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(57) Abstract: A catheter system mcludes a catheter body, an 1imaging sensor, a drive motor, a current sensor, a display, and a con-

troller. The catheter body includes a drive shatt. The imaging sensor 1s fixed relative to the distal end of the driveshatt and 1s con -

figured to rotate therewith. The drive motor 1s configured to rotate the drive shatt. The current sensor 1s configured to measure an
amount of current drawn by the drive motor as the drive shatt 1s rotated. The display 1s configured to display one or more images ob -

tained by the imaging sensor as the imaging sensor 1s rotated. The controller 1s configured to adjust a rotational orientation of the

one or more images displayed by the display based upon the measured current.
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OCT IMAGING CATHETER WITH LAG CORRECTION

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Patent Application No.
62/286,918, filed January 25, 2016, titled “OCT IMAGING CATHETER WITH LAG
CORRECTION”, which is herein incorporated by reference in its entirety.
[0002] This application may be related to PCT Patent Application No. PCT/US2015/014613,
filed February 5, 2015, titled, “ATHERECTOMY CATHETERS AND OCCLUSION
CROSSING DEVICES?”, Publication No. WO2015/120146A1, each of which is herein

incorporated by reference in its entirety.

INCORPORATION BY REFERENCE
[0003] All publications and patent applications mentioned in this specification are herein
incorporated by reference in their entirety to the same extent as if each individual publication or

patent application was specifically and individually indicated to be incorporated by reference.

FIELD
(0004} Described herein are image correction systems that can be coupled to imaging
catheters. More specifically, imaging correction systems and related methods that correct for

rotational distortions experienced by imaging catheters are described.

BACKGROUND
[0005] Atherectomy is a minimally invasive endovascular surgery technique that removes
atherosclerosis (plaque buildup in the blood vessels). By removing the majority ot plaque mass
(debulking), atherectomy creates a larger internal lumen and dramatically increases the
compliance of the arterial wall. As a result, stent deployment is greatly enhanced.
10006] Additionally, atherectomy provides several advantages related to the arterial healing
response. When circumferential radial forces are applied to the vasculature, as in the case of
angioplasty or stenting, the plaque mass is displaced, forcing the vessel wall to stretch
dramatically. This stretch injury is a known stimulus for the cellular in-growth that leads to
restenosis. By using atherectomy to remove the disease with minimal force applied to the vessel,
large gains in lumen size can be created with decreased vessel wall injury and limited elastic

recoiling. These effects have been shown to generate better acute results and lower restenosis

rates.
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[0007] Atherectomy devices can be accompanied by image guidance, such as optical
coherence tomography (OCT). Having imaging capabilities provide for safer and more targeted
treatment. Image guidance is particularly useful in showing the operator where plaque masses
are located and to focus debulking where the plaque is visualized, greatly decreasing the risk
associated with atherectomy. One additional benefit of having an accompanying visualization
system is that the catheter operator does not have to treat the lesions or plaque as being all
concentric in nature, when in fact, the majority of the lesions and plaque found are eccentric.
This circumferential approximation approach to removing lesions and plaque may not fully
remove plaque from one region and potentially cut or stretch healthy vessel. Thus, the ability to
visualize the plaque or lesions in the vessel will allow the operator to debulk only in the required
areas while leaving healthy tissue untouched.

[0008] While having an imaging system coupled to the atherectomy catheter allows for safer
procedure than without, on-board imaging can have inaccuracies. For example, placement of the
imaging sensor may affect accuracy. That is, imaging elements positioned at or closer to the
distal end of the atherectomy catheter can experience greater bending or torque than 1s
experienced at the proximal end. Further, if the imaging element is positioned on or proximate
to the cutting element, then when the cutting portion experiences resistance from plaque buildup
in the vessel or from the curvature of the vessel itself, deviations can occur in the image.
Similarly, a catheter moving through a body cavity or lumen may also experience torque
depending on the body lumen and the environment within that body lumen, which can cause
distortions in the images.

[0009] Additionally, rotational distortions can occur as a result of the cutter turning more
slowly than the motor at the proximal end, the cutter vibrating, or the cutter jumping when
encountering tissue of different characteristics. These various deviations in the images can be
caused by what is called “rotational lag,” i.e., a lag between the rotation that the user may or may
not have intentionally applied to the catheter and the actual and potentially unintentional rotation
of the imaging sensor at the distal end of the catheter. Such rotational lag can be enhanced in
some catheters, as the rotational position of the displayed image may be fixed in some catheters
according to an index position relative to the catheter motor rather than the distal end of the
catheter. Accordingly, there is a need for an imaging atherectomy catheter that accounts or
adjusts for rotational lag.

[0010] One method previously disclosed for adjusting images distorted by rotational lag was
to manually rotate the catheter to compensate for the lag between the rotation applied by the user
at the proximal end and the actual rotation of the distal end of the catheter. However, this

method does not provide a consistent way of compensating for the rotational lag experienced, as

2.
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manual adjustment of the catheter will likely differ from user to user as well as in response the
uniquely different resistance experienced in different body lumen. Another method previously
disclosed for dealing with rotational lag was to separate the images into both a depth versus time
image, called a waterfall image, and an azimuthal image that contains angular rotation
information. While this method allows the user to see both types of images (showing both
azimuthal and time versus depth information), it is not an intuitive way to view the interior of a
vessel. _

[0011] Thus, it would be advantagéous to have an atherectomy catheter system with imaging
that is able to adjust for rotational lag instantaneously and dynamically. Furthermore, it would
also be more cost-effective and accurate to implement a system for correcting rotational lag that
utilizes a simple measurement of existing condition to determine if correction is needed. Having
a simple measurement that correlates to rotational lag prior to an image being taken would

remove the need for having applications and programs to calculate and adjust the image at the

output end.

SUMMARY OF THE DISCLOSURE
[0012] In general, in one embodiment, a catheter system includes a catheter body, an
imaging sensor, a drive motor, a current sensor, a display, and a controller. The catheter body
includes a drive shaft. The imaging sensor is fixed relative to the distal end of the driveshaft and
is configured to rotate therewith. The drive motor is configured to rotate the drive shaft. The
current sensor is configured to measure an amount of current drawn by the drive motor as the
drive shaft is rotated. The display is configured to display one or more images obtained by the
imaging sensor as the imaging sensor is rotated. The controller is configured to adjust a
rotational orientation of the one or more images displayed by the display based upon the
measured current.
[0013] This and other embodiments can include one or more of the following features. The
imaging sensor can be an optical coherence tomography (OCT) imaging sensor. The catheter
body can further include a cutter configured to rotate with the driveshatt. The imaging sensor
can be attached to the cutter. The catheter system can further include a nosecone attached to the
distal end of the catheter body and configured to pivot relative thereto. The sensor can be a
current sense resistor. The one or more images can be displayed on the display as a sector view.
The controller can be configured adjust a rotational orientation of the one or more images by
delaying projection of the one or more images on the display based upon the measured current.

The controller can be further configured to adjust a rotational orientation of the one or more
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images based upon a predetermined reference current value and gain value. The controller, drive
motor, and sensor can be part of a drive assembly configured to drive the catheter.

[0014] In general, in one embodiment, a catheter drive assembly includes a drive motor, a
sensor, and a controller. The drive motor is configured to rotate a drive shaft and imaging sensor
of a catheter at first index pulse. The sensor is configured to measure an amount of current
drawn by the drive motor as the drive shaft is rotated at the-first index pulse. The controller is
configured to determine a second index pulse based upon the measured current and the first
index pulse and send the second index pulse to a display so as to allow display of images
gathered by the imaging sensor that are adjusted for rotational lag. The second index pulse is
delayed relative to the first index pulse.

[0015] This and other embodiments can include one or more of the following features. The
sensor can be a current sense resistor. The controller can be configured to determine a second
index pulse further based upon a predetermined reference current value and gain value. The
imaging sensor can be an optical coherence tomography (OCT) imaging sensor.

[0016] In general, in one embodiment, a method of correcting for rotational lag includes:
obtaining a reference current value for an imaging catheter when there 1s no torque on a
driveshaft of the catheter; measuring an amount of current delivered to a drive motor to rotate the
driveshaft during a procedure; determining that there has been rotational lag of the driveshaft by
determining that the measured amount of current 1s above the reference current value by a
determined amount; and correcting a displayed image for the rotational lag based upon the
determined amount.

[0017] This and other embodiments can include one or more of the following features. The
measuring, determining, and correcting steps can be performed during use of the catheter in an
atherectomy procedure. Correcting a displayed image for the rotational lag based upon the
determined amount can include delaying an index pulse to the displayed image so as to delay
projection of the image. The imaging catheter can be an optical coherence tomography (OCT)
imaging catheter, and the displayed image can be an OCT image.

[0018] In general, in one embodiment, a method of correcting for rotational lag includes:
obtaining a correlation between an amount of rotational distortion in an image and an amount of
current drawn by a drive motor of an imaging catheter; measuring an amount of current delivered
to the drive motor to rotate a driveshaft of the imaging catheter with the drive motor; when the
measured current is above a predetermined value, using the correlation to determine a rotational
adjustment value; and adjusting an orientation of an image based upon the rotational adjustment

value.
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[0019] This and other embodiments can include one or more of the following features. The
measuring, using, and adjusting steps can be performed during use of the catheter in an
atherectomy procedure. Adjusting an orientation of an image can include delaying an index
pulse to a display so as to delay projection of the image on the display. The imaging catheter can

be an optical coherence tomography (OCT) imaging catheter, and the image can be an OC1

Image.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020] The novel features of the invention are set forth with particularity in the claims that
follow. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative

embodiments, in which the principles of the invention are utilized, and the accompanying

drawings of which:

[0021] FIGS. 1A — 1D are schematics showing an exemplary atherectomy catheter. FIG. 1A
is a side view of the atherectomy catheter. FIG. 1B shows a catheter where the cutter is exposed.

FIG. 1C is a second example of an atherectomy catheter. FIG. 1D shows a cross section of the

catheter.

[0022] FIG. 2 is a schematic showing a dynamic adjustment to compensate for rotational lag.
[0023] FIG. 3 is a flow chart summarizing the steps in calibrating a catheter.

[0024] FIG. 4 is a flow chart summarizing the steps of correcting for rotational lag when

using an atherectomy catheter.

[0025] FIG. 5A is an image from an atherectomy catheter as the cutting element is starting to

open.

10026] FIG. 5B is an image from an atherectomy catheter that is fully open where there is no

dynamic image correction

[0027] FIG. 5C is an image from an atherectomy catheter that is fully open with correction.

DETAILED DESCRIPTION
[0028] Described herein are methods and assemblies for addressing rotational lag of an

imaging catheter (e.g., an atherectomy catheter) in a simple, cost effective, and dynamic way.
The methods and assemblies described herein are configured to determine the existence of

rotational lag at the imaging element and dynamically compensate for the lag before the image is

recorded and displayed.

[0029] The catheters described herein can include an elongate flexible catheter body and a

cutting element. In some embodiments, the cutting element can be an annular rotatable cutter

-5 -
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configured to rotate to shear tissue away from the vessel wall. In other embodiments, cutting
element can include a distal tip having a proximal-tacing cutﬁng edge configured to scrape tissue
away from the vessel wall. The catheters described herein can further include on-board imaging,
such as optical coherence tomography (OCT) imaging. The optical fiber for the OCT imaging
can, for example, extend substantially along the longitudinal axis of the catheter body. In some
embodiments, the optical fiber can be attached to the rotatable cutter and configured to rotate
therewith. In other embodiments, the optical fiber can be attached to a separate imaging shatt.
[0030] FIGS. 1A -1C show an exemplary atherectomy catheter. Referring to FIG. 1A, the
atherectomy catheter 100 can include a catheter body 101, a cutter 103 at a distal end of the
catheter body 101 attached to a driveshaft 113, and a nosecone 105 at a distal end of the catheter
body 101. The nosecone 105 can further include a cutting window through which the cutting
edge 112 of the cutter 103 can be exposed. The nosecone 105 can be configured to deflect away .
from the longitudinal axis of the catheter body at an angle. In use, this deflection can expose the
cutter 103 through the cutting window and/or radially push the cutter 103 into a wall of the
vessel in which the atherectomy catheter is inserted. As shown in FIG. 1D, the catheter 100 can
further include an on-board imaging system, such as optical coherence tomography (OCT). The
optical fiber 111 for the OCT imaging element can run through the center of the driveshatt 113.
Further, the optical fiber 111 can be attached to the cutter 103 and be configured to spin
therewith.

[0031] Further, the catheter 100 may include a handle 115 and/or drive system that includes
controls for regulating the displacement, rotation, and/or imaging capabilities of the imaging
system. The catheter 100 can be contigured to be attached to a control system and/or imaging
console for displaying the images gathered with the on-board in imaging system.

[0032] Further, the catheter 100 can be configured to work with a control system configured
to correct for image distortion, €.g., to correct for rotational lag. Because a catheter is not an
Ideal torque transmitting entity, there will be some phase delay (0) for which the distal end of the
catheter does not rotate when the proximal end of the catheter is rotated. This phase delay can
cause incorrect orientation of the image when the catheter is torqued and/or the direction of
rotation changes, called rotational lag. A host of causes may contribute to potential rotational
lag. These include torqueing of the catheter due to the tortuosity of the vasculature or force
exerted by the operator, cutter position, the type of plaque being excised, and/or any other factors
that may apply a torsional load on the catheter. :

[0033] FIG. 2 shows a diagram of an atherectomy system 200 configured to correct for

rotational lag. The system includes a drive assembly 222, which can be a drive assembly such as
those described in U.S. Patent Application No. 14/400,151, filed November 10, 2014, titled

-6 -
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“ATHERECTOMY CATHETER DRIVE ASSEMBLIES”, now Patent No. 9,345,398 and PCT
Patent Application No. PCT/US2016/041193, filed July 6, 2016, titled “SELF-ALIGNMENT
MECHANISM FOR IMAGING CATHETER AND DRIVE ASSEMBLY”, Publication No. WO
2017/007853, the entireties of which are incorporated by reference herein. The drive assembly
222 includes a drive shaft motor 114 configured to rotate the drive shaft 213 (and the imaging
sensor 216 at the distal end thereof) of the catheter. As the drive shaft motor 114 rotates, it
provides an index pulse, which can be read by a controller 224 at (e.g., at 151) every time the
motor drive shaft passes a set reference point (e.g., a top dead center position). The drive
assembly further includes a drive voltage source 111 to power the drive shaft motor.

[0034] In use, the motor 114 can rotate the drive shaft 213 and imaging sensor 216 to gather
image data from a circumferential area 232 (e.g., within a body lumen, such as a blood vessel).
The image data can be sent back through a controller 224. Simultaneously, the controller 224
can determine the index pulse 151 ot the motor 1 14. The imaging data can then be sent to the
display with a set timestamp based upon the index, e.g., such that the top of the displayed OCT
image corresponds to the top dead center position on the drive shaft. As torque is applied to the
driveshaft 213, however, the displayed image will be rotationally misaligned (or delayed)
relative to the actual position of the sensor 216 if a delay is not added to the index pulse.

[0035] As such, a current sensor 112 can be disposed between the drive voltage source 111
and the drive shaft motor 114 for continuous monitoring of the current drawn by the drive shaft
motor 114. In some variations, the current is sensor can be integral with the motor 114. In other
variations, the current sensor 112 can be a current sensor resistor placed in series with the drive
shaft motor 114, The instantaneous current of the motor 114 will vary as a function of the
torsional load, meaning that the current drawn will change as a function of the torsional strain the
catheter experiences. By measuring the instantaneous current of the motor 114, the torsional
load on the motor 114 may be estimated.

[0036] The controller 224 can be configured, at 1195, to correlate the amount of torque load
experienced at the distal end of the catheter (i.e., at the imaging sensor 116) to the change in
current drawn from the drive motor 114 (i.e., to compute the rotational lag). Based upon the
rotational lag, the controller 224 can implement a delay 117 in the index pulse. The delay 117
can result in a new processed index 118. This processed index 118 instructs the display to delay
the presentation of the data in the OCT image by a set time in order to rotationally align the
image with the original reference orientation (e.g.., place the image back 1n the top dead center
position).

[0037] In some embodiments, the method of correcting for rotational lag can include two

separate steps: (1) calibrating the system to determine the additional motor current draw relative

-7 -
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to torsional load; and (2) then determining the instantaneous motor current of the system during
use and making a correction in the resulting image.

[0038] In some embodiments, the first step can be performed largely empirical, i.e., on¢ or
more different models of catheters can be repeatedly tested in order to obtain a correlation
between the change in current and the amount of rotational distortion experienced by that
particular model of catheter. In some embodiments, two important parameters, the offset value
and the gain value, can be calculated for any given catheter model and then used to determine the
correct correlation between the current and amount of rotational distortion. The oftset value
corresponds to an amount of current that the drive motor draws when there is no lag. The offset
value is thus equivalent to the current that the drive motor draws when the catheter is in a relaxed
position with the cutter closed. The gain value is a numeric value that allows correction of the
rotational image based upon the difference between the measured current and the offset value.
[0039] [n some embodiments, the second step can be performed dynamically by a controller.
That is, once a particular model of catheter has been calibrated in the first step for torsional
resistance as a function of rotational distortion (i.e., once the offset value and gain value have
been determined for the model), it is possible to estimate the instantaneous rotational distortion
for that particular catheter/catheter model and apply an appropriate amount of correction to the
resulting image. Referring back to FIG. 2, doing so can include measuring the instantaneous
current with sensor 112. The adjustment for rotational lag can be performed dynamically during
the use of the catheter, i.e., without direction or input from the user. As a result, the user can
advantageously view an image that truly corresponds to what the optical tiber is detecting at the
distal end of the catheter or at the cutting region without undesired rotational distortion of the

Image.

Steps for calibrating catheter

10040] FIG. 3 is a flowchart detailing exemplary steps for calibrating a particular model of
catheter, such as catheter 100, to determine the correlation between the additional motor current
drawn by the motor and torsional load. Catheters considered to be a different model can be, for
example, those where the driveshafts have different characteristics (e.g., dimensions, spring, etc.)
such that the resulting relationship between torsion and current draw will be ditterent. At step
121, a reference current value (called the offset value) is determined. The offset value is the
current reading obtained when the catheter is in a relaxed, idle state where the catheter is outside
the body cavity and where the cutter is closed. At step 123, an image can be obtained with the

imaging sensor while the catheter is in the relaxed and idle state. This idle image can have a

-8 -
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particular set orientation or rotational position (e.g., which can be determined based upon
markers in the image). .
[0041] At step 125, an amount of torque can be placed on the driveshaft, such as by opening
the nosecone to expose the cutter. Due to the increased torque, the current drawn by the motor
will be some amount over the offset. This change in current over the offset value can be
measured and recorded. The gain value may then be determined, based upon equation 1 below:
R=C(M-0)G (Equation 1)
where R is the radial adjustment value in degrees (i.e., the amount of adjustment required to
place the resulting image back at the correct rotational orientation), C is a constant (In
degrees/amps), O is the offset value in amps, M is the measured current in amps, and G is the
gain value. That is, at this step, the appropriate gain value for the catheter model can be
determined so as to rotate the image back to it’s original idle position. As shown in Table 1
(which shows experimentally gathered values of offset, gain, and R), the gain value should be the
same for a particular catheter model regardless of the value of R. This step can be performed, for

example, empirically.
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Table 1: Experimental Results of Single Model of Catheter

Catheter | Offset Gain Clocking degrees
Number (R)

1 400 25 90

2 400 25 95

27 400 25 170

20 400 25 120

35 400 25 130

13 400 25 100

21 400 25 160

10 400 25 120

7 400 25 90 )
4 400 25 135

[ 400 25 100

26 400 25 170

19 400 25 100

23 400 25 90 .
16 1400 25 80

12 400 25 85

28 1 400 25 90 )
5 400 25 170

24 400 25 100

17 400 25 80

[10042] In some embodiments, Equation 1 can be considered valid for M greater than or equal
to O. If M is less than O, then R (or the radial adjustment) can be considered zero.

[0043] Thus, at the calibration step, the offset value and gain values are determined so as to
rotate an image back to its original position (i.e., with a known or observed R). At step 129,
then, the correlation for the particular catheter can be determined (i.e., C, G, and O can be filled
into Equation 1, allowing the rotational adjustment to be determined going forward depending

upon the measured current (M),

- 10 -
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Using a catheter calibrated for rotational lag
[0044] FIG. 4 is a flow chart showing the steps for dynamically correcting for rotational lag
using a calibrated catheter. At step 131, an operator select a particular catheter. At step 133, the
operator initiates the program for dynamically and instantaneously correcting for rotational lag.
The program can be based upon the determined correlation for the catheter model from step 129
of FIG. 3. As such, the appropriate correlation can be selected at step 135 (e.g., by entering the
particular catheter model identification number in the controller). At step 137, the user can
operate the catheter (e.g., as part of an atherectomy procedure) while the program monitors the
current supplied to the drive motor against the offset current value. At step 139, if the measured
current goes above the offset value, then the value R can be obtained (based upon equation 1 and
the measured current). Based upon the value R, an amount of adjustment or rotation can be
applied to the image to ensure that the image maintains the correct orientation. Once adjusted,
the image will be captured and displayed for the user (step 140).
[0045] There are a number of ways that the rotational lag may be compensated/adjusted for
using the determined radial adjustment value (R). In one example, the image displayed can be
delayed. This is based on the observation that the imaging system (e.g., OCT) provides a
continuous stream of imaging data as the catheter is in operation. As the imaging element
sweeps along with the drive motor, an image is swept out radially. The image displayed shown
is the data obtained for that image and as it relates to a reference (e.g., the top-dead center).
When rotational lag is present and twists the optical element, there is a misalignment between the
top-dead center as it is defined the drive assembly and the image taken at the end of the imaging
element. Because there is a delay in the detecting the true image at the end of the imaging
element, by intentionally delaying the top-dead center pulse that is sent along with the image
date for a set time (based on Equation 1), the image displayed can be aligned with the image
detected. In such an embodiment, the time delay may be equated to the radial adjustment value
(R) according to Equation 2:

T=(R x60)/(RPM x 360) (Equation 2)
where T is the time in seconds, R is the radial adjustment value, and RPM is the speed of the
drive motor in revolutions per minute. Accordingly, the index pulse can be delayed and sent
from the drive assembly to the display at the delayed pulse so as to maintain the orientation of
the image (i.e., the top dead center position). In some embodiments, the image can be adjusted
once per revolution of the driveshaft (i.e., once per input pulse) using the controller in the drive

assembly.
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[0046] The methods and systems for dynamically correcting rotational lag may also include
associated software programs, and applications that are able to correlate the amount of change in
current from the drive motor or other electrical property and an amount of rotational lag.

0047} FIGS. 5A-C show the dynamic rotational distortion correction. FIG. 5A shows an
OCT image of a vessel as the catheter cutter is being exposed. The cutter is shown at the 12
o’clock position (the inverted horseshoe shaped bright line corresponds to the housing
surrounding the cutter while the opening corresponds to the cutter and the area of the vessel
imaged). FIGS. 5B and 5C show images taken by the imaging element with correction (FIG.
5C) and without correction (FIG. 5B) when the cutter is fully opened. Without correction, as
shown in FIG. 5B, the image has been rotated counter-clockwise about 130 degrees such that the
exposed cutter is in the 8 o’clock position. This rotated orientation (caused by rotational lag) can
be confusing to the user, given that the actual orientation of the cutter within the vessel has not
changed. In contrast, with correction, as shown in FIG. 5C, the cutter has not been rotated
relative to its position in FIG. 5A and is still positioned approximately at the 12 o’clock position.
Ultimately, being able to see an image of the body lumen with a true orientation will provide the
user an intuitive and more efficient way for either imaging or ablative procedures.

[0048] Although the controller configured to correct for rotational distortion is described
herein as being located within the drive assembly, it is to be appreciated that it could be
positioned elsewhere. For example, in one embodiment, a controller on the display can
continuously monitor the current and update the sector view accordingly. That is, rather than
assuming that every rotation occurs at a constant rotation, the controller could map current draw
across each rotation and adjust the pulse gaps according to the current draw.

[0049] The methods and systems described herein provide a simple way for correcting
rotational lag within an atherectomy catheter or any catheter that includes an imaging system.
The rotational lag correction provided for here advantageously corrects the signal prior to an
image being displayed. A correction at this stage requires less steps and less complex software
programs for correcting the image. Furthermore, the systems and methods described herein
provide for continuous monitoring and correction for rotational lag experienced such that the
image seen always corresponds to what the imaging fiber is seeing without the need tor operator
Intervention.

[0050] In some examples, an analog-to-digital converter may be used to process the
information received and transmit the signal information to a processor or microprocessor.
Further, signal processing may also include requisite low pass filters as needed. The current
changes are indexed and processed to determine a relation between the changes in current and

the amount of rotational distortion experienced. Finally, while the present system utilizes
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changes in current to correlate to an amount of rotational lag experienced, it is also conceivable
to use other electrical properties of the system such as changes in voltage, resistance, impedance
and so forth, for achieving similar measurements.

[0051] The methods and assemblies for correcting rotational lag can be used with a variety of

~ catheters and/or motor assemblies. For example, the methods and assemblies can be used with

the atherectomy catheters described in U.S. Patent Application No. 15/072,272, filed March 16,
2016, titled “ATHERECTOMY CATHETERS DEVICES HAVING MULTI-CHANNEL
BUSHINGS?”, Publication No. US-2016-0192962-A1 and U.S. Patent Application No.
15/076,568, filed March 31, 2016, titled “ATHERECTOMY CATHETERS AND OCCLUSION
CROSSING DEVICES”, now Patent No. 9,498,247 the entireties of which are incorporated by
reference herein.

[0052] Although described herein as being used with an OCT system, it should be
understood that the systems and methods of correcting rotational lag can be used with other types
of rotational imaging, such as intravascular ultrasound (IVUS).

[0053] [n the systems and methods described, there may be programs that are able to
continuously, dynamically, and instantaneously correct for rotational lag based upon the current
sensed. In some embodiments, the programs are part of a display assembly and/or a drive
assembly. In other embodiments, the programs may be controlled in via various
telecommunication devices such as laptops, desktops, mobile devices, tablets, and so forth.
[0054] When a feature or element is herein referred to as being “on” another feature or
element, it can be directly on the other feature or element or intervening features and/or elements
may also be present. In contrast, when a feature or element is referred to as being “directly on™
another feature or element, there are no intervening features or elements present. It will also be
understood that, when a feature or element is referred to as being “connected”, “attached” or
“coupled” to another feature or element, it can be directly connected, attached or coupled to the
other feature or element or intervening features or elements may be present. In contrast, when a
feature or element is referred to as being “directly connected”, “directly attached” or “directly
cohpled” to another feature or element, there are no intervening features or elements present.
Although described or shown with respect to one embodiment, the features and elements so
described or shown can apply to other embodiments. It will also be appreciated by those of skill
in the art that references to a structure or feature that is disposed “adjacent” another feature may
have portions that overlap or underlie the adjacent feature.

[0055] Terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the invention. For example, as used herein, the singular

66 0%  &¢

forms “a”, “an” and “the” are intended to include the plural forms as well, unless the context

- 13 -



10

15

20

23

30

35

CA 03012186 2018-07-20

WO 2017/132247 PCT/US2017/014921

clearly indicates otherwise. It will be further understood that the terms “comprises” and/or
“comprising,” when used in this specification, specify the presence of stated features, steps,
operations, elements, and/or components, but do not preclude the presence or addition of one or
more other features, steps, operations, elements, components, and/or groups thereof, As used
herein, the term “and/or” includes any and all combinations of one or more of the associated
listed items and may be abbreviated as /.

[0056] Spatially relative terms, such as “under”, “below”, “lower”, “over”, “upper” and the
like, may be used herein for ease of description to describe one element or feature’s relationship
to another element(s) or feature(s) as illustrated in the figures. It will be understood that the
spatially relative terms are intended to encompass different orientations of the device in use or
operation in addition to the orientation depicted in the figures. For example, if a device in the
figures is inverted, elements described as “under” or “beneath” other elements or features would
then be oriented “over” the other elements or features. Thus, the exemplary term “under” can
encompass both an orientation of over and under. The device may be otherwise oriented (rotated
90 degrees or at other orientations) and the spatially relative descriptors used herein interpreted
accordingly. Similarly, the terms “upwardly”, “downwardly”, “vertical”, “horizontal” and the
like are used herein for the purpose of explanation only unless specifically indicated otherwise.
[0057] Although the terms “first” and “second” may be used herein to describe various
features/elements (including steps), these teatures/elements should not be limited by these terms,
unless the context indicates otherwise. These terms may be used to distinguish one
feature/element from another feature/element. Thus, a first feature/element discussed below
could be termed a second feature/element, and similarly, a second feature/element discussed
below could be termed a first teature/element without departing from the teachings of the present
invention.

[0038] Throughout this specification and the claims which follow, unless the context
requires otherwise, the word “comprise”, and variations such as “comprises” and “comprising”
means various components can be co-jointly employed in the methods and articles (e.g.,
compositions and apparatuses including device and methods). For example, the term .
“comprising” will be understood to imply the inclusion of any stated elements or steps but not
the exclusion of any other elements or steps.

[0059] As used herein in the speciﬁcation and claims, including as used in the examples and
unless otherwise expressly specified, all numbers may be read as if prefaced by the word “about”
or “approximately,” even if the term does not expressly appear. The phrase “about™ or
“approximately” may be used when describing magnitude and/or position to indicate that the

value and/or position described 1s within a reasonable expected range of values and/or positions.
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For example, a numeric value may have a value that is +/- 0.1% of the stated value (or range of
values), +/- 1% of the stated value (or range of values), +/- 2% of the stated value (or range ot
values), +/- 5% of the stated value (or range of values), +/- 10% of the stated value (or range of
values), etc. Any numerical range recited herein is intended to include all sub-ranges subsumed
therein.

[0060] Although various illustrative embodiments are described above, any of a number of
changes may be made to various embodiments without departing from the scope of the invention
as described by the claims. For example, the order in which various described method steps are
performed may often be changed in alternative embodiments, and in other alternative
embodiments one or more method steps may be skipped altogether. Optional features ot various
device and system embodiments may be included in some embodiments and not in others.
Therefore, the foregoing description is provided primarily for exemplary purposes and should
not be interpreted to limit the scope of the invention as it is set forth in the claims.

[0061] The examples and illustrations included herein show, by way of illustration and not of
limitation, specific embodiments in which the subject matter may be practiced. As mentioned,
other embodiments may be utilized and derived there from, such that structural and logical
substitutions and changes may be made without departing from the scope of this disclosure.
Such embodiments of the inventive subject matter may be referred to herein individually or
collectively by the term “invention” merely for convenience and without intending to voluntarily
limit the scope of this application to any single invention or inventive concept, if more than one
is, in fact, disclosed. Thus, although specific embodiments have been illustrated and described
herein, any arrangement calculated to achieve the same purpose may be substituted for the
specific embodiments shown. This disclosure is intended to cover any and all adaptations or
variations of various embodiments. Combinations of the above embodiments, and other
embodiments not specifically described herein, will be apparent to those of skill in the art upon

reviewing the above description.
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CLAIMS

What is claimed is:

1. A catheter system, comprising:
D a catheter body having a drive shaft;
an imaging sensor fixed relative to the distal end of the driveshaft and configured to
rotate therewith;
a drive motor configured to rotate the drive shatt;
a sensor configured to measure an amount of current drawn by the drive motor as the
10 drive shaft is rotated;
a display configured to display one or more images obtained by the imaging sensor as
the imaging sensor is rotated; and
a controller configured to adjust a rotational orientation of the one or more images

displayed by the display based upon the measured current.

15 2. The catheter system of claim 1, wherein the imaging sensor is an optical coherence

tomography (OCT) imaging sensor.

3. The catheter system of claim 1, wherein the catheter body further includes a cutter

configured to rotate with the driveshatft.

20
4, The catheter system of claim 3, wherein the imaging sensor is attached to the cutter.
J. The catheter system of claim 1, further comprising a nosecone attached to the distal
end of the catheter body and configured to pivot relative thereto.
235
6. The catheter system of claim 1, wherein the sensor is a current sense resistor.
7. The catheter system of claim 1, wherein the one or more images are displayed on the
display as a sector view.
30

8. The catheter system of claim 1, wherein the controller is configured adjust a
rotational orientation of the one or more images by delaying projection of the one or

more images on the display based upon the measured current.
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10.

i1,

12.

13.

14,

13.

The catheter system of claim 1, wherein the controller is further configured to adjust a
rotational orientation of the one or more images based upon a predetermined

reference current value and gain value.

The catheter system of claim 1, wherein the controller, drive motor, and sensor are

part of a drive assembly configured to drive the catheter.

A catheter drive assembly, comprising:
a drive motor configured to rotate a drive shaft and imaging sensor of a catheter at
first index pulse;
a sensor configured to measure an amount of current drawn by the drive motor as the
drive shaft is rotated at the first index pulse; and
a controller configured to:

determine a second index pulse based upon the measured current and the first
index pulse, the second index pulse delayed relative to the first index pulse; and

send the second index pulse to a display so as to allow display of images gathered

by the imaging sensor that are adjusted for rotational lag.

The catheter drive assembly of claim 11, wherein the sensor is a current sense

resistor.

The catheter drive assembly of claim 11, wherein the controller is configured to
determine a second index pulse further based upon a predetermined reference current

value and gain value.

The catheter drive assembly of claim 11, wherein the imaging sensor is an optical

coherence tomography (OCT) imaging sensor.

A method of correcting for rotational lag, the method comprising:

obtaining a reference current value for an imaging catheter when there 1s no torque on
a driveshatt of the catheter;

measuring an amount of current delivered to a drive motor to rotate the driveshatt

during a procedure;
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correcting a displayed image for the rotational lag based upon the determined amount.

16.  The method of claim 15, wherein the measuring, determining, and correcting steps

are performed during use of the catheter in an atherectomy procedure.

5 17.  The method of claim 15, wherein correcting a displayed image for the rotational lag
based upon the determined amount comprises delaying an index pulse to the

displayed image so as to delay projection of the image.

18.  The method of claim 15, wherein the imaging catheter is an optical coherence
10 tomography (OCT) imaging catheter, and wherein the displayed image is an OCT

image.

19. A method of correcting for rotational lag, the method comprising:
obtaining a correlation between an amount of rotational distortion in an image and an
| amount of current drawn by a drive motor of an imaging catheter;
measuring an amount of current delivered to the drive motor to rotate a driveshaft of
the imaging catheter with the drive motor;
when the measured current is above a predetermined value, using the correlation to
determine a rotational adjustment value; and

20 adjusting an orientation of an image based upon the rotational adjustment value.

20.  The method of claim 19, wherein the measuring, using, and adjusting steps are

performed during use of the catheter in an atherectomy procedure.
235 21.  The method of claim 19, wherein adjusting an orientation of an image comprises
delaying an index pulse to a display so as to delay projection of the image on the

display.

22.  The method of claim 19, wherein the imaging catheter is an optical coherence

30 tomography (OCT) imaging catheter, and wherein the image is an OCT image.
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