal view’ from a
2D-IVOCT dataset, which is basically an external view from
outside of the vessel. ‘Cut-away views’ of the vessel down the
longitudinal axis show the internal lumen of the segment of
interest from externally to the vessel by removing a part of the
reconstructed vessel wall. Internal views of the vessel looking
either downstream (from proximal to distal) or upstream (from
distal to proximal) along the longitudinal axis are generally
referred to as ‘fly-through views’. In most cases, these views
are complementary, showing the specific focus or problem of
the interrogated coronary segment in different ways.

Vessel Morphology Visualization

The most easy and first clinical application of 3D-IVOCTwas
the assessment of vessel morphology and lumen narrowing.
Compared with 2D-IVOCT images, 3D rendering gives a
more intuitive and easy to interpret representation of lumen
narrowing and lesion extension. For this purpose, no specific
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processing (eg, image segmentation) of 2D-IVOCT images is
required. Such basic visualizations can be obtained by 3D
rendering of cross-sectional IVOCT images as they are ac-
quired, using some specific color map, shading and illumina-
tion by adjusting the windowing level (ie, dynamic range and
noise level) for optimal visualization. An example of such
basic 3D-rendering (obtained without any data post-
processing) is illustrated in Fig. 1. In some cases, vessel
morphology can also be depicted through automatic segmen-
tation of the vessel lumen border, displaying lumen contour
(ie, a tubular structure) only. In both cases, qualitative and
quantitative analysis of the vessel contour may allow for an
easier identification of minimal lumen area across the entire
IVOCT dataset. Currently, a basic 3D visualization for the
assessment of vessel lumen morphology is available on the
Illumien Optis OCTsystem (St. Jude Medical, St. Paul, MN ),
which can be used on-line during PCI (an example is given in
Fig. 2). Furthermore, algorithms for fully automatic lumen
segmentation are currently available and can be used on-line
after data acquisition.

Stent and Guide-Wire Visualization

One of the most significant and broadly investigated applica-
tions of IVOCT is the visualization of intracoronary stents.
Several publications pointed to the fact that 3D-IVOCT visu-
alization has several advantages over conventional 2D image
representation [1, 3, 8••, 19, 20]. The major pitfall of 3D
visualization of stented segments in these first reports is that

image preparation had to be done manually. To apply 3D-
IVOCT to stent assessment, each stent strut, as well as the
guidewire and the imaging catheter had to be manually iden-
tified in every 2D cross-sectional image. This manual seg-
mentation of stent struts required a long processing time (2–5
hours as an IVOCT pullback typically contains >200 images),
which is not suitable for on-line use during PCI making
automated methods required for this application [1, 3].

The feasibility of on-line 3D-IVOCT reconstructions ap-
plying automatic stent struts segmentation has recently been
demonstrated [18••, 21–24]. The aim of stent visualization in
3D is to highlight struts over the vessel wall surface. As such,
automated 3D visualization of intracoronary stents can be
obtained in 2 different ways: (1) IVOCT images can be
processed for automatic stent strut and guide-wire segmenta-
tion (Fig. 3a and c) [18••, 21–23], or [2] 3D rendering can be
directly applied to raw IVOCT images, by applying a specific
colormap to enhance stent visualization (Fig. 3b). The latter
approach has the advantage of not requiring any complex
segmentation algorithm; the first approach has the advantage
of depicting and better highlighting the structures of interest.
Moreover, using a segmentation algorithm allows for more
advanced automat ic quant i f ica t ion, such as the
identification of stent malapposition [24]. Importantly, in both
cases, the processing time needs to be as quick a possible
(including both automatic processing time and manual inter-
actions) for being of value during a PCI procedure. Some
vendors (eg, QAngioOCT Medis Specials bv., Leiden, The
Netherlands) already commercialized dedicated software for

Fig. 1 3D rendering of a
coronary artery lesion with non-
occlusive lumen narrowing due to
a calcified plaque (white arrows).
3D rendering gives an easy-to-
interpret representation of the lo-
cation of the lumen narrowing
and the total extension of the le-
sion. A calcified lesion (yellow
asterisk) can be observed in cross-
sectional images (B) and (C);
normal lumen size can be seen in
cross-sectional image (A). Top-
left image is a fly-through of the
vessel visualizing the lesion from
a few millimeters away. 3D ren-
derings were obtained using
OsiriX software (OsiriX Founda-
tion, Geneva, Switzerland)
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3D stent visualization. Moreover, Terumo Inc. (Tokyo, Japan)
will soon release software integrated in the Terumo OFDI
system for on-line, high-quality 3D rendering with automatic
stent enhancement, available at the ‘push-of-a-button’
(Fig. 4). At the same time, multiple research groups have
developed and are currently using their own prototypes and
methods [18••, 21–24].

Recent studies showed that 3D stent rendering holds po-
tential for the optimization of PCI procedures, such as bifur-
cation lesions [10••, 20, 25]. 3D-IVOCT has the capability of
visualizing stent cells covering a side branch and visualizing
guide-wires, allowing for an optimal rewiring of the side
branch through a distal stent cell (Fig. 5). 2D-IVOCT images
alone may be very difficult to interpret for the analysis of
optimal rewiring and 3D visualization provides unique infor-
mation for the optimization of such complex PCI procedures.
Examples of the use of 3D-IVOCT for a bifurcation interven-
tion are illustrated in Fig. 6. In a very recent study, Okamura
et al showed that it is feasible to optimize side branch opening
by guiding distal cell recrossing using 3D imaging on-line (ie,
during the procedure). Moreover, it was observed that in cases
where a connector between the rings of the stent was

overlying the carina (which is impossible to detect with 2D-
IVOCT), a higher incidence of floating and jailing struts was
present after kissing balloon inflations, despite distal cell
recrossing [10••]. The latter finding remarkably resembles
the results of computer models, previously used to evaluate
the behavior of current stents with open cell design in case of
provisional side branch stenting [26]. Instead of only looking
at the distal cell to recross, automatically delineating the stent
cell with maximal sidebranch access, could further improve
the practice of bifurcation PCI [27•]. Identifying or even
color-coding the most distal stent cell with maximal unsup-
ported side branch access, could then hypothetically be inte-
grated on-line in the angiographic images using fusion tech-
niques, guiding the operator towards ‘the’ cell to recross.

3D-IVOCT imaging can also be of particular use in deter-
mining the mechanisms of stent failure in vivo. Several studies
describing 2D-IVOCT findings in patients suffering from
stent thrombosis or in-stent restenosis have been published
in the last years, focusing on the major added value of
intracoronary imaging in elucidating pathophysiological
mechanisms and guiding repeat revascularization [20–26,
27•, 28–30]. Some specific and complex stent-related

Fig. 2 Example of 3D-IVOCT
rendering obtained using St. Jude
Medical Ilumien Optis (St. Paul,
MN, USA) visualization soft-
ware. The 3D-IVOCT image
gives an immediate picture of the
vessel and lumen morphology
easily identifying the culprit le-
sion (blue arrows). In this case,
3D-IVOCT is used to visualize an
example of stent thrombosis as
confirmed by the 2D image. The
thrombus and its longitudinal ex-
tension is clearly visible from the
3D visualization (blue asterisks)
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problems, remain, however, difficult to visualize if only 2D
images are available. 3D-IVOCT offers unique insights in
phenomena like stent fracture and stent deformation (Fig. 7)
[31, 32]. As these mechanisms for stent failure often remain
undetected, it could be of value to include routine 3D visual-
ization in future registries on stent thrombosis and restenosis,
using OCT.

Plaques and Other Advanced 3D IVOCT Methods
and Applications

In addition to lumen and stent strut visualization, IVOCT is
capable of assessing atherosclerosis in detail, giving important
information about plaque composition and morphology. As
such, 3D-IVOCT rendering techniques have been used for the
visualization of atherosclerotic plaques and intracoronary
thrombus [33]. This kind of representation gives very detailed
information on longitudinal plaque distribution (eg,

abundance of calcified plaques) and can potentially be used
for the optimization of PCI procedures. Similarly, 3D visual-
ization of tissue and plaque morphology can be merged with
the visualization of stents. As recent publications point to-
wards the importance of detecting neointimal changes for
predicting recurrent events following PCI, 3D-IVOCT imag-
ing might play a role in elucidating mechanisms of stent
failure, such as neoatherosclerosis [34].

Plaque assessment, however, requires complex processing
of IVOCT images that is typically done by an expert image
reader, interpreting images in a qualitative way [35]. Although
this approach can result in a very detailed 3D visualization, it
is not suitable for on-line applications as it can only be applied
post hoc. Recently, more advanced methods for automated
plaque analysis have been developed. Algorithms for the
semi-automated assessment of the thickness of the cap over-
lying a lipid core for the identification of thin-cap
fibroatheroma (TCFA) have been presented (Fig. 8) [36•], as

Fig. 3 3D visualization of coronary stents. Figures (A) and (C) show 2
examples of 3D stent visualization following fully-automatic stent strut
segmentation (no manual correction of segmentation results was applied).
Figure (B)was obtainedwithout any image segmentation, using a specific
color map for stent enhancement (QAngioOCT Medis Specials bv.,

Leiden, The Netherlands). Figures (A) and (C) are reprinted with permis-
sion from Optics Infobase (The Optical Society): Ughi GJ, Adriaenssens
T, Desmet W, et al. Fully automatic 3-dimensional visualization of
intravascular optical coherence tomography images: methods and feasi-
bility in vivo. Biomed Optics Express. 2012;3:3291–303 [18••]
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well as approaches for the automatic detection of calcified and
lipid-rich plaques (Fig. 9) [37, 38]. Automatic plaque charac-
terization can be of value for advanced on-line 3D visualiza-
tion, but currently presents several limitations. Compared with
stent strut and lumen segmentation, automatic tissue analyses
are more difficult to validate (as they require a large amount of
matched histologic data) and are intrinsically more sensible to
image artifacts. Moreover, a fully automatic framework (lim-
iting or eliminating the need of user inputs) for this purpose,
resulting in a short processing time suitable for on-line use
may be difficult to achieve with current technology. In a future
perspective, further developments in IVOCT technology for
an enhanced detection of plaques and vessel inflammation,
reducing intra- and inter-operator variability and improving
IVOCT sensitivity and specificity, may help for an improved

automatic analysis and subsequent 3D imaging of coronary
atherosclerosis. Some examples of advanced modalities under
research include multimodality imaging, such as combining
IVOCT with near infrared fluorescence (OCT-NIRF) [39] or
near-infrared spectroscopy (OCT-NIRS) [40].

Another application of IVOCT is the detection of stent strut
malapposition and the assessment of neointimal coverage and
thickness. These features have become important endpoints in
clinical trials assessing the efficacy and safety of new and
improved coronary stent designs [41–43]. Moreover, the de-
tection of malapposition is of value for acutely optimizing the
result of stent implantation [44]. Clinical studies, using cov-
erage and malapposition at follow-up as an endpoint are,
however, solely based on 2D-IVOCT assessment and only
report the number and percentage ofmalapposed or uncovered

Fig. 4 Screenshot of the 3D rendering software integrated in the Terumo
Lunawave OFDI system. The software allows to automatically highlight
the coronary stent (copper color) on the top of the vessel (red color). Stent
struts are segmented fully-automatic through the entire dataset. In the
example, a freshly implanted stent is analyzed and visualized. The

guidewire is also visible and depicted using the same color as the stent
struts (ie, copper). This software will be integrated in the commercially
available console and review station shortly. Courtesy of Terumo Inc.
(Tokyo, Japan) with permission
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struts per stented segment, lacking detailed information on the
spatial distribution of these findings. Moreover, analyzing

pullbacks of stented segments frame-by-frame is a time-
consuming activity and, in general, cross-sections are

Fig. 5 An example of 3D IVOCT for the visualization of a stent over-
lying a side-branch (vessel wall is depicted in red and the stent struts in
silver color). The main vessel, the side branch and the carina are clearly
depicted by 3D-IVOCT. Both 2D and 3D images show thrombus above
struts overlying the side branch, however, 3D visualization better depicts
stent cells. Stent struts weremanually segmented preparing images for 3D

by an expert image reader. Reprinted with permission from Oxford
Journals: Farooq V, Gogas BD, Okamura T, et al. Three-dimensional
optical frequency domain imaging in conventional percutaneous coronary
intervention: the potential for clinical application. Eur Heart J.
2013;34:875–85. [8••]

Fig. 6 Examples of the use of 3D IVOCT to guide bifurcation interven-
tion. Panel A shows an example of rewiring to the circumflex artery (Cx).
Top image illustrates the first attempt of rewiring, where the side-branch
guidewire (SBGW) is passing through a proximal cell. Middle image
illustrates the second attempt, with correct rewiring through the distal cell.
Bottom image shows good result after kissing balloon inflations with no
free floating stent struts at the ostium of the Cx. Panel B shows a similar
example of rewiring through an optimal, distal cell. Images in Panel A
were obtained through manual segmentation of stent struts off-line, while
images in panel B were rendered through fully-automatic segmentation

and 3D rendering using dedicated software. Panel A is reprinted with
permission from Europa Digital & Publishing: Okamura T, Onuma Y,
Yamada J, et al. 3D optical coherence tomography: new insights into the
process of optimal rewiring of side branches during bifurcational stenting.
EuroIntervention. 2014; [Epub ahead of print]. [10••]. Panel B is reprinted
with permission from Optics Infobase (The Optical Society): Ughi GJ,
Adriaenssens T, Desmet W, et al. Fully automatic 3-dimensional visual-
ization of intravascular optical coherence tomography images: methods
and feasibility in vivo. Biomed Optics Express. 2012;3:3291–303. [18••]
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analyzed at intervals of 0.6–1 mm along the longitudinal axis.
Different research groups developed automatic algorithms for
the assessment of neointimal coverage over stent struts and
stent strut malapposition, allowing for 3D visualization of

clusters of malapposed and uncovered struts, as well as
color-coded contour plots for visualization of specific patterns
of neointimal growth [24, 45, 46]. These advanced visualiza-
tions facilitate a time efficient quantification of neointimal

Fig. 7 3D visualization of a stent
fracture in-vivo. The
angiographic result immediately
after PCI is satisfactory (panel A),
while a coronary aneurysm
(asterisk) and a tight stenosis
(withe arrow) can be noted in the
stented segment at follow-up cor-
onary angiography (panel B). 3D-
IVOCT visualization, after off-
line segmentation using an auto-
mated software algorithm, shows
severe acquired malapposition at
the level of the coronary aneu-
rysm (panel C, asterisk). A com-
plete stent fracture is visible, es-
pecially when a colormap
highlighting the stent is applied
(panel D, arrow). 3D images were
obtained with Intage Realia soft-
ware (Cybernet Systems, Co.,
Ltd, Tokyo, Japan)

Fig. 8 3D visualization of lipid plaque cap thickness. Cap thickness is
obtained off-line, using a semi-automatic computer aided approach. The
color map used to visualize cap thickness ranges from red (very thin cap,
<65 μm) to green (>65 μm) and blue (>165 μm). Reprinted with

permission from Optics Infobase (The Optical Society): Wang Z, Chamie
D, Bezerra HG, et al. Volumetric quantification of fibrous caps using
intravascular optical coherence tomography. Biomed Optics Express.
2012;3:1413–26. [36•]
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coverage and the burden of malapposition, as well as their
spatial distribution in 3 dimensions. Although these software
applications are well-validated against conventional 2D as-
sessment by expert readers, data on the clinical implications of
detecting spatial clusters of uncovered and malapposed struts
are lacking. Future research should focus on the relationship
between OCT-detected characteristics of delayed vessel wall
healing and late adverse events, such as stent thrombosis.

Co-Registration of 3D-IVOCT and Angiography

Under the condition that a motorized transducer pullback with
constant speed is used in the intracoronary image acquisition,
the rationale for the co-registration of X-ray angiography and
intracoronary imaging is to use the spatial relationship be-
tween the vessel segment and the intracoronary pullback
trajectory. Earlier approaches for co-registration between
intracoronary IVUS and X-ray angiography [47, 48] can be
applied to IVOCT co-registration. However, this approach
would require the reconstruction of the OCT imaging catheter
from 2 angiographic views, and assume it to be the pullback
trajectory so that the OCT cross-sectional images can be
aligned along the trajectory. This is not a trivial task in practice
due to the difficulty in segmenting both the imaging catheter
and the lumen from angiographic images, and the requirement
of a second angiographic view showing the IVOCT catheter,
which is often unavailable. Tu et al [49, 50••] proposed a rapid
and straightforward on-line solution that could fit into current
cathlab practice. Instead of segmenting and reconstructing the
imaging catheter, the corresponding IVOCT cross-sectional
image frame was estimated from the reconstructed angio-
graphic centerline and a baseline position. This approach only
requires the operator to reconstruct the angiographic center-
line in 3D and register it with the IVOCT image pullback by
indicating a baseline position in both imaging modalities.

These baseline positions can be found in anatomic or mechan-
ical landmarks visible in both angiographic and IVOCT im-
ages, such as a large bifurcation or a stent border. After
determining these baseline positions, the markers
superimposed on the angiographic views and the IVOCT
pullback are synchronized. The interpretation of vessel dimen-
sions becomes more comprehensive and the interventional
cardiologist knows exactly where to position the stent under
the guidance of conventional X-ray images. An example of
combining 3-dimensional quantitative coronary angiography
(3D-QCA) and IVOCT is given in Fig. 10. From the registered
dataset, the same lesion is identified in both X-ray and IVOCT
images. The quantifications from these 2 imaging modalities
are seamlessly integrated. In this example, the target vessel is
the LAD and has a minimum lumen diameter and minimum
lumen area of 1.5 mm and 1.8 mm2, respectively, as assessed
by 3D-QCA, while the IVOCT measurements at the same
position are 1.35 mm and 2.08 mm2, respectively.

The feasibility of using co-registration online was recently
investigated in the DOCTOR Fusion study [51]. This pilot
clinical study demonstrated that on-line co-registration of X-
ray angiography and IVOCT was successful in all analyzed
cases. There was a significant discrepancy between operator-
based and software-based co-registrations. Without using the
co-registration software, the mean “Operator Registration Er-
ror”, defined to quantify the cumulated numerical difference
between operator-based and software-based co-registered
stent border positions, was 5.4±3.5 mm. The operator im-
planted the stent blind to the software-based co-registration,
resulting in a mean longitudinal geographic miss of 5.4±
2.6 mm between the co-registered stent border positions and
the actual stent deployment border positions. Meanwhile,
segments of the target lesion indicated on IVOCT were left
uncovered by stent in 70 % of the study population [51].
These data imply that in routine clinical practice there might
be significant error in translating the landing zones identified
by IVOCT to the angiographic images. Applying co-

Fig. 9 3D visualization of lipid and calcified plaques over an entire
vessel segment. Tissue characterization was obtained through an auto-
matic algorithm. Red arrow is pointing to luminal narrowing. Reprinted
with permission from Optics Infobase (The Optical Society): Ughi GJ,

Adriaenssens T, Sinnaeve P, et al. Automated tissue characterization of
in vivo atherosclerotic plaques by intravascular optical coherence tomog-
raphy images. Biomed Optics Express. 2013;4:1014–30. [38]
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registration during PCI might improve the accuracy of stent
sizing and positioning, minimizing geographic miss.

Despite the fact that IVOCT provides accurate quantifica-
tion regarding lumen size, certain artefacts, such as distortions
caused by myocardial muscle contraction and oblique imag-
ing (eg, the imaging catheter is not parallel to the arterial
centerline) can influence quantification and interpretation. In
the DOCTOR Fusion study, it was noted that cardiac motion
causes a 10 mm of the same vessel segment to appear twice in
an IVOCT image pullback [51]. In such case, the co-
registration of X-ray angiography and IVOCT helps to iden-
tify the artefact and avoids inappropriate decision making. A
recent study applying the co-registration software to compare
the arterial lumen size by 3D-QCA and IVOCT demonstrated
that the difference in lumen area by 3D-QCA and IVOCT
tended to increase as lumen size increased and the interrogated
vessel becamemore tortuous [50••]. Therefore, the integration
of IVOCT and X-ray angiography might constitute a neces-
sary step towards optimized PCI.

By aligning the in-plane angulation of the side branches
between X-ray angiography and IVOCT, the IVOCT pullback
could be reconstructed in a naturally bent shape and fused
with the 3D angiographic reconstruction. Applying this fusion
technique can overcome the limitation of IVOCT imaging not
preserving vessel tortuosity information. In this way, high-
resolution anatomic models can be generated for studies re-
lated to flow simulation and biomechanical response to

implanted devices [12]. It is important to note that the fusion
requires both longitudinal alignment and in-plane angulation
alignment. While the co-registration provides corresponding
information between the 3D angiographic centerline and the
IVOCT image frames for the longitudinal alignment, an addi-
tional image processing step needs to be implemented for in-
plane angulation alignment to correctly orient the IVOCT
image frames in 3D space. This is difficult to validate
in vivo. Tu et al proposed to use side branches in 3D to align
the in-plane angulation. Although it requires the angiographic
reconstruction of the side branches in 3D, it provides a direct
and intuitive way to verify the correct angulation [11••, 12].
Figure 11 shows an example of 3D fusion of X-ray angiogra-
phy and IVOCT after stent implantation in a coronary bifur-
cation. Using the 3D angiographic reconstruction as “road
map”, the OCT image pullbacks from the main vessel and
from the side branch were merged in 3D, forming a high-
resolution reconstruction of the interrogated bifurcation. This
can be of particular interest in clinical research focusing on the
use of dedicated devices for the treatment of complex coro-
nary artery disease. The example given in Fig. 11 nicely
demonstrates the conical shape of the dedicated AXXESS
device for bifurcation treatment and its relation to the addi-
tionally implanted tubular stents in a so-called ‘V-configura-
tion’. Other dedicated devices for bifurcation lesions, such as
the Tryton stent or complex two-stent techniques, such as the
culotte and the crush technique, interplay in a complex 3-

Fig. 10 Co-registration of X-ray angiography and optical coherence
tomography. The 3 markers indicated by numbers in panel A, B, C, E,
and F were synchronized after performing the co-registration. By default

the 2 green markers (1 and 3) were positioned at the landing zones and the
red marker was positioned at the most narrowed location. Courtesy of
Medis Special (Leiden, The Netherlands)
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dimensional way with the anatomy of the bifurcation lesion
treated and with vessel morphology. Moreover, future studies
in bifurcation treatment will focus on complex PCI techniques
with the use of bioresorbable devices. Currently used imaging
endpoints, such as coverage and apposition, measured on 2D
images will lose their value, since the device itself will disap-
pear over time. Volumetric assessment, flow simulation and
biomechanical response to these ‘scaffolds’ will become im-
portant outcome measures, and it is to be expected that rapidly
available 'fusion' images, as shown above, will gain impor-
tance in future studies.

Current Application and Perspectives for Future Development

Several leading experts in the field of IVOCT have underlined
the fact that automatic 3D visualization would bring IVOCT
closer to becoming a practical imaging technique in the
cathlab [8••, 20]. Improvements in the hardware for image
acquisition on the one hand, and further development of
software for image processing and analysis on the other, are
subjects of ongoing research.

Although the frame rate of commercially available IVOCT
catheters has improved, still only 12 % of the lumen is
sampled by the laser beam in the longitudinal direction. This
longitudinal sampling interval of 250 μm largely exceeds the

transverse resolution of IVOCT, which is approximately
30 μm. This is problematic for 3D-IVOCTapplications, since
undersampling in the longitudinal direction critically affects
the accuracy of the visualizations. Wang et al recently de-
scribed an ultrafast IVOCT system, consisting of a
micromotor-based catheter and a dispersion compensated
Fourier domain mode locked (FDML) laser [52•]. This tech-
nology allows for acquisition at 3200 frames per second,
corresponding to a 100 mm/second pullback speed and a
30 μm longitudinal sampling interval, improving image qual-
ity in the longitudinal direction and showing the potential to
acquire IVOCT data of a 5–7 cm vessel segment within 1
cardiac cycle. Moreover, IVOCT catheters incorporating a
micromotor, compared with current cable-driven rotating
catheters, will be less prone to motion artifacts (eg, relative
motion of the imaging catheter to the vessel wall and nonuni-
form rotation distortion), further improving the accuracy of
3D rendering [53].

As mentioned before, basic 3D visualization for the assess-
ment of vessel lumen morphology is available at the ‘push-of-
a button’ in the commercially available Ilumien Optis system
(St. Jude Medical, St. Paul, MN, USA) and other vendors will
release similar software products soon. This basic 3D render-
ing can be used as a complimentary tool to standard 2D-
IVOCT as it is intuitively easier to understand and provides

Fig. 11 Fusion of X-ray angiog-
raphy and OCT for assessment of
a bifurcation intervention. Panel a
shows an angiographic projection
after implantation of an AXXESS
stent in the proximal main vessel
and 2 BIOMATRIX stents in the
distal main vessel and the side
branch, respectively. In Panel b,
fusion of the 3D angiographic re-
construction with the OCT pull-
back from the LAD is shown,
with correct alignment of the di-
agonal branch in 3 dimensions.
Panel C and D show the bifurca-
tion reconstruction by merging
the second OCT pullbacks from
the diagonal branch. The red
dashed arrow indicates the radi-
opaque marker of the
BIOMATRIX stent implanted in
the diagonal branch

Curr Cardiovasc Imaging Rep (2014) 7:9290 Page 11 of 14, 9290



a global perspective, with subsequent targeted assessment in
2D cross-sections whenever necessary. Rapid improvement
in software for automatic stent strut detection is made. This
will further increase the added value of 3D-IVOCT imaging
in daily practice, guiding stent optimization with
postdilatation in case of malapposition or guiding complex
PCI, such as bifurcation treatment. More research needs to
be done on the validation of automated plaque characteri-
zation and dedicated quantitative software for the assess-
ment of neointimal coverage, before these advanced appli-
cations can enter the clinical trial arena. In the long run,
automatic co-registration of 3D-IVOCT with X-ray angiog-
raphy could be seen as the ultimate goal. On the one hand,
the unrivalled spatial resolution of OCT overcomes a
number of limitations, inherent to classic coronary angiog-
raphy. On the other hand, X-ray angiography adds to 3D-
IVOCT in preserving vessel tortuosity information and
may serve as a stent/vessel model further mitigating mo-
tion artefacts. In the electrophylsiologist community, 3D
overlay imaging for mapping and guiding complex abla-
tion procedures has become standard of care. It is con-
ceivable that intravascular imaging modalities will be in-
tegrated directly into future X-ray systems in the coronary
catheter laboratory.

Conclusions

While 2D-IVOCT has an important place in contemporary
interventional cardiology and has become the image modality
of choice for the assessment of stents in clinical studies, 3D-
IVOCT has largely been confined to bench testing and the
generation of appealing images and animations. In this review,
we demonstrated that ongoing efforts by multiple research
groups rapidly change this exciting new field in intracoronary
imaging. With the development of fast and accurate software
algorithms, providing high-quality 3D visualizations ‘at the
push-of-a-button’, as well as the interest of commercial enter-
prises in incorporating 3D applications in their consoles, it is
to be expected that in the near future 3D-IVOCT may play a
substantiate role in clinical practice and change the imaging
endpoints, currently defined in device-related research. The
ongoing improvements in automated fusion of high-resolution
IVOCT images with conventional X-ray angiography, will
inevitably change the way we guide PCI in everyday clinical
practice within the next 10 years.
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