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(57) ABSTRACT

A method and system for co-registration of angiography data
and intra vascular ultrasound (IVUS) data is disclosed. A
vessel branch is detected in an angiogram image. A sequence
of IVUS images is received from an IVUS transducer while
the IVUS transducer is being pulled back through the vessel
branch. A fluoroscopic image sequence is received while the
IVUS transducer is being pulled back through the vessel
branch. The IVUS transducer and a guiding catheter tip are
detected in each frame of the fluoroscopic image sequence.
The IVUS transducer detected in each frame of the fluoro-
scopic image sequence is mapped to a respective location in
the detected vessel branch of the angiogram image. Each of
the IVUS images is registered to a respective location in the
detected vessel branch of the angiogram image based on the
mapped location of the IVUS transducer detected in a corre-
sponding frame of the fluoroscopic image sequence.
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METHOD AND SYSTEM FOR IMAGE BASED
DEVICE TRACKING FOR
CO-REGISTRATION OF ANGIOGRAPHY
AND INTRAVASCULAR ULTRASOUND
IMAGES

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/359,431, filed Jun. 29, 2010, the
disclosure of which is herein incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to image based device
detection and tracking, and more particularly, image based
device detection and tracking for co-registration of angio-
graphic fluoroscopic images and intravascular ultrasound
images.

[0003] Angiography and Intravascular ultrasound (IVUS)
are two widely used modalities to image coronary vessels in
coronary interventions. Both modalities have various advan-
tages. X-ray angiography is a modality that is commonly used
to guide percutaneous coronary interventions (PCI). IVUS is
an imaging technique in which an ultrasound transducer is
attached to an end of a guidewire. The guidewire is first
guided through a guiding catheter and from there through the
vessels of a patient. The ultrasound transducer is used to
obtain ultrasound images from within the vessels. IVUS can
be used to obtain images in which an entire cross-section of
the interior of the vessel can be seen in a single view. IVUS
imaging can be used to provide rich information on vessel
wall composition and the extent of plaques present at various
points within a vessel. Accordingly, IVUS can be used for
tissue characterization, analysis of lesion length, quantifica-
tion of vessel and lumen diameter, and the estimation of stent
expansion. However, the lack of vessel orientation informa-
tion in IVUS images makes it difficult to fully understand the
spatial structure of the vessels.

[0004] Accordingly, it is desirable to co-register the
angiography and IVUS image modalities in order to combine
the high spatial resolution from the IVUS data with the hood
overview and orientation within the vessels obtained from the
angiography.

BRIEF SUMMARY OF THE INVENTION

[0005] Embodiments of the present invention provide a
method and apparatus for co-registration of angiography and
Intravascular Ultrasound (IVUS) data using image based
device detection and tracking. According to various embodi-
ments, an interactive vessel segmentation method can be used
to specify the coronary branch where an IVUS catheter will
be advanced and pulled back. The vessel segmentation pro-
vides a vessel branch with orientations. During the pulling-
back stage, the IVUS transducer is detected and tracked in a
sequence of fluoroscopic images. The distance between the
tracked IVUS transducer and the guiding catheter tip is used
to register the IVUS transducer to the stationary segmented
vessel. By synchronizing the IVUS images with the fluoro-
scopic images through time stamps, the corresponding posi-
tion of each IVUS image along the vessel on an angiogram
image can be determined.

[0006] Inoneembodimentofthe presentinvention, avessel
branch is detected in an angiogram image. A sequence of
IVUS images is received from an IVUS transducer. The IVUS
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images are acquired while the IVUS transducer is being
pulled back through the vessel branch. A fluoroscopic image
sequence is received. The fluoroscopic image sequence is also
acquired while the IVUS transducer is being pulled back
through the vessel branch. The IVUS transducer and a guid-
ing catheter tip are detected in each frame of the fluoroscopic
image sequence. The IVUS transducer detected in each frame
of'the fluoroscopic image sequence is mapped to a respective
location in the detected vessel branch of the angiogram
image. Each of the IVUS images is registered to a respective
location in the detected vessel branch of the angiogram image
based on the mapped location of the IVUS transducer
detected in a corresponding frame of the fluoroscopic image
sequence.

[0007] These and other advantages of the invention will be
apparent to those of ordinary skill in the art by reference to the
following detailed description and the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG.1illustrates a method of co-registering angiog-
raphy and IVUS images according to an embodiment of the
present invention;

[0009] FIG. 2 illustrates exemplary results of various steps
of the method of FIG. 1,

[0010] FIG. 3 illustrates a method for interactive vessel
detection in the angiogram stage of the method of FIG. 1
according to an embodiment of the present invention;
[0011] FIG. 4 illustrates exemplary interactive vessel
detection results;

[0012] FIG. 5 illustrates exemplary detection results for a
IVUS transducer detector, a guiding catheter body detector, a
guiding catheter tip detector, and a guidewire body detector;
[0013] FIG. 6 illustrates initialization and tracking of the
integrated IVUS model;

[0014] FIG. 7 illustrates multi-resolution tracking with
incrementally decreased searching intervals and kernel band-
widths;

[0015] FIG. 8 illustrates a method for mapping the tracker
IVUS catheter locations in the fluoroscopic image sequence
to the detected vessel branch in the angiogram image accord-
ing to an embodiment of the present invention;

[0016] FIG. 9 illustrates a relationship between the Euclid-
ean distance and the geodesic distance for a an exemplary
vessel branch;

[0017] FIG. 10 illustrated exemplary results of mapping
tracked IVUS transducers to a detected vessel branch in an
angiogram image;

[0018] FIGS. 11A-11C illustrated exemplary angiography
and IVUS co-registration results; and

[0019] FIG. 12 is a high level block diagram of a computer
capable of implementing the present invention.

DETAILED DESCRIPTION

[0020] The present invention relates to a method and sys-
tem for co-registration of angiography and Intravascular
Ultrasound (IVUS) images using image based device track-
ing. Embodiments of the present invention are described
herein to give a visual understanding of the co-registration
method. A digital image is often composed of digital repre-
sentations of one or more objects (or shapes). The digital
representation of an object is often described herein in terms
of identifying and manipulating the object. Such manipula-
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tions are virtual manipulations accomplished in the memory
or other circuitry/hardware of a computer system. Accord-
ingly, is to be understood that embodiments of the present
invention may be performed within a computer system using
data stored within the computer system.

[0021] Registration of IVUS and angiography images finds
the position of each IVUS image plane along a vessel branch
during the IVUS pullback. Manuel labeling, which has pre-
viously been used to specify the position of IVUS images, can
be straightforward and easy to implement. However, manu-
ally finding a corresponding landmark between IVUS and
angiography data is challenging, as it requires expertise and
can be time-consuming. Furthermore, without continuous
tracking, previous works typically assume constant IVUS
pullback speed to obtain the IVUS imaging plane from linear
interpolation. Embodiments of the present invention provide
a computational framework for automated image based IVUS
tracking in X-ray images to continuously identify the location
of'the IVUS image plane in order to achieve co-registration of
angiography and IVUS images.

[0022] Accurate and robust tracking of medical devices in
X-ray images is challenging. The devices undergo cardiac
motion and breathing motion during interventions. Even with
electrocardiogram (ECG) triggering, the breathing motion
can still be large. X-ray images, especially fluoroscopic
images, usually have a low signal to noise ratio because low
doses of radiation are typically preferred in interventional
imaging. The appearance of devices can be blurry in X-ray
images, and artifacts and cluttered background often exist.
Considering all of these factors, conventional tracking meth-
ods based on intensity appearance or edge-based energy
would encounter difficulties. Embodiments of the present
invention provide a framework that utilizes learning based
detection and model based probabilistic tracking.

[0023] In embodiments of the present invention, learning
based detectors that are trained from collected data are used to
detect different devices, such as IVUS transducers, guiding
catheter body and tips, and the wire that is used to pull the
IVUS transducers. The detection results are used as primitive
features for subsequent tracking. A probabilistic model based
tracking framework can be used to combine detections of
different devices in a Bayesian inference framework in order
to achieve robust and accurate tracking results. The device
tracking results are then used for a geodesic distance based
registration during IVUS pullback. Embodiments of the
present invention only require minimum user interactions and
do not assume a constant IVUS pullback speed.

[0024] FIG. 1 illustrates a method of co-registering angiog-
raphy and IVUS images according to an embodiment of the
present invention. The method of FIG. 1 can be divided into
two stages: the “angiogram” stage (steps 102 and 104) and the
“pullback™ stage (steps 106-120). In the angiogram stage, a
contrast-enhanced coronary is imaged and a vessel branch
where the IVUS imaging will take place is extracted (seg-
mented). In the pullback stage, an IVUS transducer is pulled
inside a vessel to obtain a sequence of intravascular images,
and fluoroscopic images are acquired to track the movement
of the IVUS transducer.

[0025] Referring to FIG. 1, at step 102, angiogram image
sequence is received. The angiogram images in the sequence
are contrast enhanced fluoroscopic images. In particular, a
contrast agent is injected into the patient, so vessels appear
darker and are clearly visible in the angiogram images. The
angiogram image sequence may be received directly from an
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x-ray imaging device or may be received by loading a previ-
ously stored angiogram sequence. A frame of the angiogram
image sequence is selected for interactive vessel detection,
and at step 104, a vessel branch is detected in the frame of the
angiogram image sequence using interactive vessel detection.
In particular, an interactive vessel detection method is used to
segment a centerline of a vessel branch where the IVUS
imaging will be performed, and to extend the centerline
toward the guiding catheter. FIG. 2 illustrates exemplary
results of various steps of the method of FIG. 1. Image (a) of
FIG. 2 shows exemplary results of the interactive vessel
detection of step 104 in an angiogram image. As shown in
image (a) of FIG. 2, a centerline 202 of a vessel branch is
detected in the angiogram image.

[0026] FIG. 3 illustrates a method for interactive vessel
detection in the angiogram stage of the method of FIG. 1
according to an embodiment of the present invention. The
method of FIG. 3 provides greater detail for the angiogram
stage (steps 102 and 104) of FIG. 1 according to a particular
embodiment. Referring to FIG. 3, at step 302, the angiogram
image sequence is received. At step 304, a contrast-enhanced
frame of the angiogram sequence is selected for vessel seg-
mentation. In an advantageous implementation, a frame at the
end-diastole (ED) phase can be selected for vessel segmen-
tation. An electrocardiogram (ECG) signal can be recorded
during image acquisition of the angiogram image sequence.
The frame at the ED phase can be selected to be synchronized
with subsequent fluoroscopic images, which are also
acquired at the ED phase through ECG triggering. The frame
selection may be performed manually by a clinician. The
selected frame should have maximum contrast to better visu-
alize the vessel branch and can be right after the QRS complex
to better synchronize with later acquired pulling-back
images.

[0027] At step 306, user inputs are received to initialize the
vessel segmentation. The user inputs can be received via a
user input device, such as a mouse. According to a possible
implementation, two user inputs can be received specifying a
proximal end and a distal end of the vessel branch in which the
IVUS imaging will take place. The first user input to identify
the proximal end of the vessel is placed at the tip of the
guiding catheter into which the IVUS transducer is inserted.
The second user input is placed at the distal end of the vessel.
Accordingly, the two user inputs should cover the pulling path
of the IVUS transducer.

[0028] At step 308, curve segments are detected in the
angiogram frame using trained curve segment detectors. The
interactive detection method combines the user inputs with
learning based detections. This method adapts a hierarchical
learning based method that is similar to the method presented
in U.S. patent Ser. No. 7,792,342, the disclosure of which is
incorporated herein by reference. However, according to an
embodiment of the present invention, the detectors used in
this method are trained to detect curve segments, not a whole
curve. In order to detect the curve segments, a trained piece-
wise curve segment detector is first used to detect curves
segments, and then a trained pair-wise curve segment detector
is used to detect pair-wise connections between the detected
curve segments.

[0029] The piece-wise curve segment detector detects indi-
vidual pieces of curves, each a short line segments with a
constant length. A curve segment has three parameters (X,y,
0), where (x,y) is the segment center location and 0€[-90,90]
is the curve segment orientation. Such a learning based curve



US 2012/0059253 Al

segment detector is trained offline using annotated training
data. All points on the annotated curves in the training data are
considered positive training samples, while negative training
samples are randomly obtained from regions other than the
annotated curve structures. The piece-wise curve segment
detector can be a probabilistic boosting tree (PBT) classifier
trained using Haar features. In order to detect segments of
different orientations, the angiogram frame is rotated at dis-
crete angles to search the rotation angles of curve segments.
The piece-wise curve segment detector determines a prob-
ability score for each detected curve segment.

[0030] Since the piece-wise curve segment detector typi-
cally produces many false alarms, the pair-wise curve seg-
ment detector is used to prune false detections. In the pair-
wise segment detection, every pair of two detected curve
segments are classified to determine a probability that the pair
belong to a curve, based on image intensity and geometric
features. Such geometric features can include the center dis-
tance between the curve segments and the angle difference
between the orientations of the curve segments. The piece-
wise curve segment detector can also be trained using a PBT
classifier based on annotated training data.

[0031] At step 310, the centerline of the vessel branch is
detected based on the user inputs and the detected curve
segments. In particular, an optimum path is detected between
the source and destination points specified by the first and
second user inputs, respectively, based on the detected curve
segments. The path cost is defined based on the pair-wise
detection scores along a path, i.e., 2, ., log(p; ), where p, ; is
the probabilistic output from the pair-wise curve segment
detector on the i-th and j-th curve segments. To detect a path
between two user inputs, each user input creates a new curve
segment whose position is defined by the user input and
whose orientation is interpolated from neighboring detected
curves segments using an extension field. According to an
advantageous implementation, the minimization of the path
cost can be performed by solving a graph based shortest path
problem, in which the geometric constraints are incorporated
into the graph based optimization in order to smooth detec-
tion results. It is also possible that other techniques, such as
Dynamic Programming can be used to minimize the path
cost.

[0032] At step 312, an indication can be received from a
user indicating whether the detection result is satisfactory. If
the vessel detection is not satisfactory, the method can return
to step 306, where additional user inputs are provided to
further constrain the interactive detection method and obtain
refined detection results. The user interaction can be repeated
until a satisfactory detect result is obtained. If the vessel
detection is satisfactory, the method proceeds to step 314 and
outputs the detection results. The results can be output by
displaying the vessel detection results, for example on a dis-
play device of a computer system, or by storing the vessel
detection results on a memory or storage of the computer
system. According to an embodiment of the present inven-
tion, the output vessel detection results can be returned to an
angiography and IVUS co-registration algorithni, such as the
method of FIG. 1. FIG. 4 illustrates exemplary interactive
vessel detection results. As shown in FIG. 4, images 400 and
410 are contrasted enhanced angiogram images and vessel
centerlines 402 and 412 are detected in images 400 and 410,
respectively.

[0033] Returning the FIG. 1, at step 106, pullback of the
IVUS transducer is started and the “pullback” stage (steps
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106-120) of the method is initiated. In particular, the IVUS
transducer has been advanced to the distal end of a target
vessel branch, and during pullback, the IVUS transducer is
pulled back toward the proximal end by retracting the
guidewire back through the guiding catheter. The pullback of
the IVUS transducer can be performed manually or by a
machine, such as a motor. The IVUS pullback may be per-
formed with or without a constant pullback speed, as embodi-
ments of the present invention do not assume a constant [VUS
pullback speed. During the pullback of the IVUS transducer,
both IVUS images (step 108) and fluoroscopic images (step
110) are acquired. In the pullback stage, the IVUS transducer
and guiding catheter tip are detected and tracked in the fluo-
roscopic images and mapped back to the detected vessel
branch, and the IVUS images are registered to the segmented
vessel branch using time synchronization between the fluo-
roscopic images and the IVUS images. According to an
advantageous implementation, steps 108-114 can be per-
formed in real time while the image IVUS transducer is being
pulled back, but the present invention is not limited thereto.

[0034] At step 108, IVUS images are acquired during the
pullback of the IVUS transducer. In particular, IVUS images
are continuously acquired by the IVUS transducer as the
IVUS transducer is being pulled back through the vessel
branch, resulting in a sequence of IVUS images. The IVUS
images are ultrasound images taken by the IVUS transducer
from within the vessels. Each IVUS image is associated with
a timestamp that indicates the respective acquisition time for
the image.

[0035] At step 110, a fluoroscopic image sequence is
acquired during the pullback of the IVUS transducer. The
fluoroscopic image sequence is acquired using an X-ray
device to continuously obtain x-ray (fluoroscopic) images of
the vessel region while the IVUS transducer is being pulled
back. Each fluoroscopic image (frame) of the fluoroscopic
image sequence is associated with a timestamp that indicates
the respective acquisition time for that fluoroscopic image.
The fluoroscopic images (step 110) and the IVUS images
(step 108) are obtained simultaneously while the IVUS trans-
ducer is being pulled back. According to an advantageous
implementation, acquisition of the fluoroscopic image
sequence can be triggered by electrocardiogram (ECG) at the
end diastole (ED) cardiac phase.

[0036] At step 112, an IVUS model is initialized in a first
frame of the fluoroscopic image sequence. The IVUS model
is a semantic model that is built for tracking IVUS devices in
the fluoroscopic image sequence. The IVUS devices include
a guiding catheter, a guidewire, and an IVUS transducer. The
guiding catheter is used to insert the guidewire and IVUS
transducer into a vessel. During pullback of the IVUS trans-
ducer, the guidewire and IVUS transducer are retracted
through the guiding catheter. The guiding catheter tip is typi-
cally visible during an intervention, while only a portion of
the guiding catheter body may be visible in fluoroscopic
images. FIG. 4 illustrates the IVUS model 400 according to
anembodiment of the present invention. As illustrated in FIG.
4, the IVUS model 400 includes a guiding catheter body 402,
guiding catheter tip 404, guidewire 406, and IVUS transducer
408. The guiding catheter body 402 and the guiding catheter
tip 404 are considered separate components in the IVUS
model 400 because their appearances are distinguishable in
the fluoroscopic images. The guidewire 406 is attached to the
IVUS transducer 408 and is used for pulling back the IVUS
transducer 408 during interventions. Such a guidewire 406 is
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typically thin and sometimes is not clearly visible in fluoro-
scopic images. The guidewire shape is considered the same as
the vessel branch shape that is initialized at the angiogram
stage. The IVUS transducer 408 is attached on an IVUS
catheter, which is a rectangle-like shape in fluoroscopic
images.

[0037] Returning to FIG. 1, at step 114, the IVUS model is
automatically tracked in each remaining frame of the fluoro-
scopic image sequence. In particular, the IVUS transducer is
automatically tracked in each frame of the fluoroscopic image
sequence. Since there are continuous breathing motions dur-
ing the fluoroscopic image acquisition, another point is
needed to provide a reference point for registering the IVUS
transducer locations. The reference point needs to be station-
ary relative to the affected breathing motions. According to an
advantageous embodiment of the present invention, the guid-
ing catheter tip is used as the reference point, because the
guiding catheter tip is a stable and distinguishable point that
can be detected in the fluoroscopic images. The tracking of
the IVUS model is used to continuously identify the positions
of the IVUS transducer and the guiding catheter tip in the
frames of the fluoroscopic image sequence. Referring the
FIG. 2, images (b) and (¢) of FIG. 2 show exemplary results of
the initialization and tracking of steps 112 and 114. As shown
in image (b) of FIG. 2, a location of an IVUS transducer 204
is detected in a fluoroscopic image. As shown in image (c) of
FIG. 2, a location of guiding catheter tip 206 is detected in a
fluoroscopic image.

[0038] Advantageous embodiments of the present inven-
tion utilize a probabilistic framework to address the device
tracking problem. According to an advantageous embodi-
ment, this framework includes learning based device detec-
tions, a Bayesian tracking scheme, and measurement fusion
under a semantic model. The tracking method starts with
learning based device detections using four detectors trained
from offline annotated training data to detect the IVUS trans-
ducer, guiding catheter body, guiding catheter tips, and
guidewire body, respectively. Using the detection results as
primitive features, the method then performs a model based
tracking to locate the IVUS transducer and guidewire tip in
each frame of the fluoroscopic image sequence.

[0039] Learning based detectors or classifiers are trained
from a set of offline training data including both annotated
object samples (positive) and non-object samples (negative)
to learn the decision boundary that separates the positive and
negative training samples. Since the training data includes
non-objects as well as objects, trained detectors can distin-
guish objects from background. According to an embodiment
of the present invention, four learning based detectors are
trained for device tracking. The four detectors are Py, s ranss
P oo soars Peatn_ap» a0d P, for the IVUS transducer, the
guiding catheter ﬁody, the guiding catheter tip, and the
guidewire body, respectively.

[0040] According to an advantageous implementation, a
probabilistic boosting tree (PBT) can be used to train each
discriminative classifier used in each of the detectors. PBT is
a tree based generalization of Adaboost classifiers and can be
used to effectively model a complex distribution of a class of
objects. The probabilistic outputs of a PBT can be denoted as
P(ZIx), where Z is the observed image, and X is the object state
(i.e., positive or negative class). The trained classifiers can be
trained based on Haar features. Utilizing the idea of Marginal
Space Learning (MSL), each of the detectors (Pprs 1anss
P vodays Peamn_snp» a0d P,,,.) are constructed using a hier-
archical set of discriminative classifiers. For each of the four
detectors (PIVUS_tmnsa Pcath_bodys Pcath_t-ips and P wire) a pOSi-
tion detector is first trained to detect most likely positions of
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the objects. An orientation detector is then trained at images
rotated at different angles to detect the objects at arbitrary
orientations. Further, a size detectoris trained to search across
different scales by varying the size of the Haar features.

[0041] FIG. 5 illustrates exemplary detection results for the
IVUS transducer detector Pyyr/s ;s the guiding catheter
body detector P, 504, the guiding catheter tip detector
P..on_sp> and the guidewire body detector P,,,,... Image (a) of
FIG. 5 shows IVUS transducer detection results 502 in vari-
ous fluoroscopic images detected using a trained IVUS trans-
ducer detector P,yr/s 1ans- Image (b) of FIG. 5 shows IVUS
transducer detection results 502 detected using a trained
IVUS transducer detector Py s ;- and guiding catheter tip
detection results 504 detected using a trained guiding catheter
tip detector P_,,, ,, in various fluoroscopic images. In
images (a) and (b) multiple detection results for the close to
each other are clustered into a single detection result. Image
(c) of FIG. 5 shows guidewire segment detection results 506
in a fluoroscopic image detected using a trained guidewire
body detector P, .. Image (d) of FIG. 5 shows guiding cath-
eter body segment detection results 508 in a fluoroscopic
image detected using a trained guiding catheter body detector
Pootn_voay

[0042] Tt should be noted that the guiding catheter body
detector and the guidewire body detector are trained to detect
segments of the guiding catheter and guidewire, respectively,
not the whole structure. Due to image artifacts and low vis-
ibility of devices, false detection of the devices will occur. In
order to make the tracking robust to detection errors, a Baye-
sian tracking framework can be used to integrate multiple
detections.

[0043] Breathing motions are the dominant motions in the
ECG triggered fluoroscopic image sequence, as it can be
assumed that there is no cardiac motion between all of the
frames acquired at the same cardiac phase. Accordingly,
between the ECG triggered frames acquired during the pull-
back of the IVUS transducer, there exists motion due to
breathing. Such breathing motion can be approximated by
affine motion. Such motion needs to be compensated in order
to register the IVUS transducer to the segmented vessel
branch. The breathing motion at the t-th frame is denoted as
M.,/ sm;;m,"), where m,”, m;”, m,” are the 2D translation
and rotation parameters. The motion tracking is expressed as
the inference of the motion parameters from the frames of the
fluoroscopic image sequence acquired during the pullback of
the IVUS transducer. The parameter inference can be formal-
ized in a sequential Bayesian inference framework in order to
infer and maximize the posterior probability of the breathing
motion parameters given the sequence of fluoroscopic
images. Assuming a Markov property for tracking, the pos-
terior probability P(M,=(m,*,m;”,m,")|Z,) can be expressed as:

P(M,IZ)*P(M)P(Z,M,). ey
where Z, is the observed fluoroscopic image sequence. The

tracking result is the motion parameter corresponding to the
maximal posterior probability, i.e.,

M, = argmaxP(M, | Z,).

My

In Equation (1), P(M,) is the prior probability, which can be
propagated from previous tracking results. The prior prob-
ability can be modeled as:

PM)=GM;Z,), @
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where G(M;Z,,) is a Gaussian model with the zero mean and
the covariance matrix X,, The Gaussian model is advanta-
geous because of its simplicity and effectiveness of imposing
smoothness constraints for 2D motions. In Equation (1),
P(Z,M,) is the likelihood model that measures the likelihood
of motion parameters. According to an embodiment of the
present invention, the measurement of the likelihood model is
a fusion of measurements of the four components of the IVUS
model (i.e., the IVUS transducer, the guiding catheter body,
the guiding catheter tip, and the guidewire).

[0044] Due to the low image quality of fluoroscopy and
cluttered backgrounds, independently tracking each device is
difficult and prone to detection errors. In order to improve the
accuracy and robustness of tracking, embodiments of the
present invention combine all of the devices into an integrated
IVUS model, in which each component is represented by a
curve (e.g., guiding catheter body and guidewire segments) or
a point (e.g., guiding catheter tip and IVUS transducer). The
integrated IVUS model is denoted as I, which can be propa-
gated from the previous frame based on motion parameters,
ie, I'=(T,;M,). The likelihood model can be expressed in
the form of curve representations, as P(Z,IM,)=P(Z,II",). Since
the integrated IVUS model is combination of multiple com-
ponents, the measurement model is also a combination mul-
tiple measurements of the individual components. However,
it is difficult to model the measurement model for a joint set of
all components in the model due to the flexibility of indi-
vidual components and the complexity of their combinations.
To simplify the model, it can be assumed that measurements
at individual components are independent of each other, i.e.,
P(ZTF I =P(Z,T'F), where I' F denotes a component in the
integrated model. Accordingly, the measurement model
P(Z,T/) can be decomposed into combinations of measure-
ments at individual components, such that:

PZ, | M) = P(Z|T) = ) PZ | THPTE |T)). &
k

The component measurements P(Z,IT %) are the probability
scores resulting from the trained detectors, i.e., Prpus sranss
Powt_voa Peam_rips AOA Py P(I'AT,) refers to a weight of
each individual component in the model, denoting the confi-
dence of individual measurements for that component. Such
weights are set empirically.

[0045] The integrated model to be tracked is initialized
from the interactive detection at the angiogram phase. FIG. 6
illustrates initialization and tracking of the integrated IVUS
model. As shown in FIG. 6, image (a) shows the vessel branch
602 detected in the contrast-enhances angiogram image. In
particular, the interactive detection identifies the centerline of
the vessel branch 602, which is used to approximate the shape
of the guidewire. As shown in image (a), the guiding catheter
body 604 and tip can also be initialized from interactive
detections. The IVUS transducer is initialized from detection
results in the first frame of the fluoroscopic image sequence.
Images (b) and (c¢) of FIG. 6 show the integrated model
initialized and tracked in frames of a fluoroscopic image
sequence. As shown in images (b) and (c), the integrated
model that is tracked through the frames of the fluoroscopic
image sequence includes the IVUS transducer 606, the guid-
ing catheter tip 608, the guiding catheter body 610, and the
guidewire 612. During tracking, the model is propagated
from a previous frame and updated from the motion param-
eter estimation. Multiple integrated IVUS model candidates
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can be generated by shifting and rotating the tracked inte-
grated IVUS model at a previous frame. The candidate points
for the IVUS transducer and the guiding catheter tip, can be
the candidate segments for the guiding catheter body and the
guidewire detected are combined in the current frame by a
weighted average of the corresponding probabilities scores of
candidate points and segments along an integrated IVUS
model candidate. The model motion parameters can be esti-
mated by searching the maximal posterior probability from
multiple integrated IVUS model candidates. Exhaustive
searching of the motion parameters to maximize posterior
probability P(M,|Z,) can be computationally expensive.
Accordingly, for computational efficiency, a kernel-based
multi-resolution method can be applied to implement the
tracking.

[0046] The model tracking follows the integrated IVUS
model’s movements caused by breathing motion. A rigid
motion model can be used to approximate the breathing
motions. The rigid tracking is formulated as maximizing the
posterior probability under a rigid motion, i.e.,

M,:&I‘th max P(M,|Z,). (4)

According to an advantageous implementation, a kernel-
based multi-resolution tracking method can be used for track-
ing the integrated IVUS model. In the multi-resolution track-
ing, measurements can be robustly and efficiently calculated
by kernel-based estimation (or smoothing) from a set of
samples instead of the whole image. For learning-based mea-
surements, the samples are those points classified positively
as belonging to a component of the integrated IVUS model by
one of the trained detectors. Markov conditional indepen-
dency can be assumed such that it can be assumed that the
observations at sampling points x* are independent with the
un-sampled points x,, ie., P(Z,Ix,x")=P(Z,Ix;"). Thus, the
kernel-based measurement estimation can be represented as:

PZ T = Y PZ1%)Ge (5, 30, ©)

.erk
xjelf

where P(x’1x,)=G,(x,’,x,) is a Gaussian kernel with a band-
width o.

[0047] The kernel-based measurement estimation can
obtain smooth measurements in a neighborhood, reduce com-
putations of measurements, and also allow for multi-resolu-
tion searching during rigid and non-rigid tracking by varying
bandwidths of the kernels. FIG. 7 illustrates multi-resolution
tracking with incrementally decreased searching intervals
and kernel bandwidths. As illustrated in FIG. 7, the rigid
tracking is performed at multiple resolutions with decreased
search intervals {d,>d,> . . . >d;}. During the multi-resolu-
tion tracking, the corresponding bandwidth in Equation (5)
varies accordingly, denoted as ;. At coarse resolutions, larger
bandwidths are used to avoid missing tracking caused by
larger sampling intervals. At fine resolutions, smaller kernel
bandwidths are used to obtain finer tracking results. Accord-
ing to an advantageous implementation, the bandwidth of the
kernel can be set as 0,=d,, i=1, ... T.

[0048] Returningto FIG. 1, at step 116, the IVUS transduc-
ers tracked in each frame of the fluoroscopic image sequence
are mapped to the detected vessel branch in the angiogram
image. Referring to FIG. 2, image (d) shows a location 208 in
the detected vessel branch 202 to which the IVUS transducer
204 is mapped. FIG. 8 illustrates a method for mapping the
tracker IVUS catheter locations in the fluoroscopic image
sequence to the detected vessel branch in the angiogram
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image according to an embodiment of the present invention.
The method of FIG. 8 can be used to implement step 116 of
the method of FIG. 1.

[0049] Asillustrated in FIG. 8, at step 802, a relationship is
determined between Euclidean distance and geodesic dis-
tance for the detected vessel branch in the angiogram image.
The relationship between the Euclidean distance D,(t) and the
geodesic distance D,(t) can be expressed as D, (1)=f(D (1)),
and can be directly calculated from a particular vessel shape,
such as the detected vessel branch in the angiogram image.
FIG. 9 illustrates an example of determining the relationship
between the Euclidean distance and the geodesic distance for
adetected vessel branch. In order to calculate this relationship
geodesic and Euclidean distances are calculated from the
guiding catheter tip to each point on the vessel branch. The
Euclidean distance between two points is the length of a
straight line connected the two points. As shown in image (a)
of FIG. 9, lines 902, 904, and 906 represent the Euclidean
distances between the guiding catheter tip and three respec-
tive points on the vessel branch. The geodesic distance
between the guiding catheter tip and a given point on the
vessel branch is the distance from the guiding catheter tip to
the point along the shape of the vessel branch. Once the
Euclidean and geodesic distances are calculated for each
point on the vessel branch, the relationship between the
Euclidean and geodesic distances can be established for the
vessel branch. Image (b) of FIG. 9 is a graph showing the
relationship between the Euclidean distances and the geode-
sic distances for the vessel branch of image (a) of FIG. 9.

[0050] Returning to FIG. 8, at step 804, the Euclidean dis-
tance is calculated between the tracked guiding catheter tip
and the tracked IVUS transducer in each frame of the fluoro-
scopic image sequence. At step 806, the geodesic distance
between the guiding catheter tip and the IVUS transducer is
determined for each frame of the fluoroscopic image
sequence based on the corresponding Euclidean distance. In
particular, the geodesic distance D,(t) between a tracked
guiding catheter tip and a tracked IVUS transducer can be
inferred from the Euclidean distance D (t) between the guid-
ing catheter tip and the IVUS transducer using the relation-
ship D,()=f(D,(t)) determined at step 802. However, the
function f(D,(t)) may not be a single-valued function for
some vessel shapes, which means for a particular calculated
Euclidean distance, there could be multiple corresponding
geodesic distances. In order to resolve any ambiguity in esti-
mating the geodesic distance from the Euclidean distance, a
smoothness constraint can be imposed in order to require that
the geodesic distance be smoothly changed between succes-
sive frames. This smoothness constraint can be used to select
the best geodesic distance from all possible candidates in
each frame.

[0051] At step 808, the location of the IVUS transducer in
the detected vessel branch of the angiogram image is deter-
mined for each frame of the fluoroscopic image sequence. As
described above, the geodesic distance between the guiding
catheter tip and the IVUS transducer is the distance from the
guiding catheter tip along the detected vessel branch. Accord-
ingly, the location in the detected vessel branch of the tracked
IVUS transducer for each frame of the fluoroscopic image
sequence can be determined by determining the location in
the angiogram image that is the corresponding geodesic dis-
tance from the guiding catheter tip along the detected vessel
branch in the angiogram image. According to an advanta-
geous implementation, a pulling-back model may be fitted to
the determined locations of the IVUS transducer in order to
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estimate the motion of the IVUS transducer in the vessel
branch. The model fitting serves various purposes. For
example, the motion directly observed from the geodesic
distances can be noisy. Such noise may be due to vessel
foreshortening, breathing motions, imperfect ECG gating,
and/or possible catheter movements inside the vessel. A
smooth model fitted on the estimated geodesic distances can
help reduce the impact of such factors on the registration.
Further, the model fitting can identify false detections and
tracking errors as outliers of the fitted model. Such errors can
then be removed from motion estimations. The outlier iden-
tification and model fitting can is then iterated, thereby
improving the registration accuracy. The tracked IVUS trans-
ducer from each frame of the fluoroscopic image sequence is
then mapped to a point on the segmented vessel branch by
matching the fitted pulling-back geodesic distance.

[0052] FIG. 10 illustrated exemplary results of mapping
tracked IVUS transducers to a detected vessel branch in an
angiogram image. As illustrated in FIG. 10, image sets (a) and
(b) shows tracking results mapped to a detected vessel branch
of an angiogram. As shown in image set (a), image 1000 is a
first fluoroscopic image frame in which an IVUS transducer
1002 and a guiding catheter tip 1004 have been tracked, and
image 1010 is an angiogram image that shows the corre-
sponding location 1012 of IVUS transducer 1002 in a
detected vessel branch. Image 1020 is a second fluoroscopic
image frame in which an IVUS transducer 1022 and a guiding
catheter tip 1024 have been tracked, and image 1030 is an
angiogram image that shows the corresponding location 1032
of TVUS transducer 1022 in a detected vessel branch. As
shown in image set (b), image 1040 is a first fluoroscopic
image frame in which an IVUS transducer 1042 and a guiding
catheter tip 1044 have been tracked, and image 1050 is an
angiogram image that shows the corresponding location 1052
of IVUS transducer 1042 in a detected vessel branch. Image
1060 is a second fluoroscopic image frame in which an IVUS
transducer 1062 and a guiding catheter tip 1064 have been
tracked, and image 1070 is an angiogram image that shows
the corresponding location 1072 of IVUS transducer 1062 in
a detected vessel branch.

[0053] Returning to FIG. 1, at step 118, the IVUS images
acquired during the pullback of the IVUS transducer are
registered to the detected vessel branch in the angiogram
image. Each IVUS image can be associated with a frame of
the fluoroscopic image sequence by matching timestamps of
the IVUS images and fluoroscopic image sequence frames.
Each IVUS image can then be directly registered with the
point in the detected vessel branch of the angiogram image
that corresponds to IVUS transducer of the associated fluo-
roscopic image frame.

[0054] At step 120, the angiography and IVUS co-registra-
tion results are output. The results can be output by displaying
the results, for example, on a display device of computer
system used to implement the method. It is also possible to
output the results by storing the co-registration results, for
example, in a memory or storage of a computer system of on
a computer readable medium.

[0055] FIGS. 11A-11C illustrated exemplary angiography
and IVUS co-registration results. The results illustrated in
FIGS. 11A-11C show the registration at three different points
during the pullback of an IVUS transducer. As shown in FIG.
11A, image 1100 is a fluoroscopic image showing the tracked
IVUS transducer 1102. Image 1104 is an angiogram image
showing the registered location 1106 of IVUS transducer
1102 in a vessel branch. Image 1108 is a cross-sectional view
of an IVUS image that is registered to location 1102 in the
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vessel branch. Image 1110 is an axial view of the IVUS image
and line 1112 in the axial view 1110 corresponds to location
1106 in the vessel branch. As shown in FIG. 11B, image 1120
is a fluoroscopic image showing the tracked IVUS transducer
1122. Image 1124 is an angiogram image showing the regis-
tered location 1126 of IVUS transducer 1122 in a vessel
branch. Image 1128 is a cross-sectional view of an IVUS
image that is registered to location 1122 in the vessel branch.
Image 1130 is an axial view of the IVUS image and line 1132
in the axial view 1130 corresponds to location 1126 in the
vessel branch. As shown in FIG. 11C, image 1140 is a fluo-
roscopic image showing the tracked IVUS transducer 1142.
Image 1144 is an angiogram image showing the registered
location 1146 of IVUS transducer 1142 in a vessel branch.
Image 1148 is a cross-sectional view of an IVUS image that
is registered to location 1142 in the vessel branch. Image 1150
is an axial view of the IVUS image and line 1152 in the axial
view 1150 corresponds to location 1146 in the vessel branch.

[0056] The above-described methods for angiography and
IVUS co-registration may be implemented on a computer
using well-known computer processors, memory units, stor-
age devices, computer software, and other components. A
high level block diagram of such a computer is illustrated in
FIG. 12. Computer 1202 contains a processor 1204 which
controls the overall operation of the computer 1202 by
executing computer program instructions which define such
operation. The computer program instructions may be stored
in a storage device 1212, or other computer readable medium,
(e.g., magnetic disk) and loaded into memory 1210 when
execution of the computer program instructions is desired.
Thus, all method steps described above, including the method
steps illustrated in FIGS. 1, 3, and 8, may be defined by the
computer program instructions stored in the memory 1210
and/or storage 1212 and controlled by the processor 1204
executing the computer program instructions. Image acquisi-
tion devices 1220, such as an X-ray imaging device and an
IVUS transducer, can be connected to the computer 1202 to
input fluoroscopic image sequences to the computer 1202. It
is possible to implement some image acquisition devices
1220 with the computer 1202 as one device. It is also possible
that the image acquisition devices 1220 and the computer
1202 communicate wirelessly through a network or using any
other type of communication protocol. The computer 1202
also includes one or more network interfaces 1206 for com-
municating with other devices via a network. The computer
1202 also includes other input/output devices 1208 that
enable user interaction with the computer 1202 (e.g., display,
keyboard, mouse, speakers, buttons, etc.) One skilled in the
art will recognize that an implementation of an actual com-
puter could contain other components as well, and that FIG.
12 is a high level representation of some of the components of
such a computer for illustrative purposes.

[0057] The foregoing Detailed Description is to be under-
stood as being in every respect illustrative and exemplary, but
not restrictive, and the scope of the invention disclosed herein
is not to be determined from the Detailed Description, but
rather from the claims as interpreted according to the full
breadth permitted by the patent laws. It is to be understood
that the embodiments shown and described herein are only
illustrative of the principles of the present invention and that
various modifications may be implemented by those skilled
in the art without departing from the scope and spirit of the
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invention. Those skilled in the art could implement various
other feature combinations without departing from the scope
and spirit of the invention.

1. A method for angiography and intra-vascular ultrasound
(IVUS) co-registration comprising:
detecting a vessel branch in an angiogram image;
receiving a sequence of IVUS images from an IVUS trans-
ducer, the IVUS image acquired while the IVUS trans-
ducer is being pulled back through the vessel branch;

receiving a fluoroscopic image sequence acquired while
the IVUS transducer is being pulled back through the
vessel branch;

detecting the IVUS transducer and a guiding catheter tip in

each of a plurality of frames of the fluoroscopic image
sequence;
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to a respective location in
the detected vessel branch of the angiogram image; and

registering each of the IVUS images to a respective loca-
tion in the detected vessel branch of the angiogram
image based on the mapped location of the IVUS trans-
ducer detected in a corresponding frame of the fluoro-
scopic image sequence.

2. The method of claim 1, wherein the step of detecting the
IVUS transducer and a guiding catheter tip in each of a
plurality of frames of the fluoroscopic image sequence com-
prises:

initializing an integrated IVUS model in a first frame of the

fluoroscopic image sequence; and

tracking the integrated IVUS model in each remaining

frame of the fluoroscopic image sequence.

3. The method of claim 2, wherein the integrated IVUS
model comprises the IVUS transducer, the guiding catheter
tip, a guiding catheter body, and a guidewire.

4. The method of claim 3, wherein the step of tracking the
integrated IVUS model in each remaining frame of the fluo-
roscopic image sequence comprises:

detecting candidate points for the IVUS transducer and the

guiding catheter tip and candidate segments for the guid-
ing catheter body and the guidewire in each remaining
frame using trained IVUS transducer, guiding catheter
tip, guiding catheter body, a guidewire detectors, respec-
tively; and

tracking the integrated IVUS model using a computer

vision based method.

5. The method of claim 4, wherein the step of tracking the
integrated IVUS model using a computer vision based
method comprises:

generating multiple integrated IVUS model candidates by

shifting and rotating the tracked integrated IVUS model
at a previous frame;

combining the candidate points for the IVUS transducer

and the guiding catheter tip, and the candidate segments
for the guiding catheter body and the guidewire detected
in the current frame by a weighted average of the corre-
sponding probabilities scores of candidate points and
segments along an integrated IVUS model candidate;
and

estimating the model motion parameters by searching the

maximal posterior probability from multiple integrated
IVUS model candidates.

6. The method of claim 2, wherein the step of tracking the
integrated IVUS model in each remaining frame of the fluo-
roscopic image sequence comprises:
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tracking the integrated IVUS model using kernel-based

multi-resolution tracking.
7. The method of claim 1, wherein the step of mapping the
IVUS transducer detected in each frame of the fluoroscopic
image sequence to a respective location in the detected vessel
branch of the angiogram image comprises:
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to the respective location
in the detected vessel branch of the angiogram image
based on a distance between the IVUS transducer
detected in each frame and the guiding catheter tip
detected in each frame.
8. The method of claim 1, wherein the step of mapping the
IVUS transducer detected in each frame of the fluoroscopic
image sequence to a respective location in the detected vessel
branch of the angiogram image comprises:
determining a relationship between Euclidean distance and
geodesic distance for the detected vessel branch;

calculating the Euclidean distance between the IVUS
transducer and the guiding catheter tip detected in each
frame of the fluoroscopic image sequence;

determining a geodesic distance corresponding to the

IVUS transducer detected in each frame of the fluoro-
scopic image sequence based on the determined rela-
tionship between Euclidean distance and geodesic dis-
tance for the detected vessel branch; and

determining the respective location in the detected vessel

branch for the IVUS transducer detected in each frame
of the fluoroscopic image sequence based on the corre-
sponding geodesic distance.

9. The method of claim 8, wherein the step of determining
a relationship between Euclidean distance and geodesic dis-
tance for the detected vessel branch comprises:

calculating the Euclidean distances and the geodesic dis-

tances between a location of the guiding catheter tip and
each of'a plurality of points on the detected vessel branch
in the angiogram image.

10. The method of claim 8, wherein the step of determining
a geodesic distance corresponding to the IVUS transducer
detected in each frame of the fluoroscopic image sequence
based on the determined relationship between Euclidean dis-
tance and geodesic distance for the detected vessel branch
comprises:

determining at least one geodesic distance candidate for

the IVUS transducer detected in each frame of the fluo-
roscopic image sequence;

selecting one geodesic distance candidate for the IVUS

transducer detected in each frame of the fluoroscopic
image sequence based on a smoothness constraint
between the geodesic distances determined for succes-
sive frames.

11. The method of claim 8, wherein the step of determining
the respective location in the detected vessel branch for the
IVUS transducer detected in each frame of the fluoroscopic
image sequence based on the corresponding geodesic dis-
tance comprises:

fitting a smooth pulling-back model on the geodesic dis-

tances determined for the IVUS transducer in the frames
of the fluoroscopic image sequence; and

mapping the IVUS transducer detected in each frame of the

fluoroscopic image sequence to the respective location
in the vessel branch based on the fitted pulling-back
model.
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12. The method of claim 1, wherein the step of registering
each of the IVUS images to a respective location in the
detected vessel branch of the angiogram image based on the
mapped location of the IVUS transducer detected in a corre-
sponding frame of the fluoroscopic image sequence com-
prises:

synchronizing each ofthe IVUS images with a correspond-

ing frame of the fluoroscopic image sequence based on
timestamps of the IVUS images and the fluoroscopic
image sequence; and

registering each IVUS image to the respective location to

which the IVUS transducer detected in the correspond-
ing frame of the fluoroscopic image sequence is mapped.

13. An apparatus for angiography and intra-vascular ultra-
sound (IVUS) co-registration comprising:

means for detecting a vessel branch in an angiogram

image;

means for receiving a sequence of IVUS images from an

IVUS transducer, the IVUS image acquired while the
IVUS transducer is being pulled back through the vessel
branch;

means for receiving a fluoroscopic image sequence

acquired while the IVUS transducer is being pulled back
through the vessel branch;

means for detecting the IVUS transducer and a guiding

catheter tip in each of a plurality of frames of the fluo-
roscopic image sequence;

means for mapping the IVUS transducer detected in each

frame of the fluoroscopic image sequence to a respective
location in the detected vessel branch of the angiogram
image; and

means for registering each of the IVUS images to a respec-

tive location in the detected vessel branch of the angio-
gram image based on the mapped location of the IVUS
transducer detected in a corresponding frame of the fluo-
roscopic image sequence.

14. The apparatus of claim 13, wherein the means for
detecting the IVUS transducer and a guiding catheter tip in
each of a plurality of frames of the fluoroscopic image
sequence comprises:

means for initializing an integrated IVUS model in a first

frame of the fluoroscopic image sequence; and

means for tracking the integrated IVUS model in each

remaining frame of the fluoroscopic image sequence.

15. The apparatus of claim 14, wherein the integrated
IVUS model comprises the IVUS transducer, the guiding
catheter tip, a guiding catheter body, and a guidewire.

16. The apparatus of claim 15, wherein the means for
tracking the integrated IVUS model in each remaining frame
of the fluoroscopic image sequence comprises:

means for detecting candidate points for the IVUS trans-

ducer and the guiding catheter tip and candidate seg-
ments for the guiding catheter body and the guidewire in
each remaining frame using trained IVUS transducer,
guiding catheter tip, guiding catheter body, a guidewire
detectors, respectively; and

means for tracking the integrated IVUS model using a

computer vision based method.

17. The apparatus of claim 16, wherein the means for
tracking the integrated IVUS model using a computer vision
based method comprises:

means for generating multiple integrated IVUS model can-

didates by shifting and rotating the tracked integrated
IVUS model at a previous frame;
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means for combining the candidate points for the IVUS
transducer and the guiding catheter tip, and the candi-
date segments for the guiding catheter body and the
guidewire detected in the current frame by a weighted
average of the corresponding probabilities scores of can-
didate points and segments along an integrated IVUS
model candidate; and

means for estimating the model motion parameters by

searching the maximal posterior probability from mul-
tiple integrated IVUS model candidates.

18. The apparatus of claim 14, wherein the means for
tracking the integrated IVUS model in each remaining frame
of the fluoroscopic image sequence comprises:

means for tracking the integrated IVUS model using ker-

nel-based multi-resolution tracking.

19. The apparatus of claim 13, wherein the means for
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to a respective location in the
detected vessel branch of the angiogram image comprises:

means for mapping the IVUS transducer detected in each

frame of the fluoroscopic image sequence to the respec-
tive location in the detected vessel branch of the angio-
gram image based on a distance between the IVUS
transducer detected in each frame and the guiding cath-
eter tip detected in each frame.

20. The apparatus of claim 13, wherein the means for
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to a respective location in the
detected vessel branch of the angiogram image comprises:

means for determining a relationship between Euclidean

distance and geodesic distance for the detected vessel
branch;

means for calculating the Euclidean distance between the

IVUS transducer and the guiding catheter tip detected in
each frame of the fluoroscopic image sequence;

means for determining a geodesic distance corresponding

to the IVUS transducer detected in each frame of the
fluoroscopic image sequence based on the determined
relationship between Euclidean distance and geodesic
distance for the detected vessel branch; and

means for determining the respective location in the

detected vessel branch for the IVUS transducer detected
in each frame of the fluoroscopic image sequence based
on the corresponding geodesic distance.

21. The apparatus of claim 20, wherein the means for
determining a relationship between Euclidean distance and
geodesic distance for the detected vessel branch comprises:

means for calculating the Fuclidean distances and the geo-

desic distances between a location of the guiding cath-
eter tip and each of a plurality of points on the detected
vessel branch in the angiogram image.

22. The apparatus of claim 20, wherein the means for
determining a geodesic distance corresponding to the IVUS
transducer detected in each frame of the fluoroscopic image
sequence based on the determined relationship between
Euclidean distance and geodesic distance for the detected
vessel branch comprises:

means for determining at least one geodesic distance can-

didate for the IVUS transducer detected in each frame of
the fluoroscopic image sequence;

means for selecting one geodesic distance candidate for the

IVUS transducer detected in each frame of the fluoro-
scopic image sequence based on a smoothness con-
straint between the geodesic distances determined for
successive frames.
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23. The apparatus of claim 20, wherein the means for
determining the respective location in the detected vessel
branch for the IVUS transducer detected in each frame of the
fluoroscopic image sequence based on the corresponding
geodesic distance comprises:
means for fitting a smooth pulling-back model on the geo-
desic distances determined for the IVUS transducer in
the frames of the fluoroscopic image sequence; and

means for mapping the IVUS transducer detected in each
frame of the fluoroscopic image sequence to the respec-
tive location in the vessel branch based on the fitted
pulling-back model.

24. The apparatus of claim 13, wherein the means for
registering each of the IVUS images to a respective location
in the detected vessel branch of the angiogram image based
on the mapped location of the IVUS transducer detected in a
corresponding frame of the fluoroscopic image sequence
comprises:

means for synchronizing each of the IVUS images with a

corresponding frame of the fluoroscopic image
sequence based on timestamps of the IVUS images and
the fluoroscopic image sequence; and

means for registering each IVUS image to the respective

location to which the IVUS transducer detected in the
corresponding frame of the fluoroscopic
sequence is mapped.

25. A non-transitory computer readable medium encoded
with computer executable instructions for angiography and
intra-vascular ultrasound (IVUS) co-registration, the com-
puter executable instructions defining steps comprising:

detecting a vessel branch in an angiogram image;

receiving a sequence of IVUS images from an IVUS trans-
ducer, the IVUS image acquired while the IVUS trans-
ducer is being pulled back through the vessel branch;

receiving a fluoroscopic image sequence acquired while
the IVUS transducer is being pulled back through the
vessel branch;

detecting the IVUS transducer and a guiding catheter tip in

each of a plurality of frames of the fluoroscopic image
sequence;
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to a respective location in
the detected vessel branch of the angiogram image; and

registering each of the IVUS images to a respective loca-
tion in the detected vessel branch of the angiogram
image based on the mapped location of the IVUS trans-
ducer detected in a corresponding frame of the fluoro-
scopic image sequence.

26. The computer readable medium of claim 25, wherein
the computer executable instructions defining the step of
detecting the IVUS transducer and a guiding catheter tip in
each of a plurality of frames of the fluoroscopic image
sequence comprise computer executable instructions defin-
ing the steps of:

initializing an integrated IVUS model in a first frame of the

fluoroscopic image sequence; and

tracking the integrated IVUS model in each remaining

frame of the fluoroscopic image sequence.

27. The computer readable medium of claim 26, wherein
the integrated IVUS model comprises the IVUS transducer,
the guiding catheter tip, a guiding catheter body, and a
guidewire.

28. The computer readable medium of claim 27, wherein
the computer executable instructions defining the step of
tracking the integrated IVUS model in each remaining frame

image
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of the fluoroscopic image sequence comprise computer
executable instructions defining the steps of:

detecting candidate points for the IVUS transducer and the

guiding catheter tip and candidate segments for the guid-
ing catheter body and the guidewire in each remaining
frame using trained IVUS transducer, guiding catheter
tip, guiding catheter body, a guidewire detectors, respec-
tively; and

tracking the integrated IVUS model using a computer

vision based method.

29. The computer readable medium of claim 28, wherein
the computer executable instructions defining the step of
tracking the integrated IVUS model using a computer vision
based method comprise computer executable instructions
defining the steps of:

generating multiple integrated IVUS model candidates by

shifting and rotating the tracked integrated IVUS model
at a previous frame;

combining the candidate points for the IVUS transducer

and the guiding catheter tip, and the candidate segments
for the guiding catheter body and the guidewire detected
in the current frame by a weighted average of the corre-
sponding probabilities scores of candidate points and
segments along an integrated IVUS model candidate;
and

estimating the model motion parameters by searching the

maximal posterior probability from multiple integrated
IVUS model candidates.

30. The computer readable medium of claim 26, wherein
the computer executable instructions defining the step of
tracking the integrated IVUS model in each remaining frame
of the fluoroscopic image sequence comprise computer
executable instructions defining the step of:

tracking the integrated IVUS model using kernel-based

multi-resolution tracking.
31. The computer readable medium of claim 25, wherein
the computer executable instructions defining the step of
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to a respective location in the
detected vessel branch of the angiogram image comprise
computer executable instructions defining the step of:
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to the respective location
in the detected vessel branch of the angiogram image
based on a distance between the IVUS transducer
detected in each frame and the guiding catheter tip
detected in each frame.
32. The computer readable medium of claim 25, wherein
the computer executable instructions defining the step of
mapping the IVUS transducer detected in each frame of the
fluoroscopic image sequence to a respective location in the
detected vessel branch of the angiogram image comprise
computer executable instructions defining the steps of:
determining a relationship between Euclidean distance and
geodesic distance for the detected vessel branch;

calculating the Euclidean distance between the IVUS
transducer and the guiding catheter tip detected in each
frame of the fluoroscopic image sequence;

determining a geodesic distance corresponding to the

IVUS transducer detected in each frame of the fluoro-
scopic image sequence based on the determined rela-
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tionship between Euclidean distance and geodesic dis-
tance for the detected vessel branch; and

determining the respective location in the detected vessel

branch for the IVUS transducer detected in each frame
of the fluoroscopic image sequence based on the corre-
sponding geodesic distance.

33. The computer readable medium of claim 32, wherein
the computer executable instructions defining the step of
determining a relationship between Euclidean distance and
geodesic distance for the detected vessel branch comprise
computer executable instructions defining the step of:

calculating the Euclidean distances and the geodesic dis-

tances between a location of the guiding catheter tip and
each ofaplurality of points on the detected vessel branch
in the angiogram image.

34. The computer readable medium of claim 32, wherein
the computer executable instructions defining the step of
determining a geodesic distance corresponding to the IVUS
transducer detected in each frame of the fluoroscopic image
sequence based on the determined relationship between
Euclidean distance and geodesic distance for the detected
vessel branch comprise computer executable instructions
defining the steps of:

determining at least one geodesic distance candidate for

the IVUS transducer detected in each frame of the fluo-
roscopic image sequence;

selecting one geodesic distance candidate for the IVUS

transducer detected in each frame of the fluoroscopic
image sequence based on a smoothness constraint
between the geodesic distances determined for succes-
sive frames.

35. The computer readable medium of claim 32, wherein
the computer executable instructions defining the step of
determining the respective location in the detected vessel
branch for the IVUS transducer detected in each frame of the
fluoroscopic image sequence based on the corresponding
geodesic distance comprise computer executable instructions
defining the steps of:

fitting a smooth pulling-back model on the geodesic dis-

tances determined for the IVUS transducer in the frames
of the fluoroscopic image sequence; and

mapping the IVUS transducer detected in each frame of the

fluoroscopic image sequence to the respective location
in the vessel branch based on the fitted pulling-back
model.

36. The computer readable medium of claim 25, wherein
the computer executable instructions defining the step of reg-
istering each of the IVUS images to a respective location in
the detected vessel branch of the angiogram image based on
the mapped location of the IVUS transducer detected in a
corresponding frame of the fluoroscopic image sequence
comprise computer executable instructions defining the steps
of:

synchronizing each ofthe IVUS images with a correspond-

ing frame of the fluoroscopic image sequence based on
timestamps of the IVUS images and the fluoroscopic
image sequence; and

registering each IVUS image to the respective location to

which the IVUS transducer detected in the correspond-
ing frame of the fluoroscopic image sequence is mapped.
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