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an embodiment, an imaging catheter (105) comprises a catheter sheath (110) and an imager (125), e.g., ultrasound transducer. The
imaging catheter further comprises a contrast lumen (115) having one or more exit ports (135) for injecting contrast agent into the
patient. The contrast lumen extends along the catheter sheath and may be external to or integrated into the catheter sheath. Prefer-
ably, the exit port of the contrast lumen is positioned along the catheter sheath at a relatively short known distance from the im-
ager. The catheter may include multiple contrast lumens for injecting different types of contrast agents. In an embodiment, a syn-
chronizing controller is provided to automatically synchronize the injection of contrast agent with imaging. In another embodi-
ment, drug-filled microbubbles in combination with ultrasound imaging are used to deliver a controlled drug dose to a specific
treatment site.
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IMAGING CATHETER WITH INTEGRATED CONTRAST AGENT INJECTOR
CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority from U.S. Patent Application Serial No.
12/048,134; filed on March 13, 2008, which is hereby incorporated by reference in its
entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to imaging catheters, and more particularly to
imaging catheters with integrated contrast agent injectors.

BACKGROUND INFORMATION

[0003] Intravascular ultrasound (IVUS) is an established tool for obtaining ultrasound
images within the vascular system. IVUS is a method by which a catheter-based transducer is
used to obtain images of the lumen and vascular wall of larger vessels. It is an established
interventional cardiology tool for gaining insight into the size, structure, and composition of
atherosclerotic plaque located within coronary arteries.

[0004] Ultrasound contrast imaging employs a contrast agent to enhance the detection
and imaging of organs, blood vessels, or tissues within the body. Contrast agents may be
comprised of echogenic microbubbles or other substances having ultrasound scattering
properties that are distinct from those of the surrounding media (tissue and blood), thereby
enhancing the visibility of organs, blood vessels or tissues containing the contrast agent.
Materials having suitable sound reflection properties to be used as ultrasound contrast agents
include solid particles and air or gas-filled microbubbles. Contrast agents are typically
composed of particles of a size that allows them to flow freely through, but remain within, the
vessels of the microcirculatory system. By increasing the visibility of organs, blood vessels or
tissues being studied, contrast agents can aid the clinician in determining the presence and
extent of disease or injury. Contrast imaging enables the viewing and differentiation of fine
structures that are not normally distinguishable from surrounding tissue.

[0005] Contrast agent microbubbles can also be used to deliver a drug or other
pharmaceutical agent in the patient. In drug delivery applications, the microbubbles
encapsulate a drug or pharmaceutical agent instead of an inert gas. The microbubbles may be
administered intravenously and travel through the vascular system. The drug remains
encapsulated and inert, and therefore biologically unavailable, until a source of ultrasound
energy bursts the microbubbles to release the drug.

[0006] Contrast agents are used primarily with non-invasive or intracardiac ultrasound

imaging methods. In these methods, a contrast agent is injected into the bloodstream, e.g., by
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an intravenous drip or syringe. The injected contrast agent flows throughout the vascular
system, not just the region of interest in the body. As a result, a larger quantity of contrast
agent must be injected into the patient than needed to image the region of interest. Another
problem with these methods is the difficulty of synchronizing the injection of contrast agent
with imaging. This is due in part to the difficulty of estimating the time its takes the injected
contrast agent to reach the region of interest, which can be as long as two minutes. In addition,
these methods use two separate instruments for the injection of the contrast agent and the
imaging.

[0007] Currently, contrast agents are administered by intravenous drip, or by manual
injection through a syringe or guide catheter. Such methods cannot control the volume of
contrast agent in a blood vessel accurately enough to ensure a uniform concentration. As a
result, the frame-to-frame brightness of the contrast agent can vary as different ultrasound
images are taken of the blood vessel, making interpretation of the ultrasound images difficult.

SUMMARY OF THE INVENTION

[0008] Described herein are systems and methods that integrate the injection of
contrast agents with imaging catheters.

[0009] In an embodiment, an imaging catheter comprises a catheter sheath and an
imager, ¢.g., ultrasound transducer, which may be mounted on the sheath or slidably received
within the sheath. The imaging catheter further comprises a contrast lumen having one or
more exit ports for injecting contrast agent into the patient. The contrast lumen extends along
the catheter sheath and may be external to or integrated into the catheter sheath. Preferably,
the exit port of the contrast lumen is positioned along the catheter sheath at a relatively short
known distance, e.g., 20 cm or less, from the imager. The catheter may include multiple
contrast lumens for injecting different types of contrast agents.

[0010] The imaging catheter with the integrated contrast agent injector
advantageously reduces the volume of contrast agent that needs to be injected into the patient
by injecting the contrast agent locally near the region to be imaged. The imaging catheter also
provides easier synchronization between the injection of contrast agent and imaging. This is
because the exit port of the contrast lumen is located at a short known distance from the
imager, making it casier to estimate the time for the injected contrast agent to reach the
region being imaged by the imager. In addition, the imaging catheter provides more precise
control over the volume of contrast agent in a particular blood vessel by injecting the contrast

agent directly into the blood vessel.
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[0011] In an embodiment, a synchronizing controller is provided to automatically
synchronize the injection of contrast agent with the imaging. The synchronizing controller
controls the injection rate by controlling a pump, e.g., an electric pump, that pumps the
contrast agent into the contrast lumen. In one embodiment, the synchronizing controller
injects contrast agent at a uniform rate during imaging to provide a more consistent image
brightness.

[0012] In another embodiment, drug-filled microbubbles in combination with
ultrasound imaging are used to deliver a controlled drug dose to a specific treatment site. In
this embodiment, the drug-filled microbubbles are delivered to the treatment site and
subjected to high-level ultrasound energy to burst the microbubbles and release the drug into
the treatment site. The amount of microbubbles that are ruptured, and hence the amount of
the drug released into the treatment site, is determined by examining images taken before and
after the microbubble bursting. This cycle of bursting microbubbles and determining the
amount of the drug released can be repeated until a desired drug dose has been delivered to
the treatment site.

[0013] Other systems, methods, features and advantages of the invention will be or
will become apparent to one with skill in the art upon examination of the following figures
and detailed description. It is intended that all such additional systems, methods, features and
advantages be included within this description, be within the scope of the invention, and be
protected by the accompanying claims.

BRIEF DESCRIPTION OF THE FIGURES

[0014] In order to better appreciate how the above-recited and other advantages and
objects of the present inventions are objected, a more particular description of the invention
briefly described above will be rendered by reference to specific embodiments thereof, which
are illustrated in the accompanying drawings. It should be noted that the components in the
figures are not necessarily to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like reference numerals designate
corresponding parts throughout the different views. However, like parts do not always have
like reference numerals. Moreover, all illustrations are intended to convey concepts, where
relative sizes, shapes and other detailed attributes may be illustrated schematically rather than
literally or precisely.

[0015] Fig. 1 shows an imaging catheter with an integrated contrast agent injector

according to an embodiment of the present invention.
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[0016] Fig. 2 shows an imaging catheter with an integrated contrast agent injector and
a synchronizing controller for synchronizing contrast agent injection and imaging according
to an embodiment of the present invention.

[0017] Fig. 3 shows an imaging catheter with an integrated contrast agent injector and
a slidable imaging core according to an embodiment of the present invention.

[0018] Fig. 4 shows an imaging catheter with an integrated contrast agent injector and
an inflatable/deflatable balloon according to an embodiment of the present invention.

[0019] Figs 5a-5¢ show an imaging catheter with a contrast agent lumen integrated in
the catheter sheath according to an embodiment of the present invention.

[0020] Fig. 6 shows an example of delivering drug-filled microbubbles to a treatment
site using a catheter with an integrated contrast agent injector according to an embodiment of
the present invention.

[0021] Fig. 7 shows a flow diagram for a method of delivering drug-filled
microbubbles to a treatment site according to an embodiment of the present invention.

DETAILED DESCRIPTION

[0022] Fig. 1 shows an imaging catheter 105 apparatus with an integrated contrast
agent injector according to an embodiment of the present invention. The catheter 105
comprises an elongated catheter sheath 110 and a contrast agent lumen 115 that extends along
the catheter sheath 110. In a preferred embodiment, the catheter sheath 110 and contrast agent
lumen 115 are adapted to be inserted into a patient's blood vessel, e.g., coronary artery, for
contrast enhanced imaging within the blood vessel. The catheter may be adapted to be
inserted in other passages in the body for imaging, e.g., the esophagus or urethra. The
catheter sheath 110 and contrast lumen 115 may be made of a variety of polymeric materials,
such as polytetrafluoroethylene (PTFE), polyethylene, PEEK, PEBAX or the like. The
contrast lumen 115 includes an exit port 120 at its distal end for injecting contrast agent into
the blood vessel.

[0023] The catheter 105 further comprises an ultrasound imager 125. The ultrasound
imager 125 may comprise one or more ultrasound transducers, e.g., piezoelectric transducers
or capacitive micromachined transducers (CMUTSs). The ultrasound imager 125 may be
mounted on the catheter sheath 110. Alternatively, the ultrasound imager 125 may be part of
an imaging core that is slidably received within an inner lumen of the catheter sheath 110.
The imager 125 may be side-looking and/or forward looking. Examples of intravascular
catheters having side-looking and/or forward looking imagers can be found, for example, in

U.S. Patent Application No. 11/104,865, titled "Intravascular Imaging System With Forward
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Looking Element," filed on April 12, 2005, the specification of which is incorporated in its
entirely herein by reference.

[0024] Fig. 3 shows a cross-sectional view of an exemplary imaging core 175 slidably
received within the inner lumen 182 of the catheter sheath 110. The imaging core 175
comprises a drive cable 180 and an ultrasound imager 125 attached to the distal end of the
drive cable 180. In this embodiment, the catheter sheath 110 may comprise a sonolucent
material to allow ultrasound imaging through the sheath 110. The drive cable 180 may be
used to rotate the ultrasound imager 125 within the catheter sheath 110 to mechanically scan
a cross-sectional image of the blood vessel. The drive cable 180 may also be used to slide the
ultrasound imager 125 within the catheter sheath. For example, the ultrasound imager 125
may be pulled backed within the catheter sheath 110 to image along a length of the blood
vessel. The arrow 190 indicates the pullback direction.

[0025] Returning to Fig. 1, the catheter 105 further comprises a flush port 135 fluidly
coupled to the inner lumen 182 of the catheter sheath 110 by a hub 140. The flush port 135
may be used, e.g., to inject saline into the inner lumen 182 of the catheter sheath 110 to
enhance acoustic coupling between the ultrasound imager 125 and the catheter sheath 110.
The catheter 105 also comprises a contrast agent injection port 130 fluidly coupled to the
contrast lumen 115 for injecting contrast agent into the blood vessel via the contrast lumen
115. The contrast port 130 may use the same type of port typically used to flush saline into
the catheter. Contrast agent may be injected into the contrast port 130 manually with a
syringe, electronically with an electric pump, pressurized balder, or other means. The rate of
injection of contrast agent into the blood vessel from the exit port 120 can be precisely
controlled by controlling the rate of injection of contrast agent into the contrast port 130.
Although the exit port 120 of the contrast lumen 115 is shown being located proximally from
the imager 125, the exit port 120 may also be located distally from the imager 125.

[0026] The imaging catheter 105 according to the preferred embodiment provides
several advantages over prior art methods in which contrast agent is injected into the patient
at a injection point located away from the region of interest by an intravenous drip or a
syringe. In these prior art methods, the patient's circulatory system not only carries injected
contrast agent to the region of interest, but also distributes injected contrast agent throughout
the vascular system. As a result, a larger quantity of contrast agent must be injected into the
patient than needed to locally image the region of interest. The imaging catheter 105 reduces
the quantity of contrast agent that needs to be injected into the patient by injecting the

contrast agent locally near the region of interest from the exit port 120 of the catheter 105.
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For example, the catheter 105 allows the contrast agent to be injected into the same vascular
structure, e.g., artery, as the region of interest.

[0027] The imaging catheter 105 also provides easier synchronization between the
injection of contrast agent and imaging. This is because the exit port 120 of the catheter
lumen 115 injects the contrast agent at a short known distance, e.g., 20 cm or less, from the
imager 125, making it much ecasier to estimate the time for the contrast agent to reach the
region of interest being imaged by the imager 125. The imager 125 may be aligned with the
region of interest by using non-contrast imaging to locate the region of interest. Contrast
imaging can then be injected, ¢.g., to image fine structures within the region of interest. For a
slidable imaging core 175, the distance between the exit port 120 can be determined using the
known position of the exit port 120 along the sheath 110 and monitoring the relative position
of the imaging core 125 within the catheter sheath 110.

[0028] The imaging catheter 105 also provides more precise control over the volume
of contrast agent in a blood vessel by injecting contrast agent directly into the blood vessel. In
prior art methods where the contrast agent is injected by an intravenous drip or a syringe, it is
difficult to control the volume of contrast agent in a particular blood vessel because the
injected contrast agent also flows to other blood vessels throughout the vascular system. An
advantage of controlling the volume of contrast agent is that the volume of contrast agent in
the blood flow can be controlled to ensure that a certain amount of blood continues to flow to
downstream tissue (unlike the injection of x-ray contrast or a saline flush), thereby
minimizing ischemic insult to downstream tissue.

[0029] The imaging catheter 105 may be used for contrast enhanced imaging of
vulnerable plaque in the blood vessel, the diameter of the blood vessel, the vasa vasorum
associated with the blood vessel, and the like. The imaging catheter 105 may also be used for
contrast enhanced imaging of surrounding tissue by imaging the perfusion of contrast agent
from the blood vessel into microvessels feeding blood to the surrounding tissue. The imaging
catheter 105 may also be used to inject a targeted contrast agent into the blood vessel to
image a certain tissue type, e.g., for tissue characterization. To do this, the targeted contrast
agent may contain a ligand that is attracted to receptors of the tissue of interest. The imaging
catheter 105 may also be used to inject a contrast agent containing a drug, or other
pharmaceutical agent. For example, the contrast agent may comprise microbubbles
containing the drug that burst and release the drug when subjected to sufficiently high

ultrasound energy. Methods of delivering a drug in a patient using drug-filled microbubbles



WO 2009/114278 PCT/US2009/035254

are discussed further below. The imaging catheter 105 may also be used to image the
myocardium in the heart and other structures in the body.

[0030] The imaging catheter 105 may also be used to measure blood flow in a blood
vessel. This may be done by measuring the transit time of contrast agent from the exit port
120 to the imager 125, and dividing the transit time by the known distance between the exit
port 120 and the contrast lumen 115. A method for measuring blood flow according to an
exemplary embodiment will now be discussed with reference to Fig. 3. In this embodiment, a
bolus of contrast agent (not shown) is released into the blood vessel from the exit port 120
upstream of the imager 125. The arrow 185 indicates the direction of blood flow, which
carries the bolus of contrast agent from the exit port 120 to the imager 125. The imager 125 is
then activated to detect an increase in signal strength caused by the bolus passing the
ultrasonic field of the imager 125, and therefore determine the transit time of the bolus from
the exit port 120 to the imager 125. Determining the volume of flow through the vessel
provides a means of accessing the heath of the vessel. Depending on the point at which flow
is measured, this can be used to access cardiac output, fractional flow reserve, coronary flow
reserve or other flow related physiologic purpose. More details of using contrast agents to
measure blood flow can be found, for example, in PCT Application WO 2005/070299, titled
"Methods and Apparatus for Medical Imaging," filed on January 14, 2005, the specification
of which is incorporated herein by reference.

[0031] Contrast imaging can be used to calculate or observe other characteristics. For
example, blood flow can be calculated by injecting a pulse of contrast agent into the
bloodstream and using ultrasound imaging to measure the volume of microbubbles in a
period of time to calculate blood flow. Contrast imaging can be used to calculate micro-
vessel density in a vessel wall, blood velocity, and stenosis (narrowing of the blood vessel)
by measuring blood velocity proximal to, inside of, and distal to the stenosis. Contrast
imaging can also be used to determine lumen border by detection of contrast agent density.

[0032] Fig. 4 shows the imaging catheter 105 comprising an inflatable/deflatable
balloon 195 according to an exemplary embodiment. In this embodiment, the balloon 195 is
located between the exit port 120 and the imager 125, and is inflated by the injection of
inflation fluid into the balloon 195 via an inflation lumen (not shown) within the catheter
sheath 120. In one embodiment, the balloon 195 is used to create a high concentration of
contrast agent in the region of interest. This is done by inflating the balloon 195 within the
blood vessel 170, as shown in Fig. 4, and injecting contrast agent into the blood vessel from

the exit port 120. The inflated balloon 195 temporarily blocks blood flow causing a high
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concentration of contrast agent to develop behind the balloon 195. The balloon 195 is then
deflated to release the high concentration of contrast agent, which is carried by the blood flow
to the region of interest within the imaging field of the imager 125. The balloon 195 may also
be used to deploy a stent in the blood vessel, dissolve plaque in the blood vessel or other
purpose.

[0033] Although Fig. 1 shows the imaging catheter 105 comprising one contrast
lumen 115, the imaging catheter 105 may comprise multiple contrast lumens. For example,
the imaging catheter 105 may comprise multiple contrast lumens to inject different types of
contrast agents into the blood vessel. For example, one contrast lumen may be used to inject
non-drug-filled microbubbles into the blood vessel to image the blood vessel and identify an
arca for treatment, ¢.g., atherosclerotic lesion. Another contrast lumen may then be used to
inject drug-filled microbubbles into the blood vessel to deliver a drug to the treatment area. In
these embodiments, the catheter apparatus may comprise multiple contrast injection ports 130,
one for each contrast lumen.

[0034] Further, the contrast lumen 115 may be external to the catheter sheath or
integrated into the catheter sheath. Figs. 5a-5¢ show an exemplary embodiment of an imaging
catheter 205, in which a contrast lumen 222 is integrated into the catheter sheath 215. In this
exemplary embodiment, the contrast lumen 222 surrounds the working lumen 227 that
receives the imaging core 175, as shown in Figs. 5b and 5c. In this exemplary embodiment,
the catheter 205 comprises a plurality of exit ports 220 for the contrast lumen 222 arranged
along the circumference of the catheter sheath 215. The annular arrangement of exit ports 220
provides more uniform injection of contrast agent around the circumference of the catheter
sheath 215. Preferably, the contrast lumen 222 does not extend beyond the exit ports 220 in
the catheter sheath 215. Different numbers and/or arrangements of exit ports may be used
depending on the desired injection pattern. For example, the exit ports may be arranged along
a spiral around the circumference of the catheter.

[0035] Fig. 2 shows an imaging catheter apparatus 107 for synchronizing the injection
of contrast agent with imaging according to an exemplary embodiment. The catheter
apparatus 107 comprises an ultrasound system 150 for driving the ultrasound imager 125 of
the catheter 105, e.g., with transmit pulses, and for processing echo signals from the imager
125 into an ultrasound image. The imager 125 may be fixed to the end of the catheter 105 or
mounted to the end of an imaging core 175 received with the catheter sheath 110. The imager
125 may comprise one transducer or a transducer array. For the imaging core embodiment,

the ultrasound system may include a motor drive unit (MDU) for rotating and longitudinally
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translating the imaging core 175 within the catheter sheath 110. The catheter apparatus 107
also comprises a contrast agent reservoir 155 and pump 156 fluidly coupled to the contrast
port 130. The pump 156 may comprise an electrical pump that pumps out contrast agent from
the reservoir 155 based on an electrical signal. The catheter apparatus 107 further comprises a
synchronizing controller 160 that electronically controls the ultrasound system 150 and the
pump 156 to synchronize the injection of contrast agent with imaging. The synchronizing
controller 160 may comprise a processor that executes instructions for performing the
synchronization and may be integrated in the ultrasound system 150. In an exemplary
embodiment, the synchronizing controller 160 controls the rate at which the pump 156 pumps
out contrast agent from the reservoir 155, and thus the injection rate of the contrast agent. The
synchronizing controller 160 may also control the acquisition of images from the imager 125.
For the imaging core embodiment, the controller 160 may also control the rotational speed of
the imaging core 175, and/or the pullback of the imaging core 175 within the catheter sheath
110.

[0036] A method for synchronizing the injection of contrast agent with imaging
during a pullback procedure will now be described. In this embodiment, the synchronizing
controller 160 activates the imager 125 and pulls back the imager 125, ¢.g., at a uniform rate,
with the MDU of the ultrasound system 150. As the imager 125 is pulled back, the imager
125 may acquire cross-sectional images of the blood vessel, ¢.g., at evenly spaced intervals.
The pull back procedure can last several minutes depending on the rate of pullback and the
length of blood vessel being imaged. During the pullback procedure, the synchronizing
controller 160 may control the pump 156 to inject contrast agent into the blood vessel at a
uniform rate. The uniform injection of contrast agent during pullback provides a more
uniform concentration of contrast agent in the blood. This results in more uniform contrast
imaging along the entire length of the pullback. In this embodiment, the exit port 120 may be
located far enough toward the proximal end of the catheter so that the exit port 120 remains
proximal to the imager 125 throughout the pullback.

[0037] In one embodiment, the synchronizing controller 160 injects contrast agent
into the blood vessel for a period of time before initiating pullback to allow the surrounding
tissue time to absorb the contrast agent and the concentration of contrast agent in the
surrounding tissue to reach a steady-state. The period of time may be based on a
predetermined estimate or measurement of the absorption time for the surrounding tissue.
Typically, the flow rate of blood in microvessels is typically 10 to 20 times slower than in the

blood vessel. The period of time may also be determined in real time by analyzing images
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acquired by the imager 125 during the initial contrast injection. In this example, the
absorption of contrast agent into the surrounding tissue may be determined based on areas of
the surrounding tissue that appear bright in the ultrasound images due to the presence of the
contrast agent. This analysis may be performed by the synchronizing controller 160, which
may receive the ultrasound images from an image processor in the ultrasound system 150.

[0038] The catheter apparatus 205 is advantageous over prior art methods in which
contrast agent is injected into the patient by an intravenous drip, or manual injection through
a syringe or guide catheter. In these prior art methods, it is difficult to control the volume of
contrast agent in the blood vessel accurately enough to provide a uniform concentration
during pullback. As a result, the frame-to-frame brightness of the contrast agent is not
uniform, making interpretation of the ultrasound images more difficult. The catheter
apparatus 205 addresses this problem by providing a more uniform concentration of contrast
agent in the blood during the entire pullback procedure.

[0039] In an exemplary embodiment, the synchronizing controller 160 is coupled to
an electrocardiogram (EKG) monitor 163 to synchronize the acquisition of images from the
imager 125 with the cardiac cycles of the patient. During each cardiac cycle, the blood vessel
expands and contracts due to the pumping action of the heart. The resulting cardiac motion in
images of the blood vessel can be reduced by acquiring the images at the same phase in the
cardiac cycles. To do this, the EKG monitor 163 may send a signal to the synchronizing
controller 160 indicating when the desired phase occurs in each cardiac cycle, and the
synchronizing controller 160 may trigger an image acquisition and/or contrast agent injection
when the signal indicates that the desired phase has occurred.

[0040] The synchronizing controller 160 may also control the injection rate based on
the brightness of the contrast agent in the ultrasound images. For example, the synchronizing
controller 160 may monitor the image brightness from the ultrasound image processor. When
the image brightness decreases, the controller 160 may increase the injection rate of the
contrast agent, and when the image brightness increases, the controller 160 may decrease the
injection rate. Thus, the injection rate of the contrast agent can be adjusted based on image
feedback to maintain a more uniform brightness in the ultrasound images.

[0041] The contrast agent injection may also be synchronized with a particular blood
pressure. In this embodiment, the pressure may be measured, ¢.g., using a pressure wire. The
contrast agent injection may also be synchronized with a particular volume of blood flow.

[0042] The contrast agent may be injected in an injection pulse, e.g., a square pulse

(i.e., uniform injection over a period or time), a sloped pulse, or other shaped pulse. For an
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injection pulse, image acquisition may be triggered at the beginning of injection (or a fixed
delay after) or at the end of the injection (or a fixed delay after). The image acquisition may
also be triggered at the peak of an injection pulse (or a fixed delay after), e.g., for a non-
uniform injection pulse. For a complex pulse shape, imaging can be triggered at any
inflection point or at a fixed delay afterwards.

[0043] A method for locally delivering a controlled dose of a drug or other
pharmaceutical agent to a treatment site using drug-filled microbubbles will now be described
with reference to Fig. 6. Fig. 6 shows an example of the catheter in a blood vessel positioned
at a treatment site 305. The treatment site 305 may be, ¢.g., an atherosclerotic lesion that can
rupture and cause a blood clot if left untreated. In this embodiment, the drug-filled
microbubbles are adapted to burst and release the drug when they are subjected to sufficiently
high ultrasound energy and/or ultrasound energy within a certain frequency range. The drug-
filled microbubbles within the treatment site may be imaged using low-level ultrasound
energy that is insufficient to burst the microbubbles. The drug-filled microbubbles may be
targeted microbubbles that target certain tissue types.

[0044] The treatment site 305 may be identified before the delivery of the drug by
first imaging the blood vessel and analyzing the resulting images to identify the area to be
treated. The blood vessel may be imaged, e.g., using non-drug-filled microbubbles or no
contrast agent. After the treatment site has been identified, a controlled dose of the drug or
pharmaceutical agent may be delivered to the treatment site 305 using the method described
in the flowchart show in Fig. 7.

[0045] Turing now to the flowchart of Fig. 7, in step 705, the catheter is used to image
the blood vessel including the treatment site 305. This may be done by pulling back the
imager 125 and acquiring cross-sectional images at different positions along the blood vessel.
The ultrasound console may then aggregate the images to construct a three-dimensional
image of the blood vessel.

[0046] In step 710, microbubbles containing the drug or pharmaceutical agent is
injected into the blood vessel near the treatment site 305. Preferably, the drug-filled
microbubbles are released upstream of the treatment site 305. The drug-filled microbubbles
perfuse into the treatment site 305, increasing the echocentricity of the treatment site 305.

[0047] In step 715, the catheter is used to image the treatment site 305 as the
microbubbles perfuse into the treatment site 305. The perfusion of the microbubbles into the
treatment site 305 causes the image brightness of the treatment site 305 to increase. The

image brightness can be used to estimate the concentration of the unreleased drug in the
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treatment site 305. This is because the image brightness is a function of the concentration of
microbubbles in the treatment site 305. The greater the image brightness, the higher the
concentration of microbubbles, and hence the drug contained in the microbubbles. Preferably,
the treatment site 305 is imaged using low-level ultrasound energy that is insufficient to burst
the microbubbles. The image brightness of the treatment site 305 is monitored to determine
when a desired concentration of the microbubbles containing the drug has been reached.

[0048] In step 720, when the desired concentration has been reached, the imager 125
is energized to an energy level sufficient to burst the microbubbles in the treatment site 305,
thereby releasing the drug contained in the microbubbles into the treatment site 305. The
imager 125 may be pulled back as the imager 125 is energized to burst the microbubbles
along the entire length of the treatment site 305.

[0049] In step 725, the treatment site 305 is imaged after the imager 125 has been
energized to determine the post-energizing microbubble concentration. Since additional
microbubbles may perfuse into the treatment site 305 between the time the microbubbles
burst and the time the post-energizing image is acquired, the post-energizing microbubble
concentration may be adjusted to take this into account, e.g., based on the perfusion rate of
microbubbles into the treatment site 305.

[0050] In step 730, the drug dose released in the treatment site 305 by the bursting of
the microbubbles is estimated. This may be done by subtracting the post-energizing
microbubble concentration from the pre-energizing microbubble concentration to determine
the drug concentration released into the treatment site 305 and using the volume of the
treatment site 305 to determine the drug dose. The volume of the treatment site 305 may be
estimated based on a three-dimensional ultrasound image of the treatments site 305.

[0051] In step 735, the dose of the released drug is recorded and compared to the
desired total dose to be delivered to the treatment site 305. If the desired total dose has not
been reached, then steps 705 through 735 may be repeated until the desired amount of drug
has been delivered to the treatment site 305.

[0052] Therefore, the drug delivery method enables a physician to more precisely
deliver a controlled drug dose to a specific treatment site 305 in the body. Further, the drug
delivery method reduces the amount of the drug that is delivered to other areas of the body
outside of the treatments site 305. This is because the drug-filled microbubbles are injected
locally near the treatment site 305 and controllably destroyed within the treatment site 305 to
release the drug in the treatments site 305. The targeted delivery of the drug to the treatment

site 305 is important, e.g., when the drug is harmful to surrounding healthy tissue.
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[0053] The drug delivery method is based on the principle that the concentration of
contrast agent microbubbles can be determined analytically by comparing the reflected
ultrasound energy before and after administration of the contrast agent. By knowing the
microbubble concentration, an estimation of the number of microbubbles and, therefore, the
volume of the drug or pharmaceutical agent contained within the microbubbles can be
calculated. Since the drug or pharmaceutical agent is inert until the microbubbles are
destroyed, controlled ultrasound can be applied in short pulses to incrementally burst the
microbubbles, and imaging before and after microbubble bursting can be used to determine
the amount of drug released in the treatment site. This cycle can be continued until the proper
dose of the drug or pharmaceutical agent has been delivered.

[0054] The drug-filled microbubbles may be injected into the patient using an
imaging catheter with an integrated injector or a separate injection device. For example, the
microbubbles may be injected using a separate guide catheter, or by an external means such
an intravenous drip or a syringe. Also, the microbubbles may be imaged and destroyed using
the same transducer or different transducers. Further, the drug-filled microbubbles may
comprise microbubbles that have a frequency-generated non-linear response. This allows
ultrasound waves reflected from the microbubbles to be isolated from ultrasound waves
reflected from surrounding tissue, ¢.g. using a filter that filters out ultrasound waves at the
fundamental frequency (i.c., frequency of the transmit signal). For example, the microbubbles
may comprise harmonic microbubbles, subharmonic microbubbles, etc.

[0055] In the foregoing specification, the invention has been described with reference
to specific embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope of the
invention. For example, although ultrasound imaging was used in the preferred embodiment,
the invention can be used with other imaging modalities that use contrast agents. As another
example, the reader is to understand that the specific ordering and combination of process
actions described herein is merely illustrative, and the invention can be performed using
different or additional process actions, or a different combination or ordering of process
actions. As a further example, each feature of one embodiment can be mixed and matched
with other features shown in other embodiments. Additionally and obviously, features may be
added or subtracted as desired. Accordingly, the invention is not to be restricted except in

light of the attached claims and their equivalents.
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CLAIMS

What is claimed is:
1. A contrast imaging system, comprising:

an elongated catheter sheath;

an imager fixed to or received within the catheter sheath, wherein the imager acquires
ultrasound images by emitting ultrasonic waves and receiving reflected ultrasonic waves;

a contrast lumen having a proximal end and a distal end, wherein the contrast lumen
extends along the catheter sheath and has an exit port at its distal end;

a pump fluidly coupled to the proximal end of the contrast lumen;

an ultrasound system coupled to the imager for driving and receiving signals from the
imager; and

a controller coupled to the pump and the ultrasound system for synchronizing

injection of contrast agent from the exit port with the acquisition of images by the imager.

2. The system of claim 1, wherein the imager comprises an ultrasound transducer.

3. The system of claim 2, wherein the exit port is located twenty centimeters or less from

the transducer.

4. The system of claim 1, wherein the contrast lumen is integrated into the catheter
sheath.
5. The system of claim 1, further comprising an imaging core slidably received within

the catheter sheath wherein the imager is mounted to a distal end of the imaging core.

6. The system of claim 1, wherein the pump comprises an electrical pump.

7. The system of claim 1, wherein the contrast lumen has a plurality of exit ports at its
distal end.

8. The system of claim 1, further comprising a second contrast lumen that is separate

from the first contrast lumen.
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9. The system of claim 1, wherein the controller is configured to inject contrast agent at

a substantially constant rate using the pump while the imager acquires ultrasound images.

10. The system of claim 1, wherein the controller is configured to adjust a rate of

injection of contrast agent using the pump based on image brightness data.

11. The system of claim 1, wherein the catheter sheath is adopted to be inserted into an
artery.
12. The system of claim 5, wherein the controller is configured to inject contrast agent at

a substantially constant rate using the pump while the imaging core is pulled back to acquire

ultrasound images.

13. A method of delivering a drug to a treatment site in a patient, comprising:

(a) injecting drug-filled microbubbles into the patient near to the treatment site;

(b) imaging the treatment site as the drug-filled microbubbles perfuse into the
treatment site, wherein the microbubbles serve as a contrast agent;

(c) subjecting the treatment site to ultrasonic energy that is sufficient to burst the
microbubbles;

(d) imaging the treatment site after the microbubble bursting; and

(¢) determining an amount of the drug released into the treatment site by the
microbubble bursting based on images of the treatment site taken before and after the

microbubble bursting.

14. The method of claim 13, further comprising:
determining whether a desired dose has been released into the treatment site; and if

the desired dose has not been released, then repeating steps (a) through (e).

15. The method of claim 13, wherein injecting drug-filled microbubbles comprises:
advancing a catheter through an artery to the treatment site, wherein the catheter has
an exit port; and

injecting the drug-filled microbubbles into the artery from the exit port of the catheter.

15
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16. The method of claim 15, wherein the catheter comprises an imager, and wherein
imaging the treatment site after microbubble bursting comprises imaging the treatment site

using the imager of the catheter.

17. The method of claim 16, wherein the imager comprises an ultrasound transducer.

18. The method of claim 17, wherein subjecting the treatment site to ultrasound energy

comprises emitting the ultrasound energy from the ultrasound transducer.

19. The method of claim 15, wherein the catheter comprises a catheter sheath and an
imaging core received within the catheter sheath, and wherein imaging the treatment site after
microbubble bursting comprises:

pulling back the imaging core within the catheter sheath; and

imaging the treatment as the imaging core is pulled back.

20. A contrast imaging system, comprising:

an elongated catheter sheath;

an imager fixed to or received within the catheter sheath;

a contrast lumen having a proximal end and a distal end, wherein the contrast lumen
extends along the catheter sheath and has an exit port at its distal end; and

an injection port fluidly coupled to the proximal end of the contrast lumen for

injecting contrast agent into the contrast lumen.

21. The system of claim 20, wherein the imager comprises an ultrasound transducer.

22. The system of claim 20, wherein the contrast lumen is integrated into the catheter
sheath.

23. The system of claim 20, wherein the contrast lumen has a plurality of exit ports at its
distal end.

24. The system of claim 20, further comprising a second contrast lumen that is separate

from the first contrast lumen.
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25. The system of claim 20, wherein the catheter sheath is adopted to be inserted into an

artery.
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