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(57) Abstract: A computer based method of automated volumetric stent ana-

Figure 1

lysis and OCT pullbacks (datasets) registration in time comprising computer
based analysing of multiple images from in- vivo acquired cross sectional
OCT images, recorded by an OCT catheter pullback at baseline (freshly im-
planted device) and at any time point thereafter, of long vessel segments of
stent formed by strut from bars in a body vessel (e.g. vascular) the method
comprising automatic distance identification and measurement of the separ-
ate surfaces zones of said implant device to vessel wall (apposition) and/or
covering neointima (corresponding to vessel healing after implantation of the
implant device) and the method being characterised in that 1 ) individual
stent struts coverage and apposition and further areas and volumes of separ -
ate surfaces zones of a) said implant device to vessel wall (apposition) or b)
of neointima coverage are volumetric measured by clustering of neointima
coverage according to their spatial 3D location through analysis of equally
spaced consecutive OCT cross sectional images or by automatically cluster-
ing uncovered (malapposition) struts according to their 3D spatial position
through consecutive cross sectional images and 2) registration of intravascu-
lar OCT pullbacks recordings (IV-OCT datasets) of points of long vessel seg-
ments of transluminal implant device but at different time points of the im-
plantation period comprising a) 3D alignment by rotation and translation and
b) refinement of the registration by a registration algorithm (e.g. Interactive
closest point (ICP)) and iteratively at a multi-resolution.
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AUTOMATIC VOLUMETRIC ANALYSIS AND 3D REGISTRATION OF
CROSS SECTIONAL OCT IMAGES OF A STENT IN A BODY VESSEL

Background and Summary
BACKGROUND OF THE INVENTION
A. Field of the Invention

The present invention relates generally to diagnosing late incomplete stent apposition
and coverage via optical coherence tomography at multiple time points and, more
particularly to a system and method for diagnosing late incomplete stent apposition
and lack of coverage and comparing same vessel slice on an image level or for
diagnosing the severity of stent malapposition and uncoverage by computer
automated volumetric analysis and three dimensional (3D) registration of optical

coherence images of a stent in body vessel.

Several documents are cited throughout the text of this specification. Each of the
documents herein (including any manufacturer's specifications, instructions etc.) are
hereby incorporated by reference; however, there is no admission that any document

cited is indeed prior art of the present invention.
B. Description of the Related Art

ISA (incomplete stent apposition) or stent malapposition is defined as the absence of
contact between stent struts and the vessel wall not overlying a side branch. Stent
coverage is defined as the presence of a thin layer of neointimal tissue covering
metallic stent surface. Given the relatively small dimensions of intracoronary stent
struts and the relatively poor spatial resolution of non-invasive imaging techniques
and even coronary angiography, they can only be detected and quantified by means
of intracoronary imaging; intravascular ultrasound (IVUS) and —more recently-optical
coherence tomography (OCT), the latter having a resolution of 10-15 pm (10 times
better than IVUS). Acute ISA (detected immediately after stent implantation) is
differentiated from late ISA (LAISA). No adverse events appear to be associated with
acute ISA. Patients with LAISA have no ISA at the time of stent implantation, but ISA
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is detected at follow-up. Its degree can vary from one malapposed strut to true
coronary aneurysm formation. IVUS studies have shown that LAISA is more frequent
after DES (10%-20%) than BMS (5%-10%) implantation. Compared with these IVUS
studies, recent studies with OCT point to a higher incidence of LAISA, especially in
patients with acute coronary syndromes. Lack of coverage has been associated with
thrombus formation and more in general to BMS and DES failure.

Conflicting data exist concerning the clinical importance (predominantly the
association with stent thrombosis) of LAISA. It is plausible that modest ISA is less
likely to be clinically relevant as opposed to more severe ISA, which seems to be
more likely to result in clinical sequelae. Moreover LAISA has been associated to
lack of coverage. ‘

We previously developed an automated algorithm for detection and quantification of

malapposition and lack of coverage of intracoronary stent struts (W02011135103)

Reflecting the greater importance of severe malapposition and lack of coverage with
multiple adjacent struts involved as compared to isolated malapposition, by present
invention is now provided a software tool to categorize malapposition into clusters
(defined as several adjacent malapposed struts) and quantify the severity of
malapposition/lack of coverage in these clusters according to several parameters
(number of malapposed/ucovered struts, malapposition area and neointimal tissue
(coverage) area, volume of malapposition and neointimal tissue (coverage volume)).
Stent struts apposition and coverage is additionally monitored and analysis at

different time points after stent implantation (months and years).

SUMMARY OF THE INVENTION

In accordance with the purpose of the invention, as embodied and broadly described
herein, the invention is broadly drawn to a method of automatic image analysis to an
accurately diagnose late incomplete stent apposition and coverage and registering

OCT datasets of a same vessel and device through time.
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One aspect of the invention concerns a computer based method of automated
volumetric stent analysis comprising computer based analysing of multiple images
from in-vivo acquired cross sectional OCT images, recorded by an OCT catheter
pullback at baseline (freshly implanted device) and at any time point thereafter, of
long vessel segments of stent formed by strut from bars in a body vessel (e.g.
vascular) the method comprising automatic distance identification and measurement
of the separate surfaces zones of said implant device to vessel wall (apposition)
and/or covering neointima (corresponding to vessel healing after implantation of the
implant device) and the method being characterised in that 1) further areas and
volumes of separate surfaces zones of a) said implant device to vessel wall
(apposition) or b) of neointima coverage are volumetric measured by clustering of
neointima coverage according to their spatial 3D location through analysis of equally
spaced consecutive OCT cross sectional images or by automatically clustering
uncovered (malapposition) struts according to their 3D spatial position through
consecutive cross sectional images and 2) registration of two clouds from pullback
recordings of points of long vessel segments of transluminal implant device but at
different time points of the implantation period comprising a) 3D alignment by rotation
and b) refinement of the registration by a closes point registration algorithm (e.g.
Interactive closest point (ICP)). This system allows analysing malapposition as a
volume and not only as every strut individually (clustering of malapposed struts
according to " their spatial 3D location to measure). Hereby the
malapposed/uncovered struts can be divided into different groups and for every
group relevant properties are quantified. In a particular embodiment for each frame
the proposed method concerns completely automatic detection (segmentation) of
stent struts and lumen and consecutively, discrimination of apposed from
malapposed struts is obtained with the use of a threshold computed as At (apposition
threshold) = strut thickness + polymer thickness (in case of drug eluting stents) +
blooming artefacts whereby if strut individual apposition > Ar the strut is labelled as
malapposed, otherwise opposed such that 3D position of every strut and
discrimination between apposed and clustered malapposed struts is obtained. These
malapposed (uncovered) struts can be into different groups according to their 3D
position in space and consequently for every cluster, properties like relative Iong-aXis
position, length in long-axis direction, angle distribution, number of struts belonging to

the group and maximum, minimum and mean strut malapposition values is

3
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quantified. Hereby of a stented sector the number and percentage of apposed and
malapposed (covered uncovered) struts, the number of embedded and protruding
struts and/or the number of isolated malapposed struts and clusters can be
measured. In these methods as a first end-point, for every located cluster, the
volume of the whole malapposition (i.e. space between stent to vessel wall) is
preferably quantified by 1) stent shape delineation and 2) scan conversion to pixels
followed by image quantification involving a) strut by strut individual apposition and/or
neointima coverage analysis and b) lumen area and/or stent area analysis and 3)
computing the relative difference between lumen area and stent area and 3)
volumetric quantification of the apposition area and/or neointimal tissue area through
consecutive cross sectional images for volume estimation lumen volume, stent
volume and the apposition volume or neointimal tissue volume. The used algorithmic
clustering technique is adapted to define groups of variables with homogenous
properties within the group they belong to and inhomogeneous properties between
other groups. Such algorithmic clustering technique is preferably a non-supervised
clustering techniques based. on distance measurements ( in order to cluster
malapposed struts) whereby clusters are defined through a hierarchical
agglomerative clustering algorithm composed of three steps (1) definition of a
distance measure (for example Euclidean distance), (2) computation of the pair-wise
distance matrix D between all the elements and (3) iterative fusion of the 2 most
similar elements in a cluster and updating of matrix D (e.g. Single Linkage (SL)).
Such algorithm produces as output a hierarchical tree which starts from leaves
(single strut) and ends into a super-cluster containing all the struts of an analysed
long vessel zone of a stent in a body vessel. This hierarchical tree is obtained
through subsequent fusion of elements in clusters becoming bigger step by step
(agglomerative methods) and whereby the number of the clusters is dependent on
the level at which the tree is observed.

In the clustering step of these above described embodiments the final choose of the
number of clusters can be carried out manually (pre-setting at which level the tree is
observed) by the user. Hereby the final choose of the number of clusters can be

through a cut-off value.

In these embodiments described here above in the stent strut coordinates of two

pullbacks of the same stented vessel at different times 1) the position of stent struts

4
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in 3D space and 2) a reconstruction of the stent structure as clouds of points is
computed and starting from these data match the two clouds by an algorithm for
registration of clouds of points (for example ICP, iterative closest points).Hereby
OCT alignment of a dataset of two pullbacks of the same stented vessel at different
times can comprise a first step of computing 3D structures aligned according to
same centre and same long-axis direction. For examples such the centre of mass of
both OCT pullbacks can be computed using the strut coordinates as a system of
particles according to the following function:

N
Zmiri

—i=
Cm =5

Zmi
i=1

setting the mass of all the strut particles equals to 1. The 3D datasets can hereby
consequently be shifted through the 3D space in order to match the two centrés of
mass and the moments of inertia of the two objects are then computed and the 3D
datasets consecutively aligned in the long-axis direction (z) and the moment of inertia

of a rigid object of N point masses m;can be computed as in the following matrix:

Ly I Ijs

I=I Ip Ips

Iy Iy Ips
with:

N N N
2
Iy :Zmi(Yk +Zi) I, =Zmi(xi +Zi) L5 =Zmi(xlz< +Yi)
i=t i=1 i=1

N N N
112 = —Zmixkyk 113 = —z miXka 123 = '—Z miykzk
i=1 i=1 i=1
and hereby the two datasets through the Eigen vectors of matrix | can be aligned in

the long axis direction.

This can by further embodied in that after matching the centres of mass and aligning
the two datasets in the long-axis direction; correct 3D rotation is estimated through
the use of cost function. Such cost function can be defined between two surfaces S;

and S, as follows:
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1 N
feost(S15S7) :'ifz(fdist (®;.8)) Vp; €S,
i=1

with N the number of points belonging to S, whereby p; represent a point in the
Euclidean space and S a surface in the same space, the distance between p;and S

is defined as:

4 (01,S) = min(p; — py[") Vp, €S

and whereby iteratively rotating S; of a predefined small angle a (i.e. 2°) from 0" to
360" and computing fost(S1,S2) at every step, the cost function gives information
about the distance between the two objects for every possible rotation (figure 11) and
whereby minimization of the cost function f..st will result in the rotation able to match
the two 3D objects. After minimization of the cost functions, registration between the
two clouds of points is refinable through algorithms for difference minimization. A
suitable method for finally matching the two clouds is through ICP (iterative closest
points). Hereby an output of translation matrix and rotation matrix (rototranslation

matrix) is provided.

Yet another embodiment of present invention is use of the method according to
embodiments of present invention (here above described) to compare 3D
intravascular OCT datasets frame-to-frame. This can be used on pullbacks of the
same vessel at different intervals (e.g. baseline, 3 months, 6 months and 9 months)
to measure or follow the vessel healing process, after stent implantatioh, comparing
corresponding frames at the different time intervals (e.g. baseline, 3 months, 6
months and 9 months; to assessment on how human coronary arteries react at
implantation of different kinds of stents or to asses on how human coronary arteries

react after stent implantation on drug treatments.

Yet another embodiment of present invention is an OCT apparatus with a processor
adapted to receive input signals generated by pullbacks of an OCT catheter whereby
the processer comprises an algorithm to carry out data processing according to any

one of methods described here above. .

Further scope of applicability of the present invention will become apparent from the

detailed description given hereinafter. However, it should be understood that the
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detailed description and specific examples, while indicating preferred embodiments
of the invention, are given by way of illustration only, since various changes and
modifications within the spirit and scope of the invention will become apparent to
those skilled in the art from this detailed description. It is to be understood that both
the foregoing general description and the following detailed description are

exemplary and explanatory only and are not restrictive of the invention, as claimed.

Detailed Description
DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

The following detailed description of the invention refers to the accompanying
drawings. The same reference numbers in different drawings identify the same or
similar elements. Also, the foliowing detailed description does not limit the invention.
Instead, the scope of the invention is defined by the appended claims and

equivalents thereof.

The following detailed- description of the invention refers to the accompanying
drawings. The same reference numbers in different drawings identify the same or
similar elements. Also, the following detailed description does not limit the invention.
Instead, the scope of the invention is defined by the appended claims and

equivalents thereof.

Several documents are cited throughout the text of this specification. Each of the
documents herein (including any manufacturer’s specifications, instructions etc.) are
hereby incorporated by reference; however, there is no admission that any document
cited is indeed prior art of the present invention.

The present invention will be described with respect to particular embodiments and
with reference to certain drawings but the invention is not limited thereto but only by
the claims. The drawings described are only schematic and are non-limiting. In the

drawings, the size of some of the elements may be exaggerated and not drawn to
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scale for illustrative purposes. The dimensions and the relative dimensions do not

correspond to actual reductions to practice of the invention.

Furthermore, the terms first, second, third and the like in the description and in the
claims, are used for distinguishing between similar elements and not necessarily for
describing a sequential or chronological order. It is to be understood that the terms
so used are interchangeable under appropriate circumstances and that the
embodiments of the invention described herein are capable of operation in other

sequences than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like in the description and the
claims are used for descriptive purposes and not necessarily for describing relative
positions. It is to be understood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of the invention described
herein are capable of operation in other orientations than described or illustrated

herein.

It is to be noticed that the term “comprising”, used in the claims, should not be
interpreted as being restricted to the means listed thereafter; it does not exclude

other elements or stéps. it is thus to be interpreted as specifying the presence of the

- stated features, integers, steps or components as referred to, but does not preclude

the presence or addition of one or more other features, integers, steps or
components, or groups thereof. Thus, the scope of the expression “a device
comprising means A and B” should not be limited to the devices consisting only of
components A and B. It means that with respect to the present invention, the only

relevant components of the device are A and B.

Reference throughout this specification to “one embodiment” or “an embodiment”
means that a particular feature, structure or characteristic described in connection
with the embodiment is included in at least one embodiment of the present invention.
Thus, appearances of the phrases “in one embodiment” or “in an embodiment” in
various places throughout this specification are not necessarily all referring to the

same embodiment, but may. Furthermore, the particular features, structures or
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characteristics may be combined in any suitable manner, as would be apparent to

one of ordinary skill in the art from this disclosure, in one or more embodiments.

Similarly it should be appreciated that in the description of exemplary embodiments
of the invention, various features of the invention are sometimes grouped together in
a single embodiment, figure, or description thereof for the purpose of streamlining the
disclosure and aiding the understanding of one or more of the various inventive
aspects. This method of disclosure, however, is not to be interpreted as reflecting an
intention that the claimed invention requires more features than are expressly recited
in each claim. Rather, as the following claims reflect, inventive aspects lie in less
than all features of a single foregoing disclosed embodiment. Thus, the claims
following the detailed description are hereby expressly incorporated into this detailed
description, with each claim standing on its own as a separate embodiment of this
invention.

Furthermore, while some embodiments described herein include some but not other
features included in other embodiments, combinations of features of different
embodiments are meant to be within the scope of the invention, and form different
embodiments, as would be understood by those in the art. For example, in the

following claims, any of the claimed embodiments can be used in any combination.

In the description provided herein, numerous specific details are set forth. However,
it is understood that embodiments of the invention may be practiced without these
specific details. In other instances, well-known methods, structures and techniques
have not been shown in detail in order not to obscure an understanding of this

description.

Other embodiments of the invention will be apparent to those skilled in the art from
consideration of the specification and practice of the invention disclosed herein.

It is intended that the specification and examples be considered as exemplary only.
Each and every claim is incorporated into the specification as an embodiment of the
present invention. Thus, the claims are part of the description and are a further
description and are in addition to the preferred embodiments of the present invention.
Each of the claims set out a particular embodiment of the invention.

The following terms are provided solely to aid in the understanding of the invention.

9
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Definitions
A stent is a transluminal implant device or a longitudinal tubular implant device
formed by strut from bars. It is a vascular stent when the transluminal implant device

is for vascular vessels.

Stent malapposition is defined as the absence of contact between stent struts and
the vessel wall not overlying a side branch

An automated algorithm for detection and quantification of malapposition of
intracoronary stent struts.

A computer based method was developed in our group for analysing the behaviour
of a transluminal implant, for instance of an intracoronary implant device, which
method comprises computer based analysing of multiple images from in-vivo
acquired OCT images, recorded at baseline (freshly implanted device) and at any
time point thereafter, of long vessel segments of transluminal implant device formed
by strut from bars or of a longitudinal tubular implant device formed by strut from bars
in a body vessel, said method comprising: - automatic contouring and identifying
structures of the in-vivo acquired images, - segmentation of the implant device and
lumen based on A-scan analysis by (1) a bright reflection, (2) a shadow and (3) a
rapid rise and fall of energy, - scan conversion of the image to a fast analysis
platform, - evaluation of strut apposition or strut coverage from A-line segmentation
(A-scan lines) in the scan-converted image, and wherein said method provides
automatic identification and measurement of both 1) distance of the separate
surfaces zones of said implant device to vessel wall (apposition) and 2) neointima
coverage (corresponding to vessel healing after implantation of the implant device).
Hereby the segmentation comprises or consists of three steps: (1) pre-processing of
the image, (2) identification of candidate A-scan lines, (3) processing of the
candidates. Furthermore multiple zone or structure of the implant can be individually
analysed for providing such stent strut to vessel wall distance (and neointima
coverage) for different individual stent struts zones in the image. Such multiple zones
or structures are multiple views or segments of a strut or the multiple zones or
structures are multiple images of transversal sections of a strut of the longitudinal
tubular implant or the multiple surfaces are formed by at least one axial strut. Such

stent struts segmentation is based on A-scan lines analysis whereby a strut in OCT

10
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images is characterized by: (1) a bright reflection (2) a shadow and (3) a rapid rise
and fall of energy. Such segmentation can comprise or consist of three steps: (a) pre-
processing of the image, (b) identification of candidate A-scan lines, (c) processing of
the candidates. Furthermore the pre-processing of images can involve image
calibration, whereby the calibration line coincides with the catheter plastic border,
whereby using the calibration line as a reference, the catheter can be optionally
automatically recognized and ignored from the algorithm for strut segmentation (and
lumen segmentation later). In a particular embodiment the A-scan line candidates are
identified by searching for strut characteristics whereby the maximum intensity value
of each line is located and recorded and if this value exceeds a selected threshold
the line is labelled as a candidate. Such A-scan line candidates can be processed by
removing the non-desired lines by analysing the shadows coming from a strut and
taking into account the depth of the shadow excluding of false candidates (i.e. false
candidates because of thrombus, plaque protrusion, blood remnants or other "object"
inside the lumen), whereby the intensity level of all the pixels beyond the strut is
analysed and the pixels divided into three groups: (1) close to the struts, (2) medium
distance and (3) far away whereby the intensity of each group is analysed and if it
exceeds a certain fixed value, the candidate is discarded. In a particular embodiment
the horizontal coordinates of he located struts are identified by the following steps: 1)
the algorithm takes as a starting point the coordinate founded in step b, and from this
point, a correction based on intensity level is performed in order to avoid errors
resulting from reverberations, blood remnants over the stent (in baseline pullbacks)
and misalignment of the coordinates so that the end of this last step, almost all stent
struts are correctly segmented avoiding false positive results.

The lumen segmentation can be based on A- scan line analysis consisting of
consists of three steps: (1) pre-processing of the image, (2) A-line single analysis and
(3) correction considering all A-lines together. Lumen segmentation comprises or
consists of three steps: (a) pre-processing of the image, (b) identification of candidate
A-scan lines, (c¢) correction. In a particular embodiment the pre-processing step for
lumen segmentation comprises optionally removal of the strut positive A-scan lines
which are removed from the image and comprises the three steps (1) based on the
histogram of the whole image, turning all the pixels under a selected intensity value
are to zero and incrementing all the pixels above another selected fixed value are to

a higher intensity. (2) applying a Gaussian symmetric low-pass filter with a 5 pixel

11
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square dimension and sigma equal to 2.5 is applied and (3) morphologically opening

the image using a disk structuring element.
EXAMPLES
Example 1: ASSESSMENT OF AREAS AND VOLUMES

1.1. General approach

After lumen borders are fully-automatically traced and stent struts automatically
located (previous paragraphs), measurements representing individual stent strut
apposition (figure 1A) and neointima coverage (figure 1B) are automatically obtained.
From 2D spatial coordinates of étent struts in a single frame, the stent contour is
traced interpolating different curves and splines. In case of curves (i.e. ellipse), the
mean least square is used to fit the best curve through the stent coordinates (figure
3). The use of splines needs optimization of multiple parameters in order to obtain
the correct approximation of the stent contour.

From this data, multiple pararheters representing stent apposition, coverage, stent
healing and vessel remodeliing is assessed, too. Malapposition area and neointimal
tissue area is quantified. Analysis of consecutive frames allows for OCT pullback 3D

analysis estimating volumes of malapposition and neointimal tissue.

1.2. Stent shape delineation
After segmentation in the polar domain (r,8), image and relative segmentations are
scan-converted to the Cartesian domain (x,y). Within this new domain, the stent
shape is re-constructed as follows:

» A set of coordinates, containing the central point of each located strut, is

created.

e The best stent-ellipse for the given set of points is estimated.
The second step is obtained through least -square optimization extracting ellipse
parameters from the conic ellipse equation. Before proceeding with stent contour
estimation, the image is analysed to asses if the stent shape can reliably be
identified. Inclusion criteria are defined as the following: (1) the image is divided in

four quadrants using the centre of mass of the lumen as reference, (2) each quadrant

12
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must contain at least two struts. Frames that do not satisfy these requirements are

processed only for individual strut assessment and lumen area.

’ 1.3.Measurements

Measurements are performed in the Cartesian domain after scan conversion to
images of pixel dimensions 1024 x 1024. Image quantification is made in two steps:
¢ strut-by-strut individual apposition/coverage analysis.
e |umen and stent area analysis (including relative difference) and,
consecutively, assessment of volume representing distance between tissue

wall and stent (or volume of neo-intimal tissue in case of follow-up datasets).

Strut-by-strut individual quantification is obtained as follows: from the strut central
point, the minimum distance perpendicular to the lumen segmentation is computed. If
more than one direction is perpendicular to the vessel boundary (in case of high
curvature), the minimal distance is taken. In this way it is possible to reliably assess
strut apposition/coverage also in case of sunflower artefact (when due to eccentric
catheter position stent struts surface appear rotated towards the catheter ) (figure 6).
Discrimination between apposed/malapposed struts is obtained applying the
following threshold [2]: T = real strut thickness + polymer thickness (in case of drug
eluting stent) + blooming artefact. If the measured strut/lumen distance in inferior to
T, the relative strut is labelled as apposed, otherwise it is labelled as malapposed. In
the same way it is possible to discriminate between covered/uncovered struts. In this
last case the threshold is taken equal to 20um.

Lumen area (La) is obtained through numerical trapezoidal integration of the lumen-
spline. Stent area (Sp) is computed with the equation of the area of the ellipse.
Apposition area (AA) and neointimal tissue area (NTA) is obtained computing the
“positive” difference between Ln and Sa (figure 2): intersection points between the
two curves are identified and areas divided into different sectors. In the case of
freshly implanted stents, the sum of sectors where the difference between lumen
area and stent area is positive, represents apposition area (AA). For follow-up
databases, neo-intimal tissue area (NTA) is represented by the sum of sectors where

the difference between stent area and lumen area (opposite as previous) is positive.
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Volumetric quantification is then be obtained estimating AA (or NTA) through
consecutive slices cross images). Given that, the IV-OCT system acquires slices at a
predefined speed and frame rate, the distance between adjacent slice is constant
(i.e. 0.03 mm). Multiplying AA (NTA, Larea, Sarea) Values of consecutive slices by their
relative longitudinal slice distance allows for estimation of lumen, stent and
apposition/neointimal-tissue volumes.

Apposition volume represents the space between vessel wall and stent surface, neo-
intimal tissue volume the amount of tissue growth over the stent surface (figures 4
and 5). |

1.4.Validation and Results

Validation was performed by evaluating a test set of 108 in-vivo images randomly
selected from 9 different in-vivo pullbacks. Areas analysis was performed manually
by two trained cardiologists and by the automated procedure. Regression analysis
was performed and correlation between the manual and the automatic
measurements was expressed using the Pearson’s correlation coefficient.
Agreement between both measurements was assessed through Bland-Altman
analysis.

Area quantification, both for lumen and stent, regression analysis showed a
correlation coefficient of 0.99, while Bland-Altman statistics do not show any

significant bias (figure 7).
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Example 2: REGISTRATION

Registration of pullbacks of the OCT catheter which creates cross sectional images

of the same vessel (e.g. vascular vessel) at different times will allow the users to
directly follow the vessel healing process, after stent implantation, comparing
corresponding frames at different time intervals (e.g. baseline, 3 months, 6 months
and 9 months).

Registration of stented segments is done through automatic identification of stent
strut coordinates. As soon as two pullbacks of the same stented vessel at different
times are analysed, as previously reported, position of stent struts in 3D space is
available. Then a reconstruction of the stent structure is computed and represented
(figure 8). Starting from these data, the algorithm for registration of clouds of points
(for example ICP, iterative closest points) can compute the transformation able to
match the two clouds. Registration results will allow the user to compare
corresponding frames at different times. Assessment on how human coronary
arteries react at implantation of different kinds of stents and drug treatments is of vital

importance for clinicians and stent manufacturers.

2.1.0CT dataset alignment
As a first step, 3D structures must be ‘automatically aligned: same centre and same
long-axis direction. Centre of mass of both OCT pullbacks are computed using the

strut coordinates as a system of particles:
N
> myr
_i=l
N
2.m;
i=1

Cm

setting the mass of all the strut particles equals to 1. 3D datasets can then be shifted
through the 3D space in order to match the two centres of mass (figure 9).

The moments of inertia of the two objects are then computed and the 3D datasets
consecutively aligned in the long-axis direction (z). Moment of inertia of a rigid object

of N point masses m;is computed in the following way:
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With:

N N N
2
I =Zmi(yi +zf) Ip = Zmi(xi +2zi) Iy = Zmi(xﬁ +YE)
i=1 i=1 i=1

N N N
I, = _Zmixk}’k Liz= “Z m;x,z, Iy = _z m;yyZy
i=1 i=1 i=1

Through the Eigen vectors of matrix 1, it is possible to correctly align the two datasets

in the long axis direction (figure 10).

2.2.Object rotation

After matching the centres of mass and aligning the two datasets in the long-axis
direction, correct 3D rotation is estimated through the use of cost function. Given that
pi represent a point in the Euclidean space and S a surface in the same space, the

distance between p;and S is defined as:

4 (p1»S) = min(fp; — p,|*) Vp, €8

From this, we can define a cost function between two surfaces S;and S, as follows:
1N 2
fcost(slas2) = EZ(fdist (pi ’Sl )) Vpi € Sz
i=1

with N the number of points belonging to S..

lteratively rotating S, of a predefined small angle a (i.e. 2°) from 0" to 360 and
computing fest(S1,S2) at every step, the cost function gives information about the
distance between the two objects for every possible rotation (figure 11). Minimization
of the cost function fy.s will result in the rotation able to match the two 3D objects
(figure 12). ”

2.3. lterative Closest Points (ICP)
After minimization of the cost functions, registration between the two clouds of points
is refined through algorithms for difference minimization. Through ICP (iterative

closest points), the two clouds is finally matched computing the refined
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transformation (figure 13). Points reported in paragraph 2.1 and 2.2 (pre-ICP

registration) avoid ICP to stop at local minima.

2.4. Final output

Final output of the registration procedure (figure 14) is the transformation (rotation,
translation) able to match the two pullbacks: translation matrix, rotation matrix
(rototranslation matrix) are the outputs.

Through the use of an automated mask, strut shadows, catheter, guide-wire shadow
and brightness is correctly removed from analysis. Then the intensity level between
two images is used to further refine registration in the long-axis direction (z) or even
in a 2D space. Finally, to obtain even more accurate results, the two datasets is
divided into multiple different sectors (multi resolution registration or local level
registration )and the above procedure applied to every sector.

Results of the registration is used to compare 3D intravascular OCT datasets frame-

to-frame (figure 14).
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Example 3: Malapposition and Coverage Clustering method

3.1.General Approach

A method of present invention able to appreciate malapposition as a volume, and not
eVery strut individually, is the clustering of malapposed struts according to their
spatial 3D location. Malapposed struts are divided into different groups and for every
group relevant properties is quantified. The proposed method concerns completely
automatic detection (segmentation) of stent struts and lumen for each frame.
Consecutively, discrimination of apposed from malapposed struts is obtained with the
use of a threshold computed as follows:

At (apposition threshold) = strut thickness + polymer thickness (in
case of drug eluting stents) + blooming artefacts.

If strut individual apposition > Ar the strut is labelled as malapposed, otherwise
apposed. Such method results in 3D position of every étrut -and discrimination

between apposed and malapposed struts.

3.2.Clustering

Malapposed and uncovered struts are clustered into different groups according to
their 3D position in space (figure 15). Then, for every cluster, properties like relative
long-axis position, length in long-axis direction, angle distribution, number of struts
belonging to the group and maximum, minimum and mean strut malapposition values
is quantified. In addition, general results (of the whole stented sector) about the
number and percentage of apposed and malapposed struts, number of embedded
and protruding struts, number of isolated malapposed struts and clusters is
consecutively obtained.

Moreover, as a first end-point, for every located cluster, the volume of the whole
malapposition (i.e. space between stent to vessel wall) and/or neointimal coverage is

quantified with the methods reported at paragraph 1.2 and 1.3.

3.3. Clustering algorithm
Clustering is a technique which aims to define groups of variables with homogenous
properties within the group they belong to and inhomogeneous properties between

other groups. In order to cluster malapposed and uncovered struts, non-supervised
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clustering techniques based on distance measurements is used. Clusters are defined
through a hierarchical agglomerative clustering algorithm composed of three steps
(figure 16):

(1) Definition of a distance measure, for example Euclidean distance:
m 1/2
dg, = [Z {5; —Si)zﬂ
i=1
where si(x,y,z) and sj(x,y,z) are two elements in Cartesian space with z
representing long-axis position. Other kinds of distance, like Mahalanobis or city-

block, is used instead of the simplest Euclidean distance.
(2) Computation of the pair-wise distance matrix D between all the elements.

(3) Iterative fusion of the 2 most similar elements in a cluster and updating of matrix
D. An appropriate method for update is Single Linkage (SL) also called nearest
neighbour. SL uses the smallest distance between objects in two clusters to
update the matrix mathematically: |

| D(X,Y) = min(d(x,y))
where X and Y are the two clusters, D(X,Y) distance between the two clusters

and d(x,y) distance between elements xeXandy e Y.

As every hierarchical clustering procedure, such algorithm produces as output a
hierarchical tree which starts from /eaves (single strut) and ends into a super-cluster
containing all the struts. Such a tree is obtained through subsequent fusion of
elements in clusters becoming bigger step by step (agglomerative methods). The
number of the clusters is dependent on the level at which the tree is observed. The
final choose of the number of clusters is done manually (pre-setting at which level the
tree is observed) by the user or through a cut-off value.

The proposed methods for clustering of malapposition are applied also to uncovered
struts (clustering of uncovered strut) in case of stent coverage assessment. This
allows for assessment of strut coverage through 3D space, quantifying the volume of

neo-intimal tissue growth on top of stent surface.
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Particular and preferred aspects of the invention are set out in the accompanying
independent and dependent claims. Features from the depehdent claims may be
combined with features of the independent claims and with features of other
dependent claims as appropriate and not merely as explicitly set out in the claims.

Thus, the claims following the detailed description are hereby expressly incorporated
into this detailed description, with each claim standing on its own as a separate

embodiment of this invention.

Drawing Description
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood from the detailed description given
herein below and the accompanying drawings which are given by way of illustration only, and

thus are not limitative of the present invention, and wherein:

Figure 1 provides examples of individual strut segmentation & quantification, lumen
contouring and lumen area quantification. Panel A contain an example of apposition

analysis, panel B of coverage analysis.

Figure 2: provides an example of lumen and stent-ellipse overlapping. In order to
correctly estimate apposition and neo-intimal tissue area, discrimination of sectors

where lumen area is bigger than stent area, and opposite case, is needed.
Figure 3: provides lumen and stent segmentation (Panels A and B) and examples of
tracing of stent contour (Panels C and D)

Figure 4 is a graphic display with left panel: malapposition area assessment (in
purple or [A] in figure). Right panel: neointimal tissue area assessment (in green or

[B] in figure).

Figure 5 neointimal tissue area assessments (in green in figure [B]).

Figure 6 is a graphic of a stent strut assessment in case of sunflower artefacts
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Figure 7 provides graphics that demonstrate the area assessment validation

Figure 8 provides a figure which contains two unregistered 3D stent

Figure 9 is a graphic display of 3D stent after centre of mass alignment

Figure 10 is a graphic display of moment of inertia in the long-axis direction z (in

green or [C] in figure).
Figure 11 is a graphic display of cost function for correct rotation
Figure 12 is a graphic display of 3D stent after alignment and rotation

Figure 13 is a graphic display of refining of the registration results after clouds

matching (algorithm likes icp)

Figure 14 is a graphic display of frame-to-frame registration results to compare same

vessel after different instants of time.

Figure 15 provides an example of malapposition clustering. Colored dots (or different
grey tone) correspond to malapposed struts, different colour to different clusters.

Blue line ([D]) is a reference starting and ending on the two edges of the stent.

Figure 16 is a graphic display of hierarchical agglomerative clustering: five steps
iterative procedure for a six elements database. At every step the distance matrix
and the hierarchical tree are computed (red number correspond to the length of the

branches); figure also illustrates how elements are merged into different clusters.
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AUTOMATIC VOLUMETRIC ANALYSIS AND 3D REGISTRATION OF CROSS

SECTIONAL OCT IMAGES OF A STENT IN A BODY VESSEL

Claims

1. A computer based method of automated volumetric (3D) stent analysis and OCT

datasets registration comprising computer based analysis of multiple consecutives
images from in-vivo acquired cross sectional OCT images, recorded by an OCT
catheter pullback at baseline (freshly implanted device) and at any time point thereatfter,
of long vessel segments of stent formed by strut from bars in a body vessel (e.g.
vascular) the method comprising automatic structures identification and segmentation
(e.g. vessel wall and stent), distance identification and measurement of the separate
surfaces zones of said implant device to vessel wall (apposition) and/or covering
neointima (corresponding to vessel healing after implantation of the implant device) and
the method being

characterised in that

1) individual stent strut coverage/apposition and further areas and volumes of separate

~ surfaces zones of a) said implant device to vessel wall (apposition) or b) of neointima

coverage are volumetric measured by automatic clustering of covered/uncovered stent
struts according to their spatial 3D location through analysis of equally spaced
consecutive OCT cross sectional images and/or by automatically clustering
apposed/malapposed struts according to their 3D spatial position through consecutive
cross sectional images and

2) landmark based registration (e.g. using stent struts position as landmarks) of
intravascular OCT datasets of same vessel at different time points of the implantation
period comprising a) 3D alignment by rotation and translation and b) refinement of the
registration by iterative algorithms (e.g. Interactive closest point (ICP)) and ¢) multi

dimensional registration (i.e. local level) for best accuracy.
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. The method according to claim 1, whereby malapposition is measured as a volume and

not only as every strut individually (clustering of malapposed struts acqording to their

spatial 3D location to measure).

. The method according to any one of the claims 1 to 2, whereby malapposed struts are

divided into different groups and for every group relevant properties are quantified.

. The method according to any ones of the previous claims, whereby for each frame the

proposed method concerns completely automatic detection (segmentation) of stent
struts and lumen and consecutively, discrimination of apposed from malapposed struts
is obtained with the use of a threshold computed as At (apposition threshold) = strut
thickness + polymer thickness (in case of drug eluting stents) + blooming artefacts
whereby if strut individual apposition > At the strut is labelled as malapposed, otherwise
apposed such that 3D position of every strut and discrimination between apposed and

clustered malapposed struts is obtained.

. The method according to claim 1, whereby malapposed struts are into different groups

according to their 3D position in space and consequently for every cluster, properties
like relative long-axis position, length in long-axis direction, angle distribution, number
of struts belonging to the group and maximum, minimum and mean strut malapposition
values is quantified

The method according to claim 5, whereby of a stented sector the number and
percentage of apposed and malapposed struts, the number of embedded and
protruding struts and/or the number of isolated malapposed struts and clusters is

measured.

. The method according to any one of the claims 1 to 6, whereby as a first end-point, for

every located cluster, the volume of the whole malapposition (i.e. space between stent
to vessel wall) is quantified by 1) stent shape delineation and 2) scan conversion to
pixels followed by image quantification involving a) strut by strut individual apposition
and/or neointima coverage analysis and b) lumen area and/or stent area analysis and 3)
computing the relative difference between lumen area and stent area and 3) volumetric
quantification of the apposition area and/or neointimal tissue area through consecutive
cross sectional images for volume estimation lumen volume, stent volume and the

apposition volume or neointimal tissue volume
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8. The method according to any one of the previous claims, whereby the algorithmic
clustering technique is adapted to define groups of variables with homogenous
properties within the group they belong to and inhomogeneous properties between
other groups.

9. The method according to claim 8, whereby the algorithmic clustering technique is non-
supervised clustering techniques based on distance measurements ( in order to cluster
malapposed struts) whereby clusters are defined through a hierarchical agglomerative
clustering algorithm composed of three steps (1) definition of a distance measure (for
example Euclidean distance), (2) computation of the pair-wise distance matrix D
between all the elements and (3) iterative fusion of the 2 most similar elements in a
cluster and updating of matrix D (e.g. Single Linkage (SL)).

10.The method according to any one of the previous claims 8 to 9, whereby the algorithm
produces as output a hierarchical free which starts from leaves (single strut) and ends into
a super-cluster containing all the struts of an analysed long vessel zone of a stent in a
body vessel.

11.The method according to claim 10, whereby the hierarchical tree is obtained through
subsequent fusion of elements in clusters becoming bigger step by step (agglomerative
methods) and whereby the number of the clusters is dependent on the level at which the
tree is observed.

12. The method according to claim 11, whereby the final choose of the number of clusters is
carried out manually (pre-setting at which level the tree is observed) by the user

13.The method according to claim 11, whereby the final choose of the number of clusters is
through a cut-off value.

14. The method according to any one of the previous claims whereby stent strut coordinates
of two pullbacks of the same stented vessel at different times and the position of stent
struts in 3D space and a reconstruction of the stent structure as clouds of points is
computed and starting from these data match the two clouds by an algorithm for
registration of clouds of points (for example ICP, iterative closest points).

15.The method according to any one of the previous claims whereby OCT alignment of a

dataset of two pullbacks of the same stented vessel at different times comprises a first

24



WO 2012/126070 PCT/BE2012/000017

step of computing 3D structures aligned according to same centre and same long-axis
direction

16. The method according to claim 15, whereby the centre of mass of both OCT pullbacks are
computed using the strut coordinates as a system of particles according to the following

function:

_i=l
Cy=

N
Zmi
i=1

setting the mass of all the strut particles equals to 1.
17.The method according to claim 16, whereby the 3D datasets is consequently shifted
through the 3D 'space in order to match the two centres of mass and the moments of
inertia of the two objects are then computed and the 3D datasets consecutively aligned in
the long-axis direction (z).
18.The method according to claim 17, whereby the moment of inertia of a rigid object of N
point masses m;is computed in the following matrix:

Iy Ip I
I=1y Ip Iy

with:

N N N
= >omi(ys +25) L =D m(xi+2z5) Iyy =Y m(xE +y})
i=1 i=1 i=1 -

N N N
Iy =-2mx,y, Ly=-2mxz, Dy=-3myz
i=1 i=1 i=1
19.The method according to claim 17, whereby the two datasets through the Eigen vectors of
matrix | are aligned in the long axis direction.
20.The method according to any one of the claims 15 to 20, whereby after matching the
centres of mass and aligning the two datasets in the long-axis direction, correct 3D rotation

is estimated through the use of cost function.
21.The method according to claim 20, whereby the cost function is defined between two

surfaces S;and S, as follows:
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1 N
feost (51552) =§Z(fdist(l3i>sl))2 Vp; €8S,
i-1

with N the number of points belonging to S, whereby p; represent a point in the
Euclidean space and S a surface in the same space, the distance between p;and S is

defined as:

fst (P-S) =min(p; ~p,|*) Vp, €S
and whereby iteratively rotating S, of a predefined small angle a (i.e. 2°) from 0" to 360’
and computing fcost(S1,Sg) at every step, the cost function gives information about the
distance between the two objects for every possible rotation (figure 11) and whereby
minimization of the cost function f.s will result in the rotation able to match the two 3D
objects.
22.The method according to any one of the previous claims, whereby after minimization of the
cost functions, registration between the two clouds of points is refined through algorithms
for difference minimization.
23. The method according to any one of the previous claims, whereby through ICP (iterative
closest points),'the two clouds is finally matched computing the refined transformation.
24.The method according to claim 23, whereby a an outpuf of translation matrix and rotation
matrix (rototranslation matrix) is provided.
25.The method according to any one of the previous claims 23 to 24, providing further
refining through an accurate use of intensity level registration methods (i.e. mutual
information, cross correlation).
26.The method according to any one of the previous claims 23 to 25, whereby catheter and
catheter shadow or guide-wire shadow and brightness (guide-wire artefact) is additionally

removed from analysis through the use of an automated mask and area constrains.

27. The method according to any one of the previous claims 23 to 26, whereby to obtain
even more accurate results, the two datasets is divided into multiple different sectors and
the above procedure applied to every sector.

28.The use of the method according to any one of the previous claims to compare 3D

intravascular OCT datasets frame-to-frame (i.e. on an image level).
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29.The use of the method of any one of the previous claims on pullbacks of the same vessel
at different intervals (e.g. baseline, 3 months, 6 months, 9 months 12 months, 16 months
or more) to measure or follow the vessel healing process, after stent implantation,
comparing corresponding frames at the different time intervals (e.g. baseline, 3 months, 6
months and 9 months, 12 months, 16 months or more).

30.The use of the method of any one of the previous claims to compare corresponding frames
at different times to assessment on how human coronary arteries react at implantation of
different kinds of stents.

31. The use of the method of any one of the previous claims to compare corresponding
frames at different times to diagnose how human coronary arteries react after stent
implantation on drug treatments.

32.An OCT apparatus with a processor adapted to receive input signals generated by
pullbacks of an OCT catheter whereby the processer comprises an algorithm to carry out
data processing according to any one of the previous claims 1 to 27.
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