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The invention concerns a method for the correction

of distortion of signals in an NMR (nuclear
magnetic resonance) spectroscopy and/or imaging
device whereby said signal distortion is caused by
the switching of gradient magnetic fields and the

eddi( currents which said switching produces.

Correction methods for signal distortions due to
the switching of gradient magnetic fields and the

"eddy currents associated with said switching are

known in the art £from the German laid open
publication DE 3730148a1,

In an NMR spectroscopy and/or imaging device

‘nuclear spins are subjected to a uniform and

homogeneous magnetic field and are _excited by means
of a spin excitation signal from a transmitter. The
transmitter emits a radio frequency electromagnetic
wave whoge frequency is such that there is a
resonant matching to the natural Larmor precession
frequency in the homogeneous magnetic f£field of
those magnetic spins to De excited. After
irradiation of the spin excitation signal the
excited nuclear spins precess about the direction
of the homogeneous magnetic field wvector at a
precession angle whose magnitude depends on the
strength and duration of the spin excitation
signal. If- the homogeneous magnetic field is not
constant in time but rather exhibits a time
dependence then the precession frequency of the
excited nuclear spins will change along with this
time dependent homogeneous magnetic field. After

the magnitude of the magnetic field again assumes
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‘with a transnitter generating a spin excitation signal, a receiver
detecting an NWR signal, a gradient magnetic field whi ch is switched on and

of f in a switching sequence, and a magnetic field meNEBBEN L
sed

Blerr] magnetic field conponent, whereby sai & Signal §istorgepoAaCEB cau

by a tine dependence of the magnitude of the B[err] rcrield due to
eddy currents induced by switching of the gradient magnetic field and
wher eby said signal t¥eSt 8riyofalls csigpainat edlier the sbgaabsphage spins
correction. Such a nethod ,is é_auevm fro EP-A-0 33 58 Cprrectlon

met hods for signal &itgRi dft JSD %’\ﬂatlchfp ssdr i €Tt HBghet ¢
fields and the eddy Bowevet s tdssocksaddibe t pheaied gﬂ t dtiewe arapins  1is

shifted with respect to the original phase by an
5 amount depending on the s8ign, magnitude and
duration of the time dependent portion of the By

magnetic field. A receiver is used to detect the
free induction decay (FID) signal which consists of
an oscillating part representing the precession

10 frequency of the spins around the direction of the
homogeneous magnetic field and an exponential-like
envelope representing the relaxation of the spins
due to interactions with the lattice (Tl1l) or
'dipole—dipole interactions with other spins (T2).

15 If detection of the FID signal is undertaken during
a period of time in which the magnetic field is
changing, the FID signal experiences an undesirable
distortion which must be corrected or compensated
for. An analogous situation obtains when, instead

20 of the direct FID signal, an echo signal of a spin-
echo sBequence is detected.

NMR spectroscopy and/or imaging devices require
gradient magnetic fields for ‘either wvolume

25 gelective spectroscopy or imaging. The gradient
magnetic fields are applied in order to encode
certain wvolume regions of the sample and thereby
allow for position sensitive measurements of the
nucélear magnetic resonance 8signal. For three

30 dimensional position measurement three gradient
magnetic fields are required. Depending on the
application, these fields are applied in sequences
usually during differing time intervals and, in
general, exhibit differing strengths and gradient

35 directions. Inductive coupling of the current
.' flowing through the coils generating these gradient
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an NVR spectroscopy and/or inmaging device nuclear
subjected to a wuniform .and honpgeneous magnetic fifeld d
by neans of a spin excitation signal froma Bransmtter. AEOM
emts a radio frequency el ectromagneti c wave whose frequency IS SUCT
there is a resonant matching to the natural Larnor precession frequency in

e nopoeneous MONEkifet S f10lab NS LoUlRORBLIGEr 130) B orlide 08 uBYE) {0

After irradiation of n-excl I on Si the exXcited nucl ear spins
precess about the d|‘q:}e@tq:@nrent change assoc:.a.ted with the switching on

and off of a gradient magnetic £field to induce
current flow in said conducting elements and this
5 current flow, in turn, produces its own magnetic
fields. These subsequent . magnetic fields are
undesirable and, combined with the desired £field,
produce a total time dependent magnetic field which
deviates from the optimum magnetic £ield for the
10 purpose at hand. The symmetry properties of the
generated eddy current magnetic fields reflect the
geometry of the conducting elements as well as the
symmetry properties of the primary switching field
causing said eddy current fields. Particularly
15 disturbing is the 'eddy current £field monopole
component, i. e. the unlform magnetic f£field By
component, although other components are also
present and can also be disturbing as well. This
time dependent change in the uniform magnetic field
20 leads to the distortion of the FID or spin-echo
signal discussed above. )

In DE 3730148 Al the switching of gradient fields

in a nuclear magnetic resonance imaging device and

25 the associated production of eddy currents cause
field distortions which result in a rapid decay of

the echo signals associated with s8pin echo
sequences. The desire, however, to utilize spin

echo pulse sequences, in particular, sequences with

30 many 8pin echos thereby requires a treatment or
correction of the distortions due to these eddy
current fields. In accordance with the method and
procedure of DE 3730148 A1 ‘the dephasing of the
produced spin echo sequences due to the disturbing

35: eddy current fields is compensated for by a
. rephasing condition which is imposed either between

This Sheet Has Been Replaced

(LD




c-1a - of the honpbgeneous nagnetic field vector at a precession angle
whose nmagni t ude depends on the
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the first 90° pulse and the next 180° pulse of a
spin echo sequence by changing the magnitude of the
static magnetic By field or by adjusting the time
separation between the first 90° pulse and the
subsequent 180° pulse to be one half of that
between the subsequent 180° pulses.

The additional time dependent change in the _main
magnetic field which is required in order to
compensate' for the dephasing of the spin echo
pulses is enacted through the use of an auxiliary
correction coil which also produces a largely
homogeneous static magnetic field 4in the same
direction as the main field. Through the
introduction of a pulse in this auxiliary coil
rephasing of tﬁe spin echo pulse can be effected.
For the rephasing condition to be satisfied, the
time dependénce of the auxiliary magnetic field is
in and of itself unimportant: only the integral of
the magnetic field strength must fulfill certain
conditions. In particular the time integral of the
magnetic field strength over the time interval
between the first 90° pulse and the second 180°
pulse has to be half as large as the time integral
of the magnetic field strength over the interval
between the 180° pulses.

The By pulse disclosed by DE 3730148 Al technique
is effective and appropriate for the case of a spin
echo pulse sequence since the main requirement is
that the dephasing condition, on the average, be
compensated for. However, the detailed behaviour of
FID and s8pin-echo signals, in particular their
phase distortion, reflect not only the average
behaviour of the eddy current fields but also their
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strength and duration of the spin excitation signal. If the honogeneous
magnetic field is not constant in tine but rather exhibits a tine

dependence then the precession frequency of the excit
change along with this tine dependent honpgerequs nmagn&ils SHEE®
magni tude of the magnetic field again assunes
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specific time dependence, which, in this procedure

is not taken into account.

Other methods for correcting distortions of signals
due to eddy currents associated with the switching

magnet field gradients are given in the Journal of .

Magnetic Resonance 90, page 264-78 (1990). This
article concerns itself _with the <c¢lass of
correction procedures known as preemphasis pulses.
For these types of correction procedures, the time
dependence of the switching current which is
delivered to the magnetic £field gradient 1is
modified in B8Buch a fashion that the resulting
magnetic field is the desired magnetic field. That
is to say, the distortion of the magnetic field
which would otherwisg occur due to eddy currents,
is compensated for b:} actually changing the current
distribution and its time depéndence fed into the
switching gradient magnet in order to produce the
gradient field desired. The required pulse current
distribution is extracted through an analysis of
the multi-exponéntial decaying eddy currents which
lead to the undesired distortion of images and/or
spectra. In particular, the correction current is
determined through an analysis of the free
induction decay signals, whereby both the time
dependence of the gradient field and the By shift
associated therewith can be extracted. A multi-
exponential f£it through the measured time dependent
behaviour of the gradient fields 1leads to the

amplitudes and time constants of the various

e:.cponential decay currents caused by the eddy
current fields. After compensation of the gradient
field component is achieved, the time dependent
shift in the By field is measured and through
further adjustment of exponential preemphasis
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Such preemphasis type corrections, which are
basically intended to produce additional fields in
order to compensate for the field distortions
caused by the eddy currents, require complicated
hardware capable of simulating multi-exponential
current distributions. Such methods are difficult
to realize and of limited effectiveness, in
particular as is usually the case in magnetic
resonance imaging tomography, when three
perpendicular gradient fields with various
strengths and time dependences must be compensated
for.

Other techniques for the correction of signal
distortion from B, field shifts due to eddy
currents effectively involve a software
deconvolution of the distorted signal. As discussed
in Journal of Magnetic Resonance 69, 151-~155 (1986)
such software correction measurements can allow for
the effective removal or correction of time
dependent field shifts following gradient pulses.
The correction term must be evaluated individually
for each gradient pulse sequence and 4is then
applied to all subsequent data taken with this

pulse sequence. In such software correction

procedures a reference spectrum is taken, for
example, a water signal, under the influence of a
certain sequence of gradient fields. The distorted
reference resonance line is then essentially
deconvoluted for the time dependent distortion due
to the eddy current fields and, in this fashion,
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changi ng, the FID signal experiences an undesirable di stortion which
must be corrected or conpensated for. An anal ogous situation obtains
when, instead 20 of the direct FID si.gnal, an echo signal of a spin-

echo sequence is detected. NMR spect -ogcepy a es
require gradient magnetic fields for ei t her| TS| SHEETHAS BEEN
sel ective spectroscopy or inmaging. The gradi ent nagREPLACED el ds {ar e
applied in order to encode ne_regi ons.of the_s | e d
t her eby al | ow f drb®oR19PBH ééﬁgf’f'?ﬁ nrr%%%ﬁ?%‘%é%?slgf e&ac <. '@I%ear
magneti ¢ resonance su@ﬁ‘ti&edxﬁaé t hsee t@n mamlfalednalbypospblymng th:.s
measurenent  three UAHLGMe corrfBENGH! Eof'% SEEd RO 1ede BRRRAG NG
on the appl i catlon csePrerds are I N sequences
When the correction is properly applied the
5 reference line shows a clean spectral shape without
distortions. Once the correction algorithm has been
optimized for the reference 1line, it is then
applied to the other spectral lines. The procedure
'~ is therefore particularly suited for spectroscopic

10 applications where an entire spectrum of lines is

to be measured.

Software corrections of this nature can always be
applied to spectra retroactively. However hardware
15 corrections, where possible, are always preferable
since they can be effected in real time, i. e.
quickly, and have intrinsically superior signal to
noise performance. Moreover the ability to perform
a hardware correction does not preclude combining
20 this correction with software enhancement
technigques to thereby further improve performance.

Due to the above mentioned deficiences in prior art

it is the purpose of the present invention to
25 develop a method for the correction of distortions

in an NMR spectroscopy and/or imaging apparatus

induced by eddy current fields which is simple to

effect, can be implemented in hardware, and does

not vrequire modification of currents flowing
30 through gradient coils.

The purpose according to the invention is achieved
in that correction for the signal distortion is
effected through a compensation of the signal by
35 phase modulation of the transmitter and/or
receiver. The invention takes advantage of the
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-usuélly during differing tinme intervals and, in general , exhibit
differing strengths and gradient 35 directions. Inductive coupling

the current
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current on the signal is a time dependent shift of
the B, magnetic field which, in turn, leads to a
time dependent phase modulation of the signal. The
required correction is therefore essentially a
phase modulation correction which can be applied in
hardware at as early a stage as possible in order
to correct the signal for the distortions due to
eddy current fields. By enacting the correction as
a hardware phase modulation of the transmitter
and/or receiver signal, the signal emerging f£rom
the NMR apparatus is fully compensated for eddy
current distortions = prior to subsequent

"digitization and signal processing steps. In this

fashion the correction is applied in hardware and
at an earlier stage so that optimal signal to noise
ratios and resolution performance can be effected
in real time.

In a preferred embodiment of the invention the
phase modulation is applied directly to the
transmitter.

This measure has the advantage that the transmitter
signal is phase.modulated in such a fashion that
the nuclear spins excited by the signal themselves
experience a phase modulation which is such that
distortions in the phase development of the signal
which would otherwise occur as a result of the eddy
currents are compensated for in the excitation of
the nuclear spins themselves. In complicated pulse
sequences nuclear spin systems are excited,
focussed, and reexcited in a sequence of steps
necessary to produce images or complicated
spectroscopy. The phase and signal distortion
resulting from eddy currents induced in previous
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current flow, in turn, produces its own magnetic fields. These subsequent
magnetic fields are undesirable and, conmbined with the_ desired field,
produce a total time dependent magnetic fiel @ which deyiTRi®SHERTOHAS BEEN |
opti mum magnetic field for the purpose at hand. The sypnetr \REPL&QEDt | es [of
the generated eddy current magnetic fields reflect the geonetry of The
conducting elenents as well as the symmetry properties_ of the prinmary
switching field caustartinna efdytlker Pudeef | ae@engs,, Fpegefonp d?gf‘urat?i ng
is the eddy current ifsieltchmsoPoke Caﬂ@@é@ﬂénu pogtibhe uskf othe magieid C

field Blerr] conponent, althou her onents re_also pre ent can
al so be disturbing &edagce Thgglf: med&gﬁ Eentpefréﬁa‘@q%tﬁg d-ﬁ”g\%

magnetic field | eadpdasibiee di spplicanieis.t heBy D:amrrsqatnngchcfos‘l gresidy
di scussed abovg; current distortions of the signal in the spin

system itself the physics of this system is
essentially “phase corrected" so that at a
fundamental level, the gpin system evolves as if
the eddy current distortion never occurred.

10
In a variation of this embodiment the spin
excitation signal is ©phase modulated in the
presence of a gradient magnetic field.

15 In imaging sequences it is common to generate the

gpin excitation s8ignal in the ©presence of a
gradient, the so-called slice selection gradient.
In this case eddy currents due to the switching-on
of the slice selection gradient are present during
20 the period of time in which the éxci‘tation pulse,
in this case a s8lice excitation ©pulse, is
irradiated. As a result, the s8pin excitation
signal, which was tailored to effect a particular
density distribution and thickness of excited sgpins
25 for excitation in the presence of a slice selection
gradient superimposed upon a constant Bg magnetic
field, due to the time dependent B, field, actually
produces a distorted slice oxr slice density
distribution. This undesirable excitation profile
30 can be improved by phase modulation of the
transmitter signal itself since, in this event, the
spin system itself acts in proper phase
relationship as if the time dependent wmagnetic
field distortion due to eddy currents had never

35( occurred.
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EP A 0 412 818 descri bes a phase-continuous rf synt hgsizer—to
NVR experinments, but has no bearing at all on eddy-c rﬁ%?“@i{r j‘lﬁ?ﬁi
met hods. Two cl asses of magnetic field a&i d0urbancelcan i

The first class include effects that vary slowy in tinme (time constants on
the order of seconds or longer). These include variations in B that may be

caused by noving neftr the, %ltse?? %ngr%'fn’tlﬂf iﬂv?npyb{,dleﬁg b5 )

el evator, or a slow hange Th evice to I nplenent such
correction is knoweignaheiar phageampdelated equency | ock and such a deV| ce
can work w thout any know edge of the tinme dependence of the disturbance.

As the Larnor equation .
This measure has the advantage that signal

5 distortion in the detected FID signal is eliminated
or greatly reduced thereby leading to improved
signal-to-noise ratios and resolution. In this
embodiment the phase modulation of the invention is
actualiy a demodulation correction of unwanted

10 phase modulations which had already occurred in
this signal due to the presence of eddy currents
leading to time dependent changes in the By field.

Tgul ol

In a particularly advantageous embodiment of the
15 invention both the excitation signal and the FID
signal are modulated.

This measure has the advantage that, by way of
example, distortions of the sglice selection

20 excitation profile and/or of the time evolution of
the spin system as well as phase distortion and
resolution distortion effects related to the
detection of a distorted FID signal can be
compensated for.

25
In an embodiment of the method according to the
invention a time dependent measurement of a
fluctuation of the magnetic field is made for a
given switching sequence and on the basis of this
30 measurement the required phase demodulation .for the

particular sequence is extracted.

This measure has the advantage that the cause of
the phase distortion, namely the time dependent
35 shift of the magnetic field, is analytically
evaluated and stored for subsequent use. Thereby
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i nplies, such a correction can be inplemented by correcting either the

field (see e.g. EP-A-0 522 191) a3z
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abstract "Electronic Field Conpensation in a Magneticgl |y NOERLBACED

1%
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the fundamental cause of the eddy current signal
distortion namely the time changing magnetic £ield
can be stored in a form which can be subsegquently
applied to any pulse sequence so that proper phase
correction can be calculated and applied at any
particular given time during subsequent_ pulse

gsequences.

In a variation of this embodiment the time
dependence of the B, magnetic field is extracted by
time dependent spherical harmonic expansion of the

magnetic field.

This measure has the advantage that all general
parameters of the magnetic field are in principal
known. Spherical harmonic expansion is a most
general manner of extracting all the necessary
field information in order to provide a complete
analysis of the distortion effects. The By
component, the component leading to the phase
distortions which are to be corrected, can be
extracted in ‘a straightforward fashion from the
full time dependence of the field and the spherical

harmonic analysis.

Associated with the application of the method in
accordance with the invention is an apparatus for
carrying out said method which is characterized by
a phase modulation interface unit with a digital
NMR converter and an analog interface for gffecting

.the required demodulation. This apparatus has the
"advantage that the required hardware modifications

are included so that an existing NMR spectrometer
or tomography apparatus can be retrofitted with the

required hardware.
This Sheet Has Been Replaced
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The second class of perturbations are those that are induced by t he

scanni ng procedure itself.
varying magnetic field can be induced and ihe-effectli
changing rapidly during the scan with tinme constant
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framework of the invention.

Fig. 1

Fig. 3

Fig. 6

The time variation of the Larmor fregquency
associated with the time variation of the
Bo magnetic field as a function of time
following a three second preemphasized
gradient pulse of 2.5 mT/m but without the
modulation correction in accordance with

the invention.

The time wvariation of frequency of the NMR
gignal of Fig. 1 Dbut £following signal
distortion removal in accordance with the
invention.

Block diagram of the utilization of a phase
modulation unit in accordance with the
invention to phase modulate the receiver
signal.

Block diagram of the utilization of a phase
modulation unit in accordance with the
invention to phase modulate the transmitter

pulse.

Block ‘diagram of the phase modulation

interference unit according to the
invention in particular for use in phase
modulation of the receiver.

a) A pulse sgpectrum £from a water sample
without any gradient pulses,
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the echo signals associated wth spin echo sequences. The desire,

however ,

wi th many spin echos thereby requires a treatnment o

to utilize spin echo pul se sequences,: i-n p :@_g?urggg,r Hig%%'?ﬁ
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distortions due to these eddy current fields. In ac H—the

and procedure of DE 3730148 Al

rephasi ng condi ti on whi cP) $ighsds SFBITEEr AFettRGePame condition as

10

15

20

25

30

in a) but 2 milliseconds after a 2.5 mT/m

gradient  pulse  and without Bo

compensation according to the invention.
c) as in b) with the compensation scheme in

accordance with the invention.

Fig. 7 Sample positions utilized in the spherical
harmonic analysis of the B field in
accordance with the invention.

Fig. 8 Pulse sequence used to acquire eddy current
field data in accordance with the

invention.

Fig. 1 shows the B, response of the system as
reflected in the time dependence of the resonant
Larmor frequency after a preemphasis y-gradient
pulse has been applied. Data were taken with a
modified BRUKRER MSL 100 console and processed on a
work station. The response at 30 temporal points
was cubic spline interpolated to 60 K points and
numerically integrated to provide a digitized
vexrgion of

o(t)=7[ By(z)dr (1)
o . -

where Yy is the gyromagnetic ratio and o(t) the time
dependent signal phase shift due to eddy current
induced time wvariation of By. The free induction
decay is of the form
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- 4 - the first 90[err] pulse and the next 180[err] pulse of a

spi n echo sequence by changi ng the magni tude of the static magnetic
Blerr] field or by adjusting the time separation q§%§§g5§mﬁA§bg§ﬁ
90[err] pulse and the 5 subsequent I8éﬁerr] pul se e repgcepal ' jof
t hat bet ween the subsequent 180[err] pul ses.

ti me dependent change in the main magnetic field which is required in
order to 10 conpensat de ¢/F® spin echo (5

pul ses is enacted thro §g)t héc%ﬁlgywof@+%%gggxlf?jar{/fz ? correct i(on coi |

whi ch al so produces a Iargely honbgeneous static magnetic field in

t he sane

where ¢ is a constant. The phase modulation o(t)
5 is, in accordance with the invention, negated and
then applied to the- - receiver or transmitter
reference phase. In this way the function to be
applied for any sequence can be simply calculated
from the By harmonic for each of the three
10 gradients at the appropriate switching points of a
pulse sequence for given magnitudes of the gradient
pulses. The timing for these calculations is
- 8lightly longer than the compilation time of the
pulse program itself with its associated files.
15
After applying the correction in accordance with
the invention to the receiver for the embodiment of
Figs. 3 and 5, the frequency shift of Fig. 1 is
largely compensated for as can be' seen in Fig. 2.
20 The residual oscillations are of high £requency
character and, with suitable filtering, provide no
significant degradation of lineshapes. Note, in
particular, the largely expanded s8cale for the
ordinate in PFig.2. The large amplitude of the B,
25 shift causing frequency and phase distortion of the
gignal has been largely compensated for using the
phase demodulation method of the invention. The
residual displacement of the frequency signal
correspond.s to approximately 3 % of the original
30 displacement.

Fig. 3 shows a block diagram of one embodiment of
the invention in which the phase modulation is
effected by means of a modulation of the receiver
35 signal, whereby the embodiment is for use in a
BizUKER MSL 100 spectrometer. In this embodiment the
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which will be discussed in association with Fig. 5.
The interface unit has two outputs in quadrature
which are then fed into the "channel 5" mddulator
of the BRUKER MSL 100 system whose 100.16 MH=z
reference signal from the synthesizer is ‘also
represented in the figure. The reference signal
output of the "chapmnel 5" modulater thereby
inclﬁdes audio frequency phase modulation, and the
modulated reference signal now becomes the new
reference signal for the receiver. The preamplified
NMR signal enters the receiver and is modulated to
produce the audio frequency output signals of the
gquadrature detector. Clearly the standard BRUKER
"channel 5" modulator system illustrated in Fig. 3
can be replaced with any industry standard
reference modulator without depa'rting from the
framework of the present invention.

Fig. 4 shows a block diagram for effecting a phase
modulation of the transmitter 6 and thereby of the
8pin excitation signal. The digital frequency
synthesizer 5 normally used in an NMR spectroscopy
or imaging apparatus for pulse programming of pulse
shapes and durations as well as freguences, can be
modified-generally. in spoftware but, if necessary.,
also in hardware in order to effect, when driven by

the phase modulation interface unit 1, the desired.

transmitter 6 phase modulation. Modern digital
frequency synthesizers 5 allow for a very flexible
programming of the phase of the transmitter 6
excitation signal, thereby allowing for a phase
modulation to be easily enacted.
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-30 echo pul se sequence since the main requirenent is that the

dephasi ng condition, on the average, be conpensated for. However, the

detai |l ed behavi our of FI D and spin-ggho signals, in particular. their

phase distortion, reflect not only the average 35 be ﬂhhgs of the eddy
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Fig. 5 shows greater detall of an embodiment of the
phase modulation interface unit 1 used in the
embodiment of Fig. 3 for receiver phase
5 demodulation. This unit was used for testing
purposes and consisted of PC based 386 SX system
equipped with two 12 bit digital to analog
converters 2 and an input/output card 4. The clock
frequency was 33 MHz. The system could output a
10 phase £file at 50 pus sampling point intervals
representing considerable oversampling of the phase
signal and could respond with the delay of 5 to 10
us to a spectrometer program gradient episode. The
input/output card 4 consisted of two digital to
15 analog converters each 12 bits and capable of
60,000 values per second each of which output into
an analog interface 3 consisting of differential,
level shift and gain amplifiers as well as a four
pole Bessel filter whose transmiss.ion response was

20 -3dB at 50 kHz and an output buffer thereby
providing two quadrature output phase modulation
Bignals. As already mentioned, this phase

modulation interface unit 1 is particularly useful
for phase modulation of the receiver signal, but

25 with appropriate modifications, could also be used
to phase modulate the transmitter signal.

Fig. 6 shows a pulse spectrum acquired from a 27 cc
-spherical water sample 0.5 cm from isocenter along
30 the z-axis using a surface coil
transmitter/receiver coil. The acquisition time was
approximately 200 ms. Fig 6a shows the Fourier
transformed signal without prior switching of a
gradient magnet. 3 Hz of exponential line
35 broadening was applied for the signal before

Fourier transformation.
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.specific time dependence, which, in this procedure I's not taken into

account . O her nmethods for correcting distortions of signals 5

due to eddy currents associated with the smntchlng magnet field
gradients are given in the Journal of - 1MHgneti ¢ Resensree—99

264-78 (1990). This article concerns itself wijAH E E@ﬁq of
correction procedures known as preenphasis pul ses. 10 | lof
correction procedures, the tine dependence of the smﬁtching current
which is deliy £r adi ent modi fied in

ed e nagneth fi
such a fashion thalf The é RsuFEPHR 8 etlgLFPel 8”1‘1 rt h&Bfes B8
magnetic field. Thatndbtiomns te s.my,l?nghe 6 sexgenton2 omst reef tegnat i2c 5 i el d

whi ch woul d ot hervﬂ\fﬁnowdicg‘iﬁ: tBufggya ol r\@:m_ﬁout Bo compensation

5 according to the invention. The By correction

applied in accordance with the invention to the

receiver which is associated with the residual B,

field fluctuations of Fig. 2 leads to the results

of Fig. 6c where the correction of the By shift 2ms

10 following a pre-emphasized 100 ms 2.5 mT/m gradient

pulse is clearly very good. The small side peaks in

the corrected spectrum stem from the inability of

the "channel 5" modulator to maintain constant RF

fields when being phase modulated. This amplitude

15 modulation of the reference resulted in small side

band peaks; the origin of the peaks was verified by

the use of various phase modulation patterns and

spectral analysis of the reference signal. Clearly

these small side peaks are residual and non-

20 fundamental in nature and can Tt;e eliminated by
proper modification of the modulation unit.

In a preferred embodiment of the invention, the
time dependence of the B, shift is determined

25 through a temporal spherical harmonic expansion of
the magnetic field following .the gradient pulse.
This expansion gives the strength of the harmonic
which has the same symmetry as the applied gradient
and additionally provides data on more complex

30 field harmonics. The most straightforward approach
in obtaining- a spherical harmonic expansion of the
magnetic field is simply to measure the field at
points on a spherical surface surrounding the
magnet origin. The spherical harmonics take the
.. This Sheet Has Been Replaced
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is conpensated for by actually changing the current di stribution and
its tinme dependence fed into the swi tching gradient nagnet in order to
produce the 20 gradient field desired. The required pul se current
distribution is extracted through an anary%ﬁs’of the nul ti-exponenti
decayi ng eddy currents which | ead to the undesired di $ij@r$HEWT HAS BEEN
| mges and/ or spectra. In particular, the correction curr @PLAGERS
determined through an analysis of the free i ndoTTTONn decay
signals, whereby both the tine dependence of the gradient field and

the B[err] shift asg§ocCi_e th , & h n racted. A mu)f,y -
exponential fit through Tie '?r’le’ggtm 5¥{W%mdg’§g’r@§zm%§@ behavi ou¢31) of the
gradient fields leads to the anplitudes and tinme constants of the
vari ous exponenti al decay currents caused by the eddy current

fields. After conpensation of the gradient
S ~and are solutions to Laplace's equation VZBZ = 0.

The £field B, can be represented in terms of its

spherical harmonic components Bzpm.

10 B(r88)=).Y, B, (n8.9) (4)

where Bzpm is the spherical harmonic of order n and

degree m, apy and bpy are constants and r is the
15 radial distance £from the magnetic isocenter.

Ppm(cosf) are the associated Legendre functions.

The spherical harmonic B,nm and the surface
spherical harmonic Tpy where
20

T, = (cosmd + sinmd)P. (cos6) (5)

25 have the property of being orthogonal to each other
when int;egrat:ed over the surface of the sphere

2x 1
[ B, Tyduds =0 n#iorm#j
-1

0
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field conmponent is achieved, the tine dependent 35 shift in the Blerr]

field is nmeasured and through further adjustnment of exponenti al

pr eenphasi s- current fit paraneters, siml by SOLLEC] ed
for. In order to effect the exact shapé for the edd S SHEErit/angEEN
conpensation pul ses, a nulti-exponential - REPLACEpD

a, n=iand j=m=0

_.a 21 (n+m)!
2n+1 (n—m)!

@..+b,) n=iandm=j

(6)

where u = cosf. This integral provides the means by
which the spherical harmonic coefficients ap, and
bym can be determined for each spherical harmonic

10 B, . Substituting equations 3 and 5 into equation 6

gives

2x 1 1 22
[ [ B..$)T, dudp= | P(0) [ B.(1,) (cosm + sinmo)dodu  (7)
0 = -1 0

15 where B,"- has been replaced by the‘ summation given
in equation 4. The inner integral on the right hand
side is evaluated by Fourier transforming By, (u,0)
with respect to ¢ for fixed u to give F(u), while
the outer integral is evaluated using Gaussian
20 numerical integration. That is

P, ()F(u)du— Y P, ()W, F(u) (8)

where Wy are the Gauss weighting factors for each
25 point u. The coefficients a and b can then be found
by equating expressions 6 and 8.
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_funttion is required. 5 Such preenphasis type corrections,

which are

basically intended to produce additional fields in
order to conpensate for the field distorti

S
currents, require conplicated 10 hardwargrb Capabl e of S|p,lgting

mul ti - exponenti al
to realize and
usual ly the case in nabpet@c m=0 resonance I magi ng t'0
three 15 per pendi cul ar gradient fields with various

current distributions. Such nethodg
of limted effectiveness, in pa

strengths and ti ne dependences nust be conpensated for.
techni ques for the cor&ec.t;.-@ gndil El,QOQ@WFc(u) m=0

10

15

20

25

- 2n+l (n—m)!

Gon=T 2% (n+m)|ZP WW,F ) m21
_ ~a2n+l (n-m)! . .
b =1 iyt 2 PO FI) m2]

(9)
where the superscripts ¢ and s refer to cosine and

" sine Fourier transforms of the azimuthal data.

In experiments léading to the results of Figs. 2
and 6, the harmonics were evaluated at 30
exponentially weighted temporal points, both during
and after a long (3 s8) gradient pulse and at 112
gpatial positions in seven a.zimuthé.l plains over a
sphere of 7 cm radius. The use of this type of
field measurement provides a wealth of information
concerning both the spatial and temporal response
of the gradient magnet system.

FPig. 7 gives an example of the sample positions
used for this spherical harmonic analysis. The
field strengths were determined using a radio
-frequency (RF) probe consisting of seven -~water
samples fixed in the positions indicated in Fig.
7a. The NMR resonance frequency of each sample was
monitored by a small RF coil while a relay based
switching system allowed for the selection of
different coils. Azimutal positions in Fig. 7b were
obtained by probe rotation. The water samples were

-100 ml each and were mounted in a specially built
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20 distortion

effectively I nvol ve

o N EP-XTY) fnr 25

(1986) such software correction measdfements canrattow

effective renoval

foll ow ng gradi ent pul ses. The correction termnu he BEPAAGEPed

i ndi vidual ly

Wb EEHS 0p BLEEAt a PUERE m&r&@ qrﬂhi&aéé@mn ng.aﬁp

to all subsequent data taken vmeéh this 30 pul se sequence.
0

software correcti®dn Puriig

exanpl e, a water <ignst, thedez-adbsi A ENSC oﬁtaps c
e dis nc [ en

}heco III‘ %%%’rent%eeest ‘g‘&gepaelr?'de%fnL adlé? #?@%"d}e&&

gradient fields.

essentially 35

t he eddy curr&®nt fheaérdsaemd}re@ t his fashion,

10

15

20

25

30

A8 indicated in Pig. 8, the eddy field response
following the application of a long (3 8) magnetic
field gradient (Gy) of 5 mT/m was monitored by
recording 30 free 4induction decays following
excitations with the RF pulse train of Pig. 8 with
delays 7 of between 1 ms and 2.5 ms. Small tip

" angle RF excitation pulses were used in such a

fashion that the free induction decays for a single
coil could be obtained in a single measurement. For
each free induction decay 256 complex data points
were acquired in 1.28 ms. During this time the
frequency and therefore the field was essentially
constant. The delay between free induction decays
was increased exponentially with time to allow for
accurate fitting of exponentials to the resulting
frequency data. Once the complete data set of 3,360
free induction decays was obtained, data were
processed by calculating the frequency of each FID.
This was done by =zero-filling to 4 K, Fourier
transforming, and then picking the dominant peak
position. Alternatively if the 8ignal to noise
ratio of the free induction decay was good, the
frequency could be more accurately determined by
measuring the total phase shift during the f£free

induction decay.
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a sof t war e deconvol ution of the distorted

signal. As discussed « in Journal of Magnetic Resonance 69, 151-155 .
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+-7- the signal distortion correction is extracted. The procedure is then
verified by applying this software correction to the reference line itself.
When the correction is properly applied t reference .line shows a cl ean
spectral shape w thout distortions. Once tHfe correction algorithm has been

optim zed for the reference line, it is then applied tog=the ofther spectral
|l ines. The procedure THIS SHEET HAS BEEN
REPLACED
Claimsg
5 1. Method for the correction of signal distortion

in an NMR s8pectroscopy and/ or imaging
‘apparatus witﬁ a transmitter generatiﬁg a spin
excitation signal, a receiver detecting an NMR
signa;.l, a gradient magnetic field which is
10 switched on and off in a switching sequence,
and a magnetic field with a homogeneous Bg
magnetic field component, whereby said signal
distortion is caused by a time dependence of
the magnitude of the B, magnetic field due to
15 eddy currents induced by switching of the
gradient magnetic field, characterized in that
the signal distortion is compensated for by

signal phase modulation.

20 2. Method according to claim 1, characterized in
that the spin excitation signal is phase
modulated.

3. Method according to claim 2, characterized in
25 that the spin excitation signal is phase
modulated at a time during which a gradient

magnetic field is present.

4. Method according to claim 1, characterized in
30 that the NMR signal is phase modulated.

5. Method according to claim 1, characterized in
that the spin excitation and NMR signals are
phase modulated.

35
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Is therefore particularly suited for spectroscopic applications where an

entire spectrumof lines is to be neasured. Sof t war e corrections of this
nature can always be applied to spectra retrpactivel ypr—However Rardwate
corrections, where possible, are always preferable si ncTé“? 'BEEETHAS (REEN
effected inreal tine, i. e. quickly, and have intrlosicBHNASERer or

signal to noise performance. Moreover the abilit perform a har gwar e

correction does not &redi&fdeE AAFHHRS H"i°s°necﬁ¥rEB?| Breviguen claidgpt war e
enhancement techni ques tcmatﬂwwyiz‘e& hhﬁfthaﬁptﬁﬁeréﬁﬁﬁ.ﬁéﬂaadgnal phaseet hod

suggested in EP-A-0 337 5%%11a%:!olnm }.s Xracted for a given switching
sequence by an analysis of the time dependence
5 of the By field for this switching sequence.

7. Method according to c¢laim 6, characterized in |
that the time dependence of the By magnetic
field is &extracted by a time dependent

10 spherical harmonic expansion of the magnetic
field.

8. Method according to claim 7, characterized in
that the magnetic field is measured at points
15 on a spherical surface.

9. NMR spectroscopy and/or imaging apparatus for
executing the method according to one of the
preceding claims, characterized by means for

20 effecting the signal phase modulation, said
means comprising a phase modulation interface
unit (1) with said phase modulation interface
unit (1) comprising a digital to analog
converter (2) and an analog interface (3).

25

O
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the follow ng features: The correction is not applied as a phase nodul ati on
inreal tinme during a scan, thus the action of each gradient transition is
not individually cenpensated. In general, the correction is applied at the
end of each of the scans that are then conbined to construct an inmage. An
ad hoc functional formof B(t) induced by the gradient switch is assuned in
an attenpt to account for effects during a scan. The functh

is assuned to be linear, which incorrect Atzagtonpensatfi on f g
of the slice gradient is attenpted, in fact it is reconmen e read
and phase gradients are left off in order to neasure the calibration. The
correction is applied to the acquired data using a software nethod after

the acquisition is gempordqdBOlshdEteNendRMR BpeCBOBEOfy and/or

5 imaging systems arising from pulsed field gradient
induced eddy currents result in the distortion of
free induction decay signals. A method of '
compensation of this distortion through modulation
of the sender and/or receiver signal in opposite

10 concert with the induced By shifts is introduced.
The method has the advantage of having a fast
response and of not altering the magnetic gradient
field. (Fig. 4)

15
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.- 7a - that is not in real time% he met hod proposed in EP-A-0 337 588 is
admtted to be limted in its app ability for magnetic resonance i naging,
i n general .
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Due to the above nentioned deficieadéb in prior art it is the purpose of
the present invention to develop a nethod for the correction of distortions
in an NVR spectroscopy and/or inagi ng apparatus induced by eddy current

fields which is sinple to effect, can be inplenented in and_does
not require nodification of currents f1 owi ng t hr oughTHS SHEENHASOB BE:
The purpose according to the invention is achieved in that_corRERIACED f or

the signal distortion is effected through a conpensation of the signar—b
real tinme phase nodulation of the transmtter and/or receiver. The

i nvention takes advantage of the
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- 8- realization that the ‘%nary effect of the eddy current
on the signal is a tinme dependent shift of the Blerr] nmagnetic field
which, in turn, leads to'a . ti me dependent phase ul ati on of the
signal. The 5 required correction is therefore
phase nodul ation correction which can be applied in
early a stage as possible in order
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to correct the signal for the dié%bcﬁions due to eddy current fields.
By enacting the correction as 10 a hardware phase nodulation of the

transmtter and/ or receiver signal,. the signal eaerging from _
the NVR apparatus is fully conpensated for eddy CTHIB SBEL:! a8 BEEN.

di stortions pri or to subsequent digitization BEASEDnal
processing steps. In this 15 fashion the correction iIs applie

har dwar e and " at an earlier stage so that optiml signal to noise
rati os and resol ution performance can be effected inreal tine. 20
In a preferred enbodinent of the invention the phas& nmodul ati on
is applied directly to the transmtter. Thi s neaslre has the

advantage that the transmtter

PHASE MODULATION
INTERFACE UNIT

S
DIGITAL FREGUENCY
SYNTHESIZER
NE &
TRANSMITTER
F' i g 4 is Sheet Has Been Replaced
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25 signal is phase. nodul at ed |4§§ ch a fashion that t he nucl ear
spins excited by the signal thense experi ence a phase nodul ation

whi ch is such that - distortions in the phase develgpment of the signal
whi ch woul d ot herwi se occur as a result of the eddy 30/ ThiC¥hFENLS T
conpensated for in the excitation of t he nucl ear splnsuﬂﬁggﬁgl6é§ In
conplicated pul se sequences nuclear spin syste d,
focussed, and reexcited in asequence of sgeps necessary to produce
| mages or conplicated 35& spectroscogy.. The phase anddgfignal
di stortion resul ting fr@&1e§dy currenuﬁ-gndUﬂed in previo
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portions of the pul se sequence the\ﬂ ﬁbre act as limtations to

subsequent portions of the pul se sequence which degrade
performance and limt possi bl e applications. By correcting for eddy
5 current distortions of the signal in the spin systemitself
t he physics of this systemis essentially "phase corrected" so
that at a funﬁla-m?nt-a'h‘l'revef,i The sprm sybi'erh évblies as i f
the eddy current distdrtion never occurﬁed. 10 .
i - THIS SHERT HAS BEEN
i A | . REPLACED
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Ina wvariation of this enbod t the spin
I s phase, nodulated in the priesence of a gradient magnetic field.

15 I n i magi ng sequences it ¢s comon to generate the N spin
excitation signal in the presiédhce of a gradient, the go-called slice
sel ection gradient. In Qi s case eddy currents due tolthe

swi t chi ng-on of the sli€d selection gradient are presgnt during 20
the period of time in which t ' ' [

excitation signa

n pul se, in this case a
slice excitation pulse, is i §radi . As resul the spin
excitation si gnal i xh Jars] tailored ef fect a particul ar
density distribution d thickness| of excited I ns 25 for excitfdion in
the presence of a slj seleclN g gr adi ent\ superi nposed upon a

constant B[err] nmaggfetic
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field, due to the tinme dependent

distorted slice

transmtter signa
itself acts in

&1 field, actually produces a
or slice densit distribution. This undesirable

excitation profile 30 can be inproved by phase nodulation- of the
itself since, in this event, the spin system
pr oper phase rel at+dnship as if the tine

dependent nagneti c

occurred.

field distortion due tjp eddy currents had never 35

0

" rf pulse train

o
.
L
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si gnal
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greatly

rati os and resol uti
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i s, phase no

5 distor
reduced

g
q
t
t

REPLACEMENT bRHEERe

t of the invention the FID

ulfatea: This measure has| ThEsy

iqn i e¢te¢d FID signal "is felim’

hdre?oé 6?@43}“}19 {o inproVed L-s-r-g-gg- L

O Mrr—tii=5 enbodi nent the phase nDduIatlon 0

I nvention is actual |y a dermodufation correction of unwant ed 10
phase nodul ati ons WRoRRECTION OFO QY GR Y 11 S S5 r G
t he presence of eddy currents eadi ng dependen anges

the Blerr] field.
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The invention concerns a method for the correction
of distortion of signals in an NMR (nuclear
magnetic resonance) spectroscopy and/or imaging
device whereby said signal distortion is caused by
the switching of gradient magnetic fields and the
edd& currents which said switching produces.

Correction methods for signal distortions due to
the switching of gradient magnetic fields and the
eddy currents associated with said switching are
known in the art from the German laid open
publication DE 3730148A1.

-In an NMR spectroscopy and/or imaging device
‘nuclear epins are subjected to a uniform and
homogeneous magnetic field and are.excited by means
of a spin excitation signal from a transmitter. The
transmitter emits a radioc fregquency electromagnetic
wave whose frequency is such that there is a

regsonant matching to the natural Larmor precession

frequency in the homogeneous magnetic field of
those maghetic spins to Dbe excited. After
irradiation of the spin excitation signal the
excited nuclear spins precess about the direction
of the homogeneous magnetic field wvector at a
precession angle whose magnitude depends on the
strength and duration of the s8pin excitation
signal. If. the homogeneous magnetic £field is not
constant in time but rather exhlblts a- time
dependence then the prece851on frequency' of the
excited nuclear spins will change along with this
time dependent homogeneous magnetic £ield. After
the magnitude of the magnetic field again assumes
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In a particularly advantageous enbodi nent of the 15 irﬂEBMGWEI\BoSHE&The,

excitation signal and the FID si gnal are nodul atle THi™S
measure has the advantage that, by way of exanplle, S t of
the slice selection 20 excitation profid@ and/or 011 tﬂg {JET 19% fugi on
of the spin systemas well as phase distortion gnt—————tasoluii On
distortion effects related to the detection|of a distorted FID
signal can be sat a ] suLt

met hod according to t ’e'P?Iilerﬁ n@ﬁ:agt:[ a:,‘%I'Ee @h n’?g%egggéﬁ'gﬁendtﬁgfs a

fluctuati on of the nageticc ficel dHesimadeifginad procession frequency.
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However the absolute phase of these spins is
shifted with respect to the original phase by an
amount depending on the s8ign, magnitude and
duration of the time dependent portion of the Bg
magnetic field. A receiver is used to detect the
free induction decay (FID) signal which consists of
an oscillating part representing the precession
frequency of the spins around the direction of the
homogeneous magnetic field and an exponential-like
envelope representing the relaxation of the spins
due to interactions with the 1lattice (Tl) or

'dipole-dipole interactions with other spins (T2).

If detection of the FID signal is undertaken during
a period of time in which the magnetic field is
changing, the FID signal experiences an undesirable
distortion which must be corrected or compensated
for. An analogous situation obtains when, instead
of the direct FID signal, an echo signal of a spin-~
echo sequence is detected.

NMR spectroscopy and/or imaging devices require
gradient magnetic fields for either volume
selective spectroscopy or imaging. The gradient
magnetic fields are applied in order to encode
certain volume regions of the sample and thereby
allow for position sensitive measurements of the
nucélear magnetic resonance signal. For three
dimensional position measurement three gradient
magnetic £fields are required Depending on the
application, these fields are applied in. sequences
usually during differing time :Lntervals and in
general, exhibit differing strengths and gradient
directions. Inductive coupling of the current
flowing through the coils generating these gradient
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magnetic fields to other conducting elements causes
the current change associated with the switching on

and off of
current flow in said conducting elements and this

a gradient magnetic £ield to induce
in turn, produces its own magnetic
fields. subsequent magnetic fields are
undesirable and, combined with the desired field,
produce a total time dependent magnetic field which
deviates_fram the optimum magnetic field for the

current £low,
These

purpose at hand. The symmetry properties of the
generated eddy current magnetic fields reflect the
geometry of the conducting elements as well as the
symmetry properties of the primary switching field
causing said eddy current fields. Particularly
disturbing is

component,

the ' eddy current £field monopole
i. e. the uniform magnetic £field B,
component, although other also
present and can also be disturbing as well. This
time dependent change in the uniform magnetic field
leads to the distortion of the FID or spin-echo

8ignal discussed above.

components are

In DE 3730148 Al the switching of gradient fields
in a nuclear magnetic resonance imaging device and
the associated production of eddy currents cause
field distortions which result in a rapid decay of
the with
sequences. to utilize spin

echo signals associated spin echo

The desire, however,
echo pulse sequences, in particular, sequences with
many s8pin echos thereby requires a treatment or
correction of the distortions due to these eddy
current fields. In accordance with the method and
procedure o©of DE 3730148 Al the dephasing of the
produced spin echo sequences due to the disturbing
eddy is

rephasing condition which is imposed either between

current fields compensated for by a

This Sheet Has Been Rep.
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e first 909 pulse and tge'next 180° pulse of a
spin echo sequence by changing the magnitude of the
static magnetic By field or by'adjuating the time
separation between the firat 90° pulse and the
subsequent 180° pulse to be one half of that

between the subsequent 180° pulses.

The additional time dependent change in the main
magnetic field which ie required in order to
compensate for the dephasing of the s8pin echo
pulses is enacted through the use of an auxiliary
correction c¢oil which also produces a largely
homogeneous static magnetic £ield in the same
direction as the main £field. Through the
introduction of a pulse in this auxiliary coil
rephasgsing of tﬁe spin echo pulse can be effected.
For the rephasing condition to be satisfied, the
time dependénce of the auxiliary magnetic field is
in and of itself unimportant: only the integral of
the magnetic field strength must £fulfill certain
conditions. In particular the time integral of the
magnetic field strength over the time interval
between the first 90° pulse and the second 180°
pulse has to be half as large as the time integral
of the magnetic field strength over the interval
between the 1809 pulses.

The By pulse disclosed by DE 3730148 Al technique
is effective and appropriate for the case of a spin
echo pulse sequence since the main requirement is
that the dephasing condition, on the average, be
compensated for. However, the detailed behaviour of
FID and spin-echo signals, in particular their
phase distortion, reflect not only the average
behaviour of the eddy current fields but also their

on
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Other methods for correcting distortions of sgignals
due to eddy currents associated with the switching

LN
or

magnet f£ield gradients are given in the Journal of .

Magnetic Resonance 90, page 264-78 (13990). This
article concerns itself .with the class of
correction procedures known as preemphasis pulses.
For these types of correction procedures, the time
dependence of the switching current which 4is
delivered to the magnetic field gradient is
modified in such a £fashion that the resulting
magnetic field is the desired magnetic field. That
is to say, the distortion of the magnetic field
which would otherwise occur due to eddy currents,
is compensated for by} actually changing the current
distribution and its time depéndence fed into the
switching gradient magnet in order to produce the
gradient field desired. The required pulse current
distribution is extracted through an analysis of
the multi-exponéntial decaying eddy currents which
lead to the undesired distortion of images and/or
spectra. In particular, the correction current is
determined through an analysis of the free
induction decay signals, whereby both the time
dependence of the gradient field and the B, shift
associated therewith can be extracted. A multi-
exponential £it through the measured time dependent
behaviour of the gradient £fields leads to the
amplitudes and time constants of the various
eiponential decay currents caused by the eddy
current fields. After compensation of the gradient
field component is achieved, the time dependent
shift in the By field is measured and through
further adjustment of exponential preemphasis
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current fit parameters, similarly corrected for. In
order to effect the exact shape £for the eddy
current compensation pulses, a multi-exponential

function is required.

Such preemphasis type corrections, which are
basically intended to produce additional fields in
order to compensate for the £field distortions
 caused by the eddy currents, require complicated
10 hardware capable of simulating multi-exponential
current distributions. Such methods are difficult
to realize and of limited effectiveness, in
particular as is usually the case in magnetic
resonance imaging tomography, when three
15 perpendicular gradient fields with various
strengths and time dependences must be compensated

for.

Other techniques <for the correction of signal
20 distortion from B, £field shifts due to eddy
currents effectively involve a software
deconvolution of the distorted signal. As discussed
in Journal of Magnetic Resonance 69, 151-155 (1986)
such software correction measurements can allow for
25 the effective removal or correction of time
dependent £field shifts following gradient pulses.
The correction term must be evaluated individually
for each gradient pulse sequence and is then
applied to all subsequent data taken"with this
30 pulse sequence. In such Bsoftware correction.
procedures a reference spectrum is taken, for
example, a water signal, under the influence of a
certain sequence of gradient fields. The distorted
reference resonance line is then essentially
35 deconvoluted for the time dependent distortion due
to the eddy current fields and, in this fashion,
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procedure is then verified by applying this

software correction to the reference line itself.
When the correction 18 ©properly applied the
reference line shows a clean spectral shape without
distortions. Once the correction algorithm has been
optimized for the reference 1line, it is then
applied to the other spectral lines. The procedure
is therefore particularly suited for spectroscopic
applications where an entire spectrum of lines is

to be measured.

Software corrections of this nature can always be
applied to spectra retroactively. However hardware
corrections, where possible, are always preferable
since they can be effected in real time, i. e.
quickly, and have intrinsically superior signal to
noise performance. Moreover the ability to perform
a hardware correction doces not preclude combining
this correction with software enhancement
techniques to thereby further improve performance.

Due to the above mentioned deficiences in prior art
it is the purpose of the present invention to
develop-a method for the correction of distortions
in an NMR spectroscopy and/or imaging apparatus
induced by eddy current fields which is simple to
effect, can be implemented in hardware, and does
not require modification of <currents £flowing
through gradient coils.

The purpose according to the invention is achieved
in that correction for the signal distortion is
effected through a compensation of the signal by
phase modulation of the transmitter and/or
receiver. The invention takes advantage of the
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nvention to phase

realization thatp the primary effect of the eddy
current on the signal is a time dependent shift of
the By magnetic field which, in turn, leads to a
time dependent phase modulation of the signal. The
required correction is therefore essentially a
rhase modulation correction which can be applied in
hardware at as early a stage as possib;e in order
to correct the signal for the distortions due to
eddy current fields. By enacting the correétion as
a hardware phase modulation of the transmitter
and/or receiver signal, the signal emerging from
the NMR apparatus is £fully compensated for eddy
current distortions prior to subsequent

"digitization and signal processing steps. In this

fashion the correction is applied in hardware and
at an earlier stage so that optimal signal to noise
ratios and resolution performance can be effected
in real time. .

In a preferred embodiment of the invention the
phase modulation is applied directly to the
transmitter.

This measure has the advantage that the transmitter
s8ignal is phase.modulated in such a fashion that
the nuclear spins excited by the signal themselves
experience a phase modulation which is such that
distoxrtions in the phase development of the signai
which would otherwise occur as a result of the eddy
currents are compensated for in the excitation of
the nuclear spins themselves. In complicated pulse
sequences nuclear spin systems are excited,
focussed, and reexcited in a sequence of steps
necesgsary to produce images or complicated
spectroscopy. The phase and signal distortion
resulting from eddy currents induced in previous
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portions of the pulse'sequence therefore act as
limitations to subsequent portions of the pulse
sequence which degrade performance and limit
possible applications. By corrécting for eddy
current distortions of the 8ignal in the -spin
system itself the physics of this system is
essentially “"phase corrected® so that at a
fundamental level, the spin system evolves as if
the eddy current distortion never occurred

In a wvariation of this embodiment the spin
excitation signal is ©phase modulated in the
presence of a gradient magnetic. £ield.

In imaging sequences it is common to generate the
spin excitation signal in the presence of a
gradient, the so-called slice selection gradient.
In this case eddy currents due to the switching-on
of the slice selection gradient are present during
the period of time in which the excitation pulse,
in this case a s8lice excitation pqlse, is
irradiated. As =a result, the spin excitation
signal, which was tailored to effect a particular
density distribution and thickness of excited spins
for excitation in the presence of a slice selection
gradient superimposed upon a constant B, magnetic
field, due to the time dependent B, field, actually
produces a distorted slice or slice density
distribution. This undesirable excitation profile
can be dimproved by phase modulation of the
transmitter signal itself since, in this event, the
spin system  itself acts in proper phase
relationship as i1f the time dJdependent magnetic
field distortion due to eddy currents had never

occurred.

t
NT
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harnonic analysis of t

In a further embodiment of the invention the FID
signal is phase modulated.

This measure has the advantage that signal
distortion in the detected FID signal is eliminated
or greatly reduced thereby leading to improved
signal-to-noise ratios and resolution. In this
embodiment the phase modulation of the invention is
actually a demodulation correction of unwanted
rhase modulations which had already occurred in
this signal due to the presence of eddy currents
leading to time dependent changes in the By field.

In a particularly advantageous embodiment of the
invention both the excitation signal and the FID
signal are modulated. '

This measure has the advantage thé.t, by way of
example, distortions of the s8lice selection
excitation profile and/or of the time evolution of
the spin system as well as phase distortion and
resolution distortion effects xelated to the
detection of a distorted FID s8ignal can be

compensated for.

In an embodiment of the method according to the
invention a time dependent measurement of a
fluctuation of the magnetic £ield is n'-tade for a
given switching sequence and on the basis of this
measurement the required phase demodulation for the
particular sequence is extracted.

This measure has the advantage that the cause of
the phase distortion, namely the time dependent
shift of the magnetic £ield, is analytically
evaluated and stored for subsequent use. Thereby

se

in
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distortion namely the time changing magnetic field
can be stored in a form which can be subsequently
applied to any pulse sequence 80 that proper phase
correction can be calculated and applied at any
particular given time during subsequent pulse
sequences. - '

In a variation of this embodiment the time
dependence of the B, magnetic field 1s extracted by
time dependent spherical harmonic expansion of the
magnetic field.

This measure has the advantage that all general
parameters of the magnetic field are in principal
known. Spherical bharmonic expansion is a most
general manner of extracting all the necessary
field information in order to provide a complete
analysis of the distortion effects. The By
component, the compcnent Jleading to the phase
distortions which are to be corrected, can be
extracted in ‘a straightforward fashion £rom the
full time dependence of the f£ield and the spherical
harmonic analysis.

Associated with the application of the method in
accordance with the invention is an apparatus for
carrying-out said method which is characterized by
a phase modulation interface unit with a digital
NMR converter and an analog interface for gffecting
.the required demodulation. This apparatus has the
"advantage that the required hardware modifications
are included so that an existing NMR BsBpectrometer
or tomography apparatus can be retrofitted with the

required hardware.
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Further details of the invention are disclosed by
and can be extracted from the following figures.
Clearly these figures' can be taken individually or
combined with each other without departing £rom the
framework of the invention.

Fig. 1 The time variation of the Larmor frequency
associated with the time variation of the
B, magnetic field as a function of time
following a three second preemphagized
gradient pulse of 2.5 mT/m but without the
modulation correction in accordance with
the invention. '

Fig. 2 The time varilation of frequency of the NMR
signal of Fig. 1 but £following aignai
distortion removal in accordance with the
invention.

Pig. 3 Block diagram of the utilization of a phase
modulation unit in accordance with the
invention to phase modulate the receiver
signal.

Fig. 4 Block diagram of the utilization of a phase
modulation unit 4in accordance with the
invention to phase modulate the transmitter

pulse.

FPig. 5 Block ‘diagram of the ©phase modulation
interference unit according to the '
invention in particular for use in phase
modulation of the receiver.

Fig. 6 a) A pulse sgpectrum from a water sample
without any gradient pulses,
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(2) . . Wwhere [err] is a constant. The phase dylatton [errTt 5
is, in accordance with the invention, negated and 1 1mo| efd to
the receiver or transmtter reference phagsej In this way {hg
function to be appl-ied for any sequ@gace can pe s+Apty—eakeculat pd
from the B[err] harnmonic for each of the tlhree 10 gradientp at
the appropriate switching points of a pul se sequence fTor—grven

magni t udes of the gradient ul ses, The tining for thesg. cal cul ati ons
S b) signal acquired as the same condition as

in a) but 2 milliseconds after a 2.5 mT/m

gradient  pulse and without Bo

compensation according to the invention.
S c) as in b) with the compensation scheme in
accordance with the invention.

Fig. 7 Sample positions utilized in the spherical
harmonic analysis of the B field in
10 accordance with the invention.

Fig. 8 Pulse sequence used to acquire éddy current
field data in accordance with the
invention.

15

Fig. 1 shows the B, response of the system as
reflected in the time dependence of the xresonant
Larmor frequency after a preemphasis y-gradient
20 pulse has been applied. Data were taken with a
modified BRUKER MSL 100 console and processed on a
work station. The response at 30 temporal points
was cubic spline interpolated to 60 K points and
numerically integrated to provide a digitized

25 version of

o(f) =7J’ B,(v)dt (1)

where Yy is the gyromagnetic ratio and o(t) the time
30 dependent sgignal phase shift due to eddy current
induced time wvariation of By. The free induction

decay is of the form
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is, in accordance with the invention, negated and

then applied to the:  receiver or transmitter

reference phase. In this way the function to be
applied for any sequence can be simply calculated
from the By harmonic for each of the three
gradients at the appropriate switching points of a
pulse sequence for given magnitudes of the gradient
pulses. The timing for these calculations is

- slightly longer than the compilation time of the

pulse program itself with its associated files.

After applying the correction in accordance with
the invention to the receiver for the embodiment of
Figs. 3 and 5, the frequency shift of Fig. 1 is
1argely compensated for as can be:r seen in Fig. 2.
The residual oscillations are of high £frequency
character and, with suitable filtering, provide no
significant degradation of 1lineshapes. Note, in
particular, the largely expanded scale for the
ordinate in Fig.2. The large amplitude of the Bj
shift causing frequency and phase distortion of the
signal has been largely compensated for using the
phase demodulation method of the invention. The
residual displacement of the £requency signal
correspond's to approximately 3 % of the original
displacement.

Fig. 3 shows a block diagram of one embodiment of
the invention in which the phase modulation is
effected by means of a modulation of the receiver
signal, whereby the embodiment is for use in a
BRUKER MSL 100 spectrometer. In this embodiment the
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phase demodulation is triggered by TTL control
lines synchronized with the gradient magnet
switching. Control lines from the spectrometer feed
a phase modulation interface unit 1, the details of
which will be discussed in association with Fig. S.
The interface unit has two outputs in quadrature
which are then fed into the "channel 5" mddulator
of the BRUKER MSL 100 system whose 100.16 MHZ
reference s8ignal from the synthesizer 3is also
represented in the figure. The reference signal
output of the "channel 5" modulater thereby
includes audio frequency phase modulation, and the
modulated reference signal now becomes the new
reference signal for the receiver. The preamplified
NMR signal enters the receiver and is modulated to
produce the audic frequency output signals of the
quadrature detector. Clearly the standard BRURER
"channel 5" modulator system illustrated in Fig. 3
can be 1replaced with any industry standard
reference modulator without depai‘ting from the
framework of the present invention.

Fig. 4 shows a block diagram for effecting a phase
modulation of the transmitter 6 and thereby of the
spin excitation signal. The digital frequency:
synthesizer 5 normally used in an NMR spectroscopy
or imaging apparatus for pulse programming of pulse
shapes and durations as well as frequences, can be
modified-generally in software but, if necessary,
also in hardware in order to effect, when driven by

the phase modulation interface unit 1, the desired.

transmitter 6 phase modulation. Modern digital
frequency synthesizers 5 allow for a very flexible
programming of the phase of the transmitter 6
excitation signal, thereby allowing for a phase
modulation to be easily enacted. '
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phase denpdulation is triggered by TTL control |
with the gradient nagnet switching. Control |ines

feed a phase nodul ation interface unit 1, the detail ~be
di Scussed in association with Fig. 5. The interface érow )Jt ugs in
quadrature which are then fed into the “chlnnel 5" d Iator | BRUKER

MSL 100 system whose .100.16 Mz reference signal _”_J
synthesizer is also represented in the figure. The feference signal ot put
of the "channel 5" nodul ator thereby includes audio frequency phase—-I
nmodul ation, and the nodul ated reference si, na now becones the new
reference signal FiF- t heBhavs| geeatqnLghad @mbodiment of the

phase modulation interface un:.t 1l used in the
embodiment of FPig. 3 for receiver phase
5  demodulation. This wunit was wused £for testing

purposes and consisted of PC based 386 SX system
equipped with two 12 bit digital to analog
converters 2 and an input/output card 4. The clock
frequency was 33 Mdz. ‘The system could output a
10 phase file at 50 ups sampling point intervals
representing considerable oversampling of the phase
s8ignal and could respond with the delay of 5 to 10
18 to a spectrometer program gradient: episode. The
input/output card 4 consisted of two digital to
15 analog converters each 12 bits and capable of
60,000 values per second each of which output into
an analog interface 3 consisting of differential,
level shift and gain amplifiers as well as a four
pole Bessel filter whose transmission response was
20 -3dB at 50 kHz and an output' buffer thereby
yroviding two quadrature output phase modulation
gignals. As already mentiomned, thisg phase
modulation interface unit 1 is particularly useful
for phase modulation of the receiver signal, but
25 with appropriate modifications, could also be used
to phase modulate the transmitter signal.

Fig. 6 shows a pulse spectrum acquired from a 27 cc
spherical water sample 0.5 cm from isocenter along
30 the zZ-axis using a suxrface coil
transmitter/receiver coil. The acquisition time was
approximately 200 ms. Pig 6a shows the Fouriler
transformed signal without prior switching of a
gradient magnet. 3 Hz of exponential line
35 broadening was applied for the signal Dbefore

Fourier transformation.



NMR signal enters the receiver and i s nodul ated to

frequency output signals of the quadrature detector.j d early the stdndard
BRUKER "channel 5" nodul ator systemillustrated in Hig 3686 986 repl aced
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NMVR spectroscopy or inmaging apparatus for pul se programm ng of pul se shapes
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mT/m gradient pulse and without By compensation
according to the invention. The B, correction
applied in accordance with the invention to the
receiver which is associated with the residual Bg
field fluctuations of Fig. 2 leads to the results
of Fig. 6c where the correction of the By shift 2ms
following a pre-emphasized 100 ms 2.5 mT/m gradient
pulse is clearly very good. The small side peaks in
the corrected spectrum stem from the inability of
the "channel 5" modulator to maintain constant RF
fields when being phase modulated. This amplitude
modulation of the reference resulted in small side
band peaks; the origin of the peaka was verified by
the use of various phase modulation patterns and
spectral analysis of the reference signal. Clearly
these small side peaks are residual and non-
fundamental in nature and can b‘e eliminated by
proper modification of the modulation unit.

In a preferred embodiment of the invention, the
time dependence of the By shift is determined
through a temporal spherical harmonic expansion of
the magnetic field following .the gradient pulse.
This expansion gives the strength of the harmonic
which has the same symmetry as the applied gradient
and additionally provides data on more complex
field harmonics. The most straightforward approach
in obtaining a spherical harmonic expansion of the
‘magnetic field is simply to measure the field at
points on a sgpherical surface surrounding the
magnet origin. The spherical harmonics take the
form
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=N :
Bz =r (anm cosmd + bnm sin m¢)an(cos 19)] (3)

nm

.and are solutions to Laplace's equation V2B, = 0.

The field B; can be represented in terms of its
spherical harmonic components Bypm

B(r8$)=Y.>, B, (n8.9) (4)

where Bypm is the spherical harmonic of order n and
degree m, apy and bpy are constants and r is the
radial distance from the magnetic isocenter.
Ppm(cosB) are the associated Legendre functions.

The spherical harmonic Bzpn and the surface
spherical harmonic Tpy where

T, =(cosm¢ + sinmd)P, (cos8) (5)

have the property of being orthogonal to each other
when integrated over the surface of the sphere

2x 1
J‘IBZ_T;.,.dudcp =0 n#iorm#j
-1

0



Fig. 5 shows greater detail of an enbodi nent of the phase nodul ati on

interface unit 1 used in the enbodi ment of Fi ged———tf-of ver
phase 5~ denodulation. This wunit was used for eﬂﬁHLAgEMENT SHE dses
and consi sted of PC based 386 SX system - 19 equi pped t—TWO 12 bi §
digital to analog converters 2 and an i nput/ out put Cf‘éq?(ﬂ Cl pck
frequency was 33 MHz. The system coul d out put a 10 phase ' b0
[err]s sanpling point intervals representing consilderabe
oversanpl i ng of the phase si gnal 4and coul d res th the delay ol 5
to 10 [err]s to a spectromet & Bam §rding NF ouuc e

| nput/output card 4 consisted of two @ dital to 15 anal og converters
each 12 bits and capable of 60, 000 val ues per second each of which

output into

. 21 (n+m)!
= .t/ n=iagndm=j
r 2n+1(n—mN( )

(6)

where u = cogf. This integral provides the means by
which the spherical harmonic coefficients apy and
bpm can be determined for each spherical harmonic

10 B

Zam

. Substituting equations 3 and 5 into equation 6

gives

x 1 2x
2[ j B, (u,$)T,dud = | P..u) [ B,(4,0)(cosm¢ +sinmp)dpdu  (7)
| -t 0

15 where B,‘_ has been replaced by the‘ summation given

in equation 4. The inner integral on the xright hand

side is evaluated by Fourier transforming Bz(u,9)

with respect to ¢ for fixed u to give F(u), while

the outer integral is evaluated using Gaussian
20 numerical integration. That is

P.., @)F(u)du— Y, P, ()W, F() (8)

where Wy are the Gauss weighting factors for each
25 point u. The coefficients a and b can then be found

by equating expressions 6 and 8.



an,analog interface 3 consisting of differential, | evel shift and gain

amplifiers as well as a four pol e Bessel filter whose transm ssion
response was 20 -3dB at 50 kHz and an output buffer thereby
provi ding two quadrature out put phase nodulzgi-on signals. As

al ready nentioned, this phase nodul ation i qrt-er-f-a-c.e it 1 s
particularly useful for phase nodul ation of the fr 8EPLAGEMENTOSIREET f#ut
25 with appropriate pgodigicafigns, could also be udeg to—-phase
modul ate the transmitte?Y signal. Fig. 6 shows ja pu#zeqﬁ)e‘gééu :
acquired froma 27 cc spherical water sanmple 0.4 dm fPFo S n{ el
al ong 30 t he z-axis _ 2usiyg a . surface cojl _
transnitter/recei ver c8il=rT PB4 | i Qas appr oxi mat el y{ 200
ms. Fig 6a shows the Fourier »

- 2n+1 (n—m)!

Y P (W, Fe) m=1

o 2 (n+m)l 4
b, =2 Ooml s b W P m2

o 2t (n+m)l <

(8)
where the superscripts ¢ and s refer to cosine and
" 8ine Fourier transforms of the azimuthal data.

5 In experiments leading to the results of Figs. 2
and 6, the harmonics were evaluated at 30
exponentially weighted temporal points, both during
and after a long (3 8) gradient pulse and at 112
spatlial positions in seven azimuthal plains over a

10 sphere of 7 cm radius. The use of this type of
field measurement provides a wealth of information
concerning both the spatial and temporal response
of the gradient magnet system.

15 Fig. 7 gives an example of the sample positions
used for this spherical harmonic analysis. The
field strengths were determined using a radio
frequency (RF) probe consisting of seven °~water
samples fixed in the positions indicated in Fig.

20 7a. The NMR resonance frequency of each sample was
monitored by a small RF coil while a relay based
switching system allowed for the selection of
different coils. Azimutal positions in Fig. 7b were
obtained by probe rotation. The water samples were

25 100 ml each and were mounted in a specially built



tranéforrred signal without prior swtching of a gradi ent nagnet.
.exponenti al line 35 broadening was applied for the signal

Fourier transformation.

Hz . of
bef ore
Fig.

6b

shows

10

15

20

25

30

a signal taken under. phe_ sane

probe and placed at the positions indicated in Fig.
7a. During the experiment the probe was rotated
about the z-axis in 22.5° gteps (Fig. 7b) until
resonant frequencies from all 112 positions had
been acquired.

As indicated in Fig. 8, the eddy field response
following the application of. a long (3 B8) magnetic
field gradient (Gy) of 5 mT/m was monitored by
recording 30 free induction decays following
excitations with the RF pulse train of Fig. 8 with
delays T of between 1 ms and 2.5 ms. Small tip
angle RF excitation pulses were used in such a
fashion that the free induction decays for a single
coil could be obtained in a single measurement. For
each free induction decay 256 complex data points
were acquired in 1.28 ms. During this time the
frequency and therefore the field was essentially
constant. The delay between free induction decays
was increased exponentially with time to allow for
accurate fitting of exponentials to the resulting
frequency data. Once the complete data set of 3,360
free induction decays was obtained, data were
processed by calculating the frequency of each FID.
This was done by zero-filling to 4 K, Fourier
transforming, and then picking the dominant peak
position. Alternatively if the signal to noise
ratio of the free induction decay was good, the
frequency could be more accurately determined by
measuring the total phase shift during the free
‘induction decay.
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conditions as in Fig. 6a except 2 ns after a 2.5
conpensation 5 according to the ..i.nvention. . .-The
applied in accordance with the invention to the
B[ err] This Sheef s Bekn Replaced

and without B[err]
Bl[err] correction

recei ver which is associated with the resi dual

fluctuations of Fig. 2 leads to the results 22 - of Fig
shift 2ns 10 followng a pre 0 ns
2.5 ml/ m gradi ent I

correction of the B[err]
pul se is clearly very good. The

the corrected spectrumstemfromthe inability of t he "channel 5"

nodul ator to maintain constant RF
nodul ation of the refeglnmes resulted in
band peaks; the origin of the peaks was verified by t hp use REPLAGED ous

This anplitude 15

ml/ m gradi ent pul se

ks in

fields when being phase_nndulated

goed SHEHTARAS BEEN

|

phase nodul ati on patterns and spectral analysis of the"Tererence
these small side peaks are residual and non-

signal. Cearly
' 5

10

15

20

25

30

35

1.

A R O | 1e0cT 9

Method for the correction of signal distortion
in an NMR spectroscopy and/ or imaging

‘apparatus with a transmitter generating a spin

excitation signal, a receiver detecting an NMR
signz;l, a gradient magnetic field which is
switched on and off in a switching sequence,
and a magnetic field with a homogezieous 86
magnetic field -component, whereby said signal
distortion is caused by a time dependence of
the magnitude of the B, magnetic £ield due to
eddy currents induced by  switching of the
gradient magnetic field, characterized in that
the signal distortion is compensated for by
signal phase modulation.

Method according to claim 1, characterized in
that the spin excitation B8ignal is phase
modulated.

Method according to claim 2, characterized in
that the 8pin excitation signal is8 phase
modulated at a time during which a gradient

magnetic field is present.

" Method according to claim 1, characterized in

that the NMR signal is phase modulated.

Method according to claim 1, characterized in
that the s8pin excitation and NMR signals are

phase modulated.

REPLACEMENT SHEET




20 fundanmental in nature and can be elimnated by proper -
nmodi f4 cation of the nodul ation unit. In a preferred enbodi nent of
t he invention, the ti me dependence of the B[err] shift is determ ned
25 through a tenporal spherical harnonic .expansi oR..of +hRe—rragmet i C
field following the gradient pulse. Thi“s éxparlsTidi§ Bﬁﬁé'lﬁsh’éé%{ engt h
of the harnonic whi ch has the sanme symetry as |the a 1ASED —ant
and additionally provides data on nore conpl ex 30 field harnmonics. The
nost strai gpt f (r)]r war d gappesdod faccldcflaiabt abnong @fsﬂherbea’vﬁba?m?hﬁma,
expansi on of the magnetic fielddg._s| y.i 0 Ieasure.the fi at
points on a spherical su %ﬁﬁ%ﬂd?‘ﬁgkﬁﬁé the rﬂ%hﬁ?doﬁﬁgf‘ﬁf ;%Hase
spherical harnonics takendiml3ion cian extracted for a given switching
sequence by an analysis of the time dependence

5 - of the By field for this switching sequence.

7. Method according to claim 6, characterized in .
that the time dependence of the. B, magnetic
field 1is extracted by a time dependent

10 spherical harmonic expansion of the magnetic
field.

8. Method according to claim 7, characterized in
that the magnetic field is measured at points
15 on a spherical surface.

9. NMR spectroscopy and/or imaging apparatus for
executing the method according to one of the
preceding claims, characterized by means for

20 effecting the signal phase modulation, said
means comprising a phase modulation interface
unit - (1) with said phase modulation interface
unit (1) comprising a digital to analog
converter (2) and an analog interface (3).

25

m
. oo

This Sheet Has Been Replaced




218 £7  [err]

24
CORRECTION OF SIGNAL DISTORTION IN AN NMR APPARATUS

Abstract

Temporal By shifts in NMR spectroscopy and/or

5 imaging systems arising from pulsed field gradient
induced eddy currents result in the distortion of
free induction decay signals. A method of
compensation of this distortion through modulation
of the sender and/or receiver signal in opposite

10 concert with the induced B, shifts is introduced.
The method has the advantage of having a fast
response and of not altering the magnetic gradient
field.

15
FIGURE 4
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5 and are solutions to Laplace's equation V[ferr]B[err] = 0. The

field B[err] can be represented in terns of its spheri cal harnonic

conmponents B[err] 10 [err] (4) where B[err]

is the spherical harnonic of order n and degree m aferr] and b[err]

are constants and r is the 15 radial distance from the magnetic

| socenter. Plerr](cos[err]) are the associ ated Legendre functi ons.
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The .spherical harnonic Blerr] and the surface spherical harnonic
T[err] where 20 T[err] =(cosnmferr]+sin nferr])P[err](cos[err])
(5) 25 have the property of being orthogonal to each other when
i ntegrated over the surface of the sphere [err]
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[err} . (6) where u = -
cosf[err]-. ~This integral provides the neans by whi ch the spheri cal
harnoni ¢ coefficients aferr] and b[err] can be determ ned for each’
spherical harnonic 10 B[err]. Substituting equations 3 and 5 into
equation 6 gives [err]

4/8

PHASE MODULATION
INTERFACE UNIT

5
DIGITAL FREQUENCY
SYNTHESIZER
. / é
TRANSMITTER /////
Fig. &  REPLACEMENT SHEET
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15 where B[err] has been replaced by the summation given I n equation

4. The inner integral on the right hand side is evaluated by Fourier
transformng Blerr](u,[err]) with respect to [err] for fixed u to give
F(u), while the outer integral is evaluated using Gaussian 20
nunerical integration. That is Plerr] (u)F(u)du [err]
(uyWerr]F(u) - (B) 5/8
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wher e Werr] are the Gauss wei ghting factors for each 25 point u. The

coefficients a and b can then be found by equating expressions 6 and 8.
- 20 - b[err]=0 m=0 [err]
6/8
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Terr] [err] (9)
wher e the.superscripts ¢ and s refer to cosine and si ne Fouri er
transforns of the azinuthal data. :
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5 " 'In experinents |eading to the results of Figs. 2 and 6, the

har noni'cs” “were evaluated at 30 ~exponentially weighted tenporal

poi nts,. both during and after a long (3 s) gradient pulse and at 112
spatial positions in seven azinmuthal plains over a 10 sphere of 7 cm
radi us. The use of this type of field neasurenent provides a wealth of
i nformation concerni ng both the spatiﬁVsand t enporal response . of
t he gradi ent magnet system 15 .Fig. 7 gives an exanple of the sanple
positions used for this spherical harmonic &nalysis. The field
strengths were determned using a radio freghency (RF) probe
consisting of seven water sanples fixed in fhe positions indicated in
Fi g.

t

o
o
LL

rf pulse train
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20 7a. The NMR resonance frequency of each sanple was nonitored by a

small RF coil while a relay based swi tching systemallowed for the

sel ection of different coils. Azimutal positions in Fig. 7b were
obt ai ned by probe rotation. The water sanples were 25 100 M each and
were nmounted in a specially built . =23
probe and placed at the positions indicated in Fig. REPLACEMENT SHEET

02 DEC 1997

-1 -
The invention concerns a method for the correction of signal
distortion in an NMR spectroscopy and/or imaging apparatus
with a transmitter generating a spin excitation signal, a
receiver detecting an NMR signal, a éradient magnetic field
which is switched on and off in a switching sequence, and a
magnetic field with a homogeneous B, magnetic field
component, whereby said signal distortion is caused by a
time dependence of the magnitude of the By magnetic field
due to eddy currents induced by switching of the gradient
magnetic field and whereby said signal distortion is
compensated for by signal phase correction.

Such a method is known from EP-A-0 337 588.

Correction methods for signal distortions due to
the switching of gradient magnetic fields and the
eddy currents associated with said switching are
known in the art £from the German laid oben
publication DE 3730148a1l. '

In an NMR spectroscopy and/or imaging device
nuclear spins are subjected to a uniform and
homogeneous magnetic field and are excited by means
of a spin excitation signal from a transmitter. The
transmitter emits a radio frequency electromagnetic
wave whose frequency is such that there is a
resonant matching to the natural Larmor precession
frequency in the homogeneous magnetic field of
those magnetic spins to be excited. After
irradiation of the spin excitation gsignal the
excited nuclear spins precess about the direction



. 7a. During the experinent the probe was rotated about the z-axis in

22.5[err] steps (Fig. 7b) until resonant frequencies fromall 112
positions had 5 been acqui red. As indicated in Fig. 8, the eddy
field response followi ng the application of a l 3 s) nmagnetic

field gradient (Gy) of 5 ml/ mwas nonitored by 10 r ¢§CRE

i nduction decays follow ng excitations wth tihe f
Fig. 8 with delays [err] of between 1 nms and 2. Smal | t1p

angl e RF excitation pulses were used in such a abhitb® umq9¢7he free
i nduction decays for a single 15 - gai |- could be obtajngd in a single
measur enment. For each free induction decay 256 S

were acquired in 1.28 ns. During this tinme the

of the homogeneous magnetic field vector at a
precession angle whose magnitude depends on the
strength and duration of the spin excitation
signal. If the homogeneocus magnetic field 'is not
constant in time but rather exhibits a time
dependence then the precession frequency of the
excited nuclear spins will change along with this
time dependent homogeneous magnetic £ield. After
the magnitude of the magnetic field again assumes



frequency and therefore the field was essentially constant. The del ay
bet ween free induction decays 20 was i ncreased exponentially with tinme to
al | ow for accurate fitting of exponentials to the resul thg

frequency data. Once the conplete data set of 3,360 fre REHQ&ENENT SHEET
decays was obtai ned, data were - 3processed by cal cul atingjt -

of each FID. 25, Thi y I 4 ri
t r ansf or nPRFREF %e%ﬁc?(? ngeﬁﬁ% 88%18{52}_1?'5% bEQmehEs odé‘ﬁ . 0’2 DEC 1997
Al ternati wiley dirddit sipmget asaociated witht tbeofwike uction decay

moasir i ng MG PEEalCbhade SRPEL T e e e ety

current flow in said conducting elements and this
current flow, in turn, produces its own magnetic
fields. These subsequent magnetic £fields are
undesirable and, combined with the desired £ield,
produce a total time dependent magnetic field which
deviates from the optimum magnetic field for the
purpose at hand. The symmetry properties of the
generated eddy current magnetic fields reflect the
geometry of the conducting elements as well as the
symmetry properties of the primary switching £fileld
causing said eddy current fields. Particularly
disturbing is the eddy current £ield monopole
component, i. e. the uniform magnetic field Bg

" component, although other components are also
present and can also be disturbing as well. This
time dependent change in the uniform magnetic £ield
leads to the distortion of the FID or spin-echo
signal discussed above.

EP A 0 412 818 describes a phase-continuous rf
synthesizer to be used for NMR experiments, but has no
bearing at all on eddy-current compensation methods.

Two classes of magnetic field disturbance can be
distinguished. The first class include effects that
vary slowly in time (time constants on the order of
seconds or longer). These include variations in B that
may be caused by moving near the magnet a car, a train,
or in a building, an elevator, or a slow change in B
itself. A device to implement such a correction is
known in the art as a field-frequency lock and such a
device can work without any knowledge of the time
dependence of the disturbance. As the Larmor equation
implies, such a correction can be implemented by
correcting either  the field (see e.g. EP-A-0 522 191)
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or as expected the phase (see SMRM, Society for
Magnetic Resonance in Medicine, abstract "Electronic
Field Compensation in a Magnetically Noisy
Environment", page 129, 1991).

The second class of perturbations are those that are’
induced by the scanning procedure itself. In certain
scanning methods a rapidly time varying magnetic field
can be induced and the effective value of B may be
changing rapidly during the scan with time constants on
the order of a few milliseconds. These are the most
difficult time dependencies to compensate for.

In DE 3730148 Al the switching of gradient £ields
in a nuclear magnetic resonance imaging device and
the associated production of eddy currents cause
field distortions which result in a rapid decay of
the echo signals associated with spin echo
sequences. The desire, however, to utilize spin
echo pulse sequences, in particular, sequences with
many s8pin echos thereby requires a treatment or

correction of the distortions due to these eddy
current fields. In accordance with the method andi

procedure of DE 3730148 A1 the dephasing of the
produced spin echo sequences due to the disturbing
eddy current £ields 4is compensated for by a
rephasing condition which is imposed either between



1. Method for the correction of signal distortion ih BEPLACEMBENR SHEET
spectroscopy and/or inmaging apparatus with a trapsi '
spin excitation signal, a recei ver detecting an
field which is swtched on and off in a
sequence, and a magnetic field wth a.hqnngeneous B[
conponent, wher

dependence of t
| ienecedyFeswiighi hjeof e idiial enbyrragumlyemgi elehdad
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correction, characterlzed In that the correctiron for the signal

distortion is
ti me phase

fefdrahicen 19hnd Rdwe RS Wilda Kk iFa] efRdpyErwithout
distortions. Once the correction algorithm has been
optimized for the reference 1line, it is then
applied to the other spectral lines. The procedure
is therefore particularly suited for spectroscopic
applications where an entire spectrum of lines is
to be measured.

Software corrections of this nature can always be
applied to spectra retroactively. However hardware
corrections, where possible, are always preferable
since they can be effected in real time, i. e.
quickly, and have intrinsically superior signal to
noise performance. Moreover the ability to perform
a hardware correction does not preclude combining
this correction with software enhancement
techniques to thereby further improve performance.

The method suggested in EP-A-0 337 588 is limited by

‘ofRreBt eFhe  EArsEgRiANCOdFenSRTPBATLY tﬁé’@i’-@ﬁia BHer eal

the following features: The correction is not applied
as a phase modulation in real time during a scan, thus

the action of each gradient transition is not
individually compensated. In general, the correction

is

applied at the end of each of the scans that are then

combined to construct an image. An ad hoc functional

form of B(t) induced'by the gradient switch is assumed
in an attempt to account for effects during a scan. The

functional dependence is assumed to be linear, which
incorrect. Only compensation for the effect of the

slice gradient is attempted, in fact it is recommended'
that the read and phase gradients are left off in order
to measure the calibration. The correction is applied
to the acquired data using a software method after the
acquisition is concluded not as the data is acquired;



2. Method according to claim1, characterized in that the spin
excitation signal is phase nodul at ed. 3. Method according to claim 2,
characterized in that the spin excitation signal is phase nodul at ed
at a time during which a gradi ent magnetic field is present. 4.

Met hod according to claim1l, characterized in that the NWR signal is
phase nodul at ed. 5. Method according to claim1, characterized in

that the spin excitation and NNR"SVQnaIs are

that is not in real time. The method proposed in
EP-A-0 337 588 is admitted to be limited in its
applicability for magnetic resonance imaging, in
general.

Due to the above mentioned deficiences in prior art
it is the purpose of the present invention to
develop a method for the correction of distortions
in an NMR spectroscopy and/or imaging apparatus
induced by eddy current fields which is simple to
effect, can be implemented in hardware, and does
net require modification of currents £lowing
through gradient coils.

The purpose according to the invention is achieved
in that correction for the signal distortion is
effected through a compensation of the signal by
real time phase modulation of the transmitter and/or
receiver. The invention takes advantage of the

REPLAGERIENT SHEET

02 DEC 1997




phase modul at ed. 23
_ - REPLACEMENT SHEET

- 11 - 02 DEC 1597

the fundamental cause of the eddy eurzent signal |
distortion namely the time changing magnetic field
can be stored in a form which can be subsequently
applied to any pulse sequence so that proper phase
correction can be calculated and applied at any
particular given time during subsequent pulse

sequences.

In a variation of this embodiment the time
dependence ‘of the By magnetic field is extracted by
time dependent spherical harmonic expansion of the

magnetic f£ield.

This measure has the advantage that all general
parameters of the magnetic field are in principal
known. Spherical bYharmonic expansion 4is a most
general manner of extracting all the necessary
field information in order to provide a complete
analysis of the distortion effects. The By
component, the component 1leading to the phase
distortions which are to be corrected, can be
extracted in a straightforward fashion from the
full time dependence of the field and the spherical
harmonic analysis.

Associated with the application of the method in
accordance with the invention is an apparatus for
carrying out said method which is characterized by
means for effecting the real time signal phase modulation
of the transmitter and/or receiver, said means comprising

a phase modulation interface unit with a digital
NMR converter and an analog interface for effecting
the required demodulation. This apparatus has the
advantage that the required hardware modifications
are included so that an existing NMR spectrometer
or tomography apparatus can be retrofitted with the
required hardware.



. 6. Method according to one of the previous clains, characterlzed I n that

the required signal phase nodul ation is extractqd vef chin
sequence by an analysis of the time dependence qf Rﬁﬁ@(‘éﬂ\/&l’\lﬂ-] SH'EEé'I forg
this swi tching sequence. 7. Method according to gqldim®6, characterized in
that the tinme dependence of the B[err] nagnetic fli e 9 DE 19§7<t agted

by a tinme dependent spheri ealShar noni ¢ exparjsijon of ghetic
field. 8. Method according to claim7, characterijzed—rn thaf t he
magnetic field is neasured at points on a sphetical surface.

phase demodulation is triggered by TTL control
lines synchronized with the gradient magnet
switching. Control lines from the spectrometer feed
a phase modulation interface unit 1, the details of
which will be discussed in association with Fig. 5.
The interface unit has two outputs in gquadrature
which are then fed into the "channel 5" modulator
of the BRUKER MSL 100 system whose 100.16 MHz
reference signal from the synthesizer - is also
repregsented in the figure. The reference signal
output of the ‘"channel 5" modulator thereby
includes audio frequency phase modulation, and the
modulated reference 8signal now becomes the new
reference signal for the receiver. The preamplified
NMR signal enters the receiver and is modulated to
produce the audio frequency output signals of the
quadrature detector. Clearly the standard BRUKER
"channel 5" modulator system illustrated in Fig. 3
can be replaced with any industry standard
reference modulator without departing £rom the
framework of the present invention.

Fig. 4 shows a block diagram for effecting a phase
modulation of the transmitter 6 and thereby of the
spin excitation signal. The digital frequency *
synthesizer 5 normally used in an NMR spectroscopy
or imaging apparatus for pulse programming of pulse

shapes and durations as well as frequences, can be

modified generally in software but, 4if necesaéry,

also in hardware in order to effect, when driven by
the phase modulation interface unit 1, the desired
transmitter 6 phase modulation. Modern diéital

frequency synthesizers 5 allow for a very flexible

programming of the phase of the transmitter 6

excitation B8signal, thereby allowing for a phase

modulation to be easily enacted.



. 9: NMR spectroscopy and/or inmagi ng apparatus for executing t he net hod

accordiing to one of the preceding clains, characterized by means for
effecting the real tine signal phase nodul ation of the transmtter
and/or recei ver said means conprising a phase.nodul ation
interface unit (1) with said phase nodul ati on |n‘eR§” - nit (1)
conprising a digital to anal og converter (2) 1 fnterface
(3).
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Claimg

1. Method for the correction of signal distortion in an
NMR spectroscopy and/or imaging apparatus with a
transmitter generating a spin excitation signal, a
receiver detecting an NMR signal, a gradient magnetic
field which is switched on and off in a switching
sequence, and a magnetic field with a homogeneous B,
magnetic field component, whereby said signal
distortion is caused by a time dependence of the
magnitude of the B, magnetic field due to eddy currents
induced by switching of the gradient magnetic field and
whereby said signal distortion is compensated for by
signal phase correction, characterized in that the
correction for the signal distortion is effected
through a compensation of the signal by real time phase
modulation of the transmitter and/or receiver.

2., Method according to claim 1, characterized in
that the s8pin excitation signal is phase
modulated.

3. Method according to claim 2, characterized in
that the spin excitation signal is phase
modulated at a time during which a gradient
magnetic field is present.

4. Method according to claim 1, characterized in
that the NMR signal is phase'modulated.

5. Method according to claim 1, characterized in
that the s8spin excitation and NMR signals are

g

phase modulated.
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6. Method according to one of the previous claims,
characterized in that the required signal phase
modulation is extracted for a given switching
sequence by an analysis of the time dependence
of .the By field for this switching sequence.

7. WMethod according to claim 6, characterized in
‘that the time dependence of the By magnetic
field is extracted by a time dependent
spherical harmonic expansion of the magnetic
field.

8. Method according to claim 7, characterized in
that the magnetic field is measured at points
on a spherical surface.

9. §MR spectroscopy and/or imaging apparatus for executing
the method according to one of the preceding claims,
characterized by means for effecting the real time
signal phase modulation of the transmitter and/or
receiver said means comprising a phase modulation
interface unit (1) with said phase modulation inteérface
unit (1) comprising a digital to analog converter:(Z)
and an analog interface (3).

Ly



