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PHANTOM FOR QUANTITATIVE
DIFFUSION MAGNETIC RESONANCE
IMAGING

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
DK083380, DK088925, DK 100651, and DK 102595
awarded by the National Institutes of Health. The govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

The field of the invention is systems and methods for
magnetic resonance imaging (“MRI”). More particularly,
the invention relates to a phantom for quantitative diffusion
MRI.

Among numerous magnetic resonance imaging contrast
mechanisms, the insight that diffusion-weighted MRI pro-
vides into the microstructural changes in tissues makes it an
excellent biomarker for the detection and evaluation of
necrosis, infection, fibrosis, and cancer. To realize the diag-
nostic potential of diffusion-weighted MRI, it is important to
develop quantitative diffusion MRI (“q-DMRI”) techniques
that produce reproducible, accurate, and robust measure-
ments of the apparent diffusion coefficient (“ADC”) or
diffusivity. Such g-DMRI techniques would have tremen-
dous potential for various imaging applications, including
tumor characterization and treatment monitoring. However,
for g-DMRI to become a valid biomarker, validation of its
accuracy and reproducibility is needed.

Phantoms are devices that are placed in the bore of an
MRI system to test or calibrate its operation. Phantoms may
be made of materials having known magnetic resonance
properties or they may contain cavities filled with such
materials. The MRI system is operated with the phantom in
place to produce a spectrum or an image from which proper
operation of the MRI system may be determined. Phantoms
exhibiting desired diffusion behavior could provide a con-
trolled setting for the development and validation of
gq-DMRI techniques.

Ideally, phantoms used for diffusion quantification should
possess a single-peak magnetic resonance spectrum; a single
exponential diffusion decay profile; and apparent diffusion
coeflicient (“ADC”), or diffusivity, values over the entire
physiological range (e.g., 0.62x10> mm?%/s to 2.60x107>
mm?/s). Furthermore, it would be preferable for the phan-
toms to have these characteristics under a well controlled
temperature.

Early phantoms used in diffusion-MRI were made of
different pure substances, such as water or ethanol. These
phantoms are easy to construct and easy to use, and they also
have well-characterized simple diffusion behavior. Com-
pounds such as ethanol, however, also have a magnetic
resonance spectrum with multiple peaks. Multiple spectral
peaks can lead to image artifacts, such as chemical shift
related artifacts. In addition, by using pure substances, only
a limited number of discrete ADC values can be achieved at
any controlled temperature.

Recently proposed phantoms for q-DMRI have used
water as a solvent, to which solutes are added to change the
diffusivity of the resulting solution. As one example, these
phantoms have included water solution phantoms in which
sucrose or a polymer, such as sucrose polyvinyl pyrrolidone
(“PVP”), are added as solutes to water. These water solution
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phantoms, however, do not meet all of the desirable prop-
erties for a ¢-DMRI phantom listed above.

There remains a need to provide phantoms for q-DMRI
that have desirable magnetic resonance spectra, have desir-
able diffusion decay profiles, and have diffusivity values that
span the entire range of diffusivities of biological tissues
under a variety of physiological conditions and tissue envi-
ronments.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing a calibration phantom for quanti-
tative diffusion magnetic resonance imaging (“MRI”). The
phantom includes a housing that contains a solution com-
prising a solvent and a solute. The solvent has a base
diffusivity higher than the diffusivity of water, and the solute
reduces the diffusivity of the solution through chemical
interactions with the solvent.

The foregoing and other aspects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying draw-
ings that form a part hereof, and in which there is shown by
way of illustration a preferred embodiment of the invention.
Such embodiment does not necessarily represent the full
scope of the invention, however, and reference is made
therefore to the claims and herein for interpreting the scope
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an example of a calibration phantom useful for
calibrating quantitative diffusion magnetic resonance imag-
ing (“q-DMRI”) techniques;

FIG. 2 is another example of a calibration phantom useful
for calibrating q-DMRI techniques, wherein the phantom
includes multiple compartments each containing a different
solution or a different concentration of the same solution;
and

FIG. 3 is another example of a calibration phantom useful
for calibrating q-DMRI techniques, wherein the phantom
includes multiple different containers each containing a
different solution or a different concentration of the same
solution.

FIG. 4 is another example of a calibration phantom useful
for calibrating q-DMRI techniques, wherein the phantom
includes multiple compartments contained in a fluid-tight
container that contains a fluid doped with a relativity agent,
and wherein each compartment contains a different solution
or a different concentration of the same solution.

DETAILED DESCRIPTION OF THE
INVENTION

Described here is a phantom for use with magnetic
resonance imaging (“MRI”) and, in particular, for calibrat-
ing quantitative diffusion MRI. In general, the phantom
includes a solution composed of a solvent that has diffusivity
value higher than that of water, and a solute that when added
to the solvent reduces the diffusivity of the solvent. By
varying the combined concentration of the solvent and
solute, the diffusivity of the solution can be controlled to fall
within a range of diffusivity values found in biological
tissues in a variety of different physiological and patho-
physiological conditions or tissue environments.

As will be described in detail below, the solvent and
solute are preferably selected to have desirable nuclear
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magnetic resonance (“NMR™) spectra. For example, the
solvent can be selected to have an NMR spectrum with a
single peak (or a single visible peak using conventional
imaging parameters), and the solute can be selected to have
an NMR spectrum that produces little to no measureable
signal over the range of resonance frequencies for which a
measurable NMR signal can be produced from the solvent.

The development and quality assurance of quantitative
diffusion MRI techniques can be achieved by using the
phantoms described here to enable controlled testing. The
phantoms described here exhibit several important desirable
properties, including single peak NMR spectra and Gaussian
diffusion propagation. Under temperature-controlled condi-
tions (e.g., submerging the phantom in an ice-water bath),
the phantom can reproducibly exhibit ADC values that cover
the entire physiological range.

Referring now to FIG. 1, an example of a phantom 10 for
calibrating quantitative diffusion MRI is illustrated. The
phantom 10 includes a solution 12 that is composed of a
solvent and at least one solute. As will be described below,
the solution 12 is preferably formulated based on the prin-
ciple that increasing concentrations of solute in the solvent
will decrease the diffusivity of the solvent to within the
desired physiological range of diffusivities. Furthermore,
different types of paramagnetic salt may be added into the
mixture to control T, and T, relaxation of the phantom 10.
Examples of paramagnetic salts that can be added to the
solution 12 include zinc chloride, iron chloride, scandium
basic thiocyanate, chromium chloride, cobalt chloride, cop-
per sulphate, manganese chloride, nickel chloride, and
sodium chloride. For instance, when the solvent is selected
as acetone, the paramagnetic salt can be zinc chloride or iron
chloride, which are both soluble in acetone.

The solution 12 is contained in a housing 14 that is
constructed of an MR-compatible material. As a few non-
limiting examples, the housing 14 can be constructed of
plastics, such as polycarbonate, polyethylene, polystyrene,
polyvinyl chloride, and so on.

The housing 14 can have any suitable shape, including
rectangular, cylindrical, spherical, or being shaped to mimic
a particular anatomy. As one example, the housing 14 can be
cylindrical or spherical to reduce susceptibility effects at the
interface of the solution 12 and the wall of the housing 14.

In some configurations, the housing 14 can include an
opening through which the housing 14 can be filled with the
solution 12. In other configurations, the housing 14 is sealed
after being filled with the solution 12.

As shown in FIG. 2, the housing 14 can also include
multiple different compartments 16 that can be filled with
different solutions (e.g., solutions 12a-12¢). For instance,
each compartment 16 can be filled with a solution composed
of the same solvent and solute, but in different ratios. In this
manner, each compartment 16 will correspond to a different
diffusivity value in the desired range of physiologically and
pathophysiologically relevant diffusivities. As another
example, each compartment 16 can be filled with a different
solution 12 such that each compartment 16 represents a
different diffusivity value.

As shown in FIG. 3, the phantom 10 can also include
multiple different housings 14 each containing a different
solution 12, or a solution 12 with a different ratio of solvent
and solute (e.g., solutions 12a-12¢). These multiple housings
14 can be contained in a larger container 18. In some
embodiments, the container 18 can include an ice water bath
for controlling the temperature of the solutions 12. This
configuration has the benefit that the different housings 14
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can be selectively removed from the phantom 10 to provide
different diffusivities that can be measured with the phan-
tom.

In some embodiments, the housing 14, or compartments
16 formed therein, can be constructed to restrict diffusion of
the solution 12 along one or more directions in order to
achieve anisotropic diffusion characteristics in the phantom
10. These anisotropic diffusion characteristics can be mea-
sured to calibrate diffusion tensor imaging (“DTI”’) and other
diffusion MRI-based techniques that measure anisotropic
diffusion properties. As one example, the housing 14 or
compartments 16 can have formed therein a bundle of
capillaries that restrict diffusion of the solution 12 along one
or more directions. For instance, the capillaries can include
small tubes composed of non-magnetic materials. Prefer-
ably, the capillaries are composed of a material that does not
produce magnetic resonance signals in the range of magnetic
resonance spectral peaks associated with the solution 12.
These capillaries can be formed throughout the entire vol-
ume of the housing 14 or compartments 16, or can be formed
in one or more subvolumes of the housing 14 or compart-
ments 16. As another example, the housing 14 or compart-
ments 16 can be filled, partially or fully, with non-magnetic
rods so as to restrict diffusion of the solution 12 along one
or more directions. Preferably, these non-magnetic rods are
composed of a material that does not produce magnetic
resonance signals in the range of magnetic resonance spec-
tral peaks associated with the solution 12.

The solution 12 is generally formulated such that the
diffusivity of the solution 12 can be adjusted to any value
within the range of common physiological diffusivities by
varying the combined concentration of solute and solvent in
the solution 12. The diffusivity of the solution 12 can also be
varied by controlling the temperature of the solution 12. In
some embodiments, the solution 12 is formulated to have
diffusivity values that fall within the range of common
physiological diffusivities. As one example, the solution 12
can be formulated to have diffusivities that fall in the range
of 0.2x107> mm?/s to 3.0x107> mm?/s.

Preferably, the solution 12 is formulated to achieve the
desired range of physiologically relevant diffusivities at a
particular reproducible and reliably controllable tempera-
ture. For instance, the solution 12 can be formulated to have
diffusivity values that fall within the range of common
physiological diffusivities when the solution 12 is main-
tained at 0° C., which is easy to reproduce using icer-water
baths. As one example, the solution 12 can be formulated to
have diffusivities that fall in the range of 0.62x10~> mm?/s
10 2.62x107> mm?/s.

In general, the solvent is selected to have the following
properties. The solvent preferably has a nuclear magnetic
resonance spectrum that is amenable to imaging with MRI.
For instance, the solvent preferably has an NMR spectrum
that contains a single-peak, or otherwise contains one sig-
nificantly dominant peak that can be readily imaged without
interference from signals related to other resonance peaks.

The solvent preferably also has a diffusivity that is higher
than water. As will be described below, the solute is then
selected in part on its ability to decrease the diffusivity of the
solution when mixed with the solvent. In this manner, the
concentration of the solute in the solution can be used to
lower the diffusivity of the solution into a desired range,
such as the range of physiological diffusivities of water in
various tissues, tissue environments, and physiological con-
ditions. Because the solvent is chosen to have a diffusivity
higher than water, by controlling the combined concentra-
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tion of the solvent and solute, the diffusivity of the solution
can be varied to be within a physiologically relevant range.

As one non-limiting example, the solvent can be acetone.
Compared with water, acetone has higher ADC at 0° C. (i.e.,
ADC=3.15x10> mm?/s). Therefore, by mixing acetone with
an appropriate solute, the ADC of acetone in solution can be
lowered to achieve a broad range of ADC values spanning
the entire physiological range. As another example, the
solvent can be diacetyl.

In general, the solute is selected to produce essentially no
measurable magnetic resonance signal over the range of
resonance frequencies for which the solvent will produce a
measurable signal. That is, the solute should not confound
the measurement of diffusivities from the solvent when in
solution. As one non-limiting example, the solute can be
deuterium oxide, which is also referred to as heavy water.

Thus, as one non-limiting example for the solution 12 in
the calibration phantom 10, the solvent can be acetone and
the solute can be deuterium oxide. Increasing the concen-
tration of deuterium oxide in the solution decreases the
diffusivity of acetone because of hydrogen-bond strength-
ening. Thus, other combinations of solvent and solute that
exhibit this chemical interaction can also suitable be used
when formulating the solution used in the phantom.

Pure acetone has a higher diffusivity value than water, and
increasing the concentration of water mixed in the acetone
enables a wide range of ADC values through hydrogen-bond
strengthening or other hydrogen bond effects. Preferably,
this wide range of ADC values should be achievable at a
temperature that can be consistently reproduced and main-
tained, such as 0° C., which can be achieved by placing the
phantom 10 in an ice water bath as described above with
respect to FIG. 3. When submerged in ice-water bath, the
chemical shift of acetone may cause acetone signal to be
super-imposed on water signal in images acquired using
diffusion-weighted echo planar imaging (DW-EPI). As such,
in some embodiments, the ice-water bath can be doped with
a relaxivity agent, such as chelated gadolinium or manga-
nese chloride, to overcome this problem by effectively
eliminating the water signal. Similarly, regular water mixed
with a relaxivity agent could be used to eliminate the water
signal as an alternative to using heavy water.

As illustrated in FIG. 4, in some embodiments the phan-
tom 10 can include a housing 14 that is positioned in a
fluid-tight container 20 that contains a fluid 22 doped with
a relaxivity agent. For example, the fluid 22 can be water.
The phantom 10 can then be submerged in an ice-water bath
environment that has not been doped with a relaxivity agent.
This configuration allows the temperature of the ice-water
bath to remain unaffected by the addition of a relaxivity
agent, while providing an additional layer of separation
between the housing 14 containing the one or more solutions
12 and the ice-water bath.

The magnetic resonance spectrum of this example phan-
tom is reduced to a single peak (i.e., the acetone peak) by
using deuterium oxide as the solute. With reference again to
FIGS. 2-4, where the phantom 10 includes a housing 14 with
multiple compartment 16, or includes multiple separate
housings 14, solutions 12 with different combined concen-
trations of solvent and solute can be prepared and used in the
phantom 10. For example, in an acetone-deuterium oxide
solution, deuterium oxide concentrations of 0% (v/v), 5%
vIv), 10% (v/v), 20% (v/v), 40% (v/v) can be used.

The phantoms described here provide a calibration phan-
tom having a single spectral peak with a wide range of ADC
values covering the entire physiological range. Therefore,
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the phantoms described here can be advantageously used for
the development and validation of q-DMRI techniques.

Having generally described various calibrations phantoms
for use in g-DMRI techniques, an example method for using
the calibration phantom is now briefly described. The cali-
bration phantom 10 can be used to calibrate an MRI system
for use in q-DMRI techniques. The phantom 10 can be
positioned in the bore of the MRI system and images of the
one or more solutions 12 in the phantom 10 can be obtained.
Because the one or more solutions 12 have known diffu-
sivities, the diffusivities (e.g., ADC values) computed from
these images can be compared to the known diffusivities to
calibrate the MRI system.

The calibration phantom 10 can also be used as a part of
a quality assurance process, a quality control process, or
both. This type of calibration can be performed at the facility
where the MRI system is manufactured, or after installation
of the MRI system at the clinical site as part of acceptance
testing. For instance, the calibration can be performed as
part of repairing or otherwise maintaining the MRI system,
including periodic accreditation or other scanner quality
control qualification procedures. The calibration phantom
can also be used for routine quality assurance, where the
MRI system can be periodically calibrated to ensure con-
sistent diffusion image quality.

The present invention has been described in terms of one
or more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifi-
cations, aside from those expressly stated, are possible and
within the scope of the invention.

The invention claimed is:
1. A calibration phantom for quantitative diffusion mag-
netic resonance imaging (MRI), comprising:
a housing;
a solution contained in the housing, the solution compris-
ing a solvent, a solute, and a relaxivity agent, wherein:

the solvent has a base diffusivity higher than the diffu-
sivity of water, and wherein the solvent is selected to
have a single peak in a nuclear magnetic resonance
spectrum when the solution is imaged with an MRI
system,

the solute reduces the diffusivity of the solution through

chemical interactions with the solvent;

the relaxivity agent is added to the solution in an amount

to reduce the solute signal in the nuclear magnetic
resonance spectrum, and wherein the solution com-
prises a single visible peak relative to other resonance
peaks in the nuclear magnetic resonance spectrum
when imaged with an MRI system.

2. The calibration phantom as recited in claim 1, wherein
the relaxivity agent is added to the solution in an amount to
effectively eliminate the solute signal from the nuclear
magnetic resonance spectrum.

3. The calibration phantom as recited in claim 1, wherein
the solute is water.

4. The calibration phantom as recited in claim 3, wherein
the solvent is acetone.

5. The calibration phantom as recited in claim 3, wherein
the solvent is diacetyl.

6. The calibration phantom as recited in claim 1, wherein
the housing has formed therein a plurality of compartments,
and wherein each compartment contains a different concen-
tration of the solution such that each compartment corre-
sponds to a different diffusivity.

7. The calibration phantom as recited in claim 1, wherein
the housing has formed therein a plurality of compartments,
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and wherein a different solution is contained in each com-
partment such that each compartment corresponds to a
different diffusivity.

8. The calibration phantom as recited in claim 1, further
comprising a plurality of housings, each of the plurality of
housings having contained therein a different concentration
of the solution.

9. The calibration phantom as recited in claim 1, further
comprising a container having a volume configured to
receive the housing and to receive a fluid such that the fluid
adjusts a temperature of the solution contained in the hous-
ing.

10. The calibration phantom as recited in claim 9, wherein
the fluid is water.

11. The calibration phantom as recited in claim 10,
wherein the water is ice water.

12. The calibration phantom as recited in claim 10,
wherein the water is doped with a relaxivity agent.

13. The calibration phantom as recited in claim 12,
wherein the relaxivity agent includes at least one of chelated
gadolinium or manganese chloride.

14. The calibration phantom as recited in claim 1, further
comprising a container having a volume configured to
receive the housing and to receive a fluid that is doped with
a relaxivity agent.
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15. The calibration phantom as recited in claim 14,
wherein the fluid is water and the relaxivity agent includes
at least one of chelated gadolinium or manganese chloride.

16. The calibration phantom as recited in claim 15,
wherein the container is sized to be positioned in an ice-
water bath to control a temperature of the solution contained
in the housing.

17. The calibration phantom as recited in claim 1, wherein
the solution further comprises a paramagnetic salt to adjust
at least one of a longitudinal relaxation or a transverse
relaxation of the solution.

18. The calibration phantom as recited in claim 17,
wherein the paramagnetic salt is at least one of zinc chloride
or iron chloride.

19. The calibration phantom as recited in claim 1, wherein
the solute reduces the diffusivity of the solution through
hydrogen-bond strengthening with the solvent.

20. The calibration phantom as recited in claim 1, wherein
the solution comprises an apparent diffusion coefficient
(ADC) in the range of physiological diffusivities of water in
biological tissues.



