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Abstract

Purpose: To develop switchable and tunable labels with high contrast ratio for MRI using
magneto-caloric materials that have sharp first order magnetic phase transitions at physiological
temperatures and typical MRI magnetic field strengths.

Methods: A prototypical magneto-caloric material Iron-Rhodium (FeRh) was prepared by melt
mixing, high-temperature annealing, and ice-water quenching. Temperature and magnetic field
dependent magnetization measurements of wire-cut FeRh samples were performed on a vibrating
sample magnetometer. Temperature-dependent MRI of FeRh samples was performed on a 4.7T
MRI.

Results: Temperature-dependent MRI clearly demonstrated image contrast changes due to the
sharp magnetic state transition of the FeRh samples in the MRI magnetic field (4.7T) and at a
physiologically relevant temperature (~37°C).

Conclusion: A magneto-caloric material, FeRh, was demonstrated to act as a high contrast ratio
switchable MRI contrast agent due to its sharp first order magnetic phase transition in the DC
magnetic field of MRI and at physiologically relevant temperatures. A wide range of magneto-
caloric materials are available that can be tuned by materials science techniques to optimize their
response under MRI-appropriate conditions and be controllably switched in-situ with temperature,
magnetic field, or a combination of both.
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Introduction

Development of novel contrast mechanisms and labeling agents for MRI is important for
further advancements in non-invasive cell imaging, tracking, and readout of physiological
conditions in-vivo (1). There has been a large increase in utilizing conventional magnetic
materials for preparation of nano- to micro- scale particle labels for MRI (2). Typically, this
work uses bottom up chemical approaches to control composition and shape that may be
useful for MRI sensing (3). In addition, some effort has gone into lithographic fabrication of
more complex ferromagnetic micro-structures that have tunable spectroscopic properties (4)
as well as sensing mechanisms that can be used to detect changes in the pH, ion
concentration, temperature, or metabolism in the MRI settings (5).

Selection of appropriate magnetic materials for tunable labels in typical MRI settings of
Tesla-scale DC magnetic fields and physiological temperatures of around 37°C is limited by
the basic physical properties of most classical magnetic materials such as iron, iron oxides,
manganese oxides and mixed metal formulations. Most magnetic materials have Curie
temperatures in the hundreds of degrees Celsius, and therefore have a very flat saturation
magnetization around physiological body temperatures of 37°C (310K). Moreover, standard
MRI settings place these labels in large DC magnetic fields typically between 0.5-20 Tesla
where all of these materials are magnetically saturated and therefore there is no way to make
their net magnetic moment depend upon parameters such as temperature, pH, or other
physiological parameters. It therefore remains a challenge to identify, design, or engineer
unigue magnetic materials that would have switchable and tunable properties with high
differential contrast ratios in the MRI settings at physiological temperature where the DC
magnetic fields are very large.

In this brief proof-of-concept report we put forward the case that there is a large class of
materials, commonly known as Magneto-Caloric Materials (6, 7), whose magnetic
properties provide a close match to the requirements for the design of high contrast ratio
switchable and tunable MRI labels (8). More specifically, careful examination of the
magneto-caloric materials” magnetic properties reveals that some of them have extremely
sharp first-order magnetic phase transitions at typical physiological temperatures and in the
presence of the large Tesla-scale magnetic fields typical of MRI settings. Furthermore, these
sharp first-order magnetic phase transitions can have a positive or negative slope of
magnetization vs. temperature, making them even stronger candidates as versatile materials
for high differential contrast switchable MRI labels. Finally, magneto-caloric materials can
be engineered and their magnetic properties fine-tuned through materials science techniques
such as doping, alloying, thermal treatments and the like to optimize their response under
physiological and MRI-appropriate conditions. As an example, we present the basic
magneto-physical and MRI measurements on samples of Iron-Rhodium (FeRh), a proto-
typical magneto-caloric material well-known and first extensively studied in the 1960s (9-
16), in order to develop the case for and demonstrate the use of such materials for high
differential contrast ratio MRI labels. This binary alloy (widely investigated for magnetic
refrigeration (17), data storage (18), and spintronics (19, 20) applications) and other
magneto-caloric materials have to our knowledge not been previously considered for
switchable and tunable MRI labels.

Magn Reson Med. Author manuscript; available in PMC 2020 April 01.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Barbic et al.

Methods

Results

Page 3

Two sets of Iron-Rhodium granules (Fe 49% - Rh 51% atomic composition, of 99% and
99.9% nominal purity) were prepared by mixing in an arc melting furnace (American
Elements Corporation Model FE-RH-02 and Model FE-RH-03, respectively), followed by a
high-temperature anneal in Argon gas quartz tube furnace at 1,000°C for two weeks, and
subsequently rapidly quenched in ice-water. This procedure typically results in the ordered
body-centered-cubic (CsCl-type) crystal structure binary alloy FeRh with the bulk saturation
magnetization of Mg=1.3x108 A/m in the ferromagnetic state (9) (for comparison, pure Iron
has bulk saturation magnetization of Mg=1.7x108 A/m). FeRh samples were cut into mm-
scale sample disks and buffed to a shiny metallic surface with an optical fiber polishing
paper in order to remove any oxide from the samples. Temperature and field dependent
magnetic measurements of the samples were then performed in a 9-Tesla Vibrating Sample
Magnetometer (VSM, Quantum Design, Inc.). In order to demonstrate the basic proof-of-
concept feasibility of a magneto-caloric material as a tunable and switchable high
differential contrast agent at physiological temperatures and typical MRI settings, a 4.7 Tesla
MRI scanner (Bruker Biospin, Inc.) was used. This choice was made because the available
MRI polarizing magnetic field of that scanner was closest to the value where the sharp first
order magnetic phase transition happens near the physiological temperature of 37°C
(310°K). For the MRI demonstration, the sample was embedded in agarose next to a MRI-
compatible optical fiber-based thermometer (FISO Technologies, Inc.). The sample
container was wrapped in tubing connected to a temperature controlled water circulating
bath (Model Cole-Parmer Polystat Standard 3—6L Heat/Cool Bath) in order to sweep and
control the temperature of the sample and its environment around physiologically relevant
temperature range (10-55°C).

Figures 1a and 1b show the VSM measurements of the magnetic moment of the FeRh
samples as a function of temperature at different constant magnetic fields. Both samples
exhibited a sharp first order magnetic transition from an antiferromagnetic to a
ferromagnetic state over a very narrow range of physiologically relevant temperatures. More
specifically, the 99% purity FeRh sample has a sharp magnetic phase transition around room
and body temperatures (27°C=300K and 37°C = 310K, respectively) at the constant
magnetic field of around 1 Tesla, while the 99.9% purity FeRh sample has a sharp magnetic
phase transition around room and body temperatures at the constant magnetic field of around
5 Tesla. These results are in line with the previously reported measurements of FeRh (9),
and demonstrate several important features. The most important one is that the
magnetization of FeRh changes through the transition by a factor of about twenty in absolute
value, and it does so over a very narrow temperature range around the physiological body
temperature and in the presence of a large Tesla-scale magnetic field. The second important
feature is that the temperature dependence and magnetic properties of FeRh (and magneto-
caloric materials in general) are highly dependent on sample purity (14). Conversely, this
demonstrates the attractive feature of FeRh (and other magneto-caloric materials) that,
through careful materials science preparation and process control of impurities and crystal
structure, one can tune and engineer FeRh to have a sharp magnetic phase transition at the
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desired temperature and bias magnetic field (12, 14, 21, 22) at physiological body
temperatures and magnetic field strength of the MRI used. Furthermore, such temperature
dependence of magnetization demonstrates that, once the proper magneto-caloric material is
prepared for a specific magnetic field of the MRI used, the magnetization of that magneto-
caloric label can in principle be switched in-situ by modest temperature changes on the order
of a few degrees Celsius.

In the second set of VSM magnetic measurements, shown in Figures 2a and 2b, the
magnetic moments of the two FeRh disk samples of different purity are measured as a
function of the varying magnetic field at constant temperatures (room temperature of
27°C=300K and physiological body temperature of 37°C = 310K, respectively). The sharp
magnetic phase transition with varying magnetic field is again present at large magnetic field
values. Specifically, the 99% purity FeRh sample has a sharp magnetic phase transition
around room and body temperatures at the magnetic field values between 0.5-2 Tesla, while
the 99.9% purity FeRh sample has a sharp magnetic phase transition around room and body
temperatures at the magnetic field values between 4-6 Tesla. These results are also in line
with the previously reported measurements of magnetization vs. magnetic field for FeRh
(13, 15, 23), and demonstrate another important feature that, once the proper magneto-
caloric material is fabricated as a switchable MRI label for the specific magnetic field of the
MRI used, the magnetization of that magneto-caloric label can in principle be switched in-
situ with additionally added or subtracted magnetic field or by temporarily removing the
sample from the MRI bore.

Measurements described in Figures 1 and 2 guided the experimental choices for
demonstrating the basic proof-of-concept feasibility of a magneto-caloric FeRh material as a
switchable high differential contrast MRI agent. Of the two samples that we prepared, 99.9%
purity FeRh sample displayed a sharper first order magnetic transition at a higher bias DC
magnetic field (of around 5 Tesla) at the physiological temperature of 37°C. These
parameters narrowed our available scanner choices to a 4.7 Tesla MRI (Bruker Biospin,
Inc.). Figures 3(a-f) show six representative gradient-echo images (out of 52) of the effect of
the mm-scale disk of FeRh on the surrounding agarose (Image parameters: TR/TE = 100/2.2
ms, FA = 25 degrees, nominal resolution = 0.46 x 0.46 x 1mm, FOV = 60.0 x 60.0 mm) as
the temperature of the set-up (diagrammatically shown in Figure 3g) is swept through
physiologically relevant temperature range (10-55°C) at the constant MRI magnetic field of
4.7 Tesla. The clearly demonstrated agarose image phase shift with concomitant magnetic
field change emanating from the magneto-caloric FeRh sample is seen in the increase in size
of the MRI signal void in the magnitude images produced around the sample in Figures 3(a-
f). As the 99.9 % purity FeRh sample magnetization data of Figure 1b dictates, the
temperature increase drives the sample to transition from the low-moment antiferromagnetic
phase below the transition temperature to the high-moment ferromagnetic phase above the
transition temperature and then back to the low-moment antiferromagnetic phase as the
sample is cooled. Loss of signal in the MRI of Figure 3(a-f) due to the changing magnetic
moment of the magneto-caloric material closely follows the magnetic properties shown in
Figure 1b. The size of the region with signal dropout due to the high magnetic field gradients
associated with the FeRh approximately doubles in each dimension leading to a factor of 8
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in volume. This is plotted in Figure 3(h) which shows the MRI signal loss region size (in a
linear dimension) as a function of temperature.

We note that in our prototypical magneto-caloric material (FeRh), the magnetic moment of
such MRI label is minimal or essentially zero in the initial lower temperature range when
translated through a high magnetic field gradient of the scanner bore, and only becomes
magnetic in the elevated temperature range while already inside the MRI scanner at a
uniform DC magnetic field of the scanner bore. Therefore, we do not expect and we did not
detect in our experiments any problems of motion when the material in agarose goes through
its sharp magnetic phase transition.

Discussion

In this report Iron-Rhodium (FeRh) is demonstrated to be useful as a high differential
contrast ratio MRI agent that is switchable and tunable in typical MRI settings (Tesla-scale
magnetic fields) and in-vivo physiological temperatures (around 37°C) based on a very
sharp, first order magnetic phase transition. It is important to emphasize that Iron-Rhodium
is only one in a large repertoire of magneto-caloric materials that have similar switching
characteristics under similar environmental conditions, where sharp first order magnetic
phase transition with a positive M vs. T slope is observed at physiological temperatures and
Tesla-scale magnetic fields (24-29). Furthermore, there are many magneto-caloric materials
where the sharp first-order magnetic phase transitions can also have a negative M vs. T slope
at physiological temperatures and Tesla-scale fields (30—-34), or even a combination of sharp
positive and negative slopes (35, 36), making magneto-caloric compounds even stronger
candidates as versatile materials for high differential contrast switchable MRI labels. Careful
review of these reports indicates that the negative slope is just as sharp and the change in
magnetization just as large as we present for the positive slope in our report for FeRh.

There are a number of ways that causing the magnetic transition in a magneto-caloric
material can occur in addition to control of temperature of the entire sample. In this proof-
of-concept report the FeRh switchable MRI contrast agent was reversibly switched by
thermal cycling of the entire sample set-up over the physiologically relevant temperature
range. Other potential engineering solutions to magneto-caloric MRI label switching include
heating by MRI compatible focused ultrasound (37), high-frequency inductive heating (38)
and cooling (39) or label switching by adding or subtracting to the main magnetic field of
the MR. In the simplest version this can be accomplished by temporarily removing the
sample from the MRI bore or changing the magnetic field using well established field
cycling techniques (40).

The magneto-thermal properties of the magneto-caloric materials are important for making a
switchable MRI sensor. Most important is crafting the materials so that the location of the
first order magnetic phase transition of the label is in a relevant regime. Figure 4
schematically describes specific examples. In Figure 4(a) the MRI label has two stable
magnetic states (indicated by the solid black dots) at 37°C (310K). This example is well
represented by our 99.9% purity FeRh sample at 5 Tesla, as shown in Figure 1(b). In the low
magnetic moment state the label has a small impact on MRI signal and is referred to as the
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Label OFF state. The Label ON state can be switched by temporarily raising the materials’
temperature by a few degrees C (approximately AT=5°C for our 99.9% purity FeRh sample
at 5 Tesla shown in Figure 1(b) through application of a heating pulse using any relevant
method of global or localized heating. Once the label has equilibrated to the equilibrium
temperature of 37°C, it remains in the high magnetic moment state and now has a much
larger effect on MRI signal (Label ON). It can be switched off again by active cooling where
the label temperature is temporarily lowered. Once the label relaxes back to the equilibrium
temperature of 37°C, it will be in the low magnetic moment state and again MRI invisible
(Label OFF). This is exactly the procedure performed in this work on our FeRh sample as
described in Figure 3.

The second possibility for modulating the label state is described in Figure 4(b). In this case
the MRI label has only one stable magnetic state (indicated by the solid black dot) at 37°C
(310K). This example is well represented by our 99.9% purity FeRh sample at 3 Tesla, as
shown in Figure 1(b). This is the low magnetic moment Label OFF state. The Label state
can be temporarily switched to ON by raising its temperature through application of a larger
heat pulse than was described in Figure 4(a) since higher temperature change is required to
take the sample through the first order magnetic phase transition (In the case of our 99.9 %
purity FeRh at 3T as shown in Figure 1(b), it would take approximately AT=20°C to switch
the label). The Label ON state remains in the high magnetic moment state as long as the
label temperature is above the phase transition temperature. As the label thermally relaxes
back to the equilibrium temperature of 37°C, it automatically goes back through the phase
transition into a low magnetic moment state and switches to the Label OFF state. The
advantage of this configuration is that active cooling is not required for switching the label
into the Label OFF state, but the disadvantage is that the higher temperature increase is
required to temporarily switch the label into the MRI visible ON state. Proper matching of
the material to the MRI magnetic field used should allow this temperature change to be
minimized to some extent.

Another feature of MRI switchable labels brought about by the variety of magneto-thermal
properties of magneto-caloric materials is the possibility of multiplexed labels made to go
from Label OFF to Label ON at different magnetic field or temperature values by
appropriate materials science design. Figure 4(c) describes the possibility of two switchable
MRI labels that can be differentiated in images from MRI scanners operating at different
magnetic field values. Label 1 has a first order magnetic phase transition at 2 Tesla and is
well represented by our 99% purity FeRh sample at 27°C (300K) shown in Figure 2 (a).
Label 2 has a first order magnetic phase transition at 6 Tesla and is well represented by our
99.9% purity FeRh sample at 27°C (300K) shown in Figure 2(b). In a 1T MRI scanner, both
of these labels would be in the low magnetic moment state below their respective first order
magnetic phase transition temperatures and therefore in the Label OFF state. In a 4T MRI
scanner, Label 1 would be in the high magnetic moment state above its magnetic phase
transition temperature and therefore Label 1 ON, while Label 2 would still be in the low
magnetic moment state below its magnetic phase transition temperature and therefore Label
2 OFF. Finally, in a 7T MRI scanner, both of these labels would be in the high magnetic
moment states above their respective magnetic phase transition temperatures and therefore
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MRI visible (both Labels 1 and 2 ON). Images from these MRI scanners with different
operating DC magpnetic fields would readily differentiate the two labels.

A major limitation at the present time is that most demonstrations of magneto-caloric
materials at present are done on mm scale materials, as was used for this report. This scale
label may have interesting applications for use in implantable devices on interventional
settings. However, it will be important to work out fabrication techniques that will allow
sub-micron materials to be made for most biological applications. Progress in preparing high
quality magneto-caloric materials in micro-scale and nano-scale thin film and particle form
has been rapid and significant, and the available knowhow in precisely tuning their magneto-
thermal properties through vacuum and solution-based synthesis, doping, alloying, and
thermal and mechanical treatment is by now extensive (41-52). Review of these reports also
indicates that the properties of FeRh (and magneto-caloric materials in general) in micro-
thin film and micro-particle forms often (but not always) maintain magnetic properties
similar to the bulk sample form used in our report. Designing the necessary custom MRI-
compatible focused ultrasound or inductive heating, thermo-electric cooling, and magnetic
field instrumentation for controlled switching of these high differential contrast MRI agents
for in-vivo applications is certainly within reach.

It is interesting to compare the roughly 10-fold change in moment that occurs over a five
degrees C temperature range in the Fe-Rh sample to other materials that have been used as
temperature sensors in NMR and MRI. The chemical shift of water has been used and varies
about 0.01 PPM/deg C which at 4.7T is about 2 Hz per degree (53). Dysprosium chelates
(Dy-EDTA) shifts about 0.09 PPM/deg C (54). This is nine times larger than water or about
18 Hz per degree. The frequency shift related to the magneto-caloric material will depend on
the distance from the material (Fig 3). An estimate of the frequency shift from our sample is
that there was approximately 500 Hz per degree at 10 diameters from the particle in our
FeRh magnetocaloric material. Water and Dy-EDTA are linear over a large temperature
range while the magnetocaloric material is very non-linear and only effective at measuring
temperature over a narrow range. Nonetheless the large moment shifts with temperature may
make it a useful temperature sensor for some applications. Other approaches have used
compounds/mixtures which exhibit non-linear phase transitions at specific temperatures and
have been proposed as MRI sensing agents (55)- (56).

We note that the temperature (or magnetic field) changes the magnetic moment of the
particle, and thus all label contrast effects are on By field which can be measured using T2*
or other more quantitative field mapping strategies. The important advantage is that an
image can be acquired in the low magnetic moment state and in the high magnetic moment
state (or vice versa) which allows subtraction of all the artifacts that can be associated with
T2* images. Unfortunately, we do not presently see a way to use the change in moment
directly to produce a T1 agent from these particles. It may be that water exchange with the
surface of the particle will have some T1 relaxation effect as is the case with iron oxide
particles.

We envision first applications will be in pre-clinical imaging and possible for interventional
applications, for example as part of catheters. This will allow us to work with larger
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materials, control temperature over broad ranges, and eliminate safety and toxicity concerns
in future proof of concept studies. We are in process of making small enough magneto-
caloric MRI label particles that will require us to also investigate the issue related to particle
circulation and coagulation. Likely these issues will be dominated by the surface coating as
is the case with other MRI particle formulations. Considering the magnetic moment values
we see in our initial proof-of-concept demonstration, we expect to be able to detect
individual micron sized particles and address the coating issues as is now routinely done
with iron oxides. This will be very important should such particles be potentially used by
injecting into the circulatory system and targeting to specific tissues as would be required in
Magnetic Resonance guided Focused Ultrasound applications (57, 58).

In conclusion the usefulness of magneto-caloric materials as potential switchable contrast
for MRI has been demonstrated. The sharp phase transition due to small changes in
temperature or magnetic field leading to order of magnitude changes in magnetic moment
offer exciting possibilities for development of novel sensors for MRI.
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Figure 1.

Temperature (K)

VSM measurement of Magnetic Moment vs. Temperature of (a) 99% purity Iron-Rhodium

(FeRh) disk sample at 1T, 3T and 5T and (b) 99.9% purity FeRh disk sample at 1T, 3T, and
5T. Insets in both figures show expanded M vs. T data in the range where the magnetization
changes most rapidly at physiological temperatures.

Magn Reson Med. Author manuscript; available in PMC 2020 April 01.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1dudsnueiy Joyiny IINHH

Barbic et al.

Page 13
7
6 -e-Moment at 300K /‘
> —Moment at 310K
4
E 3
<
'é 2
=¥ 4
e
§ 0 (a)
S-1 FeRh 99%
(9]
85
=
§-3
-4
-5
-6
-7
8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 6 7 8
Magnetic Field (T)
8
7 -e-Moment at 300K
6
5 —Moment at 310K
4
3
2
1
0 (b)

1
=

(VRN

Magnetic Moment (x103 Am?)

FeRh 99.9%

-5
-6
-7
-8
-8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 6 7 8
Magnetic Field (T)
Figure2.

VSM measurement of Magnetic Moment vs. Magnetic Field of (a) 99% purity Iron-
Rhodium (FeRh) disk at temperatures of 27°C (300K) and 37°C (310K) and (b) 99.9%
purity FeRh disk at temperatures of 27°C (300K) and 37°C (310K).
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Figure 3.
Temperature dependent MRI images of magneto-caloric FeRh at 4.7T. (a-f) Representative

Gradient-echo images through the center of the 99.9% purity FeRh 1mm3 disk at various
temperatures as the sample is heated and then cooled. By is left to right in the images and the
stable image feature due to the thermometer next to the sample is on the right side of the
image. (g) Diagram of the experimental set-up. (f) Width of the image artifact created by
signal loss due to the magnetic field gradients from the FeRh sample as a function of the set-
up temperature.
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Magneto-caloric MRI label switching strategies. (2) MRI magnetic field is at the value

physiolo

where the center of the first order magnetic phase transition of the label is at the

gical temperature of 37°C. Temporary heating and cooling switches the label

between the MRI visible (ON) and invisible (OFF) states. (b) MRI magnetic field is at the

value where the center temperature of the label first order magnetic phase transition is higher

than the physiological temperature of 37°C. Temporary heating switches the label to the
MRI visible (ON) state while thermal relaxation to equilibrium temperature brings the label
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back to the MRI invisible (OFF) state. (c) Multiplexing of two magneto-caloric MRI labels
that have phase transitions at two different magnetic field values at the physiological
temperature. The two MRI labels are visible or invisible at different magnetic fields and can
therefore be differentiated in images from different MRI scanners (in this example at 1T, 4T,
and 7T).
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