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Tomographic imaging using the nonlinear response

of magnetic particles

Bernhard Gleich'™ & liirgen Weizenecker'”

The e of contrast agents and lmmmnud:ml:lmgmghua
long history' ™. They idei nmlnﬁ:nnmnnﬁwdnva
n;slhaqw_hnhryn':‘d:ﬂw ications, a higher resolue
is required than can he ohtai wsing, the currently availahle
medical insging techniques, Consider, for example, the nse of
magnetic tracers in magnetic resonance imaging: detection
thresholds for i vitrd® and i wiv® imaging are such that the
signel from the host tissue is @ corucial limiting Botor,
A sensitive methad for detecting the magnetic particles direatly is
to measure their magnetic felds using refaomersy™s bt this
approach has the drashack that the inverse problem (associated
with transforming the data into a spatial image) s (1 pesed and
therefore yields low spatial resolution. Here we present a method
lor ohiaining a high-resolution image of such tracers that takes
advantage of the nonlinear magnetization curve of small magnetic
particles. Initial *phantom’ experiments are reported that demon-
strale the feasibility of the imaging method. The resalution that we
achieve is already well belaw | mni. We evahuate the praspects for
further improvement, and show that the method has the potential
to he dew it an imaging methosd charmcterized by both
high spatial resphution as :jlu high sensitivity.

We first intmoduce the general concept of magnetic particle
irmaging | MPT) MPI relies on the nonlinearity of the rmagnetization
curves of ferromagnetic material and the fact that the partide
magnetization saturates at some magnetic field strength, 1f an
oactllating megmetic field, called the ‘modulation fdd] is appliod,
with frequency {, and sufficiently high amplinude A, e magnetic
muaterial will exhibit & ragnetization M2, whene ©is tme M)
cnmitaive ot only the drive freguency §, bt alsea series of harmonic
frequencies | Fg, 1a). Thess higher frequenciescan be ensaly separated
frowm the received signal by means of approprate filterng.

IF the magnetie partides are also exposed 0 2 tme constant
magnetic fidd with 2 mr'ﬁrimrh,' large magrinude, they saturate

the g.'m'l.mnn af harmonics is ml]Tn-m\l {Fig. Ib}. Saoctive
suppressom of the harmonics is emploved for ||1|'s|1.|1|aJ enerding as
fellems. ln.1dd|r|nnmtlw'rrniuhnn'n tiekd, a time-independent held
is superimposed {hedd plot in Fig. 22} that vamishes in the contre of
the imaging device (the field-free paing, FFP) and increases in
magnitude towards the adges. This fidd is called the ‘sdlection
fiedd’, IF there is ary magnetic material at the position of the FEP it
will produce & signal containing higher hanmomics, But only the
magnetic material located at the FFP will respond to the ac
modulation Aedd. All other megretic material remaing in the state
of saturarion. By steering the FEP thoough the valarme of nterest, o
toerengrapliic image can be generated. [As a spatial variation in ome
darectson of ane held companent 15 in general 2ecompanied by 2
spatial varation of anather component in another direction, anly 2
single selection fdd 18 needed in MPI o obtain a three-dimensaonal
spatial encoding, ) The movement can be performed by moving the
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vhwle codl assembly ar by moving the object within the coil assembhy
For simplicity, we assumied a low amplitude of the modulation ek
Othervise, the ac. fAeld shifts the FF Pmp\lﬁfnnlh'

I summary; tn rnnrunumy magnetic tracer material has to be
applied to, or inteeduced o, the object, The obiect is placed in
the selection field, and a wesk magnetic modulation field is
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Figure 1 | Respense of magnetic particles to am external magnetie fiehd.
a, .ﬁnuull.l.-l.m"rnluuch.hrld (1, mudulation lield, green curve) s applicd

e e Sy As the magnetizalion cusve
ime-de pendent magnetizizan
omics, a5 is shanen in the Fourier-
transformed signal {5, red bars). b, A ime-independeni fiddd is added o the
muodulation fizld. The nscillating field does nad significantly change the
magnetization of the maierial, as it is aheays m saiuration. In this siate,
harmonics of the ascillaing fickd are almnst non-evitent The grey bax
indicates thess harmonics used Far image formatien. The signal aif) s not
waed, ai it i small compered 1a the saperimpesed induced modulation field
sigmad, and therelore dillicouh oo isolave,
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superimposed. Fnally the object = moved (spati2] enending) 0
discrete pesitions and the magnitudes of the harmanics are recorded.
An image of the magnetic tracer in the object is direcily obtained by
mapping the magnitude of the harmonics.

The method described so far iscapable of generating images of the
spatial distribution of magnetic material, Fiowever, the mechanical
rracvemenit beads to v scamming spead and the signal to noise ratio
VSNR] is bowr owing to the weak modulation field, The mechanical
rrrvement is dispensable if three additional orthogomal homogenous
rravgnetic fields, called drive Rdds, are provided (Fig. 2b). The three
vomponents of the sedection feld can be cancelled, atamy given point
i apaae, by appropeiate adjustrrent of dse three felds, By driving
eah coil pair with a predefined current vaveform, e FEP can be
rraved e a comtinuous trajeciory over the ebject. This set-up is
analegous 1o 2 mechanical motion sel-up.

By wmsing drive fields, it i posable 1o sccedemte the movement off
the FEP dramatically. For this purpase, a dafferent amesoidal corent
wiith a high frequency is applied 10 each coil pair. Th:"imp“llll.l‘{ﬂf
thecurrents must be large enough to generate ctic ficleds capable
annnrdIln; the selectinn bel klir the h1|'d|'rn the desired rv'slnnnr'
interest. The fast TP movernent leads to a rapid local change in
magnetization as soom a5 the FFP passes a Incation containing
rragnetic material, The magnetization change induces & signal in
the recording coil that exhibits higher harmonics of the drive fidd
froquenscies. This induced signal i sufficiknt for image rocanstrac-
ton, The modulation Add with low amplinede {Fig. 1] & now

vihanlete. Cordequenty, the introduction of e drive fidds oover-
o beth dvanchacks mentioned above, namely the low encoding
speed and the low SNEL

Ser the spatial encoding can be realized in twooways, as fllows: (1)
usmg mechanical movement, ar {2} uang fidd-indusced movement
af the FFE Farthermere, both posabalities can be combined, Thas i
the situation realized in the prsent sopenmental set-up.

The two-dimensarmal obpect used for imaging conssted of distimet
hodes filled with an undiluted (0.5 mol Fel™ '), commercially avail
able contrast agent (Resovist™, Schering AG Berlink, Components
used in the present set-up are illustrated in Fig. 2a, In order in form
rwnreddimensional images, the object can be moved in two dimensions
using a mhot. Additionally, the drive field moves the FFP in the
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Figure 2 | The main czmponents of the experiment, and an MP scanner
comtept. &, The twe large rings generate the selection leld. Hence, o de.
current with npposite direction in the upper and Inwer cnil praduces the
Id Fmes and colowr coded fickd magn) i with the fiekd-
1in the centre. The samse two rings serve asdrive fiebd ceils, as
is superimposed on ihe do cument. & pair of quadratic
recordingenils in the cemire records the generared a.c response |harmsonicss.
b, The fiskd-generating comspansnts are skesched schemarically for an MP1
soanner capable of enonding purely by drive delds. Twa ield generatars
pruduce the selection feld. Fur zach direction in space, o oppasing deive
lichd coils gre mied Theee coil produce & more or |os hamogeneous Geld in
the centre of the scanner and can therefore maee the FFIL
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vertical direetion. Two allernative encoding types are demonstrated.
First, the mbot alome is wsed for the spatial encoding (mechanical
TFP morcement ). However, a diive field (A = 10mT p, ') for the
generation of the harmonics is used in place of the low-amplitude
miedulation field, ving o the higher achievable SNE. Secomd, the
robot provides the spatial encoding in the borimontal direction, while
ilwe drive field moves the FFP in the vertical direcion. The samse
experiment vwas evaluated in both cases, bat in the second case only a
subset of robot scan positions was used,

Figure % dhews an image of the object, for the cse of pure
i lvamical messement of the obgect. Using & drive febd Jeads o a
contribution of resglhbouring points o the recorded sigrad at a given
roshiod pesition. This means tat tse simple method for gererating an
image (for the case of the weak modulation field) by mapping the
mzgmitinde of the larmonses s not appropriate, and a reconstiection
& mecessary; see Methods section.

In Frg. 3h the drive fidd encodes vertically and the mbat s used for
the horizontal eneoding. As the drive feld amplinsde was noe
sufficiently high to move the FIP over the whale abject, three
separate images were reconstructed, They coversd the upper, middle
and lonwer regions of the obvject, and vere averaged to form Fig. Sh Az
a result, the resolutiom in the vertical direction is better than 00% mm,
In the horimontal direction, the resclution is about 0.5 mim, a5 the
derivative of the field component of the selection ficld in thar
divection is lewver. The resolution in both cases (Fig, 3a and b) s
e g, althongh the SME differs eoving to the shorter messane-
et i i the second case,

The thenretically expected resolution (] & given by the ratio

Figure 3 | Recsnstructed images of the objact far twa different escoding
Eypee The trus sive of the holes is indicated in thae bower right corner af the
large images. The drawings an the right side skeich the rohot positions used
Far measwrement (bottom b and & tres scale image (tap). Tnoa, the daca e all
52 3 52 bl positions wers weed, whereasin b only the data ol 3 < 52 robos
psitiams contribate o the reconstruction. In 8. encoding is purely done by
robred movement, alhough the FEF moves a considerable distance i the
wertloal divecrion_ In b, this msovement s exploited and the encoding i
achizved pardly by the deive fichd. The wtal measurement lime was abowt
50 i, imeluding a pure dals soquisitian lime of 18 min Gar @ and |mis for
B Thnse spats with low intensity refloct imperfnctions of the ohject
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2HX,, where H, is the ac. field strength at whach the matenial
produces substantial higher harmemics, and X, is the largest spatial
derivative of a selection field component. A reasonahle value E:‘H‘
may be obéained by equating the thermal energy with the :’ﬂmm
energy of the magnetic partides. Assuming H, = 0.5mT g !, reach

ahble with ||.1r||r|-w=. of ¥nm diameter, and the currently used
XN,=34Tm " g, ', the ohserved resclution is ohtained.

Given that the particles have a reportad diameter'! of 4nm it is
remarkahle that the achieved resolution is so high, For such particles,
the Langevin theory' of magnetiam would predict quite smooth
magnetization ourves with H, = 200 mT e ' lesding o 2 resolution
of theonder of 10 e W thevefore compared the ohserved perform-
ance to that of ideal partide enserbles acting according to the
Langevin thenry. Figure 4 shows the calculated mormalized signal
for particdes in the range 10-40nm 2% a function of the number of the
hagher larmonics. Addatiomally, the observed signal and the nowse
Jeved are meluded. The experimental data At well, 2ssuming that
particles of ¥nm diameter are respomsible for the signal. The iron
mass of the signal-generating particles represents anly 3% of the tol
iran mass.

Thues far, the reconstruction was optimized to cheain the hest
passible resolutinon, Tt can alss be adapted to compromise resohtion
while inproving sersitivity. Analysing the signal and neise in Fig. 4,
e estirmate the current detection limit o be ahout 100 pmal Fel ™"
for a rescdution of about | i, This detection limit is already within
‘the varsge of the alloved dosage for medical wse', However, impree-
renits in ragaetic traces and reoording electronics can be expocted
o lower the detection limit to 200l Fel™' The potental for
inpecnserient of the teacer can be seen in Fig. 4. The signal could be
incresed by an least e arders of magnitude {eorngare v lirwe with
ashed “40nm’ hine) by 2 better imtial compoesition and a particle
separation process. Additionally, the dectronics offers agrificant
potential for improvernent. With an optimized veraom, we expect an
imprevernent in SNE of between ane and twe orders of magninsde
even for a human-size system,

The detection limit extrapolated above can be verified via com

risrm with, magnetic rsonance imaging (MRT), TF the signal is
.ir:du:wihyanm?i‘".ﬂin! m1g|1n¢iuh"rﬂ:8ii!-mdlh|'nhjuﬂ &wfr{l‘.um
the noase (“patient noise limated' , the SNR is proportional to A bt
independent of fraquency™. With the detection limit of 20mmol
Fel ", the expected magnetization would still be about 5% of a
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[Figwre 4 | Marmalized signal strength a5 & fusctian dﬁwm
simulated magnetic trecer paricles and a o bile eontrast
agast. The snit signal inbensty is that af hypnehetical mx“'lwmllf parlicles.
with a step-like magneteation curve and the same iron amount as presentin
ihe commercial conirast ageni, Resavist, The green line chows ihe measured
instrumental moise of the acquisition system a1 8 messaring time of 04 5.
The dashed lines represent the caloulated signal sirengih assuming a specific
damerer | 10-40mm ) of spherical parides aoring according vo the Lasgevin
theary™. The aial amount of iren is the same o found in Beiovise. Thiss, the
3% dlmm’ curve represcats the expected response of an asscmbly af ideal
partiches (30 nm diameter) with an iroa concentration 5% that of Resmads),
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typical MR equilibaum magnelsation, asuming a prolon mag-
netiation Myl IT) =43 10T g, . S0 the detection limit esti
matesd abowve seerns ko be reasonable, as the comesponding MR sigral
cam be detected, Om the other hand, 2 well tolerated dosage of
maghemite particles in humans" i about 70 pmal Fel ™', resulting
in an SNR twn onders of magnitude higher than that achieved using
MR

Ahigh SWE ray spead up the image acquisition, provided that an
adequate encoding spead is possible, In our experiment, the coding
tirme: was rather long, but in principle coding speed can be fast in
MPL This would require the we of thee orthogoml drive fdds
respumnsible for the FFP mevernent {Fig. 2b), as alredy mentboned in
the hasic description. In that case, the encoding time T for 2 wolwmie
(W% Nx Nvoeel) can be shevn to be roughly Tm W4T, For 2
drive fidd Frequency of |, = 25kHzand M = 50, an enaoding time aff
the order of 1Hims can be achieved. The e in each direction of 2
volume depends on the maximum possble duft F= 200 af the
FIP, which is of the coder of émm tor X, = 34Tm™ ' po ' and the
drive field amplinade A = 10mT ', For medical amir.ﬂinm, a
larger ficld of view az well as a higher coding speed is desired. Dvive
tield amiplisdes of up to 20mT gy, ', and fraquencies up to K60 kHz,
may be used without harming the patient through heating. To
achienve a still larger feld of view, an additional, sheaver movement
of the FFP can be r»upmmqu-od. Using permanent magnets, &
maximum X, of about 3T ' " seems to be possible for
bumum applications, with reasongble effore, The potential of MPT
bevomis clear wlen considering the resolution and the encoding
speed, in combinaticn with the ligh SN, which can be comverted o
imaging speed andlor sensitivity,

Wi D dermerestrated the poasibility of divectly rmapping mag-
netie material, without relying on the il-pesed mveraon problem
This offers new opportunities for imaging magnetic tracers with high
ressdutiom and sensttwvity. MPL may fmd a varety of applicatons,
such as medical imaging, crack detection, palymer procesing or
fluid dynamacs. For medical applications, such as vascular or small
|I|h~shn|' nm.gl the high n-sr]mim and sensitivity of MPI can he
axpectad antageons. Furthermore, the signal can penetrate
Hissues. v1rtu;|“‘y uradtenuated, allmving the inspection of regions
Incated dn'p belowe the aurface, Additionally, MPT does not necess
arily require a large scanmer. All required magnetic fields may be
applied from one side, For a reatively small imaging volume, the
scanmner el may beguite small and inegpensive. Finally, the method
fow becadlized irtevaction condd be wsed not anly for imaging, but also
for therapy by local heating™ ' Further work will be needed w0
aplent tle full potertial of this mew imaging retlod.

METHODS

Hardware. An cuiline of the MP1scamner i grees in Fig. 22, The bekd - prods
coils of the sanmner are separated by 3emm, and do not comais fenrcm poetic
marerial. In e, thee spatial derivaiive of if s:ln inn field X o the FFP is
34T g, he drve field amplivade & 1 a0 lh:drn.f.cutrq...l.cy
is arturanly sec i 25, 25kHz The twe recosding coils are of square shape, with
abaur 16 i sade |ergrh and @ sepaiarion of b 16 mas. They are surmoiinded
by Larges wieredin g wei s egpenice sene Cnod shows o dhe figure) e ooege 3
the recandad signal i
puassive mech fikee e amplificatios subssquest filer
0 MiHz, types PCT-9810, Adlink [ncx

: 1, Beantensaationn K| is imied 10 saeves he damphe

e ' Foemed by 13 Bl dimmatar

aflat ;.Lu—. piate that wres lled with the sogne
addition, a singl: hole (reference object} with the same dimensions was
v imacer and nsed as 2 refarence responss of the © myseem, [is measure-
; accounms for all issperfections of the coils
acer. Both the P and e reference objea
were imeasarad with adennical paramseras idd ampliude, fapacy, obor
ik, debay s
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and peleinice

Bevostrisciion prisciplec The Den acquiead seta of data
responsa} were bath, wied for ereosatruction, The nih hansanic ¥o(ys of the
be wrstton as:

Vyiyh J4 T w0

Hare (1} is the magntic particle comcentration in the shjsct, being urkeown
won. (FelT) demones the delia response of the sysiem,
e, the induced signal an the nth Barmonic of the w-up if an
nesimaily small ohiect is placed at pasition r. This 1 imckades all
the coimplen dynaisecs of rhe esagnetic tracer, a5 wel s the shape of the drive
Fia and thee reconding oo,

Oihtaising the delts respanse from e relerence nepanse. Cwing o the e of
w rchugvely loags cdset (005 nus diameter), in s necssary e decesvalale the
delia respomse from the refaran with the meoomirac-
ticen. I ordar to achan th | Fourier tramsfioem of eqaation (1} is
Fovarier gpace are denoted as the corneposding hrwar o

il = ki ik m
ctian £4k ) e i refisronce ohjn,

Afrar divisios by the ko concniras
a Fourier back-transformation yickd G e
Iebaatriz imversinn, For imags recomst rastics
equaion |17 was used, as it gives mose fexil
The induced signal is hence:

Vet 1m 85 Golmy + w0 g i
P

direst inmvanioe of the disceetized
ity with respect to daa reduction,

Here, % aid § refer 1o different iseasiring posithons withis the scamising plane,

11} i dete

Iy using a 2ere ceder regulenetion scheose . This leads 1@ sover
image. of the ohect. Fsally, the mean vabes over 2 st af thess ind
, and s in Fig, 3a, The grey acale was
assigw -\aJ 10 the image n a linear way, Black was assigned 10 the lowest obaained
COHICEmEA.

Beduwced data set imversion, [f the eobon moves anly in one hogizoe tha
manrix sgaaneon 11 & oo longer overderenmined, and all ressovable higher
adedd in the marix to be nssd foe inversise, The sew

haeenrncs bave io |
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The airscesion wiak perli

dependenthy. Fanally, the three s pges ware averaged 1o loom Fig. 3,

el in g wiry ad abone, bat loe cach of the e lins
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