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A B S T R A C T

Recently, we reported the application of magnetic particles as temperature sensors for use in magnetic resonance
imaging thermometry (tMRI). In this novel method, the brightness of the magnetic resonance (MR) image
changes with temperature due to a temperature-dependent local magnetic field inhomogeneity caused by the
dipolar field of the magnetic particles. Ferrites are new and promising compounds for tMRI applications because
of their biocompatibility and because their magnetic properties can be varied by changing composition. Earlier
studies used micrometer sized ferrite particles in a proof-of-concept demonstration. However, such large par-
ticles cannot be administered intravenously for in-vivo use. In this report, we establish the use of nanoscale ferrite
particles as temperature sensors for tMRI. Scanning transmission electron microscopy and X-ray diffraction
demonstrate the synthesis of 210 nm Co0.3Zn0.7Fe2O4 clusters comprised of 10–30 nm crystallites. Temperature-
dependent magnetization measurements reveal a Curie temperature of around 275 K. We conducted nuclear
magnetic resonance (NMR) and MRI studies of samples with different concentrations of ferrite nanoparticles
suspended in agar gel. The relative MR image intensity shows a near-linear temperature dependence. At con-
centrations as low as 0.12 g/L these ferrite nanoparticles provide sufficient image contrast to determine tem-
perature changes with accuracy of± 1.0 K at 310 K, bolstering the potential viability of this material for bio-
medical applications.

1. Introduction

The magnetic resonance imaging thermometry technique (tMRI)
promises to be a valuable tool for medical professionals due to its ability
to noninvasively create a detailed overlaid map of both temperature
and tissue water proton density [1–3]. One promising aspect of tMRI is
the potential to utilize traditional, in-place magnetic resonance imaging
(MRI) scanners to collect such information, lowering the clinical cost of
obtaining spatio-thermal data.

Elevated physiological temperature has long been used as an in-
dicator of disease as fever represents a universal immune response [4].
For example, temperature increases have been used to diagnose both
potentially lethal tissue malperfusion following surgery and other ma-
ladies such as peripheral neuropathy [5]. Further, a localized increase
in temperature of 1.5° has been observed in growing tumors [6,7],
suggesting temperature-mapping as a potential diagnostic tool. Accu-
rately monitoring temperature is also necessary for safety purposes in

MRI guided thermal ablation procedures (radio-frequency, laser, or
focused ultrasound) where there exists a need to deliver high energy to
a treated area while simultaneously protecting adjacent healthy tissue
[8–10].

Currently, the most common method of determining temperature
via MRI is by the phase shift of proton resonance frequency (PRF). This
method is based on an approximately −0.01 ppm/°C temperature de-
pendence in water proton chemical shift [11]. However, PRF suffers
several drawbacks, such as sensitivity to both physiological movement
[12] and unstable magnetic fields [13,14]. In addition, PRF also be-
comes impractical in the presence of adipose tissue [15–17].

We have previously reported the method of using micrometer size
magnetic particles as exogenous MRI temperature contrast agents that
can make temperature measurements more robust [18–20]. These
particles, suspended in tissue-mimicking agar gel phantoms, exhibit a
strong change in magnetization over the physiologically relevant tem-
perature range (290–330 K), and as a result, introduce a temperature-
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dependent inhomogeneity in the local magnetic field. This in-
homogeneity can then be measured in ∗T2 weighted gradient-echo MR
images [21,22]. A decrease of magnetic moment with increasing tem-
perature causes regions with a higher temperature to appear brighter,
generating temperature dependent contrast. However, the size of these
particles lay outside of the physiologically tolerable range for the
proper biodistribution [23,24]. This work demonstrates that magnetic
nanoparticles, with their Curie temperature below body temperature,
can also be used as MRI temperature contrast agents.

While any magnetic particles with strong thermal dependence of
magnetic moment can serve as temperature sensors for MRI thermo-
metry, ferrites represent a uniquely versatile class of magnetic materials
due to the strong effects of chemical composition, crystallographic
structure, and morphology on their magnetic properties [25–28]. Fer-
rite nanoparticles have already been employed as MRI contrast agents
targeting the liver and spleen [24,29,30] and are also widely studied for
other medical applications, such as hyperthermia therapy [30–34].
Cobalt ferrites have garnered attention due to their relatively high sa-
turation magnetization [35,36]. In particular, the composition
Co0.3Zn0.7Fe2O4 was chosen for this study due to an observed steep
decline in magnetic moment near body temperature, which permitted
accurate temperature measurement based on changes of brightness in

∗T2 weighted MR images [37].
In this work, the initial results of employing Co0.3Zn0.7Fe2O4 ferrite

nanoparticles as MRI contrast agents are presented. The nanoparticles
were synthesized by hydrolysis of metallic salts in an aqueous solution.
Scanning transmission electron microscopy (STEM), scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were used to determine
size and the structural properties of the synthesized nanoparticles,
while a Superconductive Quantum Interference Device (SQUID) mag-
netometer was used to perform non-spatial magnetic characterization
over a wide temperature range. Nuclear Magnetic Resonance (NMR)
and MRI systems were used to gather spatio-thermal data relevant to
the influence of ferrite nanoparticles within tissue-mimicking phan-
toms. Collectively, these studies demonstrate that a low nanoparticle
concentration produces the contrast in MRI images necessary for tem-
perature determination with resolution higher than± 1.0 K at 310 K.

2. Material and methods

Nanoparticles with the composition Co0.3Zn0.7Fe2O4 were synthe-
sized based on a previously reported colloidal method [38,39]. Cobalt
chloride hexahydrate (CoCl2·6H2O, 98%), ferric chloride hexahydrate
(FeCl3·6H2O, 97%), and anhydrous zinc chloride (ZnCl2, 98%) were
dissolved in 18 MΩ deionized water to make an amber-colored solution
of 4.95mM CoCl2·6H2O, 11.6mM ZnCl2, and 33.0 mM FeCl3·6H2O with
a pH of 2.1. Each synthesis was performed by heating 50mL of a 0.25M
1,6-hexanediamine (HMDA, 98%) solution of pH 11.9 to 353 K while
stirring at 800 RPM using a magnetic stir bar. A 50mL volume of the
metal ion solution was added to the stirring HDMA solution using a
syringe pump set to dispense at a rate of 2mL/min, immediately pre-
cipitating dark-brown particles upon addition. The solution was stirred
at 353 K for 4 h at a rate of 800 RPM (ending pH 11.0). Particles were
isolated through retention of the pellet following centrifugation at
4800×g for 10min. Washing was performed through iterative addition,
mixing, and subsequent centrifugation (4800×g, 10min) of 20mL
volumes of 0.25M HMDA solution. To thermally degrade the remaining
HMDA, the nanoparticles were dried and annealed at 1070 K under
ambient atmosphere for 15min.

Nanoparticle stoichiometric composition was verified using flame
atomic absorption and energy dispersive x-ray spectroscopy (data not
shown). X-ray diffraction measurements were carried out using Kα-Cu
radiation in parallel beam configuration with a graphite diffraction
grating monochromator. The average ferrite cluster size and distribu-
tion were determined using scanning electron microscopy. Scanning
transmission electron microscopy was used for analysis of sizes of

individual crystallites. Samples for STEM imaging were prepared by
dispersing the ferrite particles in isopropanol and drop casting onto
lacey carbon coated copper grids, which were subsequently dried at
150 °C for 1 h under ambient conditions. Imaging was performed at an
electron acceleration of 200 kV.

The magnetic properties of the ferrite nanoparticles were studied
using a SQUID magnetometer. Two samples were used for the mea-
surements of the temperature dependence of magnetization; a 1.0mg
sample for measurements in an applied field of 3 T, and an 8.4mg
sample for low-field measurements (2–20 mT). The magnetic moment
of the nanoparticles was measured in low fields using both zero field
cooling (ZFC) and field cooling (FC) modes in the 4–350 K temperature
range.

Measurements of the water proton NMR linewidth and relaxation
times T1 and T2 were taken in a 3 T magnetic field as a function of
temperature. Both reference (2% agar solution in deionized water) and
sensitized (the same agar gel with embedded ferrite nanoparticles of
0.12 g/L concentration) phantoms were prepared. The inversion re-
covery and Carr Purcell Meiboom Gill (CPMG) methods were used to
determine the relaxation times T1 and T2, respectively [40].

For each MRI temperature measurement, two phantoms (cylindrical
tubes 10mm in diameter and 80mm long) were imaged; the first
containing the reference sample of pure agar gel and the second con-
tained agar gel with embedded ferrite nanoparticles. The bottom half of
the second cylinder was filled with agar gel containing particles at
concentration 0.24 g/L. After solidifying gel in ice water, the remaining
space in the cylinder was filled with the gel having particle con-
centration of 0.12 g/L. The details of thermal control during MRI
imaging are described in our previous paper [20].The gradient echo
method (GEM, sensitive to the inhomogeneity of local magnetic fields)
[41] was used with: axial slice orientation, 3 cm×3 cm field of view,
0.47mm/pixel in-plane resolution, 6mm slice thickness, 100ms re-
petition time (TR), 2.676ms echo time (TE), and a radio-frequency flip-
angle of 20°. Images were acquired in a research MR scanner with a
30 cm bore at an applied static field (Bo) of 3 T.

Particles were checked 12months after the fabrication for stability.
Dry particles were tested using SQUID for mass magnetization changes
after storage at room temperature. Aqueous solution of particles in
0.12 g/L concentration was tested after storage at 4 °C by measurement
of ∗R2 relaxivity using pulse NMR.

3. Results and discussion

3.1. Structural characterization

The formation of a single crystal phase of inverse spinel ferrites was
confirmed by XRD analysis, Fig. 1. The measured lattice constant
a= 0.8419 nm agrees with values reported in the literature [42]. The
observed Full Width at Half Maximum (FWHM) of the XRD peaks (see
Fig. 1) allowed the determination of the average crystallite size of
13.2 nm using the Scherrer formula [43]. Ferrite nanoparticle crystal-
linity and size were further probed with STEM. Fig. 2a and b show
STEM bright field images of ferrite nanoparticles at different magnifi-
cations. The images show agglomerates consisting of crystallites ran-
ging in size from 10 to 30 nm. All the acquired STEM images allowed us
to determine the crystallites size distribution, which can be fit with log-
normal functions (see Fig. 2c). The acquired data indicates a trinomial
distribution of crystallite sizes, with average crystallite sizes of 10.4
(± 1.0), 16.5 (± 3.4) and 27.3 (± 2.3) nm, where the number in
brackets is the standard deviation for each population. The percentage
of particles in each population is 24, 66 and 10, respectively. Such a size
distribution will have a detrimental effect on magnetic behavior and
clearly indicates that sample preparation needs further improvements
to obtain monodisperse nanoparticle distribution. The analysis of STEM
images, however, agrees with XRD analysis that predicted crystallite of
13.2 nm average size.
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Fig. 2a shows a typical agglomerate of crystallites obtained after
annealing at 1070 K. Such agglomerated material was used to carry out
the magnetometry, NMR, and MRI studies. Analysis of SEM images
determined the average size of agglomerates to be 210 nm with 90 nm
standard deviation. We noticed that the sonication can be used to re-
duce the agglomerate size. After 2 h of sonication with 30W of power,
and two days sedimentation of heavy particles, we carried out dynamic
light scattering measurements (DLS) that reveal an average hydro-
dynamic diameter of 49 nm ± 20 nm. These results indicate that one
can reduce the size of agglomerates to a few individual nanoparticles.
Eventually, one could prevent re-agglomeration of individual nano-
particles in aqueous solutions by using surfactant coating. The delib-
erate use of agglomerates (100 nm comprised of 5–15 nm crystallites)
by others has demonstrated high magnetic field inhomogeneity for
more efficient ∗R2 transverse relaxivity [44].

3.2. Magnetization measurements

The mass magnetization (3 T field) of synthesized particles as a
function of temperature is shown in Fig. 3. The value of the mass
magnetization measured at 5 K (65.7 Am2kg−1) is in agreement with
values reported for particles of similar size, [45,46] but is smaller than
that of bulk material [47]. A strong linear dependence of magnetization
upon temperature was observed with the highest applied field of 3 T for
temperatures above 80 K (Fig. 3). In the range of 278 K to 334 K, the
slope was −0.169 Am2 kg−1K−1, similar to that of
−0.245 Am2kg−1K−1 reported for 5 μm Gd particles in our previous
proof-of-concept paper [18]. This strong temperature dependence
suggests that these ferrite nanoparticles can be employed as MRI tem-
perature contrast agents.

Hysteresis loops of ferrite nanoparticles at several temperatures
ranging from 4 K to 310 K are shown in Fig. 4. At low temperatures (4 K
and 8 K) a typical behavior for high anisotropy ferromagnetic or ferri-
magnetic particles is observed, with measurable values of both coercive
field and remnant magnetization However, at higher temperatures,
these features are washed out, especially at 310 K (normal human body
temperature), a temperature for which no coercive field or remnant
magnetization was observed [48].

To understand this behavior, additional magnetic moment mea-
surements were carried out at low fields (2–20mT) using the zero-field
cooled (ZFC) and field-cooled (FC) methods (see Fig. 5 a and b). There
are three main points to note. First, both FC and ZFC curves show a
steep decrease in magnetization for temperatures above 275 K,

Fig. 1. XRD Θ-2Θ measurements of the annealed Co0.3Zn0.7Fe2O4 nano-
particles.

Fig. 2. STEM images of prepared nanoparticles at different magnification (a)
320× 320 nm; and (b) 97×97 nm field of view, respectively. (c) Size dis-
tribution based on measured 122 crystallites and curve fit using log-normal
functions. The thick red line represents the envelop of the three log-normal
curves. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. The temperature dependence of mass magnetization at 3 T applied field.

Fig. 4. Hysteresis loops of ferrite particles measured at different temperatures.
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indicating that the Curie temperature for these nanoparticles is within
this temperature region. This value of the Curie temperature is con-
sistent with the broad range of values reported in the literature
[42,49–52]. While ZFC curves typically display a peak and then a de-
crease in magnetization for increasing temperatures that follows a
Langevin (1/T) dependence, the decrease observed in Fig. 5 is far
steeper. The nanoparticles therefore are paramagnetic, rather than su-
perparamagnetic, above 275 K.

Second, the mode blocking temperature is estimated to occur at
lower temperatures than the ZFC peak, around TB= 225 K. (It is im-
portant to note that many authors assume that the position of the ZFC
peak corresponds to the mode blocking temperature, but this has re-
cently been shown to be incorrect [53]. The mode blocking tempera-
ture, TB, is defined as the temperature where particles at the peak of the
size distribution become on average unblocked. For a log-normal dis-
tribution, the blocking temperature associated with the mode particle
size occurs at lower temperature than the ZFC peak, due to small un-
blocked particles contributing disproportionately to the total magnetic
moment of the sample). This blocking temperature corresponds to an
estimated effective uniaxial anisotropy energy density K= 25 kB TB/
V=4×104 J/m3, using the mode particle diameter of 16.5 nm. This
value is 20% smaller than that reported in reference [54].

Third, there is an unusual peak in the FC curve for all field values
used. This peak is reversible on heating and cooling, and shifts de-
pending on the applied field used. Other authors reported a similar peak
for zinc ferrite and cobalt zinc ferrite materials at roughly the same
temperature [54–56]. Hochepied et al. [35] ruled out inter-particle
dipolar interactions and field cooling rate effects, and instead attributed
the peak to a reorientation of spins within the lattice as temperature is
changed, which is possible in the presence of significant spin frustration
[54]. While interesting from a fundamental perspective, the intended
use of these materials at physiologically-relevant temperatures and
under high applied field means this feature is not important for the
thermometry application.

3.3. NMR measurements

We have measured longitudinal R1 and transverse R2 nuclear re-
laxivities (T1 and T2 relaxation rates) of protons in water using NMR at
3 T. Additionally, ∗R2 was determined from the measured NMR line-
widths ν1/2 (full width at half maximum) as =

∗R πν2 1/2 [40]. We note
that each of these relaxations times can be used to create weighted MR
images to achieve different contrasts. Below we discuss the different
advantages of each measurement and the physics that each measure-
ment describes. In our earlier work, we showed that micron-sized
magnetic particles produce a temperature-dependent change in ∗T2 [18],
the transverse relaxation time associated with static perturbations in
the magnetic field [57]. There is a disadvantage to this; the introduction
of the magnetic nanoparticles and the resulting decrease in ∗T2 leads to
reduced brightness of the MR image, which is undesirable. In contrast

to large particles, smaller nanoparticles have fluctuations in the or-
ientation of the magnetization. This can influence the T1 relaxation
time, which is sensitive only to dynamic perturbations [58].

The 1H NMR relaxivities were acquired at several temperatures
between 278 and 323 K. The NMR temperature dependent R2 relaxivity
for pure agar and R2 and ∗R2 relaxivities for agar doped with nano-
particles (0.12 g/L) are shown in Fig. 6. The observed decrease in the ∗R2
relaxivity as a function of temperature is consistent with the SQUID
results of decreasing magnetization (see Fig. 3) and suggests that the
nanoparticles could be used as temperature contrast agents for MR
imaging. A strong correlation between measured temperature-depen-
dent ∗R2 relaxivity of water protons in the presence of ferrite particles
and the temperature-dependent mass magnetization was confirmed by
a high value of Pearson’s correlation coefficient (0.9999). The decrease
of the ∗R2 value with increasing temperature is therefore directly related
to the magnetic properties of the nanoparticles in strong magnetic field.

The R2 relaxivity of protons in agar gel with nanoparticles is parti-
cularly interesting in that it increases slightly as temperature increases.
It is known that R2 and ∗R2 are related through Eq. (1) [40,59]

= + = + +
∗R R R R γ B γ BΔ /2 Δ /2d2 2 2

'
2 0 (1)

where =R T1/2 2, R2
' is the contribution from local magnetic field in-

homogeneity, and γ is the gyromagnetic ratio for protons. In particular,
R2

' has contributions from BΔ 0, that is the instrumental inhomogeneity
originating from the nonuniformity of the constant applied field, Bo,
used in NMR or MRI, and from, BΔ d, which is the temperature depen-
dent inhomogeneity from the magnetic nanoparticles.

Measuring both R2 and ∗R2 for pure agar and agar with embedded
ferrite particles gives us an opportunity to extract the temperature-

Fig. 5. Mass susceptibility as a function of temperature for applied fields from 2mT to 20mT. (a) zero-field cooled measurements (b) field-cooled measurements.

Fig. 6. Temperature dependence of transverse NMR relaxivities at an applied
field of 3 T for particle concentration of 0.12 g/L and pure agar.
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dependent contribution to the NMR linewidth from the particles’ di-
polar fields through Eq. (1). Results of γ BΔ /2d in the temperature range
of 275–325 K are presented in Fig. 7. Linear regression shows a clear
linear dependence of γ BΔ /2d as a function of temperature with Pear-
son’s r=−0.997 and slope −2.08 s−1K−1. Results are consistent with
the temperature variation of the mass magnetization at the same 3 T
magnetic field.

It is known that magnetic nanoparticles, including the standard
iron-oxide nanoparticles, can create changes in R1 [60]. Moreover,
several iron oxide-based nanoparticles have already been developed
with functionalized surfaces for specific applications [61,62]. In real
clinical settings, after injection of nanoparticles, their exact spatial
concentration in tissue is unknown.

However, information about concentration is necessary to accu-
rately measure temperature, as discussed below in the next section.
Simultaneous changes in R1 and R2 measurements may allow one to
determine the spatial concentration of nanoparticles.

Firstly, nuclear spin-lattice relaxivity R1 of water protons in agar gel
(circles) and in agar gel with 0.12 g/L of ferrite nanoparticles (squares),
as a function of temperature, are shown in Fig. 8. Pure agar gel exhibits
a decrease of R1 with temperature, similar to that reported in water
[63,64]. The addition of nanoparticles increases the R1 of the protons at
higher temperature. One may expect that the increase in R1 will scale
with concentration, and this will be investigated in the future. This is
important because ferrite nanoparticles under investigation have the
potential to be a “positive” contrast material [65].

Secondly, an examination of R2 and ∗R2 data demonstrates that an
introduction of nanoparticles causes a change in relaxivities. In parti-
cular, the R2 data (Fig. 6) shows that with the ferrite particles added to
the agar (squares) the R2 value near body temperature is increased by
over 5 times compared to the agar gel alone (triangles). One would
expect the R2 relaxivities to be strongly concentration dependent, pro-
viding another straightforward method to estimate nanoparticle con-
centration within each voxel of an MRI image. We note that combining
T1, T2 and ∗T2 weighted images was recently used to improve accuracy
and sensitivity of in vivo brain structural analysis [66,67].

3.4. Stability

After one-year storage of particles in the dry form, their value of
saturation magnetization dropped by 10%. For particles stored in an
aqueous solution we noticed 8% drop in ∗R2 relaxivity at 35 °C. This
indicates that particles are stable, and their magnetization is only
slightly changed over long periods of time. It is important to note that
the observed changes in magnetic behavior following one year of sto-
rage are not expected to affect the ability of these particles to detect
changes in temperature when employed within NMR line broadening
and ∗T2 contrast in gradient echo MR imaging schemes.

3.5. MRI measurements

A preclinical MRI scanner with a 30 cm 3 T superconductive hor-
izontal magnet was used to determine how the brightness of MR images
of the agar phantoms (described in the section above) varies as a
function of both ferrite nanoparticle concentration and temperature.

An example series of images of two phantoms at different tem-
peratures is provided in Fig. 9, showing both pure agar gel (top row)
and agar gel with embedded particles with concentration of 0.12 g/L
(bottom row). A gradually increasing image brightness as temperature
increases can be seen for the gel containing particles (bottom row),
whereas no change is seen for the pure agar gel (top row). Notice that
these ∗T2 weighted images are inherently darker, and their signal-to-
noise ratio is lower than the corresponding proton density images
would be [21,68]. To get the brightest images possible, we require the
magnetization to drop fast with temperature but be as small as possible
at the highest measured temperature.

A numerical comparison of relative MR image intensities as a
function of temperature for two different particle concentrations is
shown in Fig. 10. The relative intensity is defined as the ratio of the
mean MR image brightness of the pure agar gel to the agar gel with
ferrite particles embedded. The mean value and variance of individual
image intensity was calculated using a program written in Matlab, after
reconstruction of the image magnitude from the raw format of the
scanner. Mean image intensity and corresponding variance was ob-
tained from the area that covered the entire phantom axial cross-section
of approximately 275 pixels. The standard deviation of image intensity
ratios is calculated at each temperature and is displayed with error bars
in Fig. 10. For both concentrations of particles, the relative image in-
tensities display a nearly linear dependence as a function of tempera-
ture with slopes: −0.19 ± 0.01 and −0.48 ± 0.02 for particle con-
centrations of 0.12 g/L and 0.24 g/L, respectively. Although the value
of the slope for the 0.24 g/L concentration is much higher than for the
0.12 g/L concentration, the substantial dimming of the image due to the
presence of highly concentrated magnetic particles makes intensity
measurements less accurate. Consequently, the error in brightness in-
tensity propagates to the accuracy with which temperature can be de-
termined by this method.

Using 95% confidence bands obtained from linear regression ana-
lysis, we estimate that at 310 K the temperature can be determined with
accuracy of 1.0 K for 0.12 g/L and 1.75 K for 0.24 g/L concentration.
Comparing with our previous report [18] using particles of 3.8 μm size
and a concentration of 0.24 g/L (1.0 mM), we see that for 210 nm

Fig. 7. Inhomogeneous water proton NMR line broadening from nanoparticles’
dipolar field, γB /2d , as a function of temperature.

Fig. 8. Relaxivity R1 of water protons in pure agar gel and agar gel with 0.12 g/
L nanoparticle concentration at 3 T.
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agglomerates of particles, the thermal accuracy is slightly worse,
namely 1.75 K versus 1.3 K. Even though the slope value is larger
(−0.48 ± 0.02 versus −0.36 ± 0.03 K−1), the accuracy is worse due
to darker images. This observation confirms our theoretical prediction
that similar concentrations of much smaller particles can produce
comparable thermal effects on MR image brightness [18].

4. Conclusions

This study presents the first-use of 210 nm ferrite nanoparticle ag-
glomerates as MRI temperature sensors. We found that a temperature
resolution of 1.0 K is possible across the range of medically relevant
physiological temperatures. As we have shown, data on all the water
protons’ nuclear relaxivities should provide information on particle
density and temperature in each voxel. This is particularly important in
clinical applications where the density of nanoparticles in the treated
tissue is not likely to be uniform or known initially. Furthermore, many
MRI-guided interventional procedures, such as thermal ablation, re-
quire a determination of temperature with a precision of only 3–5 K
[69]. Our method thus seems to be appropriate for such applications
[70].

Making contrast agents consisting of 210 nm-diameter agglomerates
of particles is an intermediate step between the micrometer size parti-
cles that were made previously [20] and 50 nm particles, which are
needed for intravenous delivery. This is important step in order to
understand the thermal response of particles and their influence on MR

images as particle size becomes smaller and smaller. Note that the
thermal diffusion of protons across regions containing smaller particles
may change the ∗R2 weighted MR images [71–74]. Also, even though
these particles are currently too big for intravenous delivery, we envi-
sion use of such particles embedded in silicone rubber patches, or si-
milar devices, that can be used in cranial MRI guided focused ultra-
sound ablations to monitor external skull temperature.
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