wO 2016/004061 A 1[I I V00 00O Y R 0O

(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 2016/004061 A1

7 January 2016 (07.01.2016) WIPO|PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
A61B 5/055 (2006.01) B82Y 5/00 (2011.01) kind of national protection available): AE, AG, AL, AM,
A61K 49/10 (2006.01) GOIR 33/20 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: Bz, €A, ¢t], CL, CN, CO, CR, CU, CZ, DE, DK, DM,
: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
PCT/US2015/038588 HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
30 June 2015 (30.06.2015) MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
. PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(25) Filing Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(26) Publication Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: (84) Designated States (uniess otherwise indicated, for every
62/019,183 30 June 2014 (30.06.2014) Us kind Of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(71) Applicant: UNIVERSITY OF WASHINGTON TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
[US/US]; 4311 11th Avenue NE, Suite 500, Seattle, WA TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
98105-4608 (US). DK, EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(72) Imventors: MAKI, Jeffrey; c/o University of Washington, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, 5K,
4311 11th Avenue NE, Suite 500, Scattle, WA 98105-4608 SM, TR), OAPL (BF, BJ, CF, CG, CL CM, GA, GN, GQ,
(US). WILSON, Gregory, J.; ¢/o University of Washing- GW, KM, ML, MR, NE, SN, TD, TG).
ton, 4311 11th Avenue NE, Suite 500, Seattle, WA 98105- Published:
4608 (US). o .
—  with international search report (Art. 21(3))
(74) Agent: LAWSON, Llewellyn, Rhys; Christensen O'Con-

nor Johnson Kindness, 1201 Third Avenue, Suite 3600,
Seattle, WA 98101 (US).

(54) Title: MRI SIGNAL SUPRESSION AGENTS, COMPOSITIONS, AND METHODS

Blood Sl vs. Concentration Ferumoxytol - 3T
Different mDixon TE Combinations

——TE 1.3/2.3

o 1L 3.6/4.6

2000

« A #TE 5.9/6.9

1000

Relative St mbixon

~

500

B

0.04 0.06

P
)

%

0.08

01 012 0.14

Ferumoxytol [mg/mL blood)

FIG. 3

(57) Abstract: To solve the problem of differentiating veins from lymphatics in MRI images, among other uses, the disclosed em -
bodiments relate to compositions, kits, systems, and methods that include an MRI contrast agent and an MRI suppression agent that
is also a blood pool agent. Using appropriate MRI techniques, the MRI suppression agent will suppress signal in its location, while
signal enhanced by the MRI contrast agent in other locations will not be suppressed. The result is a clarified MRI image with only
non-vascular regions enhanced.



10

15

20

25

30

WO 2016/004061 PCT/US2015/038588

MRI SIGNAL SUPPRESSION AGENTS, COMPOSITIONS, AND METHODS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Patent Application No. 62/019,183,
filed June 30, 2014, the disclosure of which is hereby incorporated by reference in its

entirety.

BACKGROUND

Lymphedema is a chronic, progressive, debilitating disease believed to affect
nearly 10 million people in the US, most commonly as a sequela of breast or
gynecological cancer treatment. While lymphedema rates depend on the type of
procedure performed, they can be as high as 65% in the upper extremity following
axillary lymph nodal radiation therapy, and up to 41% and 67% in the lower extremities
after pelvic and inguinal-femoral lymph node dissections respectively.

While the majority of lymphedema patients can be adequately managed with
conservative physiotherapy, advances in microsurgical techniques for lymphatico-venous
anastomosis (LVA) have led to this procedure being increasingly performed. This in turn
has prompted the development of safe, non-invasive techniques for pre-operative
lymphatic mapping — requisite as small subdermal lymphatics and venules must be
identified for performing the anastomosis. This role has historically been filled by
radionuclide lymphoscintigraphy, which is limited by its low inherent spatial resolution
and patient exposure to ionizing radiation.

Recently magnetic resonance (MR) lymphangiography (MRL) has emerged as a
non-invasive alternative that allows for imaging an entire extremity with sufficient spatial
and temporal resolution to aid in defining individual lymphatic channels prior to LVA
surgery. MRL is somewhat analogous to MR angiography, using 3D spoiled gradient
echo imaging. For MRL, however, gadolinium (Gd) contrast is injected intracutaneously
in the web spaces of the hands or feet and followed dynamically as it slowly fills
lymphatic channels. While this technique is effective, one often-confounding problem is
concomitant venous enhancement, making it cumbersome to differentiate veins from
lymphatics or generate an easily interpretable pure lymphatic map. In one recent study of

16 patients, 15 exhibited venous enhancement, with one so severe that evaluation of
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lymphatics was not possible (this case believed to be secondary to improper injection
technique).

Our own clinical MRL experience mirrors this, with frequent confounding venous
enhancement. Although it is usually possible to differentiate veins from lymphatics
(particularly if i.v. Gd is administered at the end of the exam to enhance veins per the
technique of Mitsumori et. al.), this a.) takes considerable time, and b.) makes it difficult
to create an easy-to-interpret lymphatic-only map to clearly guide the surgeon. Instead,

veins must be read around or meticulously labeled.

SUMMARY

This summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This summary is not
intended to identify key features of the claimed subject matter, nor is it intended to be
used as an aid in determining the scope of the claimed subject matter.

In one aspect, a product for use in MRI is provided. In one embodiment, the
product comprises (1) a magnetic resonance imaging (MRI) contrast agent that contains
gadolinium(IIl) and (2) an MRI suppression agent that is a blood pool agent for use in an
MRI imaging method;

wherein the MRI suppression agent has a first 12%;

wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

In another aspect, a kit for use with magnetic resonance imaging (MRI) is
provided. In one embodiment, the kit includes:

an MRI contrast agent that contains gadolinium(III); and

an MRI suppression agent that is a blood pool agent;

wherein the MRI suppression agent has a first 12%;

wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

In another aspect, a composition is provided that includes:

an MRI contrast agent that contains gadolinium(IIl) and is a non-blood pool
agent; and

an MRI suppression agent that is a blood pool agent;

wherein the MRI suppression agent has a first 12%;

2.
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wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

In another aspect, an imaging system is provided, comprising:

a magnetic resonance imaging (MRI) system;

an MRI contrast agent according to any of the disclosed embodiments; and

an MRI suppression agent according to any of the disclosed embodiments.

In another aspect a method of producing a magnetic resonance imaging (MRI)
image is provided. In one embodiment, the method includes MRI imaging a subject in a
first location affected by both an MRI contrast agent and an MRI suppression agent.

In another aspect, a method of producing a magnetic resonance imaging (MRI)
image is provided. In one embodiment, the method includes MRI imaging in a location
wherein an MRI suppression agent according to the disclosed embodiments is uniquely
resident by utilizing T2* weighting at which signal related to the MRI suppression agent
is suppressed while signal is present due to an MRI contrast agent according to the
disclosed embodiments.

Accordingly, in another aspect, a method of producing a magnetic resonance
imaging (MRI) image is provided. In one embodiment, the method includes the steps of:

administering an MRI contrast agent according to the disclosed embodiments to a
subject;

administering an MRI suppression agent according to the disclosed embodiments
to the subject; and

MRI imaging the subject in a location affected by both the MRI contrast agent and
the MRI suppression agent.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of this invention will
become more readily appreciated as the same become better understood by reference to
the following detailed description, when taken in conjunction with the accompanying
drawings, wherein:

FIGURE 1: R2* in plasma vs. plasma ferumoxytol concentration (mg/mL), and
R2* in blood vs. blood ferumoxytol concentration (mg/mL); 1.5T and 3T. Curves
represent linear fittings for plasma and quadratic fittings for blood, dashed curves are

1.5T. Error bars represent error in R2* fit. Blood and plasma plotted on the same axes to

3.
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demonstrate the much greater R2* elongation in blood with increasing ferumoxytol
concentration.

FIGURE 2: 3T mDixon water-reconstructed images from blood phantom doped
with ferumoxytol; concentrations ranging from 0 — 0.4 mg/mL (concentrations (mg/mL)
labeled in (a)). mDixon (a) TE pair = 1.3/2.3 ms, (b) TE pair = 3.6/4.6 ms, (c) TE pair =
5.9/6.9 ms. Note near suppression of 0.075 mg/mL and complete suppression of 0.1
mg/mL (approximate anticipated blood concentration range at a dose of 5 mg/kg) for the
TE = 3.6/4.6 ms image (b), and complete suppression of both at TE = 5.9/6.9 ms (c).

FIGURE 3: mDixon signal intensity in blood phantoms (FIGURE 2) plotted vs.
blood ferumoxytol concentration for three different echo time combinations as shown.
Note the shortest echo time combination allows for good vascular contrast (i.e.
angiography) over this concentration range, while the longer echo time combinations
effectively suppress vascular ST at higher ferumoxytol concentrations.

FIGURE 4: Upper extremity (forearm) MRL MIP's approximately 30-40 minutes
post intracutaneous gadolinium administration. (a) Demonstrating lymphatics (arrows)
with confounding venous enhancement (arrowheads) using standard short echo contrast-
enhanced MRL technique. (b) Immediately following lengthened TE combination to
5.9/7.2 ms - both veins and lymphatics remain enhanced. (c) Standard MRL after
ferumoxytol 5 mg/kg. T1 shortening with short echo provides excellent vascular map —
lymphatics can still be seen. (d) DARC-MRL post ferumoxytol demonstrates complete
vascular suppression with persistent lymphatic enhancement and excellent "road-map"
view. Many additional lymphatics can now be appreciated, particularly in the distal
forearm. Note that there is clear SNR loss due to the lengthened TE (b, d), although
lymphatic to background contrast remains high.

FIGURE 5: (a-c) Lower extremity low resolution mDixon MIP images
approximately 3-5 min after injection of ferumoxytol 5 mg/kg (but pre-intracutaneous
Gd). Three increasing echo time combinations performed (a-c) to determine where
complete vascular suppression obtained. For this patient, TE = 5.8/6.8 ms was used, with
(d) demonstrating DARC-MRL MIP approximately 30 min after injection of
intracutaneous gadolinium. Multiple lymphatics appreciated (arrows) with no venous

enhancement.
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FIGURE 6: Graphical summary of MRI data obtained using Ablavar, a Gd-
containing blood-pool agent in blood. Relative signal intensity with mDixon imaging at
specified echo times shown vs. Ablavar blood concentration.

FIGURE 7: Gadolinium enhanced imaging of a myocardial scar. Often
myocardial scar, particularly if subendocardial (FIGURE 7a, solid arrow) is difficult to
differentiate from the left ventricular blood (7a, hollow arrow). In this case, both scar and
blood contain Gd contrast agent and appear bright. With the addition of ferumoxytol
(FIGURE 7b), the blood pool (FIGURE 7b, hollow arrow) signal intensity is suppressed
compared to background tissue, and the contrast between blood pool and myocardial scar

is heightened.

DETAILED DESCRIPTION

To solve the problem of differentiating veins from lymphatics in MRI images,
among other uses, the disclosed embodiments relate to compositions, kits, systems, and
methods that include an MRI contrast agent and an MRI suppression agent that is also a
blood pool agent. Using appropriate MRI techniques, the MRI suppression agent will
suppress signal in its location, while signal from the MRI contrast agent in other locations
will not be suppressed. The result is a clarified MRI image with only non-vascular
regions enhanced.

Definitions

Magnetic resonance imaging (MRI) System: Applies a magnetic field to create
net magnetization from the subject's protons. Radio-frequency (RF) fields excite the
protons to create detectable signal. RF coils detect the signal. Spatial location is encoded
by magnetic field gradients. Image reconstruction typically includes Fourier transform of
the acquired data. A "spin echo" can be created by application of an RF pulse to partially
refocus transverse magnetization. A "gradient echo” can be created by proper application
of gradient pulses to partially refocus transverse magnetization.

T1: longitudinal relaxation time constant.

T2: transverse relaxation time constant when signal is measured during a spin
echo.

T2*: transverse relaxation time constant when signal is measured during a
gradient echo.

R1: longitudinal relaxation rate constant (= 1/T1).

-5-
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R2: transverse relaxation rate constant when signal is measured during a spin echo
(= 1/T2).

R2*: transverse relaxation rate constant when signal is measured during a gradient
echo (= 1/T2%).

rl: contrast agent longitudinal relaxivity; the slope of R1 wvs. contrast
concentration.

r2: contrast agent transverse relaxivity when signal is measured during a spin
echo; defined as the slope of R2 vs. contrast concentration.

r2*: contrast agent transverse relaxivity when signal is measured during a gradient
echo; defined as the slope of R2* vs. contrast concentration.

r2* "in blood" refers to the relaxivity of a particular contrast (or suppression)
agent in whole blood. It relates blood R2* to the concentration of contrast agent in the
blood, and is typically much greater than r2* in plasma, saline, or other non-cellular
medium. Most often, the relationship is approximated as a linear relationship between
contrast agent concentration ([CA]) and R2* such that R2* = [CA] x r2* + k, where k is
blood R2* in the absence of contrast agent. Because of potential deviations from linearity
in the relationship, r2* measurements must be performed over the range of useful
concentrations.

As used herein, the term "blood pool agent" generally defines an agent having an
intravascular half-life of 20 minutes or greater. Agents in blood will be removed from
blood through leakage, degradation, and/or removal by the body. As an example, the
half-life of Feraheme is about 10-15 hours, making it an excellent blood-pool agent.
Ablavar has a half-life of about 30 minutes, making it a blood-pool agent by this basic
definition, although not as good as Feraheme. According to certain embodiments, the
MRI suppression agent is a superior blood pool agent, having an intravascular half-life of
1 hour or greater.

As used herein, the term "bodily compartment” indicates a unique space in the
body where administered contrast agents can accumulate, such as blood vessels (arteries,
veins, arterioles, venules, capillaries etc.), lymphatics, joint capsules, hollow viscus such
as bowel or gallbladder, extracellular fluid compartment, region of fibrous scarring etc.

As used herein, the term "about" indicates that the subject number can be

modified by plus or minus 10% and still fall within the described embodiment.
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MRI Imaging Product

In one aspect, a product for use in MRI is provided. In one embodiment, the
product comprises (1) a magnetic resonance imaging (MRI) contrast agent that contains
gadolinium(IIl) and (2) an MRI suppression agent that is a blood pool agent for use in an
MRI imaging method;

wherein the MRI suppression agent has a first 12%;

wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

When disposed within a location (otherwise referred to as a region of interest
(ROI)) within a subject, the product or combination of the MRI suppression agent and the
MRI contrast agent can be used cooperatively, under certain MR conditions, to clarify
imaging of the location by suppressing signal in blood-containing regions of the location.
Specifically, the MRI contrast agent will enhance the MR signal when not in the
immediate presence of the MRI suppression agent. When the MRI contrast agent and the
MRI suppression agent are co-located, no MR signal is present under specific conditions
(e.g., relatively long echo time (TE)). Because the MRI suppression agent is a blood pool
agent, any region containing blood will be suppressed or darkened, while non-blood
regions that contain the MRI contrast agent will produce a signal and be imageable by
MRI.

As used herein, the term "suppress” or "suppression” defines the MRI suppression
agent's ability to "darken" or "turn off" MRI signal that would otherwise be generated at a
location if not for the MRI suppression agent being present. Furthermore, suppression is
not equal to a negative contrast agent. Instead, the MRI suppression agent actually
eliminates signal from obscuring structures, due to its 12* characteristics and the MRI
parameters used, as will be described in further detail below.

One exemplary benefit of the disclosed MRI suppression agent is the ability to
"darken" or "turn off" vasculature MRI signal in order to eliminate it from MR
lymphangiography (MRL) images, for example, which provides the benefit of allowing
lymphatics to be clearly imaged without the traditional difficulty of having to distinguish
between veins and lymphatics. Example 1 herein provides an expanded treatment of the
disclosed compositions and methods applied to MRL to great benefit.

Table 1 presents r2* calculations for representative MRI contrast agents and MRI

suppression agents useful in the disclosed embodiments. Feraheme and Ablavar are

-
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representative MRI suppression agents (Examples 1 and 2 describe experimental results
related to Feraheme and Ablavar, respectively). Ablavar can also be an MRI contrast
agent (if used with Feraheme or another higher-r2* agent). The other listed agents are

MRI contrast agents.

Table 1. Approximate r2* relaxivit (mM™ sec™!) determined experimentally1

r2* plasma 1.5T | r2* plasma 3T | r2* blood 1.5T | r2* blood 3T

Feraheme 120 120 580 580
Ablavar 12 14 22 34
MultiHance 7 11 17 32
Gadavist S 11 17 32
ProHance 5 10 15 29
"Typical"

Gd agent’ 5-7 10-12 15-17 29-32

1. r2* determined using methods disclosed in Examples.
2. "Typical" Gd agents not specifically listed in Table 1 include Dotarem, Eovist, Magnevist,

Omniscan, and OptiMark.

Contrast Agent

The MRI contrast agent (also referred to herein as the "contrast agent") can be any
MRI contrast agent known to those of skill in the art. The contrast agent is Gd(III)
containing and can be administered to a subject to enhance MRI. Generally, the contrast
agent is selected for having as high an rl as possible, so as to produce as much MR signal
as possible when T1 weighted imaging is performed. The contrast agent has an r2* that
is lower than the r2* of the suppression agent. This mismatch in 12* between contrast
agent and suppression agent leads to the suppression of MR signal that would have been
generated by the contrast agent. As described herein, this suppression is alternately
referred to as "darkening" or "turning off" the MR signal. In order to adequately suppress
the contrast agent, the two agents must be co-located (e.g., within the same bodily
"compartment” containing blood). The two agents are mixed together in the blood and

signal suppression results if sufficient suppression agent is present to suppress the

contrast agent for the type of imaging being performed. The amount of suppression agent
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required varies based on the suppression agent, the contrast agent, and the compartment
of desired signal suppression. Experimental determination of the amounts of each agent
can be determined by using the appropriate techniques, as disclosed herein, including
relatively lengthened TE, which will darken the blood signal due to the suppression
agent, if the suppression agent is present in sufficient amount and mixed in the blood with
the contrast agent.

In certain embodiments, the r2* of the MRI contrast agent is from 10 to 55 s /mM
in blood.

In one embodiment, the MRI contrast agent is selected from the group consisting
of Gadopentate dimeglumine (Magnevist), Gadobutrol (Gadavist, Gadovist), Gadoteridol
(ProHance), Gadobenate dimeglumine (MultiHance), Gadodiamide (Omniscan),
Gadoversetamide (OptiMARK), Gadoteric acid (Dotarem), Gadoxetate disodium (Eovist,
Primovist), and Gadofesveset trisodium (Ablavar).

In one embodiment, the MRI contrast agent is an injectable contrast solution. In
one embodiment, the injectable solution is an aqueous solution. Solution-based injection
is the typical method for delivering the MRI contrast agent to ROI of the subject. In
certain embodiments, such as for MRL, the MRI contrast agent is injected into a different
bodily "compartment" than the MRI suppression agent. For MRL, the MRI contrast
agent is injected intracutaneously, so as to affect lymphatics. Conversely, the MRI
suppression agent is injected intravenously so as to suppress MR signal in affected veins.

In a further embodiment, the injectable contrast solution comprises the MRI
contrast agent at a concentration of about 0.1 M to about 1.0 M. In terms of
commercially available MRI suppression agents, Gadavist is the highest packaged
concentration Gd-based contrast agent at 1 M. Most Gd-based contrast agents are 0.5 M
and Ablavar is 0.25 M.

In one embodiment, the MRI contrast agent is not a blood pool agent. In such
embodiments, the contrast agent is meant to extend beyond blood-containing
compartments of the subject, such as into lymphatics during an MRL procedure. Almost
all Gd-containing agents are non-blood pool agents. Ablavar is a notable exception.

Suppression Agent

The MRI suppression agent (also referred to herein as the "suppression agent") is
a blood pool agent with an r2* in blood greater than the r2* of the co-located MRI

contrast agent. Co-location refers to the two agents being disposed in blood in the same

9.
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bodily compartment to be imaged. By remaining in blood and having a greater r2* than
the contrast agent, under certain MRI conditions the suppression agent will suppress
blood MR signal, thereby allowing blood-containing areas to be dark or "turned off" in
the resulting MR image.

In certain embodiments, the 12* of the MRI suppression agent is from 10 to 600 s
'/mM.

In one embodiment, the MRI suppression agent is selected from the group
consisting of an ultrasmall superparamagnetic iron oxide (USPIO) and a gadolinium-
containing blood pool agent.

In one embodiment, the MRI suppression agent is the gadolinium-containing
blood pool agent gadofosveset trisodium (Ablavar).

In one embodiment, the MRI suppression agent is the USPIO ferumoxytol
(Feraheme).

In one embodiment, the MRI suppression agent is an injectable suppression
solution. In one embodiment, the injectable solution is an aqueous solution. In a further
embodiment, the injectable suppression solution comprises the MRI suppression agent at
a concentration of about 0.05 to about 1.0 M. In terms of commercially available MRI
suppression agents, Feraheme is packaged as 510mg Fe/17ml/(55.845 g/mol) = 0.54 M
Fe and Ablavar is 0.25 M. The maximum commercial suppression agent concentration is
about 1 M. Dilution down to about 0.05 M of commercial suppression agents can be
useful in order to control the amount of suppression agent administered.

In one embodiment, the MRI contrast agent is Ablavar and the MRI suppression
agent is Feraheme. While Ablavar can be used as an MRI suppression agent when
properly paired with an agent having a lower r2*, when Ablavar is paired with Feraheme,
which possesses a very large 12*, the Ablavar acts as the MRI contrast agent and the
Feraheme acts as the MRI suppression agent. This combination is of interest because
Ablavar has a very high rl compared to other contrast agents, particularly when bound to
protein, and may be the best agent for indications such as MR lymphangiography or
instances where attempting to visualize Ablavar "leaking" out of the blood pool into
tissues.

In one embodiment, the MRI contrast agent is MultiHance and the MRI
suppression agent is Feraheme. MultiHance is a well-known (non-blood pool) contrast

agent with somewhat increased rl and a large r2* difference when compared to Feraheme

-10-
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that results in a pairing that produces desirable results using agents that clinicians are
comfortable working with.

MRI Imaging Kit

In one aspect, a kit for use with magnetic resonance imaging (MRI) is provided.
In one embodiment, the kit includes:

an MRI contrast agent that contains gadolinium(III); and

an MRI suppression agent that is a blood pool agent;

wherein the MRI suppression agent has a first 12%;

wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

The MRI contrast agent and MRI suppression agent of the kit can be any of those
described elsewhere herein. The kit provides the MRI contrast agent and the MRI
suppression agent in a convenient package, although the two agents are not in the same
solution, but instead are in two different solutions that define the kit. As an example, in
one embodiment the kit comprises Feraheme as the MRI suppression agent and Ablavar
as the MRI contrast agent. In another embodiment, the kit comprises Feraheme as the
MRI suppression agent and MultiHance as the MRI contrast agent. In other
embodiments, the kit consists essentially of the MRI suppression agent (e.g., Feraheme)
and the MRI contrast agent (e.g., MultiHance). In one embodiment, both solutions are
aqueous solutions.

Combined Composition

In another aspect, a composition is provided that includes:

an MRI contrast agent that contains gadolinium(IIl) and is a non-blood pool
agent; and

an MRI suppression agent that is a blood pool agent;

wherein the MRI suppression agent has a first 12%;

wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

Similar to other aspects, the composition includes both an MRI contrast agent and
an MRI suppression agent, as disclosed herein. Unlike the kit aspects and embodiments,
the composition is a single composition that includes both the MRI contrast agent and the
MRI suppression agent. Such a composition is useful for applications where it is desirous

for the two agents to be administered into the same bodily compartment. This is unlike in

-11-
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MRL where the two agents are administered separately to separate bodily compartments.
Representative techniques for which the single composition approach is useful include
imaging tumors using dynamic contrast, as will be described in further detail below.

In one aspect, the MRI contrast agent and the MRI suppression agent are together
in an injectable solution. An injectable solution is the typical administration route. In
one embodiment, the injectable solution is an aqueous solution.

MRI Systems

In another aspect, an imaging system is provided, comprising:

a magnetic resonance imaging (MRI) system;

an MRI contrast agent according to any of the disclosed embodiments; and

an MRI suppression agent according to any of the disclosed embodiments. In this
aspect, the MRI contrast agent and the MRI suppression agent can be any of those
disclosed herein. Additionally, this aspect includes an MRI system capable of generating
an MRI image demonstrating the signal suppression provided by the MRI suppression
agent. Such MRI systems are generally known and include any MRI system that is
capable of performing a T1-weighted sequence with the ability to achieve concomitant
T2* weighting with magnitude or phase-based reconstruction.

Representative compatible MRI systems include those sold by Philips (Best, the
Netherlands), such as the 1.5T Achieva and 3T Ingenia.

In one embodiment, the MRI system is capable of performing a 2 or 3 point Dixon
sequence, such as mDixon, which is a proprietary Philips sequence that allows for the
necessary T1-weighted sequence with the ability to achieve concomitant T2* weighting.

In one embodiment, the MRI system is capable of performing a phase-based
reconstruction, such as susceptibility weighted imaging.

MRI Methods

Turning now to methods of using the MRI suppression agent and the MRI
contrast agent, in another aspect a method of producing a magnetic resonance imaging
(MRI) image is provided.

In one embodiment, the method includes MRI imaging a subject in a first location
affected by both an MRI contrast agent and an MRI suppression agent. The subject is
imaged in the first location using any compatible MRI system. But for the MRI
suppression agent, the generated MRI image would image (detect signal enhancement

from) the MRI contrast agent in the first location. However, because of the MRI
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suppression agent, no signal (or negligible signal) is generated and the first location
appears dark. In MRL, the first location is vasculature. Therefore, in a related
embodiment, a method of MRL is provided wherein the MRI suppression agent darkens
vasculature in which the MRI suppression agent and MRI contrast agent are disposed.

In one embodiment, a first R2* in the first location is greater than a second R2* in
a second location that includes MRI contrast agent but not MRI suppression agent. When
imaging a region of interest that includes at least two locations (e.g., vasculature and
lymphatics in a common area, such as an arm or leg), the goal of the method is to darken
the blood in the MRI image and allow the non-blood location to be imaged regularly.
This is accomplished in the present embodiment by introducing agents that allow for the
imbalance between R2* in the different locations. The greater R2* achieved by the agent
produces darkening when using appropriate MRI parameters (e.g., relatively long TE).
Relatively large R2* is achieved in certain embodiments by using an MRI suppression
agent having a relatively large r2* compared to the MRI contrast agent used.

In other embodiments of the method, a first magnetic susceptibility in the first
location is greater than a second magnetic susceptibility in a second location that includes
MRI contrast agent but not MRI suppression agent. Similar to the above embodiments
related to R2*, embodiments related to magnetic susceptibility rely on MRI-detectable
differences between a location having only the contrast agent compared to a location
having both the contrast agent and the suppression agent. In particular, by adding the
suppression agent to blood containing the contrast agent, the magnetic susceptibility in
the compartment is altered (raised), which creates a MR signal phase shift in the
compartment that can be measured in the generated MRI images. In particular, phase
shift between the two compartments can be used to image the different magnetic
susceptibility. Therefore, these embodiments rely on a "phase-based" method to suppress
signal, whereas the "T2*-weighted" methods described elsewhere herein used
"magnitude” images rather than "phase" images.

One benefit of such a phase-based technique is that a single (relatively short) echo
time can be used to produce images of the location both with "suppression" and without.
In this regard, the location can be imaged without suppression using magnitude imaging;
and the same scan can be reconstructed using phase imaging to darken the signal where
the suppression agent is present. This method is in contrast to the T2*-related methods

(e.g., TE lengthening) that require multiple echo times to be used to produce images of
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the location with and without darkening due to suppression. This method may be referred
to as "phase-based" imaging or "susceptibility-weighted" imaging.

The blood 12* of a contrast agent is directly related to the magnetic
"susceptibility” of the contrast agent.

R2* can be measured for a contrast or suppression agent by performing a multi-
echo gradient echo pulse sequence (e.g. short echo spacing 1-2 ms, > 24 echoes) of the
solution at the concentration of interest, and then measuring signal intensity (SI) from a
region of interest for each echo of the resultant images. SI from each echo is then plotted
vs. TE and fit to an exponential decay curve (e.g. Mge™ "R to determine R2*.

To determine r2* for the agent of interest, R2* measurements as above must be
performed at varying concentrations of the agent. R2* can then be plotted vs. agent
concentration. The r2* is generally considered to be the "slope" of a fitted line. However,
r2* vs. concentration is not necessarily linear, depending on concentration range, field
strength and solvent (or bodily fluid) in which the contrast agent is contained. In such
cases r2* is typically estimated over specific concentration ranges. Accurate blood r2*
must be measured under physiologic conditions (e.g., physiologic oxygenation, pH,
temperature, hematocrit) in whole blood over the contrast agent concentration range of
interest.

In one embodiment, the first location and the second location are in different
bodily compartments. In one embodiment, the first location is a venous location and the
second location is a lymphatic location.

In one embodiment, MRI imaging the subject comprises the steps of:

generating a first MRI image with a first T2*-weighting, whereby a signal related
to the MRI suppression agent is not suppressed; and

generating a second MRI image with second T2*-weighting, greater than the first
T2*-weighting, such that the signal related to the MRI suppression agent is suppressed.

As used herein, the term "signal related to" means signal that would be generated
in the presence of the agent.

In one embodiment, generating the first MRI image is performed at a first echo
time (TE); and

wherein generating the second MRI image is performed at a second TE that is
longer than the first TE.

In one embodiment, the first TE is from 0.1 ms to 3 ms.
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In one embodiment, the second TE is from 3 ms to 30 ms.

In one embodiment, MRI imaging comprises applying a magnetic field of about
0.5 T to about 7.0 T.

In one embodiment, the method is a lymphangiography method, such as MRL.

In one embodiment, the method is used to image vessel wall or cardiac tissue.
Example 3 presents experimental results illustrating suppression of blood signal in
cardiac tissue in order to image a scarred area.

In one embodiment, the method is used to image tissue, organ, or a tumor by
dynamic contrast enhancement.

In yet another aspect, a method of producing a magnetic resonance imaging
(MRI) image is provided. In one embodiment, the method includes MRI imaging in a
location wherein an MRI suppression agent according to the disclosed embodiments is
uniquely resident by utilizing T2* weighting at which signal related to the MRI
suppression agent is suppressed while signal is present due to an MRI contrast agent
according to the disclosed embodiments.

In one embodiment, the T2* weighting is produced at an echo time (TE) at which
signal related to the MRI suppression agent is suppressed while signal is present due to
the MRI contrast agent.

In one embodiment, the MRI images are reconstructed with phase-based
reconstruction, suppressing the signal related to the MRI suppression agent while signal
is present due to the MRI contrast agent.

A method of producing a magnetic resonance imaging (MRI) image, comprising:

MRI imaging a subject in a location affected by both an MRI contrast agent
according to the disclosed embodiments and an MRI suppression agent according to the
disclosed embodiments;

wherein the MRI contrast agent and the MRI suppression agent are both pre-
delivered to the location.

Any of the methods elsewhere described herein can be modified to include a step
of administering at least one, or both of, the MRI contrast agent and the MRI suppression
agent. In the following method, the steps of administration are made explicit.
Accordingly, in another aspect, a method of producing a magnetic resonance imaging

(MRI) image is provided. In one embodiment, the method includes the steps of:
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administering an MRI contrast agent according to the disclosed embodiments to a
subject;

administering an MRI suppression agent according to the disclosed embodiments
to the subject; and

MRI imaging the subject in a location affected by both the MRI contrast agent and
the MRI suppression agent.

While similar to previously described methods, the method of this aspect is
distinct by additionally including steps of administering the MRI contrast agent and the
MRI suppression agent to the subject. The administering steps comprise injection into
the appropriate bodily compartment to provide the desired effect.

In one embodiment, the step of administering the MRI contrast agent is performed
before the step of administering the MRI suppression agent. The length of time between
administrations is on the order of minutes, typically, so as to allow both agents to be
present in effective concentrations. Because the MRI contrast agent, in certain
embodiments, is a non-blood pool agent, administration prior to the MRI suppression
agent will allow greater time for the contrast agent to diffuse throughout the region of
interest.

In one embodiment, the step of administering the MRI suppression agent is
performed before the step of administering the MRI contrast agent. The length of time
between administrations is on the order of minutes, typically, so as to allow both agents
to be present in effective concentrations. However, the length of time can be on the order
of hours if the half-life is sufficient (e.g., Feraheme's 15 hour half-life). Administering
the MRI contrast agent prior to the MRI suppression agent may be beneficial if it is
desired to image the vasculature prior to lymphatics in an MRL method. Once the
vasculature is imaged, the MRI suppression agent can be administered and the
vasculature signal darkened such that only lymphatics are imaged.

In one embodiment, the step of administering the MRI suppression agent is
performed concurrently with the step of administering the MRI contrast agent.
Concurrent administration can simplify a procedure by providing a common
administration time. Concurrent administration is also inherent if the MRI contrast agent

and the MRI suppression agent are combined in a common composition (e.g., solution).
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The following examples are included for the purpose of illustrating, not limiting,
the described embodiments.
EXAMPLES
Example 1: MR Lymphangiography Using Feraheme (USPIO) Suppression

Agent
To solve the problem of differentiating veins from lymphatics in MRI images, this

example presents a technique (Dual-Agent Relaxivity Contrast (DARC)) for suppressing
potentially enhancing veins in magnetic resonance lymphangiography (MRL) using the
FDA-approved ultrasmall superparamagnetic iron oxide (USPIO) ferumoxytol
(Feraheme, AMAG Pharmaceuticals, Inc., Waltham, MA). Venous suppression can be
achieved based on the increased blood R2* due to intravascular (but not intralymphatic)
ferumoxytol in combination with appropriately lengthened echo times (TE) for the MRL
gradient echo sequence.

Objective: Develop and demonstrate a technique to eliminate venous
enhancement in contrast-enhanced MR Lymphangiography through shortening T2* in the
blood pool, thus allowing for a lymphatic-only map.

Conclusion: Administration of the blood pool iron agent ferumoxtyol in addition
to intracutaneous gadolinium during contrast-enhanced MR Lymphangiography allows
for suppression of vascular structures to achieve venous-free lymphatic mapping.

Technique

Suppression Agent

Ferumoxytol is an ultra-small super paramagnetic iron oxide (USPIO) initially
conceived for MR imaging, however ultimately gaining FDA approval as an agent for
iron supplementation in patients with renal insufficiency. The FDA-approved dose for
iron supplementation is 510 mg (17 mL) as a single i.v. dose, followed by a second 510
mg 1.v. dose 3-8 days later. The ferumoxytol USPIO nanoparticle is coated with a
semisynthetic carbohydrate, having an average colloidal particle size of 6.4 m and a
molecular weight of 731 kDa. The agent has a rl relaxivity of 38 mM™ sec”! and a 2
relaxivity of 83 mM™ sec”! (1.5T, 0.5% by weight agar gel), and is considered a blood-
pool agent, having an intravascular half-life in normal subjects of 9.3 — 14.5 hours.

Ex Vivo Blood Study

In order to determine whether ferumoxytol could be effective in suppressing

blood based on R2* signal loss, it was first necessary to determine the R2* relaxivity of
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ferumoxytol in human blood. To accomplish this, whole human venous blood was placed
into nine 6 mL high density polyethylene tubes that were vertically embedded in a
phantom tray filled with 2% agar, and the blood-containing tubes were doped with
ferumoxytol to concentrations of 0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.2, 0.3, and 0.4
mg/mL. The samples were kept at approximately 37° C and intermittently inverted to
prevent settling. R2* was measured using an 8 channel head coil at both 1.5T (Philips
Achieva, Best, the Netherlands) and 3T (Philips Ingenia) with a single-slice multi
gradient echo (mFFE) sequence [TR/TE/ATE/o/number of echoes = 200 ms/1.5 ms/2.4
ms/35°/32]. To yield the effective R2*, average signal intensities from an ROI placed
within each tube were fitted with mono-exponential decay curves using nonlinear least
squares (Matlab, Mathworks, Natick, MA). In addition, the phantoms were imaged with
a modified 3D Dixon technique (mDixon, Philips) with variable echo time pairs (e.g. at
3T, TE1/TE2=1.3/2.3 ms, 3.6/4.6 ms, and 5.9/6.9 ms). The imaging plane was chosen
such that the phantom tubes were fully embedded in agar to reduce susceptibility effects.
Average Dixon signal intensity of a region-of-interest (ROI) in each sample was
measured and plotted versus concentration of ferumoxytol. The samples were then
allowed to settle (4 hours) such that the red blood cells layered out, and the R2* was re-
measured in the plasma fraction.

Plasma and Blood R2* Determination

R2* values in plasma were linear with respect to concentration (R* > 0.98 at both
field strengths) and independent of By as shown in FIGURE 1. R2* for the highest
ferumoxytol concentration at 1.5T could not be fit due to inadequate signal-to-noise ratio
(SNR). Because of the linearity between ferumoxytol concentration and R2%*, r2*
"relaxivity" was defined reflecting the slope of the fit in FIGURE 1 (i.e., 12%j3sma = slope
of R2* vs. ferumoxytol concentration); 12* ~ 2.1 mL mg'1 ms”' (~ 120 mM™" sec” in
conventional relaxivity units) for both field strengths. .

In venous blood, R2* was reasonably fit by quadratic dependence on ferumoxytol
concentration (R* > 0.97 at both field strengths), and again was very similar for the two
field strengths (FIGURE 1). R2* increased with ferumoxytol concentration much more
rapidly in blood than in plasma (FIGURE 1). R2* measurements were only possible up
to 0.125 mg/mL at 3T and 0.1 mg/mL at 1.5T due to SNR limitations of our measurement

technique.
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In order to predict equilibrium blood concentrations of ferumoxytol, it was
assumed the full dose was distributed throughout the intravascular space during the first
hour post administration because of its blood-pool properties, with intravascular half-life
approaching 15 hours. Given typical human intravascular volumes of 65, 75 mlL/kg
(female, male), a 5 mg/kg dose equates to a blood concentration approximating 0.077
mg/mL for women, and 0.067 mg/mL for men. Note that for both field strengths, an R2*
of approximately 0.5 ms”' (ie. T2* ~ 2 ms) was achieved for ferumoxytol blood
concentration ~ 0.05 mg/mL (Fig 1), which should be slightly exceeded by the 5 mg/kg
dose.

Phantom Imaging

Representative mDixon phantom images are shown in FIGURE 2. The signal
intensity plotted from ROI's within these phantoms at different TE combinations are
shown in FIGURE 3. Using even the shortest feasible mDixon TE combination of
1.3/2.3 ms, the high r2* relaxivity of ferumoxytol in blood caused significant signal loss
at a concentration of 0.2 mg/mL, and complete signal loss with severe susceptibility
artifacts at yet higher concentrations (FIGURE 2a). As TE increased, similar blood
signal loss was seen at decreasing ferumoxytol concentrations (FIGURES 2b-c, 3), with
complete suppression at concentrations > 0.075 mg/mL for TE = 5.9/6.9 ms, and
substantial suppression at 0.05 mg/mL such that signal intensity (SI) was approximately
equivalent to that of pure blood (FIGURE 3). Note also that even for ferumoxytol
concentrations up to and beyond 0.1 mg/mL there was relatively high SI for the shortest
TE combination (1.3/2.3 ms), meaning good vascular enhancement was obtained using
short-echo mDixon at the suggested ferumoxytol dose.

Clinical MR Lymphangiography

Our clinical standard MRL used a mixture of 5 mL gadobenate dimeglumine
(MultiHance, Bracco Diagnostics, Princeton, NJ) and 1 mL 1% lidocaine, of which 1 mL
was injected intracutaneously into each webspace of the hand or foot of the extremity of
interest (4 injections per imaged extremity). Subsequent multi-station dynamic MRL
imaging was performed using a short-echo mDixon high-resolution 3D sequence
covering the entire extremity including skin (representative Philips Ingenia 3T
parameters, upper extremity: FOV 300x220x150 mm’ with matrix 230x170x94, true
resolution 1.3x1.3x1.6 mm’; lower extremity: FOV 320x435x180-225 mm’ with matrix
212x290x90-112, true resolution 1.5x1.5x2.0 mm3; TR/TE1/TE2/0. = 4.4 ms/1.5 ms/2.7

-19-



10

15

20

25

30

WO 2016/004061 PCT/US2015/038588

ms/20°, 1-1.5 min per station, 2 stations for upper extremity, 3 stations for lower
extremity, water-only reconstruction) using a combination of the anterior torso phased
array coil and built-in table phased array coil. Lymphatic imaging was typically carried
out over an hour or more, with the endpoint and determination of which stations to image
based on the technologist or radiologist's real-time assessment of lymphatic enhancement
progression.

To add venous-suppressed (DARC) MRL, ferumoxytol 5 mg/kg (diluted with
normal saline to a total volume of 60 mL) was administered in addition to intracutaneous
gadolinium, and dual-agent 3D MRLs were obtained with increased mDixon echo time
pairs (TE1, TE2) in order to null blood while preserving signal from the separate Gd-
containing intralymphatic compartment. TE1 and TE2 were chosen such that the fat
signal experienced an approximately 180° phase shift between the echoes for the field
strength used, with each echo approximately in- or out-of-phase, and the longest echo
time TE2 up to approximately 7.0 ms. The optimal combination of TE's for venous
suppression was determined beginning 2 min after ferumoxytol injection by obtaining
multiple rapid lower resolution (1.8x1.8x3.0 mm’) 3D datasets at progressively
lengthened TE combinations until complete venous suppression was noted on a MIP
image. Once this combination of TE was determined, MRL proceeded using this mDixon
TE pair. Description of the DARC-MRL technique, including proof-of-concept images
from 2 patients, was reviewed by our local IRB office and determined not to require IRB
approval for publication.

Clinical Example DARC MRL

Ferumoxytol was administered and mDixon MRL performed using lengthened TE
combinations either after the intracutaneous injection of gadolinium to suppress
enhancing veins, or pre-emptively prior to intracutaneous injection such that veins were
suppressed from initiation of lymphatic enhancement. An example of the former is
outlined in FIGURE 4, where ferumoxytol was administered well after Gd
administration, resulting in either a combined MRL/blood-pool angiogram (FIGURE 4c)
or a lymphatic only DARC-MRL (FIGURE 4d). Note that while there was clear loss of
SNR using lengthened TE, the complete suppression of vascular signal and high relative
signal of gadolinium-containing lymphatics made for high contrast-to-noise (CNR)
(FIGURE 4d). FIGURE 5 demonstrates the latter approach where ferumoxytol was

administered prior to intracutaneous gadolinium such that vasculature was always
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suppressed (FIGURE 5d) at lengthened TE. FIGURES 5a-5¢ also demonstrate the
method by which the proper TE pair was chosen: examining increasing TE pairs until the

vasculature was adequately suppressed.

DISCUSSION

In order to more effectively and simply visualize lymphatic channels for
lymphedema treatment planning, a clinical MR imaging technique (DARC) was
developed that depicts only lymphatic channels while suppressing signal from any
simultaneously enhancing veins.

As in previous MRL methods, a Gd-based contrast agent was intracutaneously
injected such that it was taken up by lymphatics, and in many cases also by veins. In the
new method, an additional contrast agent (USPIO) was injected intravenously where it
remains exclusively intravascular, not entering the lymphatic channels. USPIO in the
blood pool shortens the T2* in arteries and veins, allowing T2* mediated suppression of
all vascular signal (lengthened TE) such that only (Gd-containing lymphatics are
visualized. By choosing a short TE, however, both lymphatics (if enhanced by
gadolinium) and blood vessels can be visualized. Thus the DARC technique utilizes
either short or long TE-pair Dixon imaging to selectively "turn-on" or "turn-off" venous
signal, facilitating identification and localization of lymphatic channels. While not all
MRL cases demonstrate severe venous enhancement, many do, particularly if the
injection is not entirely intracutaneous, which can be difficult to do consistently.

Clinically, ferumoxytol can be administered and DARC-MRL performed on an
"as needed" basis only when significant or potentially confounding veins are seen after
intracutaneous gadolinium injection. Alternatively, the simplicity and efficiency of
administering ferumoxytol prior to intracutaneous gadolinium is attractive.

It is interesting to note that measured ferumoxytol 12* in plasma was
approximately 50% greater than the r2 reported in the literature (120 mM™! sec vs. 83
mM™ sec'l). The addition of red blood cells, however, has further profound effects on
R2* relaxivity. For illustrative purposes, a linear estimate of R2* vs. ferumoxytol
concentration yields a "pseudo"-r2*y00q 0f approximately 580 mM™ sec”, or nearly 5
times that of plasma. This dramatic increase in blood R2* presumably relates to the
compartmentalization of USPIO outside of red blood cells, creating distinct intra- and

extra-cellular water compartments with subsequent large local magnetic field gradients
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that cause significant signal decay. It is this profound R2* lengthening in blood that
allows complete suppression of vascular structures in ferumoxytol-containing blood using
gradient echo imaging, as R2* causes signal decay as
o TER2®

Measured R2* of ferumoxtyol was independent of magnetic field strength.
Previous reports have shown similar r2 field-independence due to magnetization
saturation in superparamagentic iron agents. This makes the DARC technique equally
effective at 1.5T and 3T. DARC-MRL utilizes the extremely high R2* relaxivity of
ferumoxytol in blood to suppress vasculature at relatively low concentrations through
only modest increase of TE. Irrespective of any increased R1, such as occurs when
gadolinium coexists in venous structures, at long TE the R2*-induced signal loss
overwhelms any Gd-related R1 signal increase.

One important benefit of using intravascular ferumoxytol is that with a standard
"shortest” TE combination, the increased R1 signal enhancement overcomes the R2*-
related signal decay and there is sufficient intravascular signal to provide an excellent
quality T1-weighted vascular map — something potentially useful for evaluating veins as
well as finding coexistent venous anomalies or thrombosis. As an additional potential
benefit of using ferumoxytol, an arterial first pass CE-MRA can be performed
immediately following IV injection if desired.

The modified Dixon reconstruction effectively suppresses fat signal in the images,
even using lengthened TE for DARC imaging. Provided the echoes are separated by
approximately 180° water-fat chemical shift (1.15 ms at 3T, or 2.3 ms at 1.5T), the
water/fat separation appears to work well. In addition, it is desirable to suppress all veins
so they do not mimic enhancing lymphatics. This means the ferumoxytol must be
distributed throughout all veins. Occasionally, small segments of veins may not
completely suppress after initial injection of ferumoxytol. This is likely due to slow or
stagnant blood flow. In these cases, manual massage of the affected limb and/or asking
the patient to "wiggle" their extremity or contract their muscles in some way increases
flow and further distributes the ferumoxytol, eliminating the residual venous signal.

Similar to suppression of veins in MRL, DARC imaging could in theory suppress
blood pool signal in other imaging applications as well. DARC imaging can also be used
in a similar way for vessel wall imaging and myocardial viability imaging. Both

applications benefit from post-Gd imaging with vascular suppression.
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Conclusion

An MR imaging technique (DARC) was developed that utilizes i.v. ferumoxytol
and extended-echo mDixon to suppress blood-pool signal. The technique provides fat-
suppressed, high resolution 3D images that can eliminate any gadolinium-related vascular
enhancement. We have demonstrated the technique as applied to MR
Lymphangiography, where a conventional Gd-based contrast agent is injected
intracutaneously and enhances signal from lymphatic channels and veins, the latter
confounding identification of lymphatics. The DARC technique effectively suppresses

signal from veins and allows identification and localization of lymphatic channels.

Example 2: MRI Using Ablavar (Gd-Containing) Suppression Agent

MR signal intensity was measured using an mDixon sequence with six different
echo time pairs, as indicated in FIGURE 6. Six in vifro whole venous blood samples each
contained a different concentration (0, 2, 4, 6, 8, and 12 mM) of gadofosveset trisodium
(Ablavar). For long echo time pairs (e.g., 11.5 ms/12.7 ms), the signal intensity decreased
rapidly with Ablavar concentration greater than about 4 mM. At 12 mM, the signal
intensity was below that of pure blood even for echo times as short as 6.9 ms/8.1 ms.

In this example, relatively high concentrations of Ablavar shorten the T2* of
water and will suppress signal at longer echo times. While no "contrast agent" (e.g.,
having a smaller 12*) is included in the samples tested, the presence of such a contrast
agent would have little effect (due to low concentration of contrast agent in blood). Thus,
Ablavar is a potential vascular suppression agent because it is confined to the vascular
compartment.

These results indicate that Ablavar (or other Gd-based blood-pool agents with
appropriate r2*) can be used as a blood-pool, MRI suppression agent in accordance with

embodiments disclosed herein.

Example 3: MRI Scar Imaging Using Feraheme Suppression Agent

In late gadolinium enhanced imaging of a myocardial scar, often scar, particularly
subendocardial scar (FIGURE 7a, solid arrow) is difficult to differentiate from the left
ventricular blood (FIGURE 7a, hollow arrow). In this case, both scar and blood contain
Gd contrast agent and appear bright. With the addition of ferumoxytol (FIGURE 7b), the
blood pool (FIGURE 7b, hollow arrow) signal intensity is suppressed compared to
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background tissue, and the contrast between blood pool and myocardial scar is
heightened.

This result demonstrates that the use of MRI suppression agents, as disclosed
herein, can be used to suppress MR signal in any applicable technique where vascular

signal suppression is desirable.
While illustrative embodiments have been illustrated and described, it will be

appreciated that various changes can be made therein without departing from the spirit

and scope of the invention.
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CLAIMS
The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A kit for use with magnetic resonance imaging (MRI), comprising:
an MRI contrast agent that contains gadolinium(III); and
an MRI suppression agent that is a blood pool agent;
wherein the MRI suppression agent has a first 12%;
wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

2. The kit of Claim 1, wherein the MRI contrast agent is selected from the
group consisting of Gadopentate dimeglumine (Magnevist), Gadobutrol (Gadavist,
Gadovist), Gadoteridol (ProHance), Gadobenate dimeglumine (MultiHance),
Gadodiamide (Omniscan), Gadoversetamide (OptiMARK), Gadoteric acid (Dotarem),

Gadoxetate disodium (Eovist, Primovist), and Gadofesveset trisodium (Ablavar).

3. The kit of Claim 1, wherein the MRI contrast agent is an injectable

contrast solution.

4. The kit of Claim 3, wherein the injectable contrast solution comprises the

MRI contrast agent at a concentration of about 0.1 M to about 1.0 M.

5. The kit of Claim 1, wherein the MRI contrast agent is not a blood pool

agent.

6. The kit of Claim 1, wherein the MRI suppression agent is selected from
the group consisting of an ultrasmall superparamagnetic iron oxide (USPIO) and a

gadolinium-containing blood pool agent.

7. The kit of Claim 6, wherein the MRI suppression agent is the gadolinium-

containing blood pool agent gadofosveset trisodium (ABLAVAR).

8. The kit of Claim 6, wherein the MRI suppression agent is the USPIO
ferumoxytol (FERAHEME).
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0. The kit of Claim 1, wherein the MRI suppression agent is an injectable

suppression solution.

10. The kit of Claim 9, wherein the injectable suppression solution comprises

the MRI suppression agent at a concentration of about 0.05 to about 1.0 M.

11. The kit of Claim 1, wherein the MRI contrast agent is Ablavar and the

MRI suppression agent is ferumoxytol.

12. The kit of Claim 1, wherein the MRI contrast agent is MultiHance and the

MRI suppression agent is ferumoxytol.

13. An imaging system, comprising:
a magnetic resonance imaging (MRI) system;
an MRI contrast agent according to any of Claims 1-12; and

an MRI suppression agent according to any of Claims 1-12.

14. The imaging system of Claim 13, wherein the MRI system is capable of
performing a TIl-weighted sequence with the ability to achieve concomitant T2*

weighting.

15. The imaging system of Claim 13, wherein the MRI system is capable of

performing a 2 or 3 point Dixon sequence.

16. A composition, comprising:
an MRI contrast agent that contains gadolinium(III) and is a non-blood
pool agent; and
an MRI suppression agent that is a blood pool agent;
wherein the MRI suppression agent has a first 12%;
wherein the MRI contrast agent has a second r2*; and

wherein the first 12* is greater than the second r2*.

17. The composition of Claim 16, wherein the MRI contrast agent and the

MRI suppression agent are together in an injectable solution.
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18. A method of producing a magnetic resonance imaging (MRI) image,
comprising:
administering an MRI contrast agent according to any of Claims 1-12 to a
subject;
administering an MRI suppression agent according to any of Claims 1-12
to the subject; and
MRI imaging the subject in a location affected by both the MRI contrast

agent and the MRI suppression agent.

19. The method of Claim 18, wherein the step of administering the MRI

contrast agent is performed before the step of administering the MRI suppression agent.

20. The method of Claim 18, wherein the step of administering the MRI

suppression agent is performed before the step of administering the MRI contrast agent.

21. The method of Claim 18, wherein the step of administering the MRI
suppression agent is performed concurrently with the step of administering the MRI

contrast agent.

22. The method of Claim 18, wherein MRI imaging comprises applying a
magnetic field of about 0.5 T to about 7.0 T.

23. The method of Claim 18, wherein MRI imaging the subject comprises the
steps of:

generating a first MRI image with a first T2*-weighting, whereby a signal related
to the MRI suppression agent is not suppressed; and

generating a second MRI image with second T2*-weighting, greater than the first

T2*-weighting, such that the signal related to the MRI suppression agent is suppressed.

24. The method of Claim 23, wherein generating the first MRI image is
performed at a first echo time (TE); and
wherein generating the second MRI image is performed at a second TE that is

longer than the first TE.

25. The method of Claim 24, wherein the first TE is from 0.1 ms to 3 ms.
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26. The method of Claim 24, wherein the second TE is from 3 ms to 30 ms.

27. The method of Claim 18, wherein the method is a lymphangiography
method.

28. The method of Claim 18, wherein the method is used to image vessel wall

or cardiac tissue.

29. The method of Claim 18, wherein the method is used to image tissue,

organ, or a tumor by dynamic contrast enhancement.

30. A method of producing a magnetic resonance imaging (MRI) image,
comprising MRI imaging in a location wherein an MRI suppression agent according to
any of Claims 1-12 is uniquely resident by utilizing T2* weighting at which signal related
to the MRI suppression agent is suppressed while signal is present due to an MRI contrast

agent according to any of Claims 1-12.

31. The method of Claim 30, wherein the T2* weighting is produced at an
echo time (TE) at which signal related to the MRI suppression agent is suppressed while

signal is present due to the MRI contrast agent.

32. A method of producing a magnetic resonance imaging (MRI) image,
comprising:

MRI imaging a subject in a location affected by both an MRI contrast agent
according to any of Claims 1-12 and an MRI suppression agent according to any of
Claims 1-12;

wherein the MRI contrast agent and the MRI suppression agent are both pre-
delivered to the location.

33. A product containing a magnetic resonance imaging (MRI) contrast agent
according to any of Claims 1-12 and an MRI suppression agent according to any of

Claims 1-12 for use in an MRI imaging method.

34. A method of producing a magnetic resonance imaging (MRI) image,
comprising:
MRI imaging a subject in a first location affected by both an MRI contrast agent

and an MRI suppression agent.

8-
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35. The method of Claim 34, wherein a first R2* in the first location is greater
than a second R2* in a second location that includes MRI contrast agent but not MRI

suppression agent.

36. The method of Claim 35, wherein the first location and the second location

are in different bodily compartments.

37. The method of Claim 35, wherein the first location is a venous location

and the second location is a lymphatic location.

38. The method of Claim 34, wherein a first magnetic susceptibility in the first
location is greater than a second magnetic susceptibility in a second location that includes

MRI contrast agent but not MRI suppression agent.
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