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Purpose: To propose an alternative method of thermoacoustic wave generation based on heating of
magnetic nanoparticles (MNPs) using alternating magnetic field (AMF).
Methods: The feasibility of thermoacoustic wave generation from MNPs by applying a short-burst
of AMF or a frequency-modulated AMF is theoretically analyzed. As the relaxation of MNPs is
strongly dependent upon the amplitude and frequency of AMF, either an amplitude modulated, fixed
frequency AMF (termed time-domain AMF) or a frequency modulated, constant amplitude AMF
(termed frequency-domain AMF) will result in time-varying heat dissipation from MNPs, which has
the potential to generate thermoacoustic waves. Following Rosensweig’s model of specific power loss
of MNPs in a steady-state AMF, the time-resolved heat dissipations of MNPs of superparamagnetic
size when exposed to a short bursting of AMF and/or to a linearly frequency chirped AMF are derived,
and the resulted acoustic propagation is presented. Based on experimentally measured temperature-
rise characteristics of a superparamagnetic iron-oxide nanoparticle (SPION) matrix in a steady-state
AMF of various frequencies, the heat dissipations of the SPION under time-domain and frequency-
domain AMF configurations that could have practical utility for thermoacoustic wave generation are
estimated.
Results: The initial rates of the temperature-rise of the SPION matrix were measured at an iron-
weight concentration of 0.8 mg/ml and an AMF frequency of 88.8 kHz to 1.105 MHz. The measured
initial rates of temperature-rise were modeled by Rosensweig’s theory, and projected to 10 MHz AMF
frequency, at which a 1 μs bursting corresponding to a 1.55 mm axial resolution of acoustic detection
could contain 10 complete cycles of AMF oscillation and the power dissipation is approximately
84 times of that at 1 MHz. Exposing the SPION matrix to a 1 μs bursting of AMF at 10 MHz
frequency and 100 Oe field intensity would produce a volumetric heat dissipation of 7.7 μJ/cm3 over
the microsecond duration of the AMF burst. If the SPION matrix is exposed to a 1 ms long AMF
train at 100 Oe field intensity that chirps linearly from 1 to 10 MHz, the volumetric heat dissipation
produced over each 2π phase change of the AMF oscillation is estimated to increase from 0.15 to
1.1 μJ/cm3 within the millisecond duration of the chirping of AMF.
Conclusions: The heat dissipations upon SPION (∼1 mg/ml iron-weight concentration) by a 1 μs
bursting of 100 Oe AMF at 10 MHz and a 1 ms train of 100 Oe AMF that chirps linearly from 1
to 10 MHz were estimated to determine the potential of thermal-acoustic wave generation. Although
thermoacoustic wave generation from MNPs by time- or frequency-domain AMF applications is
predicted, the experimental generation of such a wave remains challenging. © 2013 American Asso-
ciation of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4804056]
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I. INTRODUCTION

The heating effect of magnetic nanoparticles (MNPs), such
as ferrofluids, when subjected to steady alternating magnetic
field (AMF), has been known for many decades and im-
plemented in various applications for industrial and medi-

cal purposes.1, 2 Under an AMF the MNPs undergo relax-
ation processes including hysteresis,3 Brownian relaxation,4

and Néel relaxation.5 As the size of MNP reaches the su-
perparamagnetic domain, Brownian relaxation and Néel re-
laxation become the increasingly dominant factors in the
heat dissipation process.6 Highly efficient heating of MNPs
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using steady AMF, aided by localized or systematic targeting
of MNPs to a disease site by conjugating MNPs with a lig-
and of biomarkers, has significantly mobilized the paradigm
of hyperthermia for cancer treatment7 and motivated develop-
ments of thermally sensitive payload release.8

In nearly all therapeutic applications of MNPs that uti-
lize AMF to induce heat as the vehicle of treatment, the
AMF is applied continuously over a duration that typically
lasts a few tens of minutes. In some studies of thermally
triggered drug release the AMF has been applied at a sub-
sequent, long-pulse mode. For instance, NP-encapsulated li-
posome was subjected to five subsequent AMF pulses, each
lasting 5 min with a 1-min equilibration interval between con-
secutive pulses.9 Within each of these minutes-long pulses
the AMF at a frequency of kHz level operates effectively as
steady-state, i.e., the amplitude and frequency of AMF are
fixed over a time-scale that is substantially (several orders)
longer than the period of AMF oscillation.

In terms of the mechanism of AMF-induced heating of
MNPs, most studies have adopted Rosensweig’s model10 that
established the specific heat dissipation based on the Brow-
nian and Néel relaxation characteristics of MNPs at a field
intensity much lower than that causing saturated magnetiza-
tion. Rosensweig’s model justified a strong dependence of
the heating efficacy upon the frequency of AMF for a given
MNP size-domain. For a monodispersed superparamagnetic
iron oxide nanoparticle (SPION), the model-predicted AMF
frequency at which the maximum heat dissipation is produced
is usually at or above 1 MHz. However, in most studies in-
volving AMF-mediated heating of MNP, the AMF frequen-
cies generally were between 100 and 500 KHz, and the field
intensities were in the range from 50 to 300 Oe.11 The diver-
sity of the AMF parameters reported in existing studies was
in part due to the custom-development of most AMF devices;
however, it also represents a lack of consensus on the safety
protocol regarding the product of the field intensity and fre-
quency of AMF.12

It is noticed that the end result of MNP relaxation un-
der AMF, specifically the conversion of the electromagnetic
energy to heat, is not different from that of light being ab-
sorbed by chromophores such as hemoglobin and melanin,
and microwaves being absorbed by dielectric tissue con-
stituents, such as ion and water. As is well known, when
the absorption of light or microwave varies rapidly, by ei-
ther pulsing or amplitude modulation of the energy irradi-
ation, the time-varying heat dissipation results in transient
thermoelastic expansion that in turn induces acoustic wave—
a mechanism broadly referred to as thermoacoustics. Ther-
moacoustic wave generation by light irradiation is specified as
photoacoustics that has undergone galvanizing developments
in the recent decade for some ground-breaking applications in
microscopy13 and small animal tomography.14 Thermoacous-
tic wave generation by microwave irradiation has also been
applied extensively in the form of microwave-induced ther-
moacoustic tomography.15–17

This study proposes a potentially new method of thermoa-
coustic wave generation—a mechanism referred to as “mag-
netothermoacoustics” as it employs the known heating effect

of AMF-mediation of MNPs in thermoacoustic wave gener-
ation. To induce thermoacoustic wave generation, the AMF-
mediation of MNPs must result in rapidly time-varying heat
dissipation. Time-varying AMF-mediated heating of MNPs
can be achieved by either a time-domain or a frequency-
domain AMF configuration. The time-domain AMF config-
uration refers to applying AMF in a bursting mode and within
each burst the AMF remains steady-state, resulting in the
heating of MNPs to be established and removed instantly fol-
lowing the duty cycle of the bursting of AMF. A magnetic
field intensity that does not oscillate within a burst of the field
(but could vary within the burst) is simply a pulsatile magnetic
field, which has been applied to magnetoacoustic modulation
of MNPs for ultrasound imaging,18, 19 magnetomotive optical
coherence tomography,20 magnetoacoustic tomography with
magnetic induction (MAT-MI) (Ref. 21) and magnetoacous-
tic tomography of MNPs.22, 23 In all these approaches, how-
ever, whether or not the acoustic signal is to be generated, the
effect of the pulsatile magnetic field upon MNPs is a transla-
tional mechanical force imposed by the spatial gradient of the
magnetic field, not necessarily the conversion of the magnetic
field energy into heat. The proposed magnetothermoacoustic
wave generation by applying time-domain AMF upon MNPs
is through the magnetic relaxation loss that converts magnetic
field energy to heat, which is mechanistically different from
the dielectric loss of microwave energy in microwave-induced
thermoacoustics, one study of which employed MNPs to en-
hance the contrast.24 The frequency-domain AMF configu-
ration refers to applying AMF continuously at constant am-
plitude but with frequency modulation (i.e., chirped). With a
frequency-domain AMF, the heating of MNP varies following
the cycle of the frequency modulation of AMF as a result of
the strong frequency dependence of heat dissipation.

Section II implements Rosensweig’s model in an alterna-
tive form to describe the heat dissipated by MNPs within one
complete cycle (i.e., a 2π phase change) of the AMF intensity
oscillation. Section II then expresses the heat dissipation of
MNPs within a short bursting duration of AMF that contains
integer numbers of complete cycles of AMF intensity oscilla-
tion, as well as the heat dissipated by MNPs within each 2π

phase change of a linearly frequency chirped AMF. Section III
describes experimental developments leading to measure-
ments of the heating characteristics of a SPION matrix in a
steady-state AMF at various frequencies between 88.8 kHz
and 1.105 MHz. The measured initial rates of the temperature-
rise were modeled by Rosensweig’s theory, and projected
to a 10 MHz AMF frequency. The projection was necessary
to evaluate the potential for clinically relevant imaging, as a
1.55 mm axial resolution of acoustic detection requires the
bursting of AMF to be not longer than 1 μs, and within 1 μs a
10 MHz AMF could have 10 complete cycles of field oscilla-
tion to dissipate the heat for thermoacoustic wave generation.
Section IV estimates the volumetric heat dissipation from the
tested SPION matrix when exposed to a 1-μs burst of AMF
at 10 MHz frequency and at 100 Oe field intensity. Section IV
also estimates the time-resolved heat dissipation of the tested
SPION matrix when exposed to a 1-ms long train of AMF at
100 Oe field intensity whose frequency chirps linearly from 1
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to 10 MHz. These estimations should indicate the likelihood
of time-domain or frequency-domain magnetothermo-
acoustics.

II. THEORY

In 2002, Rosensweig developed an analytical model of
heat dissipation by MNPs in a liquid matrix when exposed
to AMF.10 That model by default assumed a continuous-wave
(CW) or steady-state AMF, i.e., the magnetic field intensity
alternates at a fixed frequency and constant amplitude, and ex-
pressed the generated heat by volumetric power dissipation—
the volumetric heat accumulated over one second—and it re-
mains constant for a CW AMF over the course of magnetic
field application. In the proposed time-domain magnetother-
moacoustics, the AMF is to be applied at a short duration of
microsecond scale that may allow the magnetic field to os-
cillate only a limited number of complete cycles. To quantify
the total heat dissipation over the duration that the AMF is
actively applied (i.e., the bursting duration), one can simply
multiply the heat generated over a single cycle of the AMF
oscillation with the total number of cycles (assuming inte-
ger numbers for convenience) contained in the duration of the
AMF burst. In the proposed frequency-domain magnetother-
moacoustics, as the AMF is to be applied continuously but the
AMF frequency changes, the heat dissipation imposed has to
be quantified for each individual cycle of the AMF field
oscillation.

To facilitate the quantifications of the heat dissipation by
MNPs in time- and frequency-domain AMF configurations,
this study expresses Rosensweig’s original model in an al-
ternative form to represent the volumetric heat dissipation
over a 2π phase change of a steady-state AMF. The re-
sult is used as the base formula to analyze the heat dissipa-
tion of MNPs accumulated over the bursting duration of an
AMF in time-domain configuration, and to justify the time-
varying heat dissipation of MNPs over individual cycles of
a frequency-chirped AMF. Notice that the relation between a
heat-dissipation and the initial acoustic pressure of thermally
induced acoustic wave has been established,13–17 under the
condition of thermal and acoustic confinement. Therefore, an
estimation of the heat dissipation of MNPs when exposed to
a time- or frequency-domain AMF of practical utility could
indicate the feasibility of magnetothermoacoustics.

II.A. Heat deposition by MNPs over a 2π phase
change of a steady-state AMF

We adapt Rosensweig’s model10 to derive the heat dissipa-
tion by MNPs over a 2π phase change of a steady-state AMF.
Assuming a constant density system, the first law of thermo-
dynamics governs that

dU

dt
= dQ

dt
+ dW

dt
, (1)

where U (unit: J) is the internal energy, Q (unit: J) is the heat
added, and W (unit: J) is the magnetic work done on the sys-
tem. The differential magnetic work by a collinear magnetic

field is dW = �H • d �B = H · dB, where �H (unit: A m−1 or
4π × 10−3 Oe) is the magnetic field intensity and �B (unit: T
or V s m−2) is the magnetic induction. As B = μ0(H
+ M), where M (unit: A m−1) is the magnetization and μ0

= 4π × 10−7 (unit: V s A−1 m−1) is the permeability of free
space, the differential internal energy for an adiabatic process,
i.e., ∂Q = 0, becomes

dU

dt
= μ0H ·

(
dH

dt
+ dM

dt

)
. (2)

Denoting the dimension-less complex magnetic suscepti-
bility of MNPs as χ = χ ′ − iχ ′′, the real part of the sus-
ceptibility χ ′ and the imaginary part of the susceptibility χ ′′

under a time-varying magnetic field with an instant angular
frequency ω become, respectively,⎧⎪⎪⎨

⎪⎪⎩
χ ′(ω) = χ0

1

1 + [ωτR]2

χ ′′(ω) = χ0
ωτR

1 + [ωτR]2

, (3)

where τR (unit: s) is the relaxation time, and χ0 is the equilib-
rium susceptibility which can be calculated from the follow-
ing expressions:

χ0 = χi

3

ξ

(
coth ξ − 1

ξ

)
, (4)

where

χi = μ0φM2
dVM

3kBTemp
, (5)

ξ = μ0MdH0VM

kBTemp
, (6)

where φ (dimensionless) is the volume fraction of the MNP
solid in the host liquid matrix, Md (unit: A m−1) is the domain
magnetization of MNP, VM (unit: m3) is the magnetic volume
of MNP, H0 is the amplitude of the magnetic field intensity,
kB = 1.38 × 10−23 (unit: m2 kg s−2 K−1) is the Boltzmann
constant, and Temp (unit: K) is the temperature. If the MNP
in a liquid matrix is monodispersed in the superparamagnetic-
size domain, the relaxation time τR is to be dominated by Néel
and Brownian relaxations as3, 10

1

τR

= 1

τN

+ 1

τB

. (7)

The Néel relaxation time τN in Eq. (7) is5, 10

τN =
√

π

2
τ0

exp

(
κ · VM

kBTemp

)
√

κ · VM

kBTemp

τ0 ∼ 10−9 s, (8)

where κ (unit: J m−3) is the anisotropy energy density, and
τ 0 is a nanosecond-scale characteristic time. The Brownian
relaxation time τB in Eq. (7) is4, 10

τB = 3η · VH

kBTemp
, (9)
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where VH (unit: m3) is the hydrodynamic volume of MNP,
and η (unit: N s m−2) is the viscosity coefficient of the matric
fluid.

A steady-state or CW AMF is represented by

H (t) = H0 cos(ω0t) = �[H0 exp(iω0t)] (10)

under which the MNP magnetization is

M(t) = �[χ · H0 exp(iω0t)]

= H0[χ ′ · cos(ω0t) + χ ′′ · sin(ω0t)]. (11)

Then Eq. (2) becomes

dU

dt
= 1

2
μ0ω0H

2
0 [−(1 + χ ′) · sin(2ω0t)

+χ ′′ · cos(2ω0t) + χ ′′]. (12)

Integrating Eq. (12) over a full cycle or 2π phase change of
AMF oscillation results in the heat dissipation per unit vol-
ume (unit: J m−3) over a duration of �t2π = 2π /ω0 as

�q2π =
t∫

t−�t2π

U ′dt = μ0πH 2
0 χ ′′

= μ0πH 2
0 χ0

ω0τR

1 + [ω0 · τR]2
. (13)

The thermal energy deposited per unit volume per unit time,
i.e., the volumetric power dissipation (unit: W m−3), is then

qCW = �q2π · 1

�t2π

= μ0χ0

2τR

[ω0 · τR]2

1 + [ω0 · τR]2
H 2

0 , (14)

where the subscript “CW” denotes “continuous-wave.” Ac-
cordingly, for a MNP-liquid system that has a mass-density ρ

(unit: kg m−3) the specific-loss-power (SLP) (unit: W kg−1)
is

SLPCW = qCW

ρ
= μ0χ0

2ρτR

[ω0 · τR]2

1 + [ω0 · τR]2
H 2

0 . (15)

Under a CW AMF as illustrated in Fig. 1(a), the heat is
continuously deposited by MNP at a constant rate as speci-
fied by Eq. (15), therefore no thermoacoustic wave is to be
generated,13 and the effect of this time-invariant heat dissipa-
tion is a steady rise of the local temperature for an adiabatic

process. In practice, however, the MNP-liquid matrix trans-
fers the heat to the ambient environment, so the temperature
and volume of MNP-liquid matrix will rise and expand until
a thermoequilibrium with the environment (i.e., the tissue) is
reached. The initial rate of the temperature rise of the MNP-
liquid system is defined as10

dTemp

dt

∣∣∣∣
t=0

= SLPCW

CV

= μ0χ0

2ρCV τR

[ω0 · τR]2

1 + [ω0 · τR]2
H 2

0 , (16)

where CV (unit: J kg−1 K−1) is the specific heat of the MNP-
liquid system at a constant volume. Equation (16) is fre-
quently used to predict and experimentally deduce the SLP
of MNPs when exposed to a steady-state AMF for studies of
localized hyperthermia and controlled drug release.

II.B. Time-domain magneto thermoacoustics from
MNPs exposed to a short bursting of AMF

By exposing MNPs to an AMF of a short duration, such as
a microsecond burst within which the magnetic field intensity
of AMF alternates at several MHz, the relaxation of MNP will
be established abruptly as the AMF is turned on at the begin-
ning of the bursting and removed instantaneously as the AMF
is turned off at the end of the bursting. The abrupt onset and
removal of the AMF will result in rapidly time-varying heat
dissipation, as depicted in Fig. 1(b), which in turn could in-
duce thermoacoustic wave generation.

In the following we analyze the heat dissipation from MNP
when exposed to a short duration of AMF. From the deriva-
tion of Eq. (13), it is appreciated that the cumulative contri-
bution of the real part of the magnetic susceptibility χ ′ to the
internal energy of MNP over a 2π phase change of a steady-
state AMF is zero. Therefore, as long as there are integer
numbers of 2π phase change (or equivalently integer num-
ber of complete cycles of oscillation) of the magnetic field
within the duration of applying the field, �q2π of Eq. (13)
still quantifies the heat dissipation per unit volume over each
single 2π phase change of the AMF. Consequently multiply-
ing �q2π with the total number of complete cycles of mag-
netic field oscillation gives the total heat dissipation per unit
volume that is accumulated over the duration of AMF ap-
plication. In terms of the width of the bursting of AMF for
imaging purposes, as the axial resolution of thermoacoustics

FIG. 1. Time-dependence of the heat dissipation from MNPs when exposed to AMF of different configurations. (a) A continuous-wave AMF with constant
amplitude and frequency results in time-invariant heat dissipation, which will not induce thermoacoustic wave generation. (b) A burst of AMF with constant
amplitude within the burst duration results in heat dissipation that is established when the AMF burst is on and removed when the AMF burst is off. (c) A train
of AMF with constant amplitude but the frequency chirped results in heat dissipation that is varying according to the frequency of AMF. The configurations of
both (b) and (c) are expected to induce thermoacoustic wave generation.
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is limited by the temporal width of the irradiation pulse and
the temporal width of the impulse response of the ultrasonic
transducer,25 a burst width of AMF less than 1 μs is neces-
sary if the axial resolution of acoustic detection is to be better
than 1.55 mm.13 A pulse width of 1 μs is common to the
microwave-irradiation in microwave-induced thermoacoustic
tomography,16, 17, 25 though much longer than the pulse width
of light irradiation for photoacoustics.

We thus consider a simplest form of time-domain AMF, as
illustrated in Fig. 1(b), that is to apply a short bursting of AMF
at fixed frequency and fixed amplitude at a low duty cycle.
This short bursting of AMF can be expressed as a “carrier”
AMF being modulated by an envelope function of a pulse
train. The envelope function, denoted by 
(t), is written by
using the Heaviside or unit-step function u(t) as


(t) =
∞∑

n=0

[u(t − n · �TTD) − u(t − �tON − n · �TTD)],

n = 1, 2, 3, . . . , (17)

where �TTD is the period of the pulse train, the subscript
“TD” denotes “time-domain,” and �tON is the width of each
burst within which the AMF maintains fixed frequency and
fixed amplitude. The time sequence 
(t) of Eq. (17) basically
specifies when a steady-state AMF is turned on or off, and it
satisfies the following specific condition:


(t) = [
(t)]2, (18)

without which Eq. (20) below should contain additional
terms. The magnetic field of this time-domain AMF is then
represented by

HTD(t) = H0(t) cos(ω0t) = 
(t)[H0 cos(ω0t)]. (19)

Based on Eq. (13) the volumetric heat dissipation of MNPs
at a position �r ′ due to a pulse-enveloped time-domain AMF
characterized by Eqs. (10), (17) and (18) is

�qTD(�r ′, t) = μ0πH 2
0 χ0(�r ′)

ω0τR(�r ′)
1 + [ω0τR(�r ′)]2

�tON

�t2π

. (20)

Following the time-varying cycle of 
(t), the heat dissipa-
tion �qTD(�r ′, t) of MNP that varies rapidly over time will give
rise to a thermoacoustic wave, at the falling edges of 
(t).
Notice that Eq. (20) is derived by assuming that the steady
heat dissipation is established at an infinitesimally short mo-
ment after the steady-state AMF is turned on and removed
immediately after the steady-state AMF is turned off, accord-
ing to Eq. (17). Such assumption ignores the effect of high
frequency components of the AMF that arise at the moments
of the rapid establishment or removal of the AMF field, and
those high-frequency components will complicate the signal
spectrum of thermoacoustic wave in a practical measurement.

The thermally generated acoustic pressure pTD(�r, t) at
a specific location �r satisfies the following equation that
has been well documented in photo- or microwave-induced
thermoacoustics:13, 17, 26

∇2pTD(�r, t) − 1

ca

∂2

∂t2
pTD(�r, t) = − β

Cp

∂

∂t
�qTD(�r, t),

(21)

where ca (unit: m s−1) is the speed of acoustic wave in tissue,
β (unit: K−1) is the isobaric volume thermal expansion coef-
ficient, and Cp (unit: J kg−1 K−1) is the specific heat at a con-
stant pressure. The general solution of the acoustic pressure
that originates from the source of thermoacoustic wave at �r ′

and reaches a point transducer at �r in an unbounded medium
is13

pTD(�r, t) = β

4πCp

∫
V

1

|�r − �r ′|
∂

∂t
�qTD

×
(

�r ′, t −
∣∣�r − �r ′∣∣

ca

)
· d3�r ′. (22)

When the distance between the source and the measurement
points, l = ∣∣�r − �r ′∣∣, is much greater than the dimension of the
source, and the thermoacoustic source is approximated by a
uniform distribution of MNPs in a volume V (�r ′), Eq. (22) can
be simplified to

pTD(�r, t) = β

4πCp

V (�r ′)
l

∂

∂t
�qTD

(
�r ′, t − l

ca

)
. (23)

Equation (21) states that heat dissipation at a constant rate
does not induce thermoacoustic wave, which is what occurs
when CW AMF of fixed frequency and amplitude is applied
upon MNPs. However, thermoacoustic wave generation could
have occurred at the instants of setting off the CW AMF in
hyperthermia and particularly in the studies of triggered drug
release9 wherein the minute-long AMF trains were repeti-
tively applied.

II.C. Frequency-domain magneto thermoacoustics
from MNPs exposed to linearly frequency-chirped
AMF

We analyze the heat dissipation of MNPs exposed to a
frequency-domain AMF that has fixed amplitude H0 with a
varying frequency. The simplest form of a frequency-domain
AMF may be one that has a linearly modulated or chirped
frequency, as shown in Fig. 1(c), which has an instantaneous
angular frequency of

ω(t) = ωst + bt, (24)

where ωst is the starting frequency and b is the rate of fre-
quency sweeping. The instantaneous field strength of this lin-
early frequency chirped AMF is

HFD(t) = H0 cos[ωt] = H0 cos [(ωst + bt)t] , (25)

where the subscript “FD” denotes “frequency-domain.” The
resulted magnetization is

M(t) = �[χ · H0 exp(iωt)]

= H0[χ ′(ω) · cos(ωt) + χ ′′(ω) · sin(ωt)]. (26)

Substituting Eqs. (25) and (26) to Eq. (2) leads to

dU

dt
= 1

2
μ0H

2
0

[
(1 + cos(2ωt))

dχ ′

dt
+ sin(2ωt)

dχ ′′

dt

+χ ′′(1 + cos(2ωt))
d(ωt)

dt

− (1 + χ ′) sin(2ωt)
d(ωt)

dt

]
. (27)
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We denote a “positive-zero-crossing” phase as the instant
when the magnetic field strength is zero and the next value
is positive, i.e., the instant crossing the abscissas upwardly.
Then integrating Eq. (27) over a 2π phase change of the AMF
starting at a “positive-zero-crossing” phase is equivalent to in-
tegrating Eq. (27) from an earlier phase of ω0t0 = (n−1)*2π ,
where n is a positive integer, to the current phase of
ωt = n*2π . If we denote �t2π as the time taken for the
phase of AMF to change 2π from the earlier “positive-
zero-crossing” instant to the current “positive-zero-crossing”
instant, we have

ω0t0 = ω0(t − �t2π ) = ωt − 2π or

�t2π = 2π

ω0
− (ω − ω0)

ω0
t. (28)

Integration of Eq. (27) over the �t2π duration results in the
following instantaneous volumetric heat dissipation:

�qFD(t)=
t∫

t−�t2π

U ′dt = μ0πH 2
0 χ0

ωτR

1 + [ω · τR]2

−5

4
μ0H

2
0 χ0

[
1

1+(ω0 · τR)2 − 1

1+(ω · τR)2

]
.

(29)

Apparently Eq. (29) becomes Eq. (13) for CW AMF if the
frequency modulation is turned off [i.e., b = 0 in Eq. (24)].
With the frequency modulation, �q2π (t) represented by
Eq. (29) changes periodically following the cycle of the fre-
quency chirping, and the instantaneous �q2π (t) is strongly
dependent upon the AMF frequency according to the mag-
netic susceptibility term at a given magnetic field intensity.
Notice that the second term in Eq. (29) that involves the differ-
entiation between the earlier “positive-zero-crossing” phase
and the current “positive-zero-crossing” phase will modify
the proportionality of the heat dissipation to the first term in
Eq. (29). Collectively, the time-varying heat dissipation upon
MNPs due to frequency-chirped AMF mediation will give rise
to a thermoacoustic wave.

We denote �qFD(�r, t) as the volumetric heat dissipation at
a position �r at an instant t produced by a frequency chirped
AMF represented by Eq. (25), and the Fourier transform of
�qFD(�r, t) as �Q̃FD(�r, ω̃). Accordingly, the acoustic pres-
sure excited by �qFD(�r, t) is represented by pFD(�r, t), and the
Fourier transform of pFD(�r, t) is denoted as P̃FD(�r, ω̃). The
propagation of P̃FD(�r, ω̃) is then expressed by the following
Fourier-domain wave equation:

∇2P̃FD(�r, ω̃) + (ω̃)2

ca

P̃FD(�r, ω̃) = − iω̃β

Cp

�Q̃FD(�r, ω̃).

(30)

The general solution of Eq. (30) for the acoustic pressure that
reaches a transducer at �r and originates from the source of

thermoacoustic wave at �r ′ in an unbounded medium is27

P̃FD(�r, ω̃) = − iω̃β

4πCp

∫
V

exp[ik|�r − �r ′|]
|�r − �r ′| �Q̃FD(�r, ω̃)d3�r ′.

(31)

If the distance between the source and the measurement
points, l = ∣∣�r − �r ′∣∣, is much greater than the dimension of the
source and the thermoacoustic source is approximated by a
uniform distribution of MNPs in a volume V (�r ′), Eq. (31) is
simplified to

P̃FD(�r, ω̃) = − iω̃β

4πCp

V (�r ′)
l

�Q̃FD(�r, ω̃) exp[ik|�r − �r ′|].

(32)

Therefore, the acoustic wave intercepted by a point ultrasound
transducer at �r that locates at a distance of l = ∣∣�r − �r ′∣∣ from
the source of thermoacoustic wave can be written as

PFD(�r, t) = β

4πCp

V (�r ′)
l

∂

∂t
�qFD

(
�r ′, t − l

ca

)

× exp

{
i

[
ω̃

(
t − l

ca

)
+ θa

]}
, (33)

where θa is a phase constant related to thermoelastic
conversion.27 Equation (33) states that an AMF of fixed fre-
quency (at constant intensity as is CW AMF), as it gives rise
to a constant �q upon the mediation of MNPs, does not in-
duce thermoacoustic wave.

III. ESTIMATION OF THE HEAT DISSIPATION FROM
SPION BY TIME-DOMAIN OR FREQUENCY-DOMAIN
AMF BASED ON EXPERIMENTALLY MEASURED
HEATING CHARACTERISTICS

We estimate the heat dissipation of a SPION sample in a
time-domain or frequency-domain configuration of AMF at
a field intensity of 100 Oe that may be of practical utility.
The estimation is rendered by using experimentally measured
heating characteristics of a SPION sample at a 0.8 mg/ml
iron-weight concentration when exposed to CW AMF at var-
ious frequencies ranging from 88.8 kHz to 1.105 MHz and
the field intensity normalized at 100 Oe. The experimentally
measured heating characteristics are modeled by Eq. (16), and
the modeling is then projected to 10 MHz in order to evaluate
the potential of magnetothermal heat dissipation by ten com-
plete cycles of AMF oscillation within a 1-μs burst. The 1-μs
width of the AMF burst is what is necessary to achieving a
1.55 mm axial resolution of acoustic detection. As a qualita-
tive evaluation we also estimated the heat dissipation due to a
chromophore at different depths in a typical biological tissue
when subjected to near-infrared light of a surface irradiation
fluence limited for nontherapeutic use according to American
National Standards Institute (ANSI). Specifically, the evalu-
ation is for a volumetric heat dissipation by a 100 mJ/cm2

near-infrared surface illumination upon a chromophore that
has onefold or tenfolds (by endogenous chromophore such as
hemoglobin) of absorption contrast over the background bi-
ological medium that has a reduced scattering coefficient of
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10 cm−1 and an absorption coefficient of 0.1 cm−1. In ad-
dition, the time-varying volumetric heat dissipation by the
SPION sample exposed to an AMF train that chirps linearly
from 1 to 10 MHz over a 1 ms duration is estimated.

III.A. A continuous wave AMF system for SPION
based hyperthermia

A continuous wave AMF system has been developed for
therapeutic evaluation of hyperthermia induced by SPION.28

The AMF device, of which the schematic is shown in
Fig. 2(a) and the photograph of the coil part is shown in
Fig. 2(b), has an applicator coil of 5 cm long and 5 cm in di-
ameter, with a center clearance of 4 cm in diameter allowing
the head of a rat to be placed. The single-layer solenoid con-

FIG. 2. The AMF setup and the SPION. (a) Schematic diagram of the AMF
setup consisting of a water-chilled copper-coil, a bank of heavy-duty capac-
itors, a signal generator, a RF power amplifier, an AMF read-out coil, and
a fiber-optic temperature sensor module. (b) Photograph of the AMF coil
shown at the bottom that is coiled by copper tubing of 1/4 in. diameter and
connected to the capacitor bank shown at the top. (c) Transmission electron
microscopy of the SPION cores averaging from 9 to 10 nm (larger sizes are
aggregates). (d) Dynamic light scattering (Nanotrak) particle size analysis of
the CLIO nanoparticles (∼120 nm).

sisted of a few turns of 1/4 in. hollow copper tubing around
a Teflon substrate. The hollow copper tubing was terminated
through Teflon tubing to a water chiller that regulated the cir-
culation of deionized water at a preset temperature. A heavy-
duty capacitor bank was placed in series with the AMF ap-
plicator coil to create an inductor–capacitor (LC) network
that was driven at its resonant frequency. Sinusoidal RF sig-
nal from a function generator was amplified by a class B
RF power amplifier (T&C Power Conversion, Rochester, NY)
that was capable of delivering 500 W to a 50 
 load within
a FWHM bandwidth of 80–800 kHz. Custom-designed tap-
ping terminals were mounted to the solenoid coil for adjusting
the coupling efficiency between the RF power amplifier and
the coil-capacitor resonant circuit. By different combinations
of the four capacitors, CW AMF with a frequency between
88.8 kHz and 1.102 MHz was obtained. Due to limited posi-
tioning of the tapping terminals, the coupling of the RF power
to the coil was not optimal across all frequencies of choices,
and the field strengths measured at the center region of the
coil varied from 52 Oe (4.14 kA/m) to 220 Oe (17.5 kA/m)
in the frequencies realized. The field strength was measured
by placing a single turn pick-up coil of 1.27 cm in diameter
inserted to the middle-section of the AMF coil and converting
the induced frequency-proportional voltage. The temperature
of the SPION sample was measured by an immerged fiber
optical temperature sensor connected to a multichannel data
monitor (FISO, Quebec, QC, Canada) through computer in-
terface for continuous data acquisition.

III.B. The SPION sample

A dextran based cross-linked iron oxide (magnetite)
(CLIO) nanoparticle29, 30 was used as the SPION sample for
measurement of initial temperature rise under steady-state
AMF. Transmission electron microscopy shown in Fig. 2(c)
was used to establish the core-size of the dextran coated
nanoparticles, which were found to have an elongated shape,
with an average length of 9–10 nm and clustered in 20–60 nm
aggregates. Dynamic light scattering (Nanotrak particle size
analysis) shown in Fig. 2(d) was used to establish the hy-
drodynamic size of the nanoparticles formed in the carrier
fluid, which were found to have an average size of ∼120 nm.
The SPION sample used for the benchtop testing had an iron-
weight concentration of 0.8 mg/ml. The weight concentration
of the SPION in the host medium was measured experimen-
tally as 0.64% (an average obtained from duplicates), which
corresponds to 0.0946% volume fraction of the SPION solids
in the liquid matrix based on the mass densities of the mag-
netite and the carrier fluid as specified in Table I.

III.C. Initial rate of temperature rise of the SPION
matrix under CW AMF

A 20-ml vial containing 5 ml of 0.8 mg/ml SPIONs was
placed in the AMF coil for measuring the heating of the
SPION matrix under CW AMF. The initial rate of temper-
ature rise in degree/second was calculated based on the ini-
tial slope of the temperature change after the onset of AMF.
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TABLE I. Material-specific parameters (Refs. 10 and 31) used for simulating the heat dissipation of SPION.

Symbol Parameter specification Value Unit

ca Speed of sound in tissue 1550 m s−1

CV Specific heat of carrier fluid 2080 J kg−1 K−1

H Magnetic field strength 7.96 kA m−1

MS Saturation magnetization 446 kA m−1

Temp Thermodynamic temperature 298 K
VM Magnetic volume Corresponding to a diameter of 9.5 nm m3

VH Hydrodynamic volume Corresponding to a diameter of 120 nm m3

η Viscosity coefficient 0.00235 N s m−2

κ Anisotropy energy density of Fe3O4 23 (the smallest value used by Ref. 10.
The higher the value, the higher the heat

dissipation.)

J m−3

ρ Mass density of Fe3O4 5180 kg m−3

ρ Mass density of carrier fluid 765 kg m−3

Temperature was continuously monitored over the duration
of AMF application that lasted between several minutes to
40 min, depending upon the actual heating rate and the inter-
ested range of temperature measurement. Because the AMF
intensities were different across the frequencies realized, the
temperature rise was normalized to an AMF field intensity of
100 Oe (7.96 kA/m), based on the dependence of heat dis-
sipation upon the square of AMF field intensity. The experi-
mentally measured initial rates of temperature rise were than
compared to the model-prediction by Eq. (16) using the ma-
terial and dimensional parameters detailed in Table I. The re-
sults are shown in Fig. 3(a). The heating characteristics when
projected to 20 MHz using Eq. (16) is shown in Fig. 3(b) (it
was evaluated but not illustrated here that, as the frequency
reaches 40 MHz and above, the curve levels off and eventu-
ally flattens). The heat dissipation expressed as temperature
change per time (i.e., power) is shown to rise monotonically
with the frequency over the range shown, and a 10 times of
increase of frequency from 1 to 10 MHz results in approxi-
mately 84 times of increase of the heat dissipation.

III.D. Estimation of the heat dissipation by 0.8 mg/ml
SPION under a 1-μs burst of 10 MHz AMF and a 1-ms
train of AMF with the frequency chirping from
1 to 10 MHz

At 10 MHz, a 1-μs burst of AMF contains ten complete
cycles. If a 1-μs burst of AMF at 10 MHz and 100 Oe is ap-
plied to the same 0.8 mg/ml SPION matrix used for the exper-
imental measurement, the volumetric heat dissipation based
on Eq. (20) is 7.7 μJ/cm3. This value corresponds to the hor-
izontal line shown in Fig. 4(a). As the tissue attenuation to
time-varying magnetic field of 10 MHz is negligible21 com-
paring to the near-infrared light, the AMF induced heat dis-
sipation from SPION can be assumed depth-invariant. How-
ever, the photo-induced heat dissipation is strongly dependent
upon the depth from the irradiation. In regards to the potential
of thermoacoustic wave generation, it is imperative to com-
pare the 7.7 μJ/cm3 heat dissipation estimated for SPION
under a time-domain AMF against the heat dissipation by a

chromophore in tissue under a surface light illumination as
strong as 100 mJ/cm2. For a typical biological tissue that has
a reduced scattering coefficient of μ′

s = 10 cm−1 and an ab-
sorption coefficient of μa = 0.1 cm−1, the fluence in tissue
in the diffusion region due to a surface fluence �0 reduces
quickly versus the depth r at a rate that is not smaller than the
following one well-known for an unbounded medium:

FIG. 3. (a) Circles represent the measurement of the initial rate of temper-
ature rise (deg/s) of the 0.8 mg/ml SPION sample at a number of AMF fre-
quencies and normalized at the AMF field intensity of 100 Oe. The solid line
is the theoretical fitting based on Eq. (16) using the parameters in Table I. (b)
Projecting the theoretical fitting of (a) to 20 MHz AMF frequency leads to the
line shown. The portion of the line within the rectangle marked by the arrow
corresponds to the solid line shown in (a). A 10 times of frequency increase
from 1 to 10 MHz results in approximately 84 times of increase of the heat
dissipation.
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FIG. 4. (a) The horizontal solid line corresponds to 7.7 μJ/cm3 volumet-
ric heat dissipation by 0.8 mg/ml SPION accumulated over a 1-μs burst of
10 MHz 100 Oe AMF. The dashed and dotted lines are the estimated volumet-
ric heat dissipation upon a chromophore over the depth of tissue generated by
a surface light illumination of 100 mJ/cm2. The background biological tissue
is assumed to have a reduced scattering coefficient of 10 cm−1 and an absorp-
tion coefficient of 0.1 cm−1. The heat dissipation is calculated by assuming
that light propagates in the tissue of given properties before reaching the chro-
mophore by which the light fluence is absorbed to become heat. The dotted
line represents the chromophore of μchro

a = 0.1 cm−1, i.e., the same absorp-
tion coefficient as the background medium. The dashed line represents the
chromophore of μchro

a = 1 cm−1, a tenfolds of absorption contrast over the
background medium. (b) The heat dissipation by 0.8 mg/ml SPION dur-
ing a 1-ms train of 100 Oe AMF whose frequency is linearly chirped from
1 to 10 MHz.

�r = �0
3(μa + μ′

s)

4π

exp(−√
3μa(μa + μ′

s)r)

r
. (34)

The heat deposited by a chromophore of absorption coeffi-
cient μchro

a is then

�q(r, μchro
a ) = μchro

a �0. (35)

At a surface irradiation fluence of �0 = 100 mJ/cm2, the
heat deposited by a chromophore of μchro

a = 0.1 cm−1 or μchro
a

= 1 cm−1 versus the depth of the chromophore in the biolog-
ical tissue of μ′

s = 10 cm−1 and μa = 0.1 cm−1, according
to Eqs. (34) and (35), is shown as the dashed or dotted curve
in Fig. 4(a). The case of μchro

a = 0.1 cm−1 corresponds to the
heat dissipation in the biological tissue with no specific chro-
mophore, whereas the case of μchro

a = 1 cm−1 corresponds to
the heat dissipation by a chromophore that has tenfolds of
absorption contrast over the background tissue. Figure 4(a)
shows that the predicted volumetric heat dissipation from the
0.8 mg/ml SPION matrix when exposed to 1 μs of AMF at
10 MHz and 100 Oe is comparable to the heat produced at

1.75 cm depth in a typical biological tissue under 100 mJ/cm2

surface irradiation, and to the heat produced at 2.75 cm depth
by a chromophore of 10 times of absorption contrast over
the background biological tissue under the same amount of
surface illumination. In comparison, Fig. 4(b) shows the esti-
mated heat dissipation by the 0.8 mg/ml SPION matrix when
exposed to a 1-ms train of 100 Oe AMF with the frequency
chirping linearly from 1 to 10 MHz. The 1 ms duration is
comparable to the duration of frequency-chirped amplitude
modulation in the frequency-domain photoacoustics.26 The
heat dissipation of Fig. 4(b) is shown to increase monotoni-
cally from 0.15 to 1.1 μJ/cm3 over the 1 ms duration of AMF
frequency-chirping.

IV. DISCUSSION

In this study we proposed an alternative mechanism of
thermoacoustics by utilizing the heating effect of MNPs un-
der AMF as a result of magnetic relaxation as the source of
thermoacoustic wave generation. The proposed magnetother-
moacoustics may be useful to tracing MNP for therapeutic
delivery, in a theranostic approach that could in principle use
the same set of magnetic applicator for both imaging and ther-
apeutic activation of the MNPs.

We estimated the heat from a 0.8 mg/ml SPION matrix af-
ter applying a 1-μs burst of 10 MHz 100 Oe AMF. It should
be noticed that, the 0.8 mg/ml SPION matrix used for the
model-computation is estimated to be 16 times of the safe
dosing of SPION in plasma, 50 μg/ml, which corresponds to
5 mg/kg body-weight of SPION,31, 32 50 kg body weight and
5000 ml blood. By targeting SPION with a specific biomarker,
it may be feasible to enhance the site-specific delivery of the
SPION multiple fold of that of the plasma concentration.33

The volumetric heat dissipation over the 1-μs burst-width
of AMF upon the 0.8 mg/ml SPION matrix seems compa-
rable to the heat produced by a chromophore of an absorp-
tion coefficient of 1 cm−1 (or 0.1 cm−1) at a depth of less
than 3 cm (or 2 cm) in a typical biological tissue when a sur-
face illumination as strong as 100 mJ/cm2 is applied. How-
ever, the volumetric power dissipation by the predicted 1-μs
burst AMF will likely be several orders smaller than what can
be achieved by the typical nanosecond pulsed light irradi-
ation in photoacoustics, resulting in an acoustic-signal in-
tensity that is potentially several orders smaller than that
obtained by nanosecond pulsed light irradiation.34 It is there-
fore expected that the thermoacoustic signal generated from a
site-specific SPION concentration at a tissue depth of several
centimeters by applying a time-domain AMF of practical util-
ity may be more challenging to detect than the photoacoustic
signal produced at that depth by a maximum surface illumi-
nation used for time-domain photoacoustics. Additionally, at
high frequency AMF field (∼30 MHz), nonspecific heating35

could reduce the expected thermoacoustic signal contrast of
the site-specific SPION distribution.

The acoustic signal level acquired in frequency-domain
photoacoustics is reported several orders smaller than that in
time-domain photoacoustics27 under similar irradiation and
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depth conditions. It should be noticed that Eq. (29) represents
the volumetric heat dissipation accumulated over an individ-
ual cycle of AMF oscillation and evaluated at the ending-point
of that individual cycle. Therefore, it is in fact a discrete-
representation of the volumetric heat dissipation and should
not be considered as the instant volumetric power dissipa-
tion. Accordingly, the volumetric heat dissipation shown in
Fig. 4(b) is evaluated at a discrete time corresponding to the
“positive-zero-crossing” point of an individual cycle of AMF
oscillation when it chirps linearly from 1 to 10 MHz and
accumulated over that single cycle. So the heat dissipation
values of 0.15–1.1 μJ/cm3 in Fig. 4(b) are comparable in
scale to the heat dissipation over only one cycle of AMF in
Fig. 4(a), i.e., 0.77 μJ/cm3, which is 1/10 of the 7.7 μJ/cm3

heat dissipation accumulated over a total of ten cycles of AMF
oscillation. The 1.1 μJ/cm3 accumulated over one cycle of
10 MHz frequency-domain AMF is even greater than the
0.77 μJ/cm3 accumulated over one cycle of 10 MHz time-
domain AMF. This is related to the second term in Eq. (29), as
it differentiates between the earlier “positive-zero-crossing”
phase and the current “positive-zero-crossing” phase. As a
result the gradient of the frequency-dependence of the heat-
dissipation will contribute to the overall heat-dissipation in
frequency-domain AMF configuration. However, it is the tem-
poral gradient of the volumetric heat dissipation accounts
for the magnitude of the acoustic signal as identified by
Eqs. (23) and (33). Consequently, even though the volumet-
ric heat dissipation accumulated over individual cycle of the
frequency-domain AMF may be comparable to the volumetric
heat dissipation accumulated over any one cycle of the time-
domain AMF, in the specified time-domain AMF configura-
tion a heat dissipation change of 7.7 μJ/cm3 occurs within a
1 μs time-scale, whereas in the specified frequency-domain
AMF configuration a heat dissipation change of less than
1 μJ/cm3 occurs within a 1 ms time-scale. Therefore, it could
be expected that the acoustic wave generated by frequency-
domain magnetothermoacoustics will also be several orders
smaller than that by time-domain magnetothermoacoustics,
making it even more challenging to be detected.

Although it is expected that the acoustic signal to be pro-
duced by either time-domain or frequency-domain magne-
tothermoacoustics can be received by a hydrophone or an
ultrasound transducer by synchronizing the acoustic measure-
ment with the excitation cycle of AMF, there are more techni-
cal challenges to demonstrate magnetothermoacoustics. Us-
ing the AMF system shown in Fig. 2 as an example, based
on the previous analysis, it would be necessary to operate the
AMF at 10 MHz or a higher frequency to have sufficient heat
dissipation upon the SPION to produce acoustic signal that
may be detectable by a highly sensitive ultrasound transducer.
As the AMF coil is networked with the capacitor bank, the
AMF operates at the resonant frequency f = 1/(2π

√
LC),

where L is the inductance of the AMF coil and C is the to-
tal capacitance of the capacitor bank. Therefore, a tenfolds
increase of the resonance frequency from 1 to 10 MHz re-
quires a 100 folds reduction of the capacitance, if the AMF
coil remains. As the smallest capacitance of the heavy-duty
capacitors used for the system shown in Fig. 2 was 0.004 μF,

reaching a 10 MHz AMF frequency would require using ca-
pacitors of 0.00004 μF, at which capacitance it is difficult to
find heavy-duty models with the current rating sufficient to
producing the AMF intensity using the coil shown. Alterna-
tively, the AMF coil has only a small number of turns, leaving
not much room to reduce the number of turns to reduce the in-
ductance, and any reduction in the number of turns will reduce
the AMF field generated at a given current rating that would
reduce the heat dissipation.

Even though the AMF-coil-capacitor network may be op-
erated at 10 MHz or a higher frequency with the field inten-
sity comparable to that produced by the system at 1 MHz as
shown in Fig. 2, there are additional issues to consider. In
terms of the frequency-domain AMF operation, it is neces-
sary to have relatively uniform impedance matching of the
AMF coil-network with the RF amplifier over the bandwidth
of frequency chirping, which conflicts with the resonance
configuration of the AMF coil-capacitor network. In terms
of the time-domain AMF operation, although the AMF dur-
ing the active excitation could operate at a fixed frequency of
10 MHz of interest, the AMF-coil-capacitor network must ac-
commodate AMF operation at much higher frequency com-
ponents, in order to maintain a sharp falling-edge of the am-
plitude envelope during the turning-off of the AMF in order
to reach strong temporal gradient of the heat-dissipation. This
again challenges the resonance configuration of the AMF-
coil-capacitor network, let alone that the RF amplifier avail-
able for the system in Fig. 2 has a limited bandwidth of only
up to 800 KHz. It is therefore anticipated that a broad-band
matching between a RF amplifier and an AMF coil is nec-
essary, and as such magnetothermoacoustics may be difficult
to demonstrate using an AMF coil configured in a resonance
network.

Regardless of the AMF configuration, the detection of the
acoustic signal from MNPs will likely be interfered by the
signals due to other metallic materials within the oscillat-
ing magnetic field. Electromagnetic interference is not an is-
sue for photoacoustics; however, it will need to be negotiated
in microwave-induced thermoacoustics by appropriate gating
techniques. As such, the acoustic detection methods imple-
mented in microwave-induced thermoacoustics36 may be di-
rectly applicable to magnetothermoacoustics. A fiber-optical
interferometry based sensor may be more robust for acoustic
detection in magnetothermoacoustics.37

The theoretical modeling of the experimentally measured
heating characteristics has been performed based on the sim-
plest monodispersive model. A polydispersive model will
certainly improve the estimation accuracy, if the core-size-
distribution of the SPION can be precisely measured. The
analysis in this study also treats thermal-acoustic wave gen-
eration due to only the temporal change of AMF, but the
AMF has been assumed to be spatially homogenous, i.e., at
a given time, the field strength is assumed uniform through-
out the imaging domain. Consequently a spatially resolved
magnetothermoacoustic measurement is to be associated in
this case with only the specific concentration of the SPION.
In practice, however, the spatial heterogeneity of AMF is in-
evitable and significant for coil of certain shape. The solenoid
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coil commonly used for AMF generates a relatively uni-
form field only in the middle-section of the coil, whereas a
Helmholtz type coil38 applies a uniform magnetic field in a
much greater area. The unavoidable spatial heterogeneity of
the magnetic field then contributes to the acoustic generation
by way of the magnetic gradient induced translational force23

F (�r) ∝ ∇ [
B(�r)

]2
upon MNPs, which modifies23 the Eq. (21)

of the time-domain magnetothermoacoustics to

∇2pTD(�r, t) − 1

ca

∂2

∂t2
pTD(�r, t)

= − β

Cp

∂

∂t
�qTD(�r, t) + ∇ • [F (�r, t)] (36)

and Eq. (30) of the frequency-domain magnetothermoacous-
tics to

∇2P̃FD(�r, ω̃) + (ω̃)2

ca

P̃FD(�r, ω̃)

= − iω̃β

Cp

�Q̃FD(�r, ω̃) + ∇ • [F̃ (�r, ω̃)] (37)

where F̃ (�r, ω̃) is the Fourier-transform of F (�r, t) with respect
to the time-argument.

V. CONCLUSIONS

The feasibility of thermoacoustic wave generation from
MNP by applying a short burst of AMF or a frequency modu-
lated AMF is proposed. As the relaxation of MNP under AMF
is strongly dependent upon the amplitude and frequency of
AMF, either a short bursting of AMF or a frequency chirped
AMF will result in time-varying heat dissipation from MNP,
which in turn has the potential to induce thermoacoustic wave
generation. Based on experimentally measured heating char-
acteristics of a 0.8 mg/ml SPION matrix under CW AMF,
the heat dissipations of the SPION under a 1-μs burst of
10 MHz 100 Oe AMF and a 1-ms train of 100 Oe AMF
with the frequency chirping linearly from 1 to 10 MHz
are estimated. Thermoacoustic wave generation from MNPs
of manageable in vivo concentrations by applying either a
time-domain or frequency-domain AMF, however, is quite
challenging.
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