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Purpose: We present a method of non-invasively estimating the temperature of magnetic nanoparticles in vivo. The method
haswide application including monitoring magneticnanoparticle hyperthermia to obtain effective thermal doses.

Methods: The signal from magnetic nanoparticlesis generatedby applying a pure sinusoidal magnetic field and observingthe
signal at the harmonic frequenciesproduced by the nanoparti cles. The Langevin function model of the nanoparticle
magnetization predicts a balancebetweenthe forcesinducedby the appliedmagnetic field and thermal motion of the
nanoparticles. The rati o of the fifth and third harmonics is uniquely related to the temperature if the saturation
magnetization and particle sizedistributi on remain constant. Therefore, whenthe ratio of the harmonicsis known at one
calibration temperature, subsequent temperature changescan be assessedfrom the rat io of the harmonics.

The method wastested using samplesof Feridex™ at temperaturesbetween0oC and 100oC. After the samplereached
equilibrium with a water bath of known temperature, the fifth and thi rd harmonicsof a 10mT, 9kHz sinusoidal field were
measured using a pickup coil and a lockin amplifier. The temperature wasestimated numerically using a spline interpolation
of the Langevinfunction with a sinusoidal argument.

Results: The ratio of the fifth to the third harmonicswasshownnumerically and experimentally to increasemonotonically
with increasing amplitude of the sinusoidin the Langevin function and the amplitu de is inversely related to the temperature,
P-value of 0.0053. However, the intercept wasnot zero asexpected, probably an art ifact of the sizedistributi on. The error in
the calculated temperature estimate dependson the sizedistrib ution and temperature range usedbut the error wassmall: the
standard deviation was0.44 degrees.

Conclusion: The temperature of magnetic nanoparticl escan be estimated in the physiologic rangeusing the rat io of the
harmonics.


