wo 2013/126390 A1 | NF N!0V O AR

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/126390 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

29 August 2013 (29.08.2013) WIPOIPCT
International Patent Classification: (81)
GO01B 9/02 (2006.01)
International Application Number:

PCT/US2013/026834

International Filing Date:
20 February 2013 (20.02.2013)

Filing Language: English
Publication Language: English
Priority Data:

13/402,798 22 February 2012 (22.02.2012) US
Applicant: VOLCANO CORPORATION [US/US];

3661 Valley Centre Drive, Suite 200, San Diego, CA
92130 (US).

Inventors: KEMP, Nathaniel, J.; 59 Mallard Drive, Con-
cord, MA 01742 (US). BEGIN, Elizabeth; 393 Treble
Cove Road, Billerica, MA 01862 (US). ELMAANAQUI,
Badr; 4 Bernard Street, Billerica, MA 01821 (US).

Agents: FELDMAN, Catherine, S. ct al.; Brown Rudnick
LLP, One Financial Center, Boston, MA 02111 (US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
IM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: AUTOMATIC CALIBRATION SYSTEMS AND METHODS OF USE

Reflection Lines

50
100
150
200
250
300
350
400
450

Ascan Number

600 800
Rang Bin Number

FIG. 1

(57) Abstract: The disclosed automatic
calibration systems and methods
provide a repeatable way to detect in-
ternal catheter reflections and to shift
the internal catheter reflections to calib-
rate an image.




10

15

20

25

30

WO 2013/126390 PCT/US2013/026834

TITLE
AUTOMATIC CALIBRATION SYSTEMS AND METHODS OF USE

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application claims the benefit of and priority to U.S. Patent Application Serial No.
13/402,798, which was filed February 22, 2012, the entirety of each of which is incorporated

herein by reference.

FIELD OF THE INVENTION

[002] The invention generally relates to calibration systems and methods of use, and more

particularly to calibration systems for optical imaging systems.

BACKGROUND

[003] Accurate Optical Coherence Tomography (OCT) measurements or dimensional analysis

require the displayed tomographic image to correctly represent physical space (i.e. conversion
from image pixels to physical mm). This requirement is complicated by factors such as varying
object refractive indexes (catheter optics, sheath, lumen, tissue) and the arbitrary location (in z)
of relevant image features due to mismatch in the interferometer’s sample and reference paths.

[004] Most current methods require the user to manually calibrate the image by adjusting the Z-
Offset position (reference arm path length) until the outer diameter of the catheter sheath aligns
with fixed tick marks on the screen. This method can be time consuming and lends itself to
operator error. Additionally, once the catheter is shifted from the original calibrated position, the
calibration can be thrown off due to time-varying mechanical strain (e.g. pullback motion or

manipulation of PIM cable) or thermal changes (room temp vs. body temp).

SUMMARY OF THE INVENTION

[005] The invention addresses the above-identified problems and relates to automatic
calibration. A catheter can be calibrated, according to the invention, by taking an image in a
catheter and utilizing a template to identify the position of the catheter reflection lines. Another
way to calibrate a catheter is to image a catheter pullback, align the image data to ensure any

shifts to the reflection positions during image acquisition are corrected, and track the reflection
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positions through each image frame. Yet another way to calibrate a catheter is take an image of
a catheter, track the reflection lines of the catheter, not detect the reflection lines in an image, and

reacquire the lost track image with a graph search step or a template matching step.

[006] The foregoing and other features, advantages, and objects of the invention will become
more apparent with reference to the disclosure that follows. The following description of
exemplary embodiments, read in conjunction with the accompanying figures, is merely

illustrative rather than limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

[007] The following brief descriptions are provided for a more complete understanding of the
figures, but it should be understood that embodiments according to the invention are not

necessarily limited to the precise arrangements and configurations shown.

[008] FIG. 1 is a graph showing the sample frame demonstrating catheter reflections used for
calibration, in accordance with one embodiment.

[009] FIG. 2A is a graph of a template matching algorithm identifying a peak at bin 340, in
accordance with one embodiment; and FIG. 2B is a graph of the zoomed in region A showing
template match at bin 340, in accordance with one embodiment.

[010] FIG. 3 is an enlarged image of reflection motion through one frame (motion due to
tortuous pull back), in accordance with one embodiment.

[011] FIG. 4 is a graph search algorithm, in accordance with one embodiment.

[012] FIG. 5 is an image frame of a catheter pullback sequence and the track maintained through
image frame, in accordance with one embodiment.

[013] FIG. 6 is an image frame 40 of a catheter pullback sequence and the catheter reflection
lines not being present and the track is lost, in accordance with one embodiment.

[014] FIG. 7 is an image frame 50 of a catheter pullback sequence and the catheter reflections
reappearing and the track reacquired for autocalibration, in accordance with one embodiment.
[015] FIG. 8A is a flowchart displaying the first mode of the template matching step 100, in
accordance with one embodiment; and FIG. 8B is a flowchart displaying the first mode of the

template matching step 100, in accordance with an alternative embodiment.
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[016] FIG. 9 is a flowchart displaying the second mode of the playback tracking step 200, in
accordance with one embodiment.

[017] FIG. 10 is a flowchart displaying the third mode of the reacquiring lost track step 300, in
accordance with one embodiment.

[018] FIG. 11 is a flowchart displaying the auto-calibration in playback method 400, in
accordance with one embodiment.

[019] FIG. 12 is a flowchart displaying the auto-calibration initial lock method 500, in
accordance with one embodiment.

[020] FIGS. 13A-13D are graphs of the first step in the initial lock mode of searching for a
strong reflection using the mean amplitude or gradients and adjusting the Z-Offset until detected.
[021] FIGS. 14A-14B are graphs of the second step in the initial lock mode of aligning the
reflections across the A-scans in the rectangular image.

[022] FIGS. 15A-15B are graphs of the third step of identifying the catheter reflections using the
gradient and amplitude.

[023] FIGS. 16A-16B are graphs of the fourth step in the initial lock mode of generating the
template of reflections and storing for later use.

[024] FIG. 17 is flow chart of the Initial Z-Offset Calibration.

[025] FIGS. 18A-18D are graphs of the first step in the live tracking mode shifting the template
to search the location and creating the “Full Template” with a mirrored signal.

[026] FIG. 19 is a graph and equation for the second step in the live tracking mode for
computing the correlation coefficient for the template and all A-scans, which is limited to
template size.

[027] FIG. 20 is a graph of the third step in the live tracking mode for finding the maximum
correlation per A-scan and taking the median of the top “n” A-scans.

[028] FIGS. 21A-21B are OCT images before and after calibrations in the fourth step by
applying the digital shift to the image and scan-convert.

[029] FIG. 22 is a flow chart of the live-mode tracking, in accordance with one embodiment.
[030] FIGS. 23A-23B are graphs of the first step in the playback tracking mode to determine
the starting position of the reflection tracking using maximum correlation across all A-scans with

large search region,
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[031] FIG. 24 is a graph of the second step of the playback tracking mode from the starting
Position, track reflections backward and forwards A-scan by A-scan using the same correlation
technique but with small search region.

[032] FIGS. 25A-25B are graphs of the third step in the playback tracking mode and
continuing to track A-scan by A-scan through all frame in dataset and store reflection position
for later alignment and display to a viewer on a video monitor or other physical display device.
[033] FIG. 26 is a flow chart of the Playback Mode Tracking Algorithm.

[034] FIG. 27 is a flow chart of one embodiment of the automatic calibration.

DETAILED DESCRIPTION OF THE INVENTION

[035] In general, automatic calibration systems and methods according to the invention provide

a repeatable way of detecting the internal catheter reflections and shifting the internal catheter
reflections to calibrate an image. In one embodiment, the internal catheter reflections comprise
reflections due to the end of the fiber optic cable, mirror, lens, sheath, fluids, biological vessels,
or any other objects that cause reflections and the like. The internal catheter reflections can be
shifted mechanically and/or digitally. Generally, the automatic calibration comprises a first
mode, a second mode, and a third mode. The calibration systems and methods update and
maintain the calibration on a continuous frame-by-frame basis after an initial calibration.

[036] An Optical Coherence Tomography (OCT) system may include a Fourier domain OCT
(“FD-OCT”), sometimes known as Spectral Domain OCT (“SD-OCT”), or a Time-Domain OCT
scanning (“TD-OCT”), where the optical path length of light in the reference arm of the
interferometer is rapidly scanned over a distance corresponding to the imaging depth range. The
OCT systems may be polarization-sensitive or phase-sensitive and adjusted accordingly.
Alternatively, the imaging system may be any other optical imaging based system including, but
not limited to spectroscopy, (including fluorescence, absorption, scattering, and Raman

spectroscopies)

OCT Depth Calibration and Automated Range Adjustment

[037] Circular and cylindrical OCT scanning devices, i.e. the rotation catheter scanning
devices, sample physical space in an inherently polar coordinate system (e.g. radius and angle

rather than length and width). Circular and cylindrical OCT scanning devices are applied to



10

15

20

25

30

WO 2013/126390 PCT/US2013/026834

image physiological structures with cylindrical-like cross sections e.g., airways and blood vessel
lumens). Digital representations of the images (i.e. arrays of pixels representing numeric values)
are inherently rectangular. A method for detecting and using OCT image features, either
intentionally or artifactually generated comprises automatically adjusting the depth range in
polar (“radar-like”) OCT images.

[038] Polar OCT images are converted from their rectangular representation before displaying
to the viewer on a video monitor or other physical display device. Additionally, if quantitative
values (e.g. lumen diameters, lumen areas, circumferences, etc.) are to be measured on the polar
image, then the transformation from rectangular-to-polar preserves relative distances between
pixels in all dimensions (radial and angular). Generally, the OCT depth scan (y axis in
rectangular coordinates) maps directly to radius and the OCT circumferential scan (x axis in
rectangular coordinates) maps to some increment of 2*Pi radians (or 360°) polar angle.

[039] For example: y = 0 (the top row of the rectangular image) maps to radius = 0 (the center
of the polar image) and y = ymax (the bottom row of the rectangular image) maps to radius = ymax
(the perimeter of the polar image). Likewise, x = O (the left column in the rectangular image)
maps to angle = 0° and X = Xyax/2 maps to approximately 180° and x = Xpax maps to an angle of
approximately 359°.

[040] For accurate quantitative dimensional measurement in polar images, pixels mapping to
radius = O represent the actual physical space at the center of the axis of rotation of the imaging
probe, otherwise the polar image will be artificially warped (expanded or contracted) in the
radial direction. However, in an arbitrary OCT image, the pixels at y = 0 do not necessarily
satisfy this requirement and must be shifted in the y-dimension until this is satisfied before
mapping to a polar representation. Differential displacements (either controlled or uncontrolled)
in the path length of the sample vs. reference arms of the interferometer will shift the pixels in
the y-dimension.

[041] Uncontrollable displacements can occur when using cylindrical or helical-scanning fiber-
optic OCT catheters. For example, when the catheter is pushed or pulled longitudinally, the
fiber-optic cable can be compressed or stretched and thus a path length displacement is incurred.
[042] The method generally comprises automatically recognizing the uncontrolled
displacement effect by searching for image features that are stationary but are not due to

uncontrollable displacement, and calibrating successive OCT image data so that polar
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representations can be used for accurate dimensional measurements. In one embodiment, the
method further comprises removing of image features in the image prior to display on a video
monitor or other display device.

[043] Image features used by the method are generated within the catheter itself (not within the
imaged subject or surroundings) and appear somewhat stable in depth and consistent in intensity
throughout the 360° rotation of the catheter. These image features include, but are not limited to,
back reflections at interfaces between optical components (aka “ghost-lines” or “echo artifacts”,
these occur along the optical axis of rotating parts and thus appear as uniform circles in the polar
image when no differential path length displacement occurs over the course of one catheter
rotation), or reflections from the boundaries of or from within the stationary (non-rotating)
catheter sheath (if it is circular in cross-sectional profile and also mechanically concentric with
the rotating portion).

[044] The embodiments disclosed herein include 3 methods for automatic calibration that
utilize a plurality of back reflections to identify the required shift to achieve proper calibration.
While there may be overlap between each of the 3 methods, each of the 3 methods are
documented in a separate section for descriptive purposes only, and each of the 3 methods may
be combined in alternative configuration, methods, parameters and the like. The first method
includes an Automatic Calibration of the Z-offset, which is averaging and a general auto-
calibration implementation. The second method includes an Automatic Calibration of Z-offset,
which includes a Template Matching and a Graph Search method. The third method is an
Automatic Calibration of Z-offset, which includes a Full Template Correlation.

[045] Method 1: Automatic Calibration of Z-offset and Averaging. In one embodiment, steps

in the automatic recognition and calibration method include: (1) Averaging the OCT image
frame along the x- (i.e. angular) dimension to selectively enhance the feature(s) that are
rotationally stable in the y-dimension (i.e. radius) vs. other image features generated by subject
or surroundings. Efficacy of the averaging step is improved by selecting image feature(s) that
have a high intensity relative to the surrounding pixels and if the subject/environment features
(noise) do not have strong circumferential symmetry. In one embodiment, the method further
comprises: (2) Finding image feature(s) using peak searching, correlation, thresholding, or other
pattern recognition algorithms. Efficacy of the finding image features step is improved if the

range over which uncontrolled path length displacements can occur is known a priori, thus
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limiting the required search space. In one embodiment, the method further comprises: (3)
Comparing the y-value(s) of the image feature(s) found in step 2 to a pre-calibrated y-value that
represents the actual physical location(s) of that image feature(s) relative to the rotational axis, or
to the location of a known “conjugate image” or “aliased image” of that feature(s) when using
spectral-domain OCT. In one embodiment, the method further comprises: (4) Calibrating by
shifting the OCT image pixels in the y-dimension by the difference between searched image
feature(s) and pre-calibrated image feature(s). Multiple features can be used to improve efficacy
of the algorithm. After shifting the rectangular image in the y-dimension, mapping to polar
image coordinates may take place. Radii measured to the center of the calibrated polar image
represent actual radii measured to the rotational axis in physical space. Some image features due
to the catheter are unwanted for effective and distraction-free display of the subject/environment
features on a video monitor or other physical display device. For example, the catheter image
features could overlap the subject/environment features.

[046] In one embodiment, steps to remove (or make less noticeable) the image features include:
cropping out the image feature(s) extent in the radial y-direction and in all columns/angles;
calculating the average value of the pixels immediately inside and outside (above and below) of
the cropped region for all columns/angles; and inserting this averaged row/circumference in the
cropped location. The cropping operation can also remove subject/environment features and
distorts the image in the radial dimension. This distortion makes measurement of accurate
quantitative values on such images more complicated, because the measurement tool must then
consider where pixels have and have not been cropped (or make the measurement on the un-
cropped image).

[047] In the calibration embodiment described above, the calibration method averages over a
frame to identify a reflection, then adjusts the image digitally based on the feature location, and
applies a constant shift for all A-scans within an image. An alternative method for an automatic
calibration of the Z-offset uses internal catheter features that appear in the image to identify the
required shift, which does not average the image intensities across a frame to find the image
features, but uses a pattern of the reflections in the form of a template to identify the position of
the reflections in an initial locking algorithm. “Template” generally refers to the catheter
reflections pattern. This method applies a line-by-line shift to ensure that every A-scan is

properly aligned for measurements in the playback mode algorithm. This method of Binary
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Template Matching and Graph Searching for Automatic Calibration of Z-offset is described in
more detail below.

[048] Method 2: Automatic Calibration of Z-offset and Template Matching and Graph Search.

In one embodiment, the Automatic Calibration of Z-offset comprises a first mode of calibrating
catheter reflections including an initial lock step. The initial lock comprises utilizing a template
to identify the position of the catheter reflection lines unique to a particular catheter, as shown in
FIG. 1. The template for each catheter is stored with the specific catheter. In one embodiment,
the template is stored on a Radio Frequency Identification (RFID) chip, alternatively, the
template may be stored on a computer chip, and the like. Alternatively, RFID or computer chip
may be removable and then be used as a portable template or medical record. Alternatively, if the
catheter is approved for reuse, the Patient Interface Module or PIM may down load specific
information regarding the template for the particular catheter. This template information may be
stored and tracked on the catheter monitor and limit the number of uses or hours of use to a
predetermined amount also stored on the catheter. In one embodiment the RFID chip may be a
Maxwell ME1 or ME2 RFID chip, mounted on the connector on the proximal end of the catheter
for storing information and communicating with the interface device. In an alternative
embodiment, the catheter may have a second RFID chip (not shown) mounted 180 degrees from
the first RFID chip of the connector so catheter can be connected to interface device at more than
one circumferential orientation. The RFID chip may have a memory of 128 bytes, alternatively
IK byte, alternatively 2K bytes alternatively 4K bytes to store catheter specific information,
including for example catheter serial number, name, make or model, calibration coefficients,
imaging element sensitivity, time gain control, post amp gain, number of permissible uses,
geographic location of permissible use, boot mode, pulse width, or expiration date of the
catheter.

[049] The template is convolved with a binary version of the gradient image and a peak is
identified in a template matching step, as shown in FIG. 2A. The template matching step
includes selecting a peak that corresponds to a strongest template match. In one embodiment, the
peak is above a certain value to ensure that the strongest template match is identified. If no
template match is identified, the Z-Offset position is adjusted and an image at the new position is
evaluated with the template matching step or algorithm. Once the position of the catheter

reflection lines are identified, the catheter reflection lines are shifted by adjusting the Z-Offset to
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move the reflections to their desired location and the image/catheter is now calibrated, as shown
in FIG. 2B. In one embodiment, the adjusting Z-Offset comprises the mechanical shifting of the
Variable Delay Line (VDL)). If the template matching algorithm is unable to identify a strong
template match, the user is warned and given the option to retry auto-calibration or manually
calibrate.

[050] In one embodiment of Method 2 for the Automatic Calibration of Z-offset for the
Template Matching and Graph Search, the second mode of calibrating catheter reflections
comprises playback tracking. Playback tracking generally includes aligning the image data after
recording a catheter pullback to ensure any shifts to the reflection positions during acquisition
are corrected to allow for proper analysis and/or measurements. Tracking the reflections through
the recorded dataset is slightly more difficult due to the motion during pullbacks and the position
of the reflections can vary significantly over a single frame. FIG. 3 demonstrates an example of
significant shifting of the catheter reflections during a tortuous pullback. A graph searching step
or algorithm is utilized to track the reflection through each frame. The graph search initial is
identified by the template matching step or algorithm described above. Once an initial lock is
acquired, the reflection lines are tracked through the image based on their amplitude and relative
position. In one embodiment, the lines are tracked through the image based on their amplitude
and relative position by maintaining a constant distance. The graph search step begins at the first
A-scan and then looks at the neighboring pixels in the following A-scan to determine the
direction for the next step. This process is then repeated for each A-scan. The algorithm also
allows for “look ahead” which includes evaluating the next A-scan and looking ahead at the next
“n” A-scans before determining the step direction. The black lines tracing the reflection in FIG.
3 demonstrate the results of the graph search algorithm. FIG. 4 provides a slightly more detailed
explanation of the graph search algorithm. Once the lines have been traced through an entire
frame they are digitally aligned and the frame is then properly calibrated for display and
measurements.

[051] In one embodiment, the third mode of calibrating catheter reflections comprises a
reacquiring lost track step. The reacquiring lost track step comprises reacquiring a track if the
reflection lines are not detected in the previous image frames. As shown in FIGS. 5-7, the track
of the reflections are lost during a tortuous pullback and then reacquired once the reflections

reappear. To reacquire a lost track both the graph search step 220 and the template matching
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algorithms may be used. The graph search step expands the region of allowable solutions to
search a wider number of bins for the reappearing reflections. A “guard band” is identified to
limit the possible search region and prevents from locking on to the bright returns from the
vessel wall. The template matching step may also be performed as described in the Initial
Locking step. Once the track is reacquired, the algorithm transitions back to Playback Tracking
mode to continue tracking the reflections through each subsequent frame.

[052] With reference to FIG. 8A, an illustrated method of the first mode and the initial lock
step 100 is shown. The process begins at step 110 by taking an OCT image in a catheter. Then,
step 120 utilizes a template to identify the position of the catheter reflection lines unique to a
particular catheter from a module or other software device, as shown in FIG. 2B. The template
for each catheter is stored or operably accessible with the specific catheter. In one embodiment,
the template is stored on a Radio Frequency Identification (RFID) chip or transponder or tag;
alternatively, the template may be stored on a computer chip, cache, flash drive, and any other
storage medium. The template matching step or algorithm 130 convolves the template with a
binary version of the gradient OCT image and a peak is identified, as shown in FIG. 2A. The
template matching step includes step 140 for selecting a peak that corresponds to a strongest
template match. In one embodiment, the peak is above a certain value to ensure that the strongest
template match is identified. If no template match is identified in decision 150, the method
proceeds to step 170 where the Z-Offset position is adjusted and an image at the new position is
evaluated with the template matching step or algorithm 130. If the template matching algorithm
is unable to identify a strong match, the user is warned and given the option to retry auto-
calibration or manually calibrate. If a template match is identified in decision 150, the position of
the catheter reflection lines are identified, the catheter reflection lines are shifted by adjusting the
Z-Offset to move the reflections to their desired location, and the image/catheter is now
calibrated, as shown in FIG. 2B. In one embodiment, the adjusting Z-Offset comprises the
mechanical shifting of the Variable Delay Line (VDL).

[053] With reference to FIG. 8B, an alternative method of the first mode and the initial lock
step 100b is shown. The process 100b begins similar as process 100a at step 110 by taking an
OCT image in a catheter. Then, step 120 utilizes a template to identify the position of the
catheter reflection lines unique to a particular catheter from a module or other software device, as

shown in FIG. 2B. The template for each catheter is stored or operably accessible with the

10
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specific catheter. In one embodiment, the template is stored on a Radio Frequency Identification
(RFID) chip or transponder or tag; alternatively, the template may be stored on a computer chip,
cache, flash drive, and any other storage medium. The template matching step 130 convolves the
template with a binary version of the gradient OCT image and a peak is identified, as shown in
FIG. 2A. The template matching step includes step 140 for selecting a peak that corresponds to a
strongest template match. In one embodiment, the peak is above a certain value to ensure that the
strongest template match is identified. If no template match is identified in decision 150, the
method proceeds to step 170 where the Z-Offset position is adjusted and an image at the new
position is evaluated with the template matching step 130. If the template matching algorithm is
unable to identify a strong template match, the user is warned and given the option to retry auto-
calibration or manually calibrate. If a template match is identified in decision 150, the position of
the catheter reflection lines are identified, the catheter reflection lines are shifted by adjusting the
Z-Offset to move the reflections to their desired location, and the image/catheter is now
calibrated, as shown in FIG. 2B.

[054] With reference to FIG. 9, an illustrated method of the second mode and the playback
tracking 200 is shown. The playback tracking method 200 begins with step 210 of recording a
catheter pullback or push-forward. The objective of the playback mode tracking is to digitally
aligning the image data to ensure any shifts to the reflection positions during image acquisition
are corrected to allow for proper analysis and/or measurements. Tracking the reflections through
the recorded dataset is slightly more difficult due to the motion during pullbacks and the position
of the reflections can vary significantly over a single frame. FIG. 3 demonstrates an example of
significant shifting of the catheter reflections during a tortuous pullback. The playback tracking
method, 200, utilizes a graph searching algorithm to track the reflection through each image
frame. Prior to beginning the graph search algorithm in step 220 the initial position of the
reflections are identified using the template matching algorithm described 130 above. Once an
initial lock 230 is acquired, step 240 tracks the reflection lines through the image based on their
amplitude and relative position. In one embodiment, the lines are tracked through the image
based on their amplitude and relative position by maintaining a constant distance. Step 250
begins with the first A-scan, then looks at the neighboring pixels in the following A-scan to
determine the direction for the next step, and repeated for each A-scan. Step 260 allows for “look

ahead” that includes evaluating the next A-scan and looking ahead at the next “n” A-scans before
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determining the step direction. Step 270 uses the information from steps 250 and 260 to
determine the direction of the reflections in the current A-Scan. In 280 the algorithm increments
to the next A-Scan and repeats the same processing until all A-Scans in the playback have been
evaluated. The black lines tracing the reflection in FIG. 3 demonstrate the results of the graph
search algorithm. FIG. 4 provides a slightly more detailed explanation of the graph search
algorithm. Step 290 traces the reflection lines through an entire frame they are digitally aligned
and the frame is then properly calibrated for display and measurements.

[055] With reference to FIG. 10, an illustrated method of the third mode and the reacquiring
lost track method 300 are shown. The reacquiring lost track method 300 begins at step 310 if the
reflection lines are not detected in the previous image frames. In one embodiment, the reflection
lines may be lost during a tortuous pullback of the catheter. Once the reflections reappear at step
320, the lost track may be reacquired with the graph search step 220 and the template matching
algorithms 120, as indicated above. The graph search step 220 expands the region of allowable
solutions to search a wider number of bins for the reappearing reflections in step 330. In step
340, the “guard band” is identified to limit the possible search region and then locking on to the
bright returns from the vessel wall is prevented. The template matching step 120 may also be
performed as described in the Initial Locking step above. In step 350, once the track is
reacquired, the algorithm transitions back to the Playback Tracking mode to continue tracking
the reflections through each subsequent frame.

[056] With reference to FIG. 11, an alternative embodiment of the auto-calibration in playback
method 400 is shown. The method 400 generally comprises acquiring pullback or push-forward
data 402 and obtaining a threshold image 404. A number of inputs 410 may be coupled to the
threshold image, such as B-Scan data 412, noise estimates 414, or current Z-offset 416. Next,
step 420 is the graph search algorithm 420, which includes computing the difference of template
and pixel amplitude for allowable shifts 422, computing the difference for n-look aheads 424,
finding the shift direction with the minimum amplitude difference 426, and updating the template
location and storing the reflection amplitudes 428. Next, decision 430 determines if all A-scans
have been processed. If so, the method proceeds to step 440 in storing all A-scan shifts for future
alignment and display, and then playback method for autocalibration is complete 480. A further
output 490 may include the data of the A-scan shift 492 for the playback method 400. If all the

A-scans have not been processed at decision 430, then step 450 is determining if reflections are
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detected at an expected amplitude value. Decision 452 determines if the lock is lost. If the lock is
not lost, the step 454 proceeds to step to the next A-scan and to the Graph Search algorithm 420
and step 422 of computing the difference of template and pixel amplitude values for allowable
shifts. If the lock is lost, then the Re-Acquire the lost track step 460 is implemented. The Re-
Acquire lost track step 460 begins with step 462 of computing the guard band region, then
applying the graph search step of the template matching algorithm to the larger region in step
464, as described previously. Next, decision 466 determines if the lock has been regained. If the
lock has been regained, then the Graph Search algorithm 420 is initiated and the step 422 of
computing the difference of template and pixel amplitude values for allowable shifts. If the lock
has not been regained, decision 468 determines if the lock lost time has been exceeded. If the
lock lost time has been exceeded, the step 472 warns the user that calibration is unable to be
completed, and the playback method of the auto-calibration is complete in step 480 to be
reinstituted or adjusted by the user. If the lock lost time has not been exceeded, step 470 steps to
the next image and retries to acquire the lock and proceeds to step 462 to compute the guard
band region once again in the Re-Acquire track step 460.

[057] With reference to FIG. 12, an alternative embodiment of the auto-calibration initial lock
method 500 is shown. The method 500 generally comprises selecting an image on mode and
proceeds to decision 504 to determine whether the first image is on mode. If it is not the first
instance of the image on mode for a catheter, step 506 proceeds in reacquiring the lock without
shifting the Z-offset position. If it is the first instance of the image on mode, then the template
matching step 510, as described above. The template matching step 501 starts with step 512 of
converting the image to a binary B-scan, proceeds to step 514 of computing the X and Y
gradients, proceeds to step 516 convolving the gradients with the template (Forward and CC),
and finds the peak 518 at step 518. The template matching step 510 is finished and proceeds to
decision 520 to determine if the peak threshold is obtained. If the peak threshold is obtained, then
step 522 finds the peak with a signal-to-noise ratio threshold in the region. If the peak threshold
is not obtained, then decision 524 determines if the all the Z-offset positions have been
evaluated. Step 522 proceeds to decision 530 to determine if at least 2 peaks have been found. If
at least two peaks have not been found, then decision 524 is initiated. If at least two peaks have
been found, then step 532 shifts the Z-offset to +n Bins. Then step 534 waits for the Z-offset

position to be reached and proceeds to decision 540. Decision 540 determines if the signal is
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moved to Bin +n. If the signal is moved to Bin +n, the step 542 shifts the peaks to the desired
location. If the signal is not move to Bin +n, the Decision 550 determines if the signal is moved
to Bin —n. If the signal is moved to Bin —n, then it proceeds to step 542. If the signal is not
moved to Bin —n, then it proceeds to Decision step 526 to shift the Z-offset Y4 of the A-scan size.
Decision 524 also shifts to step 526 if all the Z-offset positions have not been evaluated. If all the
Z-offset position have been evaluated, then step 528 warns the user that there is trouble in the
auto-calibration and to try initiation of the method 500 again. Then step 528 proceeds to
Decision 560 to determine if the user is requesting the auto-calibration method again. If the user
is requesting the auto-calibration method again, then step 562 resets the Z-offset to the starting
position. Step 562 then proceeds to step 564 to wait for the Z-offset position to be reached,
which then proceeds to the template matching step 510 and step 512 of converting the image to a
binary B-scan.

[058] Step 542 proceeds to step 544 to prompt the user that auto-calibration is complete for
entry of manual calibrations or accepting the auto-calibration. Step 544 then proceeds to decision
570, which determines if the user is okay with the calibration. If the user accepts the calibration,
then the initial lock method is complete in step 572. The outputs 580 for the initial lock include
the current Z-offset 532, the reflection locations 584, or the reflection amplitudes 586. If the user
does not accept the calibration, then step 574 transitions to manual calibration mode through a
Graphical User Interface (GUI). Then decision 590 allows the user to complete the calibration. If
the user completes the calibration, then step 592 maintains the Z-offset unless calibration is
further requested. If the user does not complete the calibration, the step 574 transitions to manual
calibration mode for additional attempts by the user.

[059] Automatic Calibration of Z-offset Method 3: Auto-Template Generation and Full

Correlation. Alternatively, the template may not be stored on a memory chip or the RFID, as in
the previous Method 2, and the template may be automatically generated during an initial lock
mode process, as described below for Method 3. The previous method utilized a binary template
for template matching, while Method 3 generates a template with amplitude information and the
complex conjugate signal information. Utilizing amplitude information and generating the mirror
signal increases the likelihood of locking on to the correct reflection lines. Additionally, Method

3 step or algorithm performs Auto-Calibration during initial lock and playback mode, and
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Method 3 also maintains calibration during a live mode (when the catheter is imaging but is not
recording data).

[060] In one embodiment for the first mode is the initial lock, which utilizes the internal
catheter reflections (fiber, mirror and lens) to identify the required VDL shift to reach the
calibration position, as described in previous methods. The initial lock Z-Offset calibration is the
step in which the reflection pattern or the template is determined. The template identified in the
initial Z-offset calibration is utilized in each subsequent calibration mode to track the shift of the
reflections and apply the analog and digital shifts, as required or implemented. The template
region is identified using gradient and amplitude information. Once the template is identified
and stored for later use, the VDL shift is applied and the catheter is ready for calibration during
live and playback mode. Acceptable error in this position will be determined by the ability of the
next mode (maintenance of Z-offset during live imaging) to lock onto the reference pattern of
catheter reflection lines in the OCT image.

[061] FIGS. 13-16 provide an overview of the alternative steps for the initial Z-Offset
calibration. FIGS. 13A-13D are graphs of the first step in the initial lock mode of searching for a
strong reflection using the mean amplitude or gradients and adjusting the Z-Offset until detected.
FIG. 13A shows that there are reflections present for the fiber, mirror, lens, sheath, and reflections
for the template. The algorithm utilizes X and Y gradients of the image to determine if reflections
are present. FIG. 13B is the change of the X gradient and FIG. 13C is the change of the Y
gradient. If no reflections are found, the VDL is shifted to the next possible Z-offset location.
Once strong reflections are identified, a slight positive VDL shift is applied to verify the
orientation of reflections. If the reflections shift towards the center of the image, then the
reflections are oriented properly for calibration. If the reflections shift outward, the image is the
complex conjugate signal and a large negative VDL shift is applied to unwrap the image. After
the image is determined to be properly oriented, the reflections are shifted to the center of the
window to ensure the full template region is visible. If at any point during each of the shifting
steps the reflection lines are no longer detected, the algorithm applies a new Z-offset and starts
over looking for strong returns. FIG. 17 provides a more detailed version of the algorithm and
user interaction.

[062] Once the reflections have been centered in the image window the template is computed.

The template is an array of pixel numbers versus average amplitude values beginning at the fiber
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reflection and ending at the lens reflection. The first step in identifying the template is to align
the image based on the first strong reflection using a simple graph search algorithm, as shown in
FIG. 14A. Aligning the reflections across the A-scans is in the rectangular image is the second
step for the initial lock Z-offset calibration mode. Image alignment is done to increase the
likelihood reflections are straight in the rectangular image and will be easily identified by their
gradients and amplitude, as shown in FIG. 14B. Once the image alignment is complete, the
internal catheter reflections are identified using 4 characteristics: (1) Strong X and Weak Y
Gradients (Assuming A-Scans Along the Y axis); (2) Consistently High Signal-to-Noise Ratio
(SNR) of at least greater than 15dB; (3) Maximum Distance from First Reflection (Fiber) to Last
Reflection (Lens); and (4) Minimum of at least 2 Reflections.

[063] As shown in FIGS. 15A-15B, the third step in the initial lock mode is to identify the
catheter reflections using the X and Y gradients. Step 4 of the initial lock generates template of
reflections and stores the template for later use. The template region is then defined as the mean
across A-Scans (i.e. angular) starting from the first reflection and ending at the last reflection
(with a 5 pixel margin on either side), as shown in FIG. 16A. To prevent small templates due to
weak lens reflection, the minimum template size is 100 bins. Alternatively, the minimum
template size is at least between about 20 and 1000 bins. Therefore, if the Lens reflection is not
detected, the 100 bins after the fiber reflection are selected as the template region. This minimum
distance threshold may be determined based on the minimum distance from the fiber to the Inner
Diameter (ID) of the sheath. The accuracy of the template is highly dependent on locating the
fiber reflection. If the fiber reflection is not found, the template may include the sheath or vessel
region and result in improper calibration.

[064] As shown in FIG. 16B, once the template is found, it is stored for later use in the
subsequent auto-calibration algorithms. The VDL is then shifted to position the fiber reflection at
a pre-determined location and the system transitions to live mode. If the reference pattern is not
found at this initial VDL position (unlikely but still non-zero probability), the value is assumed
to be incorrect and a backup initial estimate search is performed by the system. The backup
search procedure sweeps through VDL positions in a pre-determined fashion while the pattern
recognition algorithm attempts to lock onto the reference pattern. Entering this backup search
procedure is undesirable, because additional time is used to find the correct initial calibration. If

the backup search fails (i.e. is unable to lock onto the reference pattern), the system assumes that
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the catheter or its connection to the PIM is faulty and the user is notified to use an alternate
catheter.

[065] FIG. 17 is flow chart of the Initial Lock Z-Offset Calibration method 600. The first step
is 690 where the user selects the image on mode. If this is the first image on mode, decision 692,
the algorithm proceeds to 612 searching for a strong reflection. Various inputs 610 such as the B-
Scan, noise estimate, and current Z-offset may be coupled with step 612. If it is not the first
image on mode, the algorithm moves to completion box 694 to reacquire the template by simply
shifting the VDL to the position the last template was acquired. After step 612, decision 620
determines if a reflection line has been found. If a reflection has been found, the step 622
proceeds to shift the reflection left n-number of bins for a +Z-shift. In one embodiment, the shift
of the reflections may be between about 25 to 100 bins. If the reflection has not been found, then
step 624 shifts to a new Z-offset. After step 622, step 626 finds a strong reflection meeting a
certain threshold using the mean amplitude or gradient, as indicated previously. Then decision
630 determines if the reflection line move has been to the left. If the reflection line has moved,
the step 632 shifts to a particular bin number. If the reflection line has not been moved, then step
602 shifts the VDL to the complex conjugate (CC) of the start location (-Z-shift) to reset to find a
strong reflection 612. After step 632, step 634 finds the strong reflection and proceeds to
decision 640 to determine if the line has been detected at a particular bin. If the line has been
detected at a particular bin, then step 642 computes the template. If the line has not been
detected, then decision 650 determines if all the Z-offsets have been attempted. If all the Z-offset
have not been attempted, then step 624 shifts to a new Z-offset position and step 612 to find the
strong reflection. If all the Z-offsets have been attempted, then step 652 warns the user that the
program is unable to calibrate. After step 652, decision 654 warns the user to try again. If the
user selects to try again, then step 624 shifts to a new Z-offset and step 612 to find the strong
reflection. If the user does not select to try again, then step 660 allows for manual calibration and
warns user of manual calibration mode. After step 660, results 662 provides for the initial
calibration and complete transition of the live calibration mode. Outputs 670 may be provided
for the final Z-offset and the template.

[066] After step 642, decision 644 determines if at least two reflections are found. If at least
two reflections are found, step 646 shifts to the calibrated location. If at least two reflections are

not found, then decision 650 is attempted to determine if all the Z-offsets have been attempted.
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In one embodiment, a timer 680 may be coupled with the decision 680 to determine if the
autocalibration time has been exceeded. If the autocalibration time has been exceeded, then step
684 warns the user that the program is unable to calibrate. After step 684, decision 686 allows
the user to try again. If the user selects to try again, the step 624 shifts to a new Z-offset to find a
strong reflection. If the user does not select to try again, the step 660 allows for manual
calibration.

[067] In an alternative embodiment of the second mode, a live mode tracking step may be
employed. During live mode auto-calibration, the template computed during the initial lock step
is utilized to maintain the initial lock calibration position for all frames displayed on the screen
on a video monitor or other display device. In one embodiment, the initial lock calibration
position for all frames may be at a rate of at least 30 frames-per-second (fps), alternatively,
between about 10 to 50 fps. The catheter system may become un-calibrated due to shifts in the
optical path length caused by changes in temperature when the catheter is inserted into the body
or mechanical strain on the fiber when the catheter is longitudinally pushed or pulled. The live
mode algorithm detects the position of the catheter reflections using the template and updates the
digital and analog calibration settings to maintain the proper calibration setting. If only a small
shift is necessary to maintain the calibration position, a digital shift is applied to the image prior
to display. However, if the system becomes significantly un-calibrated or a large shift is
necessary to maintain calibration, a Z-offset update is applied (VDL shift).

[068] The reflections are identified during live-mode tracking by finding the maximum
correlation between the template and A-scans (i.e. template matching). The search region for
identifying the reflections is limited based on the maximum expected shift from frame to frame.
The template matching algorithm is slightly different than most standard template matching
implementations, since it modifies the template based on the search position to account for the
wrapped complex conjugate signal. Prior to computing the correlation, the “full template” is
generated which includes the mirrored complex conjugate signal, as shown in FIGS. 18A-18D.
To compute the full template, first the original template is shifted to a search position, as shown
in FIG. 18A, and second the signal is summed with the mirrored version of the same signal, as
shown in FIG. 18B. The correlation coefficient of the full template and each A-scan is then
computed, as shown in FIG. 19. This process is then repeated for each possible shift position in

the search region. Once all correlations have been computed, the position of maximum
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correlation for each A-scan is found, as shown in FIG. 20. The final reflection position is
assigned as the median position of the top “n” correlations. Once the calibration shift is
identified, the image is digitally adjusted to return the reflections to their calibrated position, as
shown in FIGS. 21A-21B. If the shift is beyond a pre-determine threshold for “n” frames, an
update to the Z-offset (VDL) is applied. This algorithm is repeated for every image displayed on
a screen in live mode and utilizes the previous frames correlation match and Z-offset to
determine the search region for the next frame.

[069] FIG. 22 provides a flowchart of the algorithm and the user interaction for the live mode
tracking process 700. In the live mode calibration process, the calibration continues until “image
off” is selected or a catheter longitudinal pullback is initiated. The position of the reflections just
before the pullback begins is stored for use in a Playback Mode autocalibration setting, as
described below. Various inputs 710 may be coupled with the live-mode tracking process, such
as the B-scan, the current Z-offset, and the like, as previously indicated. Step 712 determines if
the autocalibration of the initial lock has been completed. Then step 714 computes the full
template for all allowable shift positions. Then step 716 computes the correlation for the subset
of A-scans and the template. Then step 718 finds the maximum correlation for each scan. Then
step 720 finds the median shift of the top n-correlations. Then decision 730 determines if the
correlation is above a particular threshold. If the correlation is above a particular threshold, then
step 732 compute the correlation threshold based on the running average. If the correlation is not
above a particular threshold, the step 734 incremental lock lost counter proceeds. After step 734,
decision 740 determines if the lock lost counter threshold has been exceeded. If the lock lost
counter threshold has been exceeded, then decision 742 checks if the user has selected
autocalibration as “on” to determine if the user needs to be warned for the error. If the lock lost
counter threshold has not been exceeded, then step 744 proceeds to increment to the next image,
which is followed by step 714 to compute the full template for all allowable shifts positions for
live-mode tracking. In decision 742, if the autocalibration is selected “on” by the user, then
decision 750 determines if the lock lost counter threshold is exceeded by 1. If the autocalibration
is not selected “on” by the user, the step 744 proceeds to increment to the next image. If the lock
lost counter threshold is not exceeded by 1, then step 744 proceeds to increment to the next

image. If the lock lost counter threshold is exceeded by 1, then step 752 warns the user that the
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autocalibration lock was lost, whereby the program can fade in the window or status bar of the
computer.

[070] After step 732, step 736 resets the lock lost to 0. Then decision 760 determines if the
autocalibration has been selected “on” by the user. If the autocalibration has been selected “on”
by the user, then step 762 applies a digital shift to the current image for display. If the
autocalibration has not been selected “on” by the user, then step 764 updates the reflection
position for the next image. After step 764, step 744 increments the program to the next image.
After step 762, decision 770 determines if the digital shift threshold has been met. If the digital
shift threshold has been met, the step 772 proceeds with the incremental digital shift counter. If
the digital shift threshold has not been met, then step 774 resets the digital shift counter to O,
which then proceeds to step 784 to update the reflection position for the next image. After step
772, decision 780 determines if the digital shift counter threshold has been exceeded. If the
digital shift counter threshold has been exceeded, then step 782 applies a VDL shift. If the digital
shift counter threshold has not been exceeded, then step 744 increments to the next image for the
live mode tracking process. In the live mode calibration process, the calibration continues until
“image off” is selected or a catheter longitudinal pullback is initiated. The position of the
reflections just before the catheter pullback begins is stored for use in a Playback Mode
autocalibration setting, as described below.

[071] In an alternative embodiment of the third mode, a playback mode tracking occurs after
the user has recorded an image dataset. The playback mode tracking performs auto-calibration on
every A-scan in the dataset. Similar to live mode tracking, the playback mode utilizes the
correlation of the template and image A-scans at limited shift locations to determine the position
of the reflections. Identifying the initial position of the reflections is such that the first frame of
the dataset is treated different from the other frames. In the first frame of the dataset, the
correlations for all allowable shifts and all A-scans are computed to find the maximum
correlation, as shown in FIGS. 23A-23B. From the point of the maximum correlation, the
algorithm then traces through each A-scan backwards and forwards computing the correlation for
each possible shift, as shown in FIG. 24. The allowable shift region for the first search is broad
to allow for sudden jumps that may occur during the transition from live mode to playback
mode. Once the start position is determined, the A-scan by A-scan search is limited to a small

region given that the time and possible movement between A-scans is small relative to the frame
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to frame motion. For example, for the first frame the search region may be set to -50 to +50
pixels from the last location, once the maximum correlation is found, the search region is limited
to -1 to +1 pixels for each A-scan. Alternatively, the search region may be set to at least about -
500 to +500 pixels, alternatively between at least about -400 to +400, alternatively between
about -300 to +300, and the like. The search region may be limited to between about -10 to +10,
alternatively, between about -5 to +5, alternatively between about -0.1 and +0.1. Once the first
frame has been fully traced, as shown in FIG. 25A, the algorithm moves on to the next frame
beginning with the first A-scan and limited the search region based on the position of the
reflection in the last A-scan. FIG. 25B shows that the reflection position is stored for later
alignment and display through storing the template match position for alignment prior to the
display of the image on a screen of a video monitor or other display device. This is repeated for
each A-scan in all frames.

[072] The detailed flow chart of the playback mode calibration process 800 is provided in FIG.
26. The playback mode calibration initializes by searching all A-scans within an image to
identify the peak correlation. From the peak, the correlation tracker tracks forwards and
backwards to identify the reflection position for each A-scan in the first frame. This search is
applied to the first frame to guarantee a strong initial lock. Each of the following frames after the
first frame is tracked A-scan by A-scan with limited search regions. The manual mode 840 is
transitioned when the lock lost counter threshold has been exceeded and the user selects manual
mode. Alternatively, the manual mode 840 may be selected if the pull or push data has been
recorded 842. If manual mode has been selected, then no playback mode autocalibration will be
applied in step 844. If manual mode has not been selected, then step 850 identifies the allowable
shifts for the first frame based on the push or pull of the catheter. Then step 852 computes the
full template for all allowable shift positions. Then step 854 computes the correlation for all A-
scans and template positions. Then step 856 finds the maximum correlation for each A-scan.
Then step 858 finds the maximum correlation and corresponding A-scan. Then step 860 applies
the correlation tracking algorithm 810 to each A-scan in the image.

[073] The correlation tracking algorithm 810 starts with step 812 of computing the correlation
for allowable template shifts in the current A-scan. Then step 814 finds the maximum correlation
for that A-scan. Then step 816 computes the correlation confidence threshold of the running

average. Then decision 820 determines if the correlation is above a particular confidence
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threshold. If the correlation is above a particular confidence threshold, then step 822 resets the
lock lost counter to 0. If the correlation is not above a particular confidence threshold, then step
824 proceeds to increment the lock lost counter. After step 824, decision 830 determines if the
lock lost counter threshold has been exceeded. If the lock lost counter threshold has not been
exceeded, the step 832 uses the track position of the previous A-scan. If the lock lost counter
threshold has been exceeded, then step 834 it warns the user and transitions to manual mode.
Both step 822 and 832 proceed to step 836 to update the track position and steps to the next A-
scan. After step 836, step 812 computes the correlation for allowable shifts in the current A-scan.
[074] After step 864 of applying the correlation tracking algorithm to each A-scan in the image,
decision 870 determines if it is the last frame. If it is the last frame, then step 872 stores the
calibration positions for the display. If there are more frames, then decision 880 determines if the
transition to manual mode is required or commanded. If the transition to manual mode has been
selected, then step 862 increments to the next frame. If the transition to manual mode has not
been selected, then step 882 warns the use and transitions to manual mode. After step 872, step
874 determines that the playback mode calibration has been completed. Various inputs 890 may
be coupled with the playback mode process, such as the B-scan, current Z-offset, and the pull or
push indicator for the catheter.

[075] Generally, in one embodiment for the auto-calibration 900 is shown in FIG. 27. Any of
the previously discussed calibration methods may be used to continuously update and maintain
the calibration on a frame-by-frame basis after the initial calibration. Step 902 performs the
initial automatic calibration or manual calibration as previously discussed. Step 904 monitors at
least one parameter indicative of the calibration position. Decision 906 determines if the
calibration needs to be updated on the existing frame or subsequent frame. If the calibration
does not need to be updated for the frame, then the automatic calibration continues to monitor
the parameter indicative of the calibration position in step 904. If the calibration does need to be
updated for the frame, the step 908 automatically updates the calibration (such as to digitally
shift the image, apply the z-offset shift, or any of the methods previously discussed. The frame
may be an A-scan, or set of frames.

[076] It will be understood that each block of the flowchart illustrations, and combinations of
blocks in the flowchart illustrations, as well any portion of the module, systems and methods

disclosed herein, can be implemented by computer program instructions. These program
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instructions may be provided to a processor to produce a machine, such that the instructions,
which execute on the processor, create means for implementing the actions specified in the
flowchart block or blocks or described for the tissue classifier, imager, control module, systems
and methods disclosed herein. The computer program instructions may be executed by a
processor to cause a series of operational steps to be performed by the processor to produce a
computer implemented process. The computer program instructions may also cause at least some
of the operational steps to be performed in parallel. Moreover, some of the steps may also be
performed across more than one processor, such as might arise in a multi-processor computer
system. In addition, one or more processes may also be performed concurrently with other
processes or even in a different sequence than illustrated without departing from the scope or
spirit of the invention.

[077] The computer program instructions can be, stored on any suitable computer-readable
medium including, but not limited to, RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic cassettes,
magnetic tape, magnetic disk storage or other magnetic storage devices, or any other medium
which can be used to store the desired information and which can be accessed by a computing
device.

[078] It will be understood that the catheter pullback may be performed by pulling the catheter
from a proximal end to a distal end of the region being imaged. It also will be understood that
the intravascular imaging techniques described above can also be used with other types of
imaging techniques that use a catheter insertable into patient vasculature. For example, the
intravascular imaging techniques can be used with any imaging techniques configured and
arranged to assess one or more measurable characteristics of patient tissue (e.g., intravascular
magnetic resonance imaging, spectroscopy, temperature mapping, or the like).

[079] The systems and methods described herein may be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein. Accordingly, the
disclosed systems and methods may take the form of an entirely hardware embodiment, an
entirely software embodiment, or an embodiment combining software and hardware aspects. The
systems and methods of use described herein can be performed using any type of computing
device, such as a computer that includes a processor or any combination of computing devices

where each device performs at least part of the process or method.
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[080] Suitable computing devices typically include mass memory and typically include
communication between devices. The mass memory illustrates a type of computer-readable
media, namely computer storage media. Computer storage media may include volatile,
nonvolatile, removable, and non-removable media implemented in any method or technology for
storage of information, such as computer readable instructions, data structures, program
modules, or other data. Examples of computer storage media include RAM, ROM, EEPROM,
flash memory, or other memory technology, CD-ROM, digital versatile disks (DVD) or other
optical storage, magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic
storage devices, Radiofrequency Identification tags or chips, or any other medium which can be
used to store the desired information and which can be accessed by a computing device.
Communication between devices or components of a system can include both wired and wireless
(e.g., RF, optical, or infrared) communications.

[081] While the invention has been described in connection with various embodiments, it will
be understood that the invention is capable of further modifications. This application is intended
to cover any variations, uses, or adaptations of the invention following, in general, the principles
of the invention and including such departures from the present disclosure as are within the

known and customary practice within the art to which the invention pertains.
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CLAIMS

What is claimed is:

1. A method of calibrating a catheter, comprising:

taking an image in a catheter; and

utilizing a template to identify the position of the catheter reflection lines.
2. The method of Claim 1, wherein the template is stored or operably accessible with the
specific catheter.
3. The method of Claim 1, wherein the template is derived directly from the image of the
catheter.
4. The method of Claim 1, further comprising matching the template with a version of the
image and identifying a peak.
5. The method of Claim 4, wherein the version of the image is binary.
6. The method of Claim 4, further comprising selecting the peak that corresponds to a strongest
template match.
7. The method of Claim 6, wherein the peak is above a certain value.
8. The method of Claim 1, further comprising adjusting the Z-offset position if no template
match is identified and taking a second image of the catheter at the new position to be evaluated
with the template matching step.
9. The method of Claim 4, further comprising identifying the position of the catheter reflection
lines and shifting the catheter reflection lines by adjusting the Z-offset if a template match is
identified.
10. The method of Claim 6, where the adjusting Z-Offset step comprises the mechanical shifting
of the Variable Delay Line.

11. A method of calibrating a catheter, comprising:
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imaging a catheter pullback;

aligning the image data to ensure any shifts to the reflection positions during image
acquisition are corrected; and

tracking the reflection positions through each image frame.
12. The method of Claim 11, wherein the tracking the reflection positions step comprising
utilizing a graph searching algorithm.
13. The method of Claim 11, wherein the tracking the reflections positions step identifies the
initial position of the reflections through a template matching step
14. The method of Claim 13, wherein the tracking the reflection positions step further
comprising tracking the reflection lines through the image based on amplitude and relative
position once an initial lock is acquired.
15. The method of Claim 14, wherein the lines are tracked through the image based on their
amplitude and relative position by maintaining a constant distance.
16. The method of Claim 15, wherein at the first A-scan, the neighboring pixels are examined in
the following A-scan to determine the direction for the next step, and repeated for each A-scan.
17. The method of Claim 16, further comprising a look ahead step that includes evaluating the
next A-scan and looking ahead at the next “n” A-scans before determining the step direction.
18. The method of Claim 17, further comprising tracing the reflection lines through an entire
frame and digitally aligning the reflection lines.
19. A method of calibrating a catheter, comprising:

taking an image of a catheter;

tracking the reflection lines of the catheter;

not detecting the reflection lines in an image; and
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reacquiring the lost track image with a graph search step or a template matching step.
20. The method of Claim 19, wherein the graph search step expands the region of allowable
solutions to search a wider number of bins for the reappearing reflections.
21. The method of Claim 20, further comprising identifying a guard band to limit the possible
search region and preventing a locking on to the bright returns from the vessel wall is prevented.
22, The method of Claim 19, wherein the template matching step reacquires the lost track
image, and transitions back to continue tracking the catheter reflections through each subsequent
frame.
23. A method of depth calibration and automated range adjustment, comprising:

recognizing the uncontrolled displacement effect by searching for image features that are
stationary but are not due to uncontrollable displacement; and

calibrating successive image data so that polar representations can be used for accurate
dimensional measurements.
24. The method of Claim 23, further comprising removing image features in the image prior to
display.
25. A method for initial calibration mode, comprising:

utilizing the internal catheter reflections to identify the required variable delay line shift
to reach the calibration position;

determining an initial template of the catheter reflection;

utilizing the initial template in each subsequent calibration mode to track the shift of the
reflections; and

applying the appropriate shifts.
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26. The method of Claim 26, further comprising of searching for a strong reflection using the
mean amplitude or gradients and adjusting the Z-Offset until the strong reflection is detected.

27. The method of Claim 27, further comprising aligning the strong reflections across an image.
28. The method of Claim 27, further comprising identifying the catheter reflections using the
change of the gradient and amplitude and identifying the threshold gradient and amplitude
information to determine the template region.

29. The method of Claim 28, further comprising generating a template of reflections and storing
for later use in other auto-calibration modes.

30. The method of Claim 29, further comprising maintaining the initial lock calibration position
for all image frames.

31. The method of Claim 30, further comprising detecting the position of the catheter reflections
using the template of reflections and updating calibration settings to maintain proper calibration
settings.

32. The method of Claim 31, further comprising shifting the template of reflections to search
location and create a full template with a mirrored signal.

33. The method of Claim 32, further comprising computing a correlation coefficient for the
template and all A-scans.

34. The method of Claim 33, further comprising finding the maximum correlation for each A-
scan and taking the median of the top number of A-scans.

35. The method of Claim 34, further comprising applying a digital shift to image and scan
conversion.

36. A method for playback mode tracking calibration, comprising:

identifying the initial position of the reflections of a catheter for a first frame;
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computing the correlations for all allowable shifts and all A-scans for the first frame to
identify the maximum correlation;
utilizing the maximum correlation for subsequent A-scan backwards and forwards to
computing the correlation for each possible shift; and
5 tracking the A-scan by A-scan through all frames in a dataset and storing the reflection
position for later alignment and display.
37. A method for automatic calibration, comprising:
performing the initial calibration of a catheter for a calibration position;
monitoring at least one parameter indicative of the calibration position;
10 determining if the calibration position needs updating on an image frame; and
updating the calibration position.
38. The method of Claim 37, wherein the image frame is an A-scan.

39. The method of Claim 37, wherein the image frame includes a set of image frames.

29



WO 2013/126390 PCT/US2013/026834

Reflection Lines

e ] SRR
\ -70
50
-75
100
= 150 -0
! -85
€ 200
= .90
= 250 o5
o
300
< 100
350 105
400 10
450 115
600 800 1000
Rang Bin Number
Difference of Means
I I I I T T T T | I
— Original Template|
2000 — CC Template f
\ Peak Determines
1500 | Strongest Template —_ ]

1000

500

-500

| | ] l
100 200 300 400 500 600 700 800 90041000
r\— Do Not Allow Detection of TemplateJ
in These Region

FIG. 2A

SUBSTITUTE SHEET (RULE 26)




WO 2013/126390 PCT/US2013/026834

260 280 300 320 340 360 380 400 420
Range Bin

FIG. 2B

50

100

150 + ;

200

250

300

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

323
Start =>| 1
Look n=3 Neighboring
Pixels in Next A Scan 2 >< D /‘ \
3 (A ¢
Look Ahead m=4A- | 4 \%
Scans (Looking n N N Y
Neighboring Pixels) > /,% /,% % <
g g ot d
6|lv| |& & ¢
Select Path With the | 7 u=2852>gg
Largest Average H,—_Bf' : i
Amplitude 8 | <1i=236.8dB]p

Step to Next Location

and Repeat

rs
Y

100
200
300 134
400 [ssf
500
600
700
800
900

:
F
x

BE
¥
*
5
£

50 100 150 200 250 300 350 400 450 500 550 600

FIG. 5

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/026834

WO 2013/126390

4/23

[
[72]
o
-l
X
&)
&
-

50 100 150 200 250 300 350 400 450 500 550 600

FIG. 6

50 100 150 200 250 300 350 400 450 500 550 600

FIG. 7

SUBSTITUTE SHEET (RULE 26)



110 —

WO 2013/126390

PCT/US2013/026834

5/23

Take an OCT

image from a

catheter

120a 180
v ( (
Utilizing a graph searching Z-Offset position is adjusted
algorithm to track the and an image at the new
‘—

reflection through each image
frame

Template matching step

convolves the template with a
binary version of the gradient
OCT image to identify a peak

140

Selecting a peak that
corresponds to a strongest

position is evaluated with the
template matching step or
algorithm.

T o

User is warned and
given the option to retry
autocalibration or
manually calibrate

150
Template
match

template match, which is
above a certain value

FIG. 8A

\entified

Yes

160
4 (

Identified the position of the
catheter reflection lines, the
catheter reflection lines are
shifted by adjusting the Z-
Offset to move the reflections
to their desired location

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

6/23

Take an OCT
110 — image from a
catheter

l 12€b

Read in the template stored on
the RFID.

1
:(,’0 180

(

A 4

Template matching step

convolves the template with a
binary version of the gradient |e———
OCT image to identify a peak

Z-Offset position is adjusted
and an image at the new
position is evaluated with the
template matching algorithm.

[ - —

Selecting a peak that User is warned and
corresponds to a strongest given the option to retry
template match, which is autocalibration or
above a certain value manually calibrate

150

Template
match
identified

1(60

Yes

Identified the position of the
catheter reflection lines, the
catheter reflection lines are
F|G 88 shifted by adjusting the Z-

) Offset to move the reflections
to their desired location

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390

200

7123

210—

Record a catheter pullback
or push-forward.

l 2(20

Identify the initial position of
the reflections through the
template matching algorithm
(130)

No
230

Initial Lock
Acquired?

2‘(.50

Compute the change in
amplitude based on the initial
lock position and the
neighboring pixels in the next
A-scan.

! 260

PCT/US2013/026834

240
[

“‘Look ahead” that includes
evaluating the next “n” A-scans
before determining the step
direction.

3 ”

’

Utilizing a graph
searching algorithm to
track the reflection lines
through each image frame

I 270

Determine the step direction
based on the change in
amplitude for each step
direction and look ahead.

FIG. 9

290

J
|

Lines have been traced through
all frames and lines are digitally
aligned and the frame is then
properly calibrated for display
and measurements

SUBSTITUTE SHEET (RULE 26)




8/23

The reflection lines are not
detected in the previous
image frames

l

Reflections lines reappear

v

Expands the region of
allowable solutions to search a

330— wider number of bins for the

reappearing reflections

I

Guard band is identified to
limit the possible search
region and prevents from
locking on to the bright
returns from the vessel wall

l |

PCT/US2013/026834

WO 2013/126390
300
310—
320—
340—
Template
120 — Step

matching Graph searching step

—220

l

Once the track is reacquired,
the algorithm transitions back
to the Playback Tracking
mode to continue tracking the
reflections through each
subsequent frame

— 350

FIG. 10

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834
9123
Inputs 410 400
_~"B-scan 412
Noise Elimination - 414
Current Z-Offset - 416
v 404 404
Threshold Images User Acquires Pullback
(15dB SNR) 1 or Pushforward Data

Graph Search
4

Algorithm

Compute Difference of
Template & Pixel

Amplitude for allowable

Shifts
{ 422
Compute the
Difference for
n Look Aheads
v 424

Find the Shift Direction
with the Minimum
Amplitude Difference

428 Il

426

and Store Reflection
Amplitudes

Update Template Location

J

Al

Step to Next A-
Scan

—454

452
Lock Lost

Re-Acquire Lost Track

———>

Lar0 |

460
Compute Guard Band
Region 462

464

y

Step to next
Image and
Retry to
Acquire Lock

Apply Graph
Search of
Template Match
Algorithm to
Larger Region

450

Determine if
Reflections are
Detected at

Expected
Amplitude
Yes
440 , 472 l ~ 480
Store All A-scan Shifts for Future Warn User Unable Playback Mode
Alignment and Display to Complete Auto-Calibration
Calibration Complete
l 480
(PI back Mode Aut Ouiputs
ayback Mode Auto-|g ____ A hift 490
Calibration Complete / scan Shifts
9 [
492

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834
10/23
Inputs = Reacquire Igglf -
/" B-scan / }ﬁ:rsgfﬁ% do|  |Wioshifting Z-
Noise Elimination ,/ ] offset Maintain Z-offset
unless calibration
v 510
Template Matching ves
(BJOE?vert toBinary g : 564 562 590
-Scan _ - i User
T2 | |oostoniote. [ Sevingsesion | COTPEE
Compute X&Y reached
gradients
§ 51 T 526 Transition to M 57?
Convolve Gradients with Shift Z-offset ser requests Calibration Mode -
Template (Forward & CC) nscan size |6 Ag\tgé%al (GUI)
518 ¢ 916
Find Peak
520 524 Warn User 5
Peak above A(I)Is%t-igafget || Trouble Auto-
threshold? Rl calibrating: Try
again
544
Find peaks with 15dB Prompt User Auto-
SNR in Region Calibration complete:
Okay or Manual
530 Calibrations
Atleast 2o "o 550 542
peaxs foun Signal moved Yes | Shift Peaks to
Yes 532 {o Bin-n Desired Location
Shift Z-offset
+n Bins 540
534 Yes
Wai.tt.for tZ-%ﬁset
position to be
Reached OUpUtS 580 Y 512
582 T~ Current Z-offset /L--- Initial Lock
584~ Reflection locations_~~ complete
586- eflection amplitudy

FIG. 12

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

11/23

Original Frame
g

50
100
150 FEW L] Reflections For
: Template
» 200 P
c
S 250
?

200 250 300 350 400 450 500 550 600
Radial Pixels

FIG. 13A

dx

200 250 300 350 400 450 500 550 600
Radial Pixels

FIG. 13B

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390

A-Scans

PCT/US2013/026834

200 250 300 350 400 450 550 600
Radial Pixels
Ydx-Xdy
700 T T T T T
600 I .
500 : : -
Find First Peak
400 (Fiber Reflection) i
35
2 300 i
=
& 200} .
=
100 .
O -
-100 | .
-200 ] ] ] ] ]
0 200 400 600 800 1000 1200

Radial Pixels

FIG. 13D

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

A-Scans

A-Scans

13/23

Original Frame w/Tracking
- .

50
100

150

Graph Search
200 Reflection

250
300
350
400
450

500 &
20 250 300 350 400 450 500 550 600

Radial Pixels

FIG. 14A

50
100
150
200
250

300

350
400

450

500 = :
200 250 300 350 40 450 500 550 600
Radial Pixels

FIG. 14B

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

14/23
Xdx-Xdy
2000 I I | | | | |
1500 i
S— Threshold gradient
and amplitude to
500 determine reflection/
Template region
-500 - : ' :

200 250 300 350 400 450 500 550 600
Radial Pixels

FIG. 15A

# Points Above SNR Threshold

I I I I I I I
500 i
450 | -
400
350
300 Count Number of -
Points Across A-
Threshold gradient Scans Above SNR
and amplitude to Threshold
determine reflection/
Template region
100} -
ol uk\ W\ -

200 250 300 350 400 450 500 550 600
Radial Pixels

FIG. 15B

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

Mean Intensity

15/23

Mean Magnitude
_25 T L] Rl L]
-30F I
35 Template Region Starts
1 at First Reflection and

Extends 100 Pixels

404
-45} d

|
50k
-55k
-60 L ™ n f' L.rr‘ ,\J

0300 250 300 350 400 450 500 550 600
Radial Pixels

FIG. 16A

Final Template

F

1020 30 40 50 60 70 80 90 100

FIG. 16B

SUBSTITUTE SHEET (RULE 26)




WO 2013/126390 PCT/US2013/026834
16/23
690 602
600 ) Inputs 610 )
User Selects / B-scan Shift to Complex
Image on Mode Noise Estimate /" Conjugate of Start
@ 7 Of V Location (-Z-Shift)
urrent Z-Offse
692 §
1st v 612 620
| Find strong Line
No mﬁggeon reflection ‘@ y
es
Shift to New Z- )
. offset - -
Re-acquire Shift Reflection Left 50
Template Bins (+Z-Shift)
Yes 576
< Try Agai )
> ry Again . :
684 \ 654 Find Strong Reflection
Warn user “unable No
to calibrate”
630
Yes Line Move
680 to Left
Autocal Time
No | Shift to Bin 512
682 Warn User “unable
Timer to Calibrate ‘ 6:):‘4
Find Strong Reflection
660 No
T y /[ I 640
ow for manua -
ﬁalibgation (Warn |nea![35e1tgcte
ser
Outputs 670 Yes 6312
Template reflections ompute Template
P ¥ £ 662 found
E initial Cali'bration) Yes
L Complete Transition Ehift ,;[.0 Calibrated
Live Calibration ocation — 646
Mode (if available)

SUBSTITUTE SHEET (RULE 26)




WO 2013/126390 PCT/US2013/026834
Template 17723 Template & errored CC
20FFT T T T T T T T T 1 _gg [ 1 —— POSItlon
-25} -20f — I
25 Position Template 30} Complex
at Search Location]
-351 .'" 4
0] |
-45¢
ot ||/
-55¢
Lo -60 ks

10 20 30 40 50 60 70 80 90100
Radial Pixels

-100 80 60 40 20 0 20 40 60 80100
Radial Pixels

FIG. 18A FIG. 18B
5 Full template = Template + CC 10 A-Scan
20+
- v
e b 20
30} Template Matching|_30
35} Region for Current ' }
! Search Position Q
45} \' -50
50t .
-55 ,__|< -60 ! >
-100-80-60-40 -20 0 20 40 60 80100 -150 100 -50 0 50 100 150
Radial Pixels Radial Pixels
FIG. 18C FIG. 18D

Compute Correlation Coefficient for All A-Scans

Correlation Coefflclent-AII A-Scans

and All Positions in the Search Region
S(A-A) (T, T) 50
CorrCoeff = n__ L §
\/(Z(A AT T7) @
n n n <
100
Where:
A=A-Scan
T=Template
150 :
1080 1100 1120 1140 1160 1180 1200 1220
FIG 19 Shift Position

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

18/23
Max Correlation for Each A-Scan
0.92F T T T T ah T T T =
+ +
09 + + - _
I L% +
3 0.88F P + + -
‘© + $
b= T
S 0.86f + -
o - + + +
S +
'..g 0.84_“: .
© + +
o 082} ¥ i
© Find the Median Shift
| | Position of the Top n i
0.80 Correlations +
0.78 i
| | | | | |

| |
1145 1146 1147 1148 1149 1150 1151 1152 1153 1154
Shift Position

FIG. 20

OCT Image After
OCT Image Before Calibration Auto-Calibration

[a¥aV¥al

Reflections Digitally Shifted
to Calibration Location

300

200
100 100
0 0
-100 -100
-200 -200
-300 -300
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
FIG. 21A FIG. 21B

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834
19/23
71)2 Inputs 710
700 R
— Autocalibration Initial £ Bsean
Lock Completed Current Z-Offset /~
744 l 71)4 71) 6 71)8
)
Increment to Compute Full Template Compute Correlation Find the Maximum
Next Image |1 for All Allowable Shift  [— for Subset of A-scans f—pi Correlation for Each
positions & Template A-scan
614 732 I
Compute Correlation Find the Median Shift
fg;etLLS ck threshold (based on of the Top -
running average) Correlations

764
J Increment Lock Lost
Update Counter
Reflection
Position for next
Image
774
Reset Apply digital shift to
digital shift Current Image for
counterto 0 Display
75)2
Warn User

“Autocalibration Lock ves

Lost” (fade in window
or status bar

Incremental Digital

Shift Counter
780 7?2
Digital Shift Yes :
counter threshold Apply VDL Shift
gxceeded

selected as “On”

740

Lock
Lost Counter

threshold
exceeded

Autocalibration

threshold
Exceeded by

FIG. 22

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

20/23
Correlation Coefficient - All A-Scans Rectangular Image (w/Mirrored)
50 AAAAAAA = s - Reﬂection Tracking Start R — T —

Position Determined by

Maximum Correlation
@35
830
»25

Larg
for Firt Correlation

0801000 1020 1040 1060 850 000 950 10001050 1700 1150 1200
Shift Position Radial Pixels
FIG. 23A FIG. 23B

Rectangular Image (w/Mirrored)

Track Using Correlation
Backwards and
Forwards From Start
Location-limiting to
Small Search Region

A-Scans

850 900 950 1000 1050 1100 1150 1200
Radial Pixels

FIG. 24

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

21123
New Frame-Tracking A-8can by A-Scan

Track Forwards
Trough All A-Scans

in Dataset
50
Start
gGg0 950 1000 1050 1100 1150 1200
Radial Pixels
Template Match Position
1020 1 1 | p | | I I I I
L | Store template -
1015 Match Position for
e Alignment Prior o
2 POT0F | pisplay of Image | &
®
1005w Yk
oL
)
‘?‘1& 100@ AAAAA
=
s | um
® 995
£
2 G990 -
885 -
QBG 1 | ] ] 1 1 | | ]
0 50 100 150 200 250 300 350 400 450 500

A-Scan Number

FIG. 258

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390

PCT/US2013/026834

22123
800
T 842 844
) 840 y ) inputs 890
es )
R i e e (T e e | i
caiioration appiie Current Z-Offset
850 No g0 854 Pull/Push Indicator,~~
| 4 ) ) 856
|dentify allowable shift Compute full template Compute correlation Find the Maximum
for first frame based onj—p| for all allowable shift j—pifor all A-scans &  |=pf correlation for each
push or pull positions template positions A-scan
Start

l 858

l Correlation Tracking Algorithm 810 P TThe Maxmum

Compute Correlation i 10 correlationdand
Find the Compute Correlation corresponding
{g%alig}[’éasbrl]ﬁts i f—{Max Ly confidence threshold A-scan
curtent A-scan correlation | | (running average) l 860
)

? 836 822 820 fppll(y corrlelatjt%n
Update Track Reset lock , brackmg g gog f m y
position and Step |_|lost counter Yes C&r)rre]lf?g%nnactg)ve Staacm\avgra t R/rl]ax orwar
to next A-scan to 0 threshold

I_T 832

Use track
position of [_NO
previous A-
scan

l 862
)

mode

Warn User and
[rransition to manua]\ 834

830 824 Increment to Next
Increment —» Frame
Lock Lost Lock Lost
counter threshold Counter
exceeded l 864
Apply correlation
tracking to each
A-scan
in Image

882

Warn User and Transition t

Transition to manual Manual mode

mode 872

880 8)74 )
Store Calibration

Playback Mode Calibration Sostonafor -
Complete display

FIG. 26

SUBSTITUTE SHEET (RULE 26)



WO 2013/126390 PCT/US2013/026834

23123

900

Initial automatic /
manual calibration

902

monitor at least one
parameter indicative
of calibration position

904

Yes Update calibration
908

Update for
frame

906

FIG. 27

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US13/26834

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO1B 9/02 (2013.01)
USPC - 356/450, 477, 479

According to [nternational Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by cl

IPC(8): GO1B 9/02 (2013.01)
USPC: 356/450, 477, 479

lassification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the intemational search (name of

data base and, where practicable, search terms used)

MicroPatent (US-G, US-A, EP-A, EP-B, WO, JP-bib, DE-C,B, DE-A, DE-T, DE-U, GB-A, FR-A); DialogPRO; PubMed/Mediine;
Google/Google Scholar; Search terms used: catheter”, cathet®, calibrat*, image*, photog*, model*, template™, pattern®, graph®, reflect”,
cathet®, take®, identif*, stor*, record*, operabl*, accessib*, specific*, match*, offset”, variabi*, dela®, line*, chift*, position*, step*, amplitude

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 7408648 B2 (KLEEN, M et al.) August 5, 2008; column 2, lines 65 to 67; column 3, lines 11
- 4-26, 42-59; column 4, lines 1-12; column 6, lines 20-27; column 13, fines 35-53; column 22,
Y lines 3-35; column 26, lines 39-56; column 32, lines 18-52, lines 53-67; column 48, lines 29-49 1-10, 12-22, 37-39
X US 8049900 B2 (KEMP, NJ et al.) November 1, 2011; figures 4C, 8, 16; column 7, lines 40-55; | 23 and 24
e column 12, line 1, lines 49-56; column 21, line €5 to column 22, line 25
Y 10, 16-18, 25-36, 38
Y US 8116605 B2 (PETERSEN, CL et al.) February 14, 2012; figure 10, column 2, lines 21-35; 1-10, 18, 22, 25-39
column 4, lines 53-61; column 6, line 64 to column 7, line 6, lines 37-67; column 8, lines 18-27;
column 8, lines 35-43
Y WO 2007/067323 A2 (WEBLER, WE et al.) June 14, 2007; paragraphs [0038}, {0041], [0148], 1-10, 12-22, 25-35
[0168}-{0169], [00196}
Y US 2008/0294034 A1 (KRUEGER, S et al.) November 27, 2008; paragraph [0034] 15-18
Y US 2011/0080591 A1 (JOHNSON, BC et al.) April 7, 2011, paragraphs [0027], [0106]-[0107] 21
Y US 2008/0298655 A1 (EDWARDS, JR) December 4, 2008; paragraphs [0007]-{0008], [0029], 39
[0042), [0057]
Y US 2010/0179421 A1 (TUPIN, J) July 15, 2010; paragraphs [0036], [0134] 18
Y US 2007/0100226 A1 (YANKELEVITZ, DF et al.) May 3, 2007; paragraph [0096} 28-35

@ Further documents are listed in the continuation of Box C.

L]

* Special categories of cited documents:
“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or afier the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited 1o establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other

means

“P” document published prior to the international filing date but later than
the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the apﬁhcauon but cited to understand

the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the arnt

oy

wym

“&” document member of the same patent family

Date of the actual completion of the intemnational search

15 April 2013 (15.04.2013)

Date of mailing of the intemational search report

24 APR 2013

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 671-272-7774

Form PCT/1SA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US13/26834

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y + | WO 2011/081688 A1 (COHEN, A et al.) July 7, 2011; paragraphs [0019], [0026], [0041] 36
P WO 2012/154767 A2 (ZHOU, J) November 15, 2012; entire document 1-10

Form PCT/ISA/210 (continuation of second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - wo-search-report
	Page 55 - wo-search-report

