QCA, IVUS and OCT in interventional cardiology in 2011
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Abstract: Over the past 30 years, quantitative coronary arteriography (QCA) has been used extensively as
an objective and reproducible tool in clinical research to assess changes in vessel dimensions as a result of
interventions, but also as a tool to provide evidence to the interventionalist prior to and after an intervention
and at follow-up when necessary. With the increasing complexities of bifurcation stenting, corresponding
analytical tools for bifurcation analysis have been developed with extensive reporting schemes. Although
intravascular ultrasound (IVUS) has been around for a long time as well, more recent radiofrequency analysis
provides additional information about the vessel wall composition; likewise optical coherence tomography
(OCT) provides detailed information about the positions of the stent struts and the quality of the stent
placement. Combining the information from the X-ray lumenogram and the intravascular imaging devices is
mentally a challenging task for the interventionalist. To support the registration of these intravascular images
with the X-ray images, 3D QCA has been developed and registered with the IVUS or OCT images, so that
at every position along the vessel of interest the luminal data and the vessel wall data by IVUS or the stent
strut data by OCT can be combined. From the 3D QCA the selection of the optimal angiographic views
can also be facilitated. It is the intention of this overview paper to provide an extensive description of the

techniques that we have developed and validated over the past 30 years.
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Introduction are now displayed as dark vessels on a bright background
and the modern flat-panel X-ray detectors are free from
geometric distortions. Although there have been many years

of debate about the resolution of cinefilm versus digital,

Quantitative Coronary Arteriography or QCA has come
a long way, from the early 1980’s with the angiograms

being acquired on 35 mm cinefilm and requiring very

. e . . . . the higher contrast resolution of the digital approach has
expensive cinefilm projectors with optimal zooming for

the quantitative analysis (1), to modern complete digital compensated much of the higher spatial resolution of the 35

imaging with the images acquired at resolutions of 512°
or 1024’ pixels, and with the image data widely available
throughout the hospital by means of Cardiovascular
Picture Archiving and Communication Systems or CPACS
systems. Major differences were of course that on cinefilm
the coronary arteries were displayed as bright arteries on
a darker background, and there was always an associated
pincushion distortion caused by the concave input screen of
the image intensifier. With the digital systems the arteries
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mm cinefilm, and thus digital has been completed accepted.
Also, extensive validation studies have not proven major
differences in accuracy and precision between cinefilm and
digital: the variability in the analysis is on the order of about
V3 pixel, or 0.11 mm (2,3).

For many years, quantitative coronary arteriography
(QCA) has been used in clinical research in the hospitals and
in core laboratories to assess regression and progression of
coronary obstructions in pharmacological interventions, and

www.thecdt.org Cardiovasc Diagn Ther 2011;1(1):57-70



58

Reiber et al. QCA, IVUS and OCT in interventional cardiology

Figure 1 Example of a QCA straight analysis of a right coronary artery (RCA) mid segment. A. The arterial contours; B. The analysis results

of course for vessel sizing and the assessment of the efficacy
of coronary interventions after the introduction of PTCA,
bare-metal stents (BMS), drug-eluting stents (DES) and now
also biodegradable stents. In all these cases, the analyses were
done on straight vessels. However, since a number of years,
bifurcation stenting has become of great interest, and in
association with the European Bifurcation Club (EBC), the
QCA software has been extended to allow also the quantitative
analysis of the bifurcating morphology (4). This has proven
to be a lot more difficult, in particular in defining what the
normal sizes of the vessels adjacent to the bifurcation should
be, given the complexity of the anatomy and different disease
patterns. Validated solutions have been created and are now
being used in clinical trials (5-10).

3D QCA has been around for quite some time from a
few vendors, but it has never been applied on a wide scale
in on-line situations for a number of reasons: segmentation
not robust enough, too many user-interactions required and
no clinical need. However, with the increasing applications
of bifurcation stenting, there may be new opportunities,
in combination with improved segmentation and
reconstruction approaches. In particular, proper sizing of the
length of the interventional devices has a significant effect
on the long-term effect of the intervention (11), optimal
viewing angles are more important in bifurcation stenting,
and last but not least, latest developments also allow for the
registration with intravascular devices, such as IVUS and
OCT. This registration links the abnormalities as seen in
the IVUS or OCT pullback sequences with the positions in
either the 2D X-ray angiogram, or the 3D reconstruction.
This software solution, which is now very robust and can be

© Cardiovascular Diagnosis and Therapy. All rights reserved.

used on-line, provides accurate information, such that the
interventionalist does not need to rely on his/her mental
registration capabilities alone anymore (12). It has been well
recognized for many years that despite the wide availability
of the angiogram and the QCA, an angiogram is only a
lumenogram, and that the disease is in the vessel wall. For
proper decision making purposes, the interventionalist
must know what the composition is of the plaque. This
was made possible with intravascular ultrasound, but
with the advent of Virtual Histology and the iMAP, more
information has become available, which has revived the
field of intravascular ultrasound (13-17). Likewise, optical
coherence tomography is now playing a major role in
interventional cardiology (18-22).

In this review paper a brief overview will be given
of the standard straight vessel analysis, followed by the
more complex bifurcation analysis and finally by the latest
developments in 3D QCA and the registration with IVUS
or OCT. In each section references are given to validation
studies. Most of the work presented is based on the Medis
its analytical software packages (such as QAngio XA).

Straight vessel analysis

The procedure for a standard straight vessel segment
is straight-forward, although obtaining robust arterial
contours that require minimal manual editing requires
mature and extensively validated software. An example of
a straight QAngio XA analysis is given in Figure I for a
segment of a right coronary artery (RCA). After the manual
definition of the start and endpoint of the segment, a
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Figure 2 Schemes of the T-shape model and Y-shape model explaining the segments, proximal delimiter, interpolated contour and sections
terminology. For each model, four segments that represent the building blocks of the models are generated by the software. A. In the T-shape
model the bifurcation core is delineated by the proximal delimiter in the proximal main subsection and the carinal point (yellow point), which
is flanked at one side by the first diameter of the distal main subsection, and at the other side by the interpolated contour between the proximal
segment and the distal main subsection. Using this model, the arterial and reference diameters of the ostium of the side branch and the whole
main section (including the transition within the carinal segment) can be accurately determined; B. In the Y-shape model the bifurcation core

is delineated by the proximal delimiter in the proximal section and the carinal point (yellow point). Using this model, the arterial and reference
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Figure 3 An example of the T-shape model of the bifurcation analysis. A. The two detected bifurcation pathlines, which are overlapping in
the proximal segment; B. The detected arterial contours; C. The final analysis contours, plaque filling and the two corresponding diameter
functions of the Main (a.k.a. Parent Vessel) and the Side Branch sections

pathline is detected automatically through the segment of
interest. Next, the contour detection is carried out iteratively
using the so-called minimal cost (MCA) contour detection
algorithm in which all the grey level values along the vessel

© Cardiovascular Diagnosis and Therapy. All rights reserved.

of interest are taken into account. Of course, manual
editing is possible if needed, but such interaction is again
followed by a MCA iteration (Figure 14). From the left
and right arterial (yellow) lumen contours the size of the

www.thecdt.org Cardiovasc Diagn Ther 2011;1(1):57-70



Cardiovascular Diagnosis and Therapy, Vol 1, No 1, December 2011

61

Proximal

iy |
[T
=
5 |
0 |
— o . -
n 1] b 1] L] L
Ty
.
Distal |
3 il dn
U': = vl Rs
.|
L |
i
]
}
-3
L |
a2
T T T T T T T T T
o o B A 100 120 40
s
Distal 2
1 vian
1 - A
5
n b
B

I e o e e
n i 4 21 L] 100 {=21] 140
K>

Figure 4 An example of the Y-shape model of the bifurcation analysis. The final analysis contours, plaque filling and the three corresponding

diameter functions of the Proximal, Distal 1 and Distal 2 sections, respectively

vessel is calculated from start to end at intervals of about
0.1 mm and displayed in the arterial diameter function
(yellow graph). From these numbers the-interpolated-
reference diameter function (red graph line) is derived,
representing the situation of a healthy, non-diseased vessel
segment. From this reference diameter function and the
actual arterial contours, the reference contours (in red)
can be reconstructed and positioned in the image along
the vessel segment. The yellow area represents the plaque
in the vessel in this particular angiographic view. From
the calculated diameter functions, many parameters are
derived automatically, including the site of the maximum
percentage diameter stenosis, the obstruction diameter,
the corresponding automatically determined reference
diameter, and the extent of the obstruction. Additionally,
other derived parameters include obstruction symmetry,
inflow and outflow angles, the area of the atherosclerotic
plaque, and functional information, such as the stenotic
flow reserve or SFR. In the example of Figure 1B, the
obstruction diameter is 1.00 mm and the reference
diameter at the narrowing 4.55 mm, yielding a percentage
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diameter stenosis of 78 %. The QAngio XA analytical
software has been validated extensively by phantom
studies, short-, medium- and long-term variability studies,
inter- and intra-observer variability studies, inter-core-lab
studies, etc (3).

Obtaining absolute numbers about the vessel sizes is
not possible without carrying out a calibration procedure,
which is usually performed on a non-tapering portion of
a contrast-filled catheter using the MCA edge-detection
procedure similar to that applied to the arterial segment.
In this case, however, additional information is used in the
edge-detection process because this part of the catheter
is known to be characterized by parallel boundaries. It
should also be recognized that the catheter calibration
procedure is the weakest link in the analysis chain because
of the variable image quality of the displayed catheters,
and therefore deserves extra attention. Any error that is
made in the calibration procedure has a direct effect on the
calculated absolute vessel sizes. If one is only interested in
relative values like the percentage diameter stenosis, the
calibration procedure can be skipped.
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Figure 5 A schematic overview of the (sub) segments of the bifurcation analysis with edge segments

Bifurcation analysis

With the expanding practice of stenting coronary
bifurcation lesions worldwide (23), the need for reliable,
standardized and reproducible quantitative bifurcation
analyses became apparent. There are two solutions available
on the market, the CAAS Bifurcation software (Pie
Medical, Maastricht, the Netherlands) and the QAngio XA
version 7.2 bifurcation application (Medis medical imaging
systems, Leiden, the Netherlands), which contains two
bifurcation models: a T-shaped bifurcation model (suitable
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for bifurcations with a standard side branch structure:
Figure 24) and Y-shaped bifurcation model (suitable for
bifurcations with distal branches of equal size: Figure 2B).
The particular advantage of these models is that they
combine the proximal and two distal vessel segments with
the bifurcation core, resulting in a total of two or three
sections (depending on the model type), all derived from
one analysis procedure, such that each of these sections has
its own diameter function and associated parameter data.
The basic principles of the coronary bifurcation analyses
of the two models can be summarized as follows. As a first
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step, the user places three pathline points in the image to
define the arterial bifurcation segment: a start point in the
proximal segment and one end point in each of the two distal
segments are required. Subsequently, independent of the
model type, two pathlines are detected (Figure 34) followed
by the automated detection of the arterial contours of all
three vessel segments using the MCA technique (Figure 3B).

The bifurcation core of the T-shape model is defined as
the area between the automatically determined proximal
delimiter in the proximal main subsection (the position
of which is independent of the presence of a lesion) and
the carinal point, which is flanked at one side by the first
diameter of the distal main subsection and at the other side
by the interpolated contour between the proximal segment
and distal main subsection (Figure 24). From the arterial
contours and the interpolated contour, two sections are
defined: the main section (i.e. the proximal segment, distal
main subsection and bifurcation core segment merged) and
the side branch section (Figure 24). For the main section
the arterial diameter function is calculated following the
conventional straight analysis approach, while for the side
branch section the ostial analysis approach is followed (3,5),
making sure that the arterial diameters at the ostium of the
side branch are measured properly.

Due to the “step down” phenomenon, it is not a trivial
task to derive a suitable reference diameter function for the
entire main section. Therefore, the calculation of the reference
diameter function is based on each of the three segments
separately. By this approach, it is assured that for both the
proximal segment and distal main subsection the (interpolated)
reference diameter functions are only based on the arterial
diameters outside the bifurcation core. Finally, the reference
diameter function of the bifurcation core is based on the
reconstruction of a smooth transition between the proximal
and distal vessel diameters. As a result, the reference diameter
function graph of the entire main section will be displayed as
one function, which is composed of three different straight
reference lines that are linked together. For the side branch
section an “ostial” reference diameter function calculation is
used (3,5), which is displayed as one function, which is straight
and slightly curved proximally (Figure 3C).

"The bifurcation core of the Y-shape model is defined as the
area between the automatically determined proximal delimiter
in the proximal section and the carinal point (Figure 2B). From
the arterial contours and by using the carinal point, three
sections are defined: the proximal section (i.e. the proximal
and bifurcation core segments merged), the distal 1 section
and the distal 2 section (Figure 2B). For each of these sections
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the corresponding arterial diameter functions are calculated
following the conventional straight analysis approach (3,5).
This method guarantees that within the bifurcation core the
arterial diameters are measured in their fullest extent (e.g.,
important for skirt stenting).

In order to derive a suitable reference diameter function for
each section, again the calculation of the reference diameter
function is based on each of the segments separately. The
reference diameter function of the bifurcation core itself
is based on reconstructed reference contours between the
proximal and two distal segments. As a result, the reference
diameter function graph of the entire proximal section will be
displayed as one function, which is straight for the proximal
segment and curved in the bifurcation core. The two reference
diameter functions of the distal sections will each be displayed
as one function and are straight (Figure 4).

The reported bifurcation analysis results of all sections
(both models) will be a complete listing of the angiographic
parameters similar to the conventional straight QCA,
including the obstruction, reference, minimum, maximum,
mean diameters and areas, the percent diameter and area
stenosis, as well as the vessel and lesion lengths.

Additionally, an option for bifurcation with edge segment
analysis will be available for the assessment of (drug eluting)
stent segments and the corresponding stent- and ostial
edge segments (Figure 5). For each of these (sub)segments
the complete parameter set including some edge specific
parameters (e.g., MLD position relative to the stent start
or segment start position, etc.) will be reported, to allow
to study the regression and progression of the bifurcation
lesion to the fullest.

The QAngio XA Bifurcation analysis software V7.2
has been validated extensively by phantom studies, clinical
studies and observer variability studies (5,6).

3D QCA and registration with IVUS and OCT

Over the past decades, the continuous developments in
coronary visualization and quantitative systems have been
motivated by the increasing need to better understand and
assess coronary atherosclerosis and by the on-line need for
support of coronary interventions in cardiac catheterization
laboratories. Recently developed three-dimensional
quantitative coronary angiography (3D QCA) systems
aimed to resolve some of the limitations in conventional
two-dimensional (2D) analysis (1,3,4) and hence, to extend
its capacity and reliability in assessing the true cross-
sectional area and length dimensions of coronary vascular
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structures. It has been demonstrated that 3D QCA can
accurately assess vessel segment length and diameter(24-26),
as well as the optimal viewing angles (11,27-29) for the
subsequent interventional stent-procedure. By using 3D
QCA and based on such more accurate 3D data, clinical
decision making can be affected, thus possibly leading to a
more efficient and economic usage of stents in percutaneous
coronary intervention (PCI) (30). This may have significant
impact in today’s cost-constrained health care systems.

Despite the fact that the 3D angiographic reconstruction
has important potential values, the foremost limitation of
X-ray angiography-based systems remains the inability to
image beyond the vessel lumen as only the contrast lumen
is visualized. In other words, the 3D reconstructed vessel
remains a lumenogram, though with better 3D capabilities.
Thus, early stages of plaque formation may not be evident
with X-ray angiography due to the occurrence of coronary
artery remodeling (31), and vulnerable plaques can not
be recognized for possible implementations of measures
to prevent these from rupturing. These limitations
have been well addressed by intravascular tomography-
based imaging techniques, among which grey scale
intravascular ultrasound (IVUS) is a well-established and
validated modality. IVUS provides a wealth of information
including vessel wall composition, which is crucial to the
assessment of coronary atherosclerosis. Later on, the role
of intravascular tomography-based imaging techniques
was greatly enhanced by the radio-frequency IVUS data
analysis for plaque characterization (e.g., Virtual Histology
and iMAP) and by optical coherence tomography (OCT)
for the assessment of the thin fibrous cap atheromas and
malapposition of stent struts, respectively. These new
imaging techniques have greatly extended the capabilities
in the assessment of coronary artery disease. However, the
fact that intravascular tomography-based images do not
preserve the global topology information could lead to
erroneous interpretations. Although a longitudinal view
(L-View) is available in most IVUS/OCT consoles to
provide an overview of the pullback series, the presentation
of the L-View by stacking cross-sectional images along a
straightened version of the catheter pullback trajectory is
a very unnatural way of conceptualization. As a result, the
interpretation can be quite challenging.

Given the different but complementary perspectives
provided by X-ray angiography (XA) and IVUS/OCT,
the fusion/integration of the two imaging modalities by
using XA as a roadmap while exploiting detailed vessel
wall information from IVUS/OCT will benefit the
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interpretation of coronary artery disease and the guidance
of coronary interventions. In current routine clinical
practice, the interventionalist must mentally establish the
correspondence between the XA and IVUS/OCT images.
This process is not always easy, especially when lumen
narrowing is not clearly evident by the X-ray images or
when the lesion is long diffused, and no side branch is
present in the neighborhood of the lesion borders. Thus,
XA-IVUS/OCT integrated systems are currently requested
in the market to better support coronary interventions.
The clinical applicability of such fused/integrated systems
depends to a great extend on the reliability and robustness
of the co-registration step. Once a reliable correspondence
between angiographic and IVUS/OCT images is
established, the issue of fusing/integrating information from
the two image modalities becomes relevant.

In the following paragraphs our approach for the 3D
reconstruction and co-registration with IVUS/OCT is
described and the results of both phantom and in-vivo
validations are presented.

Three-dimensional angiographic reconstruction

Accurate and robust 3D angiographic reconstruction is
the foremost important step in the XA-IVUS/OCT co-
registration. Early research on 3D reconstruction can be
traced back to decades ago (32,33). However, clinic-ready
systems were announced only in recent years and there
has not been a widespread acceptance of such systems
in routine clinical practice. One of the reasons is due to
the fact that mechanical distortions in X-ray systems and
noisy angiographic images in routine clinical acquisitions
could significantly affect the reliability and robustness of
the 3D reconstruction and analysis. For monoplane X-ray
angiographic acquisitions, the shift of the whole coronary
tree due to the patient’s respiration or the non-isocentric
condition could greatly deteriorate the system’s reliability.
Such system distortions should be corrected before or
during the 3D angiographic reconstruction.

To come up with a practical and attractive workflow,
we have developed a new approach by using only one to
three pairs of reference points for the correction of system
distortions. In case of the presence of small perspective
projection angles for noisy angiographic images, the
reliability and robustness of the angiographic reconstruction
are further improved by building a distance transformation
matrix and by searching for the optimal corresponding
path in the matrix for the refinement of correspondence
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Figure 6 Automated correction of system distortions in the image geometry for the 3D angiographic reconstruction. A and B are the

two angiographic views (31 RAO, 33 Cranial and 31 LAO, 30 Cranial) selected for the 3D reconstruction. Before the correction, the two

epipolar lines did not go through their corresponding reference points, being the red and blue landmarks; C and D show the results after the

automated correction of the system distortion. The two epipolar lines now go right through their corresponding reference points in both

projection views

between the two angiographic views (11). The approach
has been validated with high accuracy in both phantom and
in-vivo studies (11,24,26). In short, the 3D angiographic
reconstruction consists of only a few major steps: (i) two
image sequences acquired at two arbitrary angiographic
views with projection angles at least 25 degrees apart are
loaded; (ii) properly contrast-filled end-diastolic (ED)
frames of these angiographic image sequences are selected;
(iii) one to three anatomical markers, e.g., bifurcations,
are identified as reference points in the two angiographic
views for the automated correction of angiographic system
distortions (11); (iv) the vessel segment of interest is defined
and automated 2D lumen edge detection is performed using
our extensively validated QCA algorithms (1,2,6,34); (v)

© Cardiovascular Diagnosis and Therapy. All rights reserved.

automated 3D reconstruction and modeling techniques are
performed.

An example of step three, correction the system
distortions in the image geometry for the 3D angiographic
reconstruction, is given in Figure 64 and 6B. The two
bifurcation points (carina) in the left anterior descending
artery (LAD) were identified as reference points and their
epipolar lines, being the projection of the X-ray beam
directed towards a particular point on one of the projections
onto the second projection, were presented in the two
angiographic views (31 RAO, 33 Cranial and 31 LAO,
30 Cranial, respectively). Due to the system distortions,
the epipolar lines did not go through their corresponding
reference points. After applying the automated correction
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Figure 7 Three-dimensional coronary bifurcation reconstruction. A and B show the two angiographic views with lumen contours

superimposed on the LAD/Diagonal bifurcation; C shows the 3D reconstructed bifurcation at optimal viewing angle (40 LAO, 56 Cranial)
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Figure 8 Three-dimensional quantitative coronary angiography 3D QCA) and its registration with 3D optical coherence tomography
(OCT). A and B are the two angiographic views; C is the reconstructed vessel segment in color-coded fashion; D. is the OCT cross-sectional
view corresponding to the middle (red) marker; E is the OCT longitudinal view; and F is the 3D OCT image. After the registration, the

corresponding markers in different views (A, B, C, D, and F) were synchronized, allowing the assessment of lumen dimensions from both

imaging modalities at every corresponding position along the vessel segment

of the system distortion, as shown in Figure 6C, D, the
epipolar lines now go right through their corresponding
reference points in both angiographic views, demonstrating
the success of this automated procedure.

When subsequently the steps four and five are applied,
the 3D reconstructed straight vessel or bifurcation is

© Cardiovascular Diagnosis and Therapy. All rights reserved.

obtained. In Figure 74, B the two angiographic views with
lumen contours superimposed on the LAD/Diagonal
bifurcation are shown. Finally, Figure 7C presents the
reconstructed LAD/Diagonal bifurcation at its optimal
viewing angle, being 40 LAO, 56 Cranial, by which the
overlap between the LAD and the Diagonal at the ostium is
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minimal. The proximal bifurcation angle, i.e., the take-off
angle, and the distal bifurcation angle, i.e., the carina angle,
are 139° and 44°, respectively.

XA-IVUS/OCT registration

Under the condition that the motorized transducer
pullback with constant speed is used in the IVUS/OCT
image acquisition, the rationale for the co-registration of
XA images with IVUS/OCT pullback series is to use the
spatial relationship between vessel segment (by means of
lumen or centerline) and IVUS/OCT pullback trajectory.
Conventional registration approaches (35-37) would require
the reconstruction of the IVUS/OCT transducer path from
two angiographic views acquired, and assume it to be the
pullback trajectory so that the IVUS/OCT cross-sectional
images can be aligned along the trajectory. This is not a
trivial task due to the difficulty in segmenting both IVUS/
OCT catheter and vessel lumen and the requirement of
a second angiographic view for the IVUS/OCT catheter,
which is not always included in the current workflow. The
assumption of IVUS/OCT transducer path as pullback
trajectory could also be jeopardized by the fact that spatial
displacement of the catheter could occur inside the vessel
after the pullback machine is switched on, in order to reach
the state of minimum bending energy. It has been reported
that there was significant delay from the moment the IVUS
pullback machine was switched on and the moment the
transducer tip really started to move (37).

In order to have a rapid and straightforward solution
for the on-line XA-IVUS/OCT registration that could
assist coronary interventions and would fit most into the
current workflow in catheterization laboratories, we have
taken a different approach by estimating the axial position
of each IVUS/OCT cross-sectional image from the
reconstructed vessel centerline, based on the curvature
information and hence, to skip the reconstruction of the
pullback trajectory (12). By this approach, the disadvantage
of using diluted contrast agent during angiographic image
acquisitions, as required by conventional registration
approaches in order to simultaneously visualize the lumen
and the imaging catheter, was resolved and as a result,
the quality of 3D QCA was improved and less manual
corrections were required in the lumen edge detection.
The approach only requires the operator to reconstruct the
vessel centerline from the angiographic images (which is
a standard module in our 3D QCA software package) and
register it with IVUS/OCT pullback series by indicating a
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baseline position in the vessel centerline that corresponds
to the same axial position in IVUS/OCT. Such baseline
positions can be found in anatomical or mechanical
landmarks visualized in both angiographic and IVUS/
OCT images, e.g., side branches and stent borders. In
case of blurred angiographic images, image enhancement
techniques (38) can be used to increase the visibility of
detailed image structures.

After the registration, the markers superimposed on the
angiographic views and the IVUS/OCT L-View are now
synchronized. The interpretation of vessel dimensions
becomes more comprehensive and the interventionalist
knows now exactly where in the XA images the stent should
be positioned based on the IVUS/OCT data. An example
of integrating angiographic and IVUS/OCT images after
the registration is given by Figure §. The stenting-position
defined by the proximal and distal landing-zone markers
has been mapped onto the two angiographic views in the
top left panel (the two green markers that are superimposed
on the angiographic views). In addition, the luminal
contours were automatically detected in the OCT cross-
sectional images by using a new minimum cost algorithm
and the diameter and lumen area can be compared with
the measurements from the 3D QCA. In this case, short
diameter, long diameter, and lumen area at the position
indicated by the middle (red) marker were 1.08 mm, 1.32
mm, and 1.14 mm’ by OCT, as compared with 0.82 mm,
1.30 mm, and 0.84 mm” by 3D QCA, respectively.

Discussion

Drug-eluting stents have proven to be able to reduce in-stent
restenosis after coronary interventions (39-41); however, the
efficacy depends on the ability of the interventionalist to
choose the optimal course of treatment and to implement
the chosen course of action properly. Geographic mismatch
due to suboptimal stent selection and positioning could
significantly impact the short and long term outcome of
the stent-procedure (42,43). Sophisticated imaging and
quantification tools are therefore demanded to guide the
interventionalist to assess the true vessel dimensions, lesion
location and extension for the optimization of the stent-
procedure.

Quantitative coronary angiography was first developed
to quantify vessel motion and the effects of pharmacological
agents on the regression and progression of coronary
artery disease (44). It has developed substantially over
the past decades and has been applied worldwide for
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research and clinical purposes, in both off-line and on-line
situations (3). Recently developed 3D systems based on
routine angiographic projections have emerged as a new
tool for the on-line guiding of coronary interventions. By
resolving some of the well-known limitations in standard
2D analysis, e.g., vessel foreshortening and out-of-plane
magnification (45), 3D QCA could provide more reliable
assessments of lumen dimensions including length,
diameter, and bifurcation angles (24,26). In addition, the
3D angiographic reconstruction enables the subsequent
automated determination of optimal viewing angles (11,27),
by which foreshortening and overlap are minimized and the
visualization of the target vessel is improved.

Thanks to the capacity and high resolution in imaging
individual cross-sections of the coronary artery, IVUS
and OCT have greatly improved our understanding of
coronary atherosclerosis and the tissue responses after
stent implantation. The role of IVUS/OCT in assessing
plaque extent and distribution for optimal treatment
planning has been well acknowledged. However, the
ability in implementing the planned course by angioplasty
has been limited by the difficulty in establishing the
correspondence between the IVUS/OCT images with the
angiographic images. For example, to position the stent,
the current workflow by mentally mapping the planned
stenting-position from IVUS/OCT to XA fluoroscopy
could be quite challenging when no landmark is available
in the neighborhood of the stenting-position and accurate
positioning is important to ensure complete lesion coverage
and to prevent the undesirable responds to the stent
expansion, e.g., stenting long diffused lesions with calcium
deposited at the borders. In other cases where the diseased
vessel has multiple side branches, like in the LAD with
many septal and diagonal branches, the mental mapping
could be confused or even become completely mismatched
due to the fact that not all side branches are well presented
in the L-View of IVUS/OCT. In such cases, the XA-
IVUS/OCT co-registration could establish a point-to-
point correspondence between angiographic and IVUS/
OCT images. As a result, the deployment of the stent to the
targeted position is simplified and more clearer.

Despite of its attractive clinical perspectives, an
optimal integration of 3D XA and IVUS or OCT in the
current setting of catheterization laboratories is currently
not available. The data connectivity is a significant
bottleneck for such an integration to be used in on-line
mode. Demonstration projects have clearly indicated the
clinical value of the registration of OCT and 3D QCA for
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supporting coronary interventions, e.g., for verifying the
wire position before dilating the stent at the bifurcation (46).
Therefore, it is desirable that the XA, IVUS/OCT, as well
as 3rd party imaging vendors will cooperate to make the
integration clinically acceptable with a seamless workflow in
the near future.

Conclusions

The new XA-IVUS/OCT registration approach is a
straight-forward and reliable solution for the three-
dimensional integration/combination of X-ray angiographic
and IVUS/OCT imaging. It provides the interventionalist
with detailed information about vessel size and plaque size
at every position along the vessel of interest, making this a
suitable tool during the actual intervention.
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