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[57] ABSTRACT

Tissue mimicking phantoms for NMR imagers are pro-
duced having a base tissue mimicking material enclosed
within a sealed container. The base tissue mimicking
material is a gel solidified from a mixture of agar, animal
hide gelatin, water, glycerol, and anti-bacterial agents
such as n-propanol, p-methylbenzoic acid, and formal-
dehyde. The formaldehyde also serves to cross link the
animal hide gel and thereby raise the melting point of
the tissue mimicking material to a temperature above
normal ambient temperatures. This base tissue mimick-
ing material is stable both in dimensions and NMR
properties over long periods of time. Contrast resolu-
tion inclusions are formed within the base tissue mim-
icking material which have T, T, or both which differ
from the corresponding values for the base tissue mim-
icking material, thereby allowing these inclusions to be
imaged and distinguished from the surrounding mate-
rial. The inclusions simulate tumors in normal tissue,
and are preferably formed in a variety of sizes down to
very small diameter spherical objects which are at or
beyond the imaging capability of the NMR imaging
apparatus. Inciusions which are stable in size, shape and
NMR properties over time while in direct contact with
the base tissue mimicking material without the need for
a barrier are formed of the same solidified gel material
as the base tissue mimicking material but differing in the
dry weight concentration of agar. Several sets of inclu-
sions may be formed so that each set will have a differ-
ent level of contrast with the base tissue mimicking
material. ‘

37 Claims, 7 Drawing Sheets
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CONTRAST RESOLUTION TISSUE MIMICKING
PHANTOMS FOR NUCLEAR MAGNETIC
RESONANCE IMAGING WITH STABLE NMR
PROPERTIES

This invention was made with United States govern-
ment support awarded by the Department of Health
and Human Services (NIH), Grant #: CA25634.

The United States Government has certain rights in
this invention.

This is a continuation of application Ser. No.
07/315,923 filed Feb. 24, 1989, abandoned.

FIELD OF THE INVENTION

This invention pertains generally to products and
techniques for testing the resolution capabilities of nu-
clear magnetic resonance (NMR) imaging equipment
and particularly to imaging processes in which hydro-
gen is the monitored nucleus.

BACKGROUND OF THE INVENTION

The early detection of cancer using medical imaging
equipment requires the ability to detect small lesions or
to delineate the boundaries of lesions that have proper-
ties close to those of the surrounding normal tissue. The
measure of the smallest object visible with a given con-
trast is called the resolution of the imaging system.
Contrast resolution and other performance tests of a
medical imaging system are performed with objects
. called phantoms. A phantom with low contrast, like
that of tissues, is required for the evaluation of the con-
trast resolution of the system. Such phantoms are com-
mercially available for use with X-ray computed to-
mography and ultrasound imaging systems but are not
generally available for nuclear magnetic resonance
(NMR) imaging systems. NMR has particular advan-
tages in investigations of the spinal cord and knee where
bone impedes X-rays and ultrasound, and for evaluation
of cardiac performance without using contrast agents as
are needed in X-ray angiography.

Hydrogen magnetic resonance imaging is generally a
more complicated imaging procedure than X-ray or
ultrasound since it does not measure just one dominant
property, such as electron density in the case of X-ray
computed tomography, but is affected by the hydrogen
atom density, flow, and two relaxation phenomena. The
contrast, or differences in image brightness, in an NMR
image is primarily due to differences in the relaxation
times of tissues. It has been found that there are relax-
ation time differences between normal tissue and certain
tumors, which makes NMR imaging potentially very
valuable in early detection of such tumors.

A satisfactory NMR phantom must satisfy several,
sometimes conflicting requirements. First, the material
of which the phantom is made should mimic the hydro-
gen density and relaxation times of several types of
tissues. Second, the relaxation times of the material
should not change over time, such as over several
months or years, so that the phantom can be used in
tests of imager reproducability. Third, if the phantom
includes inclusions of materials within the surrounding
matrix which have different NMR characteristics than
the surrounding matrix, these inclusions must be stable
over time in both shape and in NMR relaxation times,
Ty and Ts.

Soft tissues exhibit T)’s ranging from about 200 milli-
seconds (ms) to 1200 ms and T3’s from about 40 ms to
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200 ms. Typical values for the ratio T1/T; lie between 4
and 10 for soft tissues. For a given soft tissue paren-
chyma, T in particular can exhibit a significant depen-
dence on frequency as well as temperature.

Materials which have been proposed for use in phan-
toms to mimic soft tissues with respect to one or more
NMR properties include aqueous solutions of paramag-
netic salts and water based gels of various forms. Such
gels may also contain additives such as a paramagnetic
salt for control of Ti.

Aqueous solutions of paramagnetic salts can be used
in phantoms to produce a desired value of either T; or
T,. The ratio of T1/T3 in the salt solutions is almost
always less than 2, however, rendering such solutions
inadequate for the close mimicking of soft tissue, with
the possible exception of body fluids.

Phantom materials composed of water based agar
gels doped with MnCl; to control T; have been re-
ported. R. Mathur-DeVre, et. al., “The Use of Agar as
a Basic Reference for Calibrating Relaxation Times and
Imaging Parameters, ” Magn. Reson. Med., Vol. 2,
1985, p. 176. Agar gels doped with CuSO4 have also
been reported. M. D. Mitchell, et al.,, “Agarose as a
Tissue-Equivalent Phantom Material for NMR Imag-
ing,” Magn. Reson. Imag., Vol. 4, 1986, p. 263. To
produce sufficiently low values of T1/T> for mimicking
soft tissues, a rather low dry weight concentration of
agar must be used (1% to 2%). When employing agar
gels of these low concentrations in sealed glass contain-
ers, slow shrinkage of about 2% in volume over a per-
iod of months has been observed, with fluid being ex-
truded at the boundaries, making such materials unsuit-
able for forming complex phantoms such as contrast
resolution phantoms or anthropomorphic phantoms.

A material in which very high dry weight concentra-
tions of agar and animal hide gels were employed to
control (i.e., lower) T; without use of paramagnetic
salts has been reported by W. T. Dixon, “Simple Proton
Spectroscopic Imaging,” Radiology, Vol. 153, 1984, p.
189. Production of these very high gel concentrations
apparently requires considerable time, effort and care.
Failure to produce stable complex phantoms was also’
reported.

A polyvinyl alcohol gel is described by I. Mano, et
al,, “New Polyvinyl Alcohol Gel Material for MRI
Phantoms,” Magn. Reson. Med. Vol. 2, 1986, p. 921.
This material appears to lack the long term stability
desired in phantoms; the relaxation times reportedly
decreased 4% to 12% in six months. Another disadvan-
tage exhibited was extrusion of fluid at boundaries of
the material. A polyacrylamide gel material proposed as
a tissue mimicking material is described in F. DeLuca,
et al., “Biological Tissue Simulation and Standard Test-
ing Material for MRL,” Magn. Reson. Med., Vol. 4,
1978, p. 189.

-A phantom material consisting of mixtures of agar gel
and animal hide gel in which CuSO4 was used to lower
T has also been reported. Unfortunately, a long-term
instability manifested itself in that a steady, very slow
rise in T} was observed over a period of months. This
instability precludes the use of this material in MRI
phantoms. The rise in T; was perhaps due to the slow
formation of metal-organic complexes, removing the
Cu+t+ paramagnetic ions. J. C. Blechinger, et al,
“NMR Properties for Tissue-Like Gel Mixtures for Use
as Reference Standards or in Phantoms,” Med. Phys.,
Vol. 12, 1985, p. 516 (Abstract).
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E. L. Madsen, et al., “Prospective Tissue-Mimicking
Materials for Use in NMR Imaging Phantoms,” Magn.
Reson. Imag., Vol. 1, 1982, p. 135, reported water-based
animal hide gels which depended upon the concentra-
tion of glycerol for control of T and on the concentra-
tion of graphite powder for control of Tz. Unfortu-
nately, the instrument used in the work reported on in
that article employed what has become known as the
simple Hahn Spin-Echo Pulse Sequence for Measuring
T». Later measurements, made with an instrument using
the Carr-Purcell-Meiboon-Gill (CPMG) pulse se-
quence, expose a strong dependence of the apparent T2
on 2, the time between 180° pulses. No well defined T3
could be established for the materials using the CPMG
pulse sequence. It is likely that the microscopic diamag-
netic graphite particles caused inhomogeneities in the
magnetic induction, By, to such an extend that even the
CPMG pulse sequence was unable to eliminate their
effect.

SUMMARY OF THE INVENTION

In accordance with the present invention a tissue
mimicking phantom utilizes a base tissue mimicking
material which is a gel solidified from a mixture of
animal hide gelatin, agar, water and glycerol. The
amount of glycerol can be used to control the T; that is,
the solution used in making the base material can be
varied in the glycerol to water ratio to obtain the T}
value desired. It is of particular significance that the
glycerol to water ratio has been found to have little
effect on the T value of the base material.

These tissue mimicking materials can be made to have
hydrogen Ti/T; ratios, as well as T; and T3 values
themselves, which span the ranges found in normal and
abnormal soft tissues. The frequency dependence found
for these materials also simulates that found in nonfat
type soft tissues, and the base material exhibits long
term stability in its NMR properties. In addition, the T
and T values can be specified accurately for the materi-
als in the phantom if the temperature of the phantom is
known. These materials do not shrink and extrude solu-
tion at their boundaries, and therefore are satisfactory
for the construction of complex phantoms, and can be
produced using straightforward and relatively rapid
manufacturing techniques.

The preferred base material includes a mixture of
agar, animal hide gelatin, distilled water (preferably
deionized), glycerol, n-propyl alcohol, formaldehyde,
and p-methylbenzoic acid. The water must be free of
any paramagnetic materials. The n-propanol, formalde-
hyde and p-methylbenzoic acid prevent bacterial at-
tack. In addition, the formaldehyde also produces cross
linking of the animal hide gel molecules, which raise the
melting point of the gel from about 33° C. to at least
100° C. Thus, instabilities relating to melting and
resolidifying during normally occurring environmental
temperatures is avoided. Other comparable bacterial
inhibitors and cross linking agents may also be utilized.
It is found that a concentration of n-propyl alcohol
maintained at about 8.3% by volume of the fluid com-
ponents is satisfactory, while the concentrations of p-
methylbenzoic acid and formaldehyde may be made
proportional to the concentration of animal hide gel.
Preferably, the ratio of p-methylbenzoic acid mass to
dry mass of animal hide gel is maintained at 0.0065 and
the ratio of the mass of formaldehyde to the dry mass of
animal hide gel is 0.017.
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In a production technique for the base tissue mimick-
ing material which allows easy selection of the final T
and T values, two containers of molten gel are initially
provided, one container having dissolved agar gelling
liquid (e.g., 4.3% dry weight percent agar) and the
other container having dissolved animal hide gelling
liquid (e.g., 18.7% dry weight percent animal hide gela-
tin). Any sample of the tissue mimicking material made
contains X% from the molten animal hide gel container
and Y% from the molten agar container, with
X+Y=100 so that X and Y are volume percentages.
The desired percentages of the two components are
then mixed together to yield the desired relative pro-
portion of the two. Preferably, both the molten agar and
the molten animal hide gel have the same selected con-
centration of glycerol (e.g., 17% of the liquid compo-
nents) so that this percentage remains constant in the
final product. Preferably, the bacterial inhibitors such as
the n-propyl alcohol and the p-methylbenzoic acid are
mixed with the glycerol prior to the mixing of the glyc-
erol with the agar and animal hide gel components.
However, the formaldehyde is not added until the agar
and animal hide gel components are combined and
mixed because of the cross linking effect of the formal-
dehyde.

A contrast resolution phantom formed in accordance
with the present invention includes a base tissue mim-
icking material which may be prepared as set forth
above and, imbedded therein, a plurality of inclusions
which have NMR properties which differ from the base
tissue mimicking material. Preferred inclusions are
spherical in form and may be arranged so that several
inclusions which span a range of diameters down to the
smallest diameter which may conceivably be imaged by
conventional NMR imaging apparatus are provided
(e.g., from several centimeters to a minimum size in the
range of 2 millimeters). These inclusions differ from the
surrounding base tissue mimicking material in Ty, or T3,
or both, but yet are formed so that they are both stable
in physical conformation over time and in their NMR
properties. These conditions are achieved by producing
the spherical inclusions separately from the base tissue
mimicking material of an identical material but having a
different dry weight concentration of agar. It is found
that by varying the dry weight concentration of agar
between the inclusions and the surrounding base tissue
mimicking material, a desired degree of contrast can be
obtained between the inclusions and the surrounding
material, while the differences in agar concentration
between the base material and inclusions does not affect
either the long term conformation stability of the inclu-
sions or the long term NMR properties of the inclusions
or the surrounding base material. Differences in con-
trast between the surrounding base material and the
spherical inclusions may also be obtained by the use of
an added solid to the base material and the inclusions
that has little NMR response but displaces some of the
gelatin solution, decreasing the apparent 'H density to
the NMR instrument with little change in the reaction
times. For example, finely powdered nylon can be
added and mixed into the base material with different,
e.g., lesser amounts of the finely powdered nylon being
added to the inclusions to obtain a desired degree of
contrast between the base material and the inclusions.
Because the other properties of the material of the inclu-
sions and the base material are the same, no changes
occur over time in either the conformation of the inclu-
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