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MRI OF CHEMICAL SPECIES HAVING DIFFERENT RESONANCE FREQUENCIES
USING AN ULTRA-SHORT ECHO TIME SEQUENCE

TECHNICAL FIELD

The invention relates to the field of magnetic resonance (MR) imaging. It
concerns a method of MR imaging of chemical species having at least two different
resonance frequencies. The invention also relates to a MR device and to a computer program
to be run on a MR device.

Image-forming MR methods which utilize the interaction between magnetic
fields and nuclear spins in order to form two-dimensional or three-dimensional images are
widely used nowadays, notably in the field of medical diagnostics, because for the imaging of
soft tissue they are superior to other imaging methods in many respects, do not require

ionizing radiation and are usually not invasive.

BACKGROUND OF THE INVENTION

According to the MR method in general, the body of the patient to be
examined is arranged in a strong, uniform magnetic field (By field) whose direction at the
same time defines an axis (normally the z-axis) of the co-ordinate system on which the
measurement is based. The magnetic field produces different energy levels for the individual
nuclear spins in dependence on the magnetic field strength which can be excited (spin
resonance) by application of an electromagnetic alternating field (RF field, also referred to as
B, field) of defined frequency (so-called Larmor frequency, or MR frequency). From a
macroscopic point of view the distribution of the individual nuclear spins produces an overall
magnetization which can be deflected out of the state of equilibrium by application of an
electromagnetic pulse of appropriate frequency (RF pulse) while the magnetic field extends
perpendicular to the z-axis, so that the magnetization performs a precessional motion about
the z-axis. The precessional motion describes a surface of a cone whose angle of aperture is
referred to as flip angle. The magnitude of the flip angle is dependent on the strength and the
duration of the applied electromagnetic pulse. In the case of a so-called 90° pulse, the spins
are deflected from the z axis to the transverse plane (flip angle 90°).

After termination of the RF pulse, the magnetization relaxes back to the

original state of equilibrium, in which the magnetization in the z direction is built up again
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with a first time constant T, (spin lattice or longitudinal relaxation time), and the
magnetization in the direction perpendicular to the z direction relaxes with a second time
constant T, (spin-spin or transverse relaxation time). The variation of the magnetization can
be detected by means of one or more receiving RF coils which are arranged and oriented
within an examination volume of the MR device in such a manner that the variation of the
magnetization is measured in the direction perpendicular to the z-axis. The decay of the
transverse magnetization is accompanied, after application of, for example, a 90° pulse, by a
transition of the nuclear spins (induced by local magnetic field inhomogeneity) from an
ordered state with the same phase to a state in which all phase angles are uniformly
distributed (dephasing). The dephasing can be compensated by means of a refocusing pulse
(for example a 180° pulse). This produces an echo signal (spin echo) in the receiving coils.

In order to realize spatial resolution in the body, linear magnetic field
gradients extending along the three main axes are superposed on the uniform magnetic field,
leading to a linear spatial dependency of the spin resonance frequency. The signal picked up
in the receiving coils then contains components of different frequencies which can be
associated with different locations in the body. The MR signal data obtained via the RF coils
corresponds to the spatial frequency domain and is called k-space data. The k-space data
usually includes multiple lines acquired with different phase encoding. Each line is digitized
by collecting a number of samples. A set of k-space data is converted to a MR image by
means of Fourier transformation or other appropriate reconstruction algorithms.

In many clinically relevant MR imaging applications - based on magnetic
resonance of protons or other nuclei (for example '°F) - MR signals from chemical species
have to be detected and, as the case may be, quantified, wherein the nuclei of the chemical
species resonate at several distinct frequency components due to different chemical shift of
the respective nuclei. Such spectra of several resonance frequency components are typically
found at small or large irregular frequency distances within a given bandwidth. The different
components may exhibit different relaxation properties as well as variable hetero- or homo-
nuclear coupling effects.

Important examples for such MR imaging techniques are diagnostics or
treatment monitoring based on agents comprising chemical species having multiple
resonance frequencies. Of particular interest are so-called targeted agents containing non-
proton (for example '’F) MR imaging labels. Examples are perfluoro-octyl-bromide (PFOB)

labeled, angiogenesis targeted nanoparticles. The '’F MR spectrum of the latter agent
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includes several distinct frequency components due to different chemical shift at different
positions of the fluorine nuclei within the PFOB molecule.

MR imaging of multi-resonant MR imaging agents or labels comprising two or
more different resonance frequencies has been addressed, for example, by MR spectroscopic
imaging. A drawback of MR spectroscopic imaging is its low scan time efficiency, which is
caused by the fact that all spatial dimensions have to be covered by step-wise phase-encoding
procedures. In standard MR imaging (like, for example, gradient-echo imaging, turbo-spin-
echo imaging, or steady-state free precession imaging), the frequency encoding of one spatial
dimension leads to a high scan time efficiency but results in artifacts in case multiple
chemical shift-related resonance frequency components are present. A large number of
approaches to overcome these problems have been proposed and tested. However, in the
known approaches either a significant amount of MR signal strength is sacrificed (see
Gircaudeau et al., MRM 63: 1119-1124, 2010) or the separation of the different chemical
shift resonance frequency components relies on computationally demanding and potentially
unstable reconstruction techniques (see Posse et al., Radiology, 192: 733-738, 1994). In
particular, known MR imaging techniques that are used for the separation of MR signals
emanating from protons within lipid molecules (fat) and water protons (i.e. two chemical
species), which can already be found in clinical practice, are less favorable, when more than
two chemical shift resonance frequency components are present which exhibit variable
relaxation properties. In MRM 58(2007)952-961 P. Larson et al. report on 2D UTE MR
imaging of the tendon. This approach is based on inversion recovery radial imaging in which
spin in water and fat are separately inverted.

Moreover, the application of targeted molecular MR imaging agents involves
specific challenges since MR signals emanating from target bound agents have to be
observed. The target binding modifies the MR relaxation properties of the MR imaging label.
Typically, the tight target binding results in a significantly shortened T, relaxation time. This
restricts the application of imaging sequences with multiple spin (or gradient) echoes. Very
short echo times have to be used in order to obtain a sufficient signal-to-noise ratio in the
reconstructed MR image. On the other hand, short echo times in the region of 1-2 ms are
often sub-optimal, because those chemical shift resonance frequency components, which are
closely spaced in the spectrum, may be in opposite phase at the respective echo time. This

leads to signal cancellation and, finally, to a reduced signal-to-noise ratio.
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From the foregoing it is readily appreciated that there is a need for an
improved method of MR imaging of chemical species having two or more different

resonance frequencies.

SUMMARY OF THE INVENTION

In accordance with the invention, a method of MR imaging of chemical
species having at least two different resonance frequencies is disclosed. The method of the
invention comprises the steps of:

- generating MR signals of at the at least two different resonance frequencies by
subjecting a portion of a body to an imaging sequence of RF pulses and switched magnetic
field gradients, which imaging sequence is an ultra-short echo time sequence;

- acquiring the MR signals;

- reconstructing a MR image from the acquired MR signals.

The basic idea of the invention is to utilize an ultra-short echo time MR
imaging technique with free-induction-decay (FID) acquisition. Ultra-short echo time
imaging allows the acquisition of MR signal components with T, relaxation times on the
order of only a few hundred microseconds as they occur in target bound MR imaging agents
(see above).

According to the invention, the echo time of the ultra-short echo time
sequence is preferably 0-200 us. This means that the acquisition of the MR signals starts after
0-200 us after an excitation RF pulse of the imaging sequence. The MR signals can then be
acquired as FID signals during an acquisition interval ending before the phase difference of
the MR signal components at the at least two resonance frequencies exceeds 90°. According
to the invention, the MR signals of the nuclei having different resonance frequencies are
jointly excited by the imaging sequence and contribute to the acquired MR signals, wherein
the accumulated phase difference of the MR signals of the at least two spectral components
during the acquisition interval is small. Thus, within the FID signal, the different spectral
components add coherently in the acquired MR signals and ensure optimal signal strength. In
this way, a high signal-to-noise ratio can be obtained and even signal quantification is
enabled.

The useful acquisition interval after the excitation RF pulse for coherent FID
acquisition of different resonance frequency components depends on the frequency spacing
of the chemical shifts involved. For chemical shift resonance frequency components within a

bandwidth of 1 kHz (like, for example, the frequency components of the CF, spectral line
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group in the MR spectrum of PFOB) the duration of the acquisition interval amounts to about
0.5 ms. The achievable spatial resolution of the approach of the invention depends on the
time integral of the applied magnetic field gradient, i.e. the gradient performance of the used
MR device. The available gradient performance of MR devices in clinical use at present is
typically sufficient for detection of targeted MR imaging agents with a voxel size of about

1 mm® according to the invention.

According to a preferred embodiment of the invention, the imaging sequence
is applied according to a steady-state free precession technique. A steady-state free
precession technique within the meaning of the invention is any technique, in which the
imaging sequence is applied in such a manner that a non-zero steady-state of the transverse
and longitudinal nuclear magnetization develops. A pre-requisite for the generation of such a
steady-state is that the repetition time of the imaging sequence is shorter than the T; and T,
relaxation times involved. This means that the excitation RF pulses that are successively
applied are close enough together such that the generated MR signal will never decay
completely. The flip angle of the excitation RF pulse in a steady state free precession
sequence is typically between 45° and 60°. The application of the imaging sequence
according to a steady-state free precession technique according to the invention further
increases the signal-to-noise ratio because of the favorable T;/T, contrast, in particular for
MR imaging agents with long T; and short (apparent) T,. A fast repetition time of, for
example less than 5 ms or, preferably, less than 2 ms is possible for a steady state free
precession technique in combination with ultra-short echo times and FID acquisition. The
fast repetition time helps to acquire a large number of MR signals (FIDs) within a short
overall measurement time, thereby providing a good time efficiency of the technique.

Most preferably, the imaging sequence of the invention is applied according to
a balanced steady-state free precession technique. The balanced switched magnetic field
gradients maintain the transverse and longitudinal nuclear magnetization. This results in a
further optimized signal-to-noise ratio. The combination of an ultra-short echo time sequence
with (balanced) steady-state free precession according to the invention is ideal to cope with
the above described challenges, like very short (apparent) T, due to, for example, multi-
nuclear coupling in target bound MR imaging agents and relaxation shortening effects.

According to another preferred embodiment of the invention, the MR signals
are acquired according to a 2D or 3D radial k-space sampling scheme. The ultra-short echo
time sequence of the invention can be implemented using so-called half-sinc RF excitation

pulses and 2D radial k-space sampling of the FID. Slice selection may be achieved by adding
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the MR signals of two acquisition steps of the same FID excited with slice-selection magnetic
field gradients of opposite sign (see Pauly et al., Proceedings of the 8th Annual Meeting of
SMRM, 1998, p. 28). Alternatively, 3D radial k-space sampling may be used which employs
a non-selective excitation RF pulse with 3D radial FID acquisition, yielding MR signal data
with isotropic spatial resolution (see Wu et al., MRM 50: 59-68, 2003). Using this approach,
the RF excitation is more robust and of shorter duration, thereby minimizing T, decay during
excitation. With the radial k-space sampling scheme, an echo time in the order of 0-200 pus
will ensure that the maximum MR signal strength at the top of the FID is used for MR signals
from central k-space for optimal signal-to-noise ratio even in the case of a very short
(apparent) T,. Beyond 2D and 3D radial k-space sampling, any other sampling technique is
applicable in accordance with the invention, which starts at the centre of k-space for the FID
acquisition and successively samples the peripheral k-space regions, like for example in
spiral k-space sampling.

According to yet another preferred embodiment of the invention, MR signals
of two distinct nuclear species (for example '°F and 'H) are excited by means of the imaging
sequence, which comprises RF pulses generated at distinct resonance frequencies of the two
nuclear species, and wherein the MR signals of the two nuclear species are acquired in
parallel. This means that the approach of the invention is combined with a simultaneous dual-
nuclei technique, which can be used advantageously for efficient anatomical localization. For
at least one the nuclear species, the MR signals consist of different frequency components,
which are advantageously acquired with improved signal-to-noise ratio according to the
invention.

According to still a further preferred embodiment of the invention, the
imaging sequence comprises a preparation RF pulse for lipid or blood-pool suppression. For
example, a black blood technique may be combined with the approach of the invention to
improve segmentation of body tissue from the blood pool. Black blood techniques decrease
the MR signal contribution from blood. This is achieved by means of a preparation RF pulse
which saturates the MR signal from blood. The technique makes use of the flow void effect
as the pre-saturated blood passes through the imaged body portion. Lipid suppression can be
achieved in a per se known manner by means of frequency-selective pre-saturation.

A preparation RF pulse may be introduced for any kind of selective excitation
and/or suppression of MR signal contributions, for example in order to isolate MR signals
from cerebrospinal fluid (CSF) or to distinguish between a ‘free’ fraction and a bound

fraction of a targeted MR imaging agent.
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The method of the invention described thus far can be carried out by means of
a MR device including at least one main magnet coil for generating a uniform steady
magnetic field within an examination volume, a number of gradient coils for generating
switched magnetic field gradients in different spatial directions within the examination
volume, at least one RF coil for generating RF pulses within the examination volume and/or
for receiving MR signals from a body of a patient positioned in the examination volume, a
control unit for controlling the temporal succession of RF pulses and switched magnetic field
gradients, a reconstruction unit, and a visualization unit. The method of the invention is
preferably implemented by a corresponding programming of the reconstruction unit, the
visualization unit, and/or the control unit of the MR device.

The methods of the invention can be advantageously carried out in most MR
devices in clinical use at present. To this end it is merely necessary to utilize a computer
program by which the MR device is controlled such that it performs the above-explained
method steps of the invention. The computer program may be present either on a data carrier
or be present in a data network so as to be downloaded for installation in the control unit of

the MR device.

BRIEF DESCRIPTION OF THE DRAWINGS

The enclosed drawings disclose preferred embodiments of the present
invention. It should be understood, however, that the drawings are designed for the purpose
of illustration only and not as a definition of the limits of the invention. In the drawings:

Fig. 1 schematically shows a MR device for carrying out the methods of the
invention;

Fig. 2 shows a diagram illustrating the acquisition of a FID signal of a PFOB

agent according to method of the invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

With reference to Figure 1, a MR device 1 is shown. The device comprises
superconducting or resistive main magnet coils 2 such that a substantially uniform,
temporally constant main magnetic field By is created along a z-axis through an examination
volume. The device further comprises a set of (1%, 2™, and - where applicable - 3" order)
shimming coils 2°, wherein the current flow through the individual shimming coils of the set
2’ is controllable for the purpose of minimizing By deviations within the examination

volume.
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A magnetic resonance generation and manipulation system applies a series of
RF pulses and switched magnetic field gradients to invert or excite nuclear magnetic spins,
induce magnetic resonance, refocus magnetic resonance, manipulate magnetic resonance,
spatially and otherwise encode the magnetic resonance, saturate spins, and the like to perform
MR imaging.

Most specifically, a gradient pulse amplifier 3 applies current pulses to
selected ones of whole-body gradient coils 4, 5 and 6 along x, y and z-axes of the
examination volume. A digital RF frequency transmitter 7 transmits RF pulses or pulse
packets, via a send-/receive switch 8, to a -body RF coil 9 to transmit RF pulses into the
examination volume. A typical MR imaging sequence is composed of a packet of RF pulse
segments of short duration which taken together with each other and any applied magnetic
field gradients achieve a selected manipulation of nuclear magnetic resonance. The RF pulses
are used to saturate, excite resonance, invert magnetization, refocus resonance, or manipulate
resonance and select a portion of a body 10 positioned in the examination volume. The MR
signals are also picked up by the body RF coil 9.

For generation of MR images of limited regions of the body 10 by means of
parallel imaging, a set of local array RF coils 11, 12, 13 are placed contiguous to the region
selected for imaging. The array coils 11, 12, 13 can be used to receive MR signals induced by
body-coil RF transmissions.

The resultant MR signals are picked up by the body RF coil 9 and/or by the
array RF coils 11, 12, 13 and demodulated by a receiver 14 preferably including a
preamplifier (not shown). The receiver 14 is connected to the RF coils 9, 11, 12 and 13 via
send-/receive switch 8.

A host computer 15 controls the current flow through the shimming coils 2’ as
well as the gradient pulse amplifier 3 and the transmitter 7 to generate any of a plurality of
MR imaging sequences, such as echo planar imaging (EPI), echo volume imaging, gradient
and spin echo imaging, fast spin echo imaging, and the like. For the selected sequence, the
receiver 14 receives a single or a plurality of MR data lines in rapid succession following
cach RF excitation pulse. A data acquisition system 16 performs analog-to-digital conversion
of the received signals and converts each MR data line to a digital format suitable for further
processing. In modern MR devices the data acquisition system 16 is a separate computer
which is specialized in acquisition of raw image data.

Ultimately, the digital raw image data is reconstructed into an image

representation by a reconstruction processor 17 which applies a Fourier transform or other
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appropriate reconstruction algorithms, such like SENSE or GRAPPA. The MR image may
represent a planar slice through the patient, an array of parallel planar slices, a three-
dimensional volume, or the like. The image is then stored in an image memory where it may
be accessed for converting slices, projections, or other portions of the image representation
into appropriate format for visualization, for example via a video monitor 18 which provides
a human-readable display of the resultant MR image.

Figure 2 shows a diagram illustrating the acquisition of a FID signal of a
perfluoro-octyl-bromide (PFOB) labeled MR imaging agent according to the method of the
invention by means of a radial k-space sampling scheme. As explained above, the basic idea
of the invention is to utilize an ultra-short echo time sequence in combination with a balanced
stead-state free precession technique, wherein FID signals are acquired after excitation RF
pulses of the used imaging sequence in rapid succession. The upper diagram in Figure 2
shows the FID signal acquired at the '’F MR resonance frequency on a 3T MR device as
depicted in Figure 1. The upper curve in the diagram reflects the FID without T, relaxation,
while the lower curve corresponds to the FID signal with T, relaxation. The lower diagram in
Figure 2 illustrates the de-phasing of the different chemical shift resonance frequency
components (designated by p, {, €, 9, v, B) of the PFOB CF; group of resonance frequency
lines with increasing acquisition time T. At the beginning of the FID, all resonance frequency
components are in phase and contribute coherently to the acquired MR signal. The maximum
phase difference stays within a phase range of +- 90° for about 0.5 ms. With an ultra-short
echo time (i.c. the time interval between the centre of the excitation RF pulse and the start of
the FID acquisition) of 100 us, the acquisition of the FID signal according to the invention
lasts for about 0.6 ms. A spatial resolution of about 1 mm is achieved with a gradient
performance of 200 mT/m/s.

The ultra-short echo time approach in combination with FID acquisition and a
steady-state free precession technique according to the invention enables very robust and fast
acquisition of MR signals from MR imaging agents having a plurality of chemical shift
resonance frequency components. Because all frequency components of the different
chemical species contribute coherently to the acquired MR signals, a signal-to-noise ratio is
obtained which is significantly higher than in conventional approaches.

The technique of the invention can be used for acquisition of MR signals from
a single non-proton nucleus (e.g. '°F), while anatomical background information is acquired
by means of a separate ('H) MR imaging session. Alternatively, the ultra-short echo time

approach of the invention can be used in combination with dual-nuclei acquisition (¢.g. '°F
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and 'H), wherein the RF excitation is extended to two distinct resonance frequencies of the
different nuclei via two separate transmission channels of the MR device. The FID signals
are acquired on both resonance frequencies concurrently, for example via a dual-tuned RF
coil and recorded via separate recievers. This approach enables the simultancous acquisition
of anatomical information on the 'H channel in combination with the high signal-to-noise
detection of MR signals from the MR imaging agent via the above described ultra-short echo
time technique on the '°F channel. Motion information obtained via 'H imaging, relating for
example to breathing or swallowing motion of the examined patient, can be used to correct
the non-proton MR image in order to eliminate motion artifacts. Signal blurring in the
reconstructed MR image can be reduced in this way, thereby facilitating the quantification of
the MR imaging agent.

Furthermore, within the quickly repeating ultra-short echo time sequence of
the invention, preparation RF pulses for lipid or blood-pool suppression can be introduced.
Black blood preparation RF pulses are particularly useful for detection of intra-vascular
targeted MR imaging agents because a clear separation of the blood fraction and the
endothelial-bound fraction of the MR imaging agent is achieved. A preferred application of
the method of the invention is thus the detection and quantification of targeted nanoparticles

for assessment of the angiogenic state in carotid arteries.
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CLAIMS:

1. Method of MR imaging of chemical species having at least two different
resonance frequencies, the method comprising the steps of:

- generating MR signals at the at least two different resonance frequencies of
the chemical species by subjecting a portion of a body (10) to an imaging sequence of RF
pulses and switched magnetic field gradients, which imaging sequence is an ultra-short echo

time sequence and which jointly excites the MR signals at different resonance frequencies;

- acquiring the MR signals;

- reconstructing a MR image from the acquired MR signals.

2. Method of claim 1, wherein the echo time of the ultra-short echo time

sequence is 0-200 ps.

3. Method of claim 2, wherein the MR signals are acquired as free-induction-
decay signals during an acquisition interval ending before the phase difference of the MR

signals at the at least two different resonance frequencies exceeds 90°.

4. Method of claim 3, wherein the duration of the acquisition interval is less than

2 ms, preferably less than 1 ms.

5. Method of any one of claims 1-4, wherein the imaging sequence is applied

according to a steady state free precession technique.

6. Method of claim 5, wherein the repetition time of the imaging sequence is less

than 5 ms, preferably less than 2 ms.

7. Method of any one of claims 1-6, wherein the MR signals are acquired

according to a 2D or 3D radial k-space sampling scheme.
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8. Method of any one of claims 1-7, wherein MR signals of two or more nuclear
species are excited by means of the imaging sequence, which comprises RF pulses generated
at distinct resonance frequencies of the two or more nuclear species, and wherein the MR

signals of the two or more nuclear species are acquired in parallel.

9. Method of any one of claims 1-8, wherein the imaging sequence comprises a

preparation RF pulse for lipid or blood-pool suppression.

10. MR device comprising at least one main magnet coil (2) for generating a
uniform, steady magnetic field within an examination volume, a number of gradient coils (4,
5, 6) for generating switched magnetic field gradients in different spatial directions within the
examination volume, at least one RF coil (9) for generating RF pulses within the examination
volume and/or for receiving MR signals from a body (10) of a patient positioned in the
examination volume, a control unit (15) for controlling the temporal succession of RF pulses
and switched magnetic field gradients, a reconstruction unit (17), and a visualization unit
(18), wherein the MR device (1) is arranged to perform the following steps:

- generating MR signals of chemical species having at least two different
resonance frequencies by subjecting the portion of the body (10) to an imaging sequence of
RF pulses and switched magnetic field gradients, which imaging sequence is an ultra-short
echo time sequence;

- acquiring the MR signals;

- reconstructing a MR image from the acquired MR signals.

11. MR device of claim 10, wherein the at least one RF coil (9) is tuned to

disctinct resonance frequencies of two or more nuclear species.

12. Computer program to be run on a MR device, which computer program
comprises instructions for:

- generating an imaging sequence of RF pulses and switched magnetic field
gradients, which imaging sequence is an ultra-short echo time sequence;

- acquiring the MR signals;

- reconstructing a MR image from the acquired MR signals with contributions

from chemical species having at least two different resonance frequencies.
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INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2012/051638
A. CLASSIFICATION OF SUBJECT MATTER
INV. GO1N24/08 GO1R33/36 GO1R33/48 GO1R33/483 GO1R33/54
GO1R33/561 GOLR33/56 GO1R33/44

ADD.

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOIN GOIR

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

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X PEDER E Z LARSON ET AL: "Using Adiabatic 1-4,7.,9,
Inversion Pulses for Long-T2 Suppression 10,12

in Ultrashort Echo Time (UTE) Imaging",
MAGNETIC RESONANCE IN MEDICINE, ACADEMIC
PRESS, DULUTH, MN, US,

vol. 58, 1 January 2007 (2007-01-01),
pages 952-961, XP007912918,

ISSN: 0740-3194, DOI: 10.1002/MRM.21341

cited in the application

page 955 - page 956; figures 2,4,7,8

_/__

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

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

"Q" document referring to an oral disclosure, use, exhibition or other
means

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

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

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

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

"&" document member of the same patent family

Date of the actual completion of the international search

25 June 2012

Date of mailing of the international search report

02/10/2012

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Raguin, Guy
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DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

JURGEN RAHMER ET AL: "Three-Dimensional
Radial Ultrashort Echo-Time Imaging with
T2 Adapted Sampling",

MAGNETIC RESONANCE IN MEDICINE,

vol. 55, 14 March 2006 (2006-03-14), pages
1075-1082, XP007912919,

ISSN: 0740-3194, DOI: 10.1002/MRM.20868
[retrieved on 2006-05-14]

abstract

page 1077, column 2, paragraph 3 - page
1079, column 1, paragraph 1; figures 1,6,7
ROBSON M D ET AL: "MAGNETIC RESONANCE: AN
INTRODUCTION TO ULTRASHORT TE(UTE)
IMAGING",

JOURNAL OF COMPUTER ASSISTED TOMOGRAPHY,
NEW YORK, NY, US,

vol. 27, no. 6,

1 November 2003 (2003-11-01), pages
825-846, XP009033561,

DOI: 10.1097/00004728-200311000-00001

page 831 - page 834; figure 17; tables 1,4
page 841; figure 26

STEFAN KIRSCHA ET AL: "In vivo
chlorine-35, sodium-23 and proton magnetic
resonance imaging of the rat brain",

NMR IN BIOMEDICINE, WILEY, LONDON, GB,
vol. 23, no. 6,

1 January 2010 (2010-01-01), pages
592-600, XP007919234,

ISSN: 0952-3480, DOI: 10.1002/NBM.1500
[retrieved on 2010-03-15]

page 593, column 1, paragraph 5 - page
594, column 1; figure 3

page 598, column 1, paragraph 3 - column
2, paragraph 1

LIU WET ET AL: "Ultrashort T2 relaxometry
for quantitation of highly concentrated
superparamagnetic iron oxide (SPIO)
nanoparticle labeled cells",

MAGNETIC RESONANCE IN MEDICINE, ACADEMIC
PRESS, DULUTH, MN, US,

vol. 61, no. 4, 1 April 2009 (2009-04-01),
pages 761-766, XP007909043,

ISSN: 0740-3194, DOI: 10.1002/MRM.21923
[retrieved on 2009-02-03]

page 762 - page 764; figures 1,6

_/__

1-4,7.9,
10,12

1-3,7.9,
10,12

1-4,7,9,
10,12
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Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

ROBSON M D ET AL: "Ultrashort TE chemical
shift imaging (UTE-CSI)",

MAGNETIC RESONANCE IN MEDICINE, ACADEMIC
PRESS, DULUTH, MN, US,

vol. 53, no. 2,

1 February 2005 (2005-02-01), pages
267-274, XP007919246,

ISSN: 0740-3194, DOI: 10.1002/MRM.20344
[retrieved on 2005-01-27]

page 267 - page 271, column 1, paragraph
1; figure 6; tables 1,2

FRIEDRICH WETTERLING ET AL: "A
double-tuned 1H/23Na dual resonator system
for tissue sodium concentration
measurements in the rat brain via Na-MRI;
Dual resonator system for quantitative
Na-MRI in rat brain",

PHYSICS IN MEDICINE AND BIOLOGY, TAYLOR
AND FRANCIS LTD. LONDON, GB,

vol. 55, no. 24,

21 December 2010 (2010-12-21), pages
7681-7695, XP020179619,

ISSN: 0031-9155

abstract

page 7683 - page 7687; tables 1,6

PARRISH T B ET AL: "Theoretical basis for
sodium and potassium MRI of the human
heart at 1.5 T",

MAGNETIC RESONANCE IN MEDICINE, ACADEMIC
PRESS, DULUTH, MN, US,

vol. 38, no. 4,

1 October 1997 (1997-10-01), pages
653-661, XP007919235,

ISSN: 0740-3194

the whole document

WU Y ET AL: "Density of Organic Matrix of
Native Mineralized Bone Measured by Water-
and Fat-Suppressed Proton Projection MRI",
MAGNETIC RESONANCE IN MEDICINE, ACADEMIC
PRESS, DULUTH, MN, US,

vol. 50, 1 January 2003 (2003-01-01),
pages 59-68, XP002418915,

ISSN: 0740-3194, DOI: 10.1002/MRM.10512
cited in the application

the whole document

1-3,7,
10,12

1-4,7,9,
10,12

1-4,7,9,
10,12
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A GIRAUDEAU CELINE ET AL: "A new paradigm 1-4,7,9,
for high-sensitivity 19F magnetic 10,12

resonance imaging of
perfluorooctylbromide",

MAGNETIC RESONANCE IN MEDICINE: OFFICIAL
JOURNAL OF THE SOCIETY OF MAGNETIC
RESONANCE IN MEDICINE, SOCIETY OF MAGNETIC
RESONANCE IN MEDICINE, US,

vol. 63, no. 4, 1 April 2010 (2010-04-01),
pages 1119-1124, XP007912793,

ISSN: 1522-2594

cited in the application

the whole document
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BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-4, 7, 9, 10, 12

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-4, 7, 9, 10, 12

Method, apparatus and computer program for MR imaging of
chemical species having at least two different resonance
frequencies using an ultra-short echo time sequence.
Optional features include echo time shorter than 200
microseconds, FID sampling, acquisition duration shorter
than 2 ms, 2D or 3D radial sampling and a preparation RF
pulse for lipid or blood-pool suppression.

2. claims: 5, 6

Method of MR imaging of imaging chemical species having at
least two different resonance frequencies using a steady
state free precession ultra-short echo time sequence. =>
high SNR efficiency

3. claims: 8, 11

Method and apparatus for MR imaging of imaging chemical
species having at least two different resonance frequencies
using an ultra-short echo time sequence, whereby RF pulses
are generated at distinct resonance frequencies of two or
more nuclear species present in said chemical species, and
wherein the MR signals of the two or more nuclear species
are acquired in parallel. => multi-nuclei contrast
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