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Abstract—The problems of magnetic resonance imaging (MRI) of objects having a very wide spectrum
of the nuclear magnetic resonance, where signals from all its lines are difficult to detect, have been
investigated. It is proposed to carry out MRI using frequency-selective pulses. A method for setting
optimally the pulse parameters and the start time of induction signal detection is described. The calculation
results are compared with the MRI data obtained for a fluorocarbon compound.
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1. INTRODUCTION

Fluorocarbon compounds (FCCs) are applied in
medicine as drugs, gas-transport preparations, and
contrast agents [1]. Since they do not contain hy-
drogen atoms, the in vivo study of their properties by
nuclear magnetic resonance (NMR) is based on the
9F NMR methods [1,2]. At 100% natural content,
the gyromagnetic ratio of fluorine atom, -, is only 6%
smaller than that of proton; therefore, the 'F NMR
sensitivity (~72) is only 13% lower than that for 'H
NMR.

An important feature of '9F MRI is the absence
of background signal from normal tissues because
the fluorine content in them is very low. In addition,
using F MRI, one generally does not need to apply
scanning techniques aimed at differentiating tissues
with respect to their relaxation times because in most
cases the task is to determine the localization of
only one preparation. This circumstance simplifies
the choice of MRI parameters of a scanning pulse
sequence.

It is convenient to assign '"F MRI images with
anatomical structures using 'H MRI images. The as-
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signment is significantly simplified if *°F and 'H MRI
images are obtained in identical scanning geometries.

FCC F NMR spectra often contain many lines
with chemical shifts A covering a wide range: up
to several hundreds ppm. In magnetic fields of 1 T
and higher, the corresponding absolute values are
A~ 103-10*Hz. This circumstance imposes more
stringent requirements on the instrumental resources
as compared with proton MRI, where the main con-
tribution to the recorded signal is from water and fat,
whose chemical shifts differ by only 3.5 ppm.

Stringent requirements are imposed on the RF
oscillator. Indeed, the RF pulses must be sufficiently
short to excite the entire NMR spectrum (¢, < 1/A).
At the same time, they must have a sufficiently high
power to rotate the magnetization vector by a large
flip angle FA (flip angle is the rotation angle of the
magnetization vector for nuclear spins under the ef-
fect of RF pulse) because FA =~Bt,, where By is
the RF pulse amplitude. Let us estimate the power
P that must be supplied to a cavity with a diameter D
from a transmitter with an output resistance R =50 2
in the case FA=mx. Since the cavity is a high-Q
contour tuned to the Larmor frequency w=+Bq (By
is the magnetic field induction), its matching with the
output transmitter yields wL = R, where L is the con-
tour inductance. Using the Ohm law I =U/R, where
I is a current through the contour and U is a voltage
across the contour, and the Faraday law LI = B;S,
where S=7D?/4, and assuming that t, =1/A, we
arrive at P=U?/2R, where U =72 ByAD?/4.
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For example, if a 7-T scanner is equipped with a
1-kW power transmitter and a cavity with an oper-
ating diameter of 10 cm, which can work at the same
power, the pulse sequence spin echo (SE) with 180°-
pulses can be implemented only at A <3 kHz.

These limitations are not so urgent for the pulse
sequence gradient echo (GE), where 180°-pulses are
not used, and the spin system can be excited at small
FA values. However, the recorded signal is weaker
in this case, not only because FA is small but also
because the induction signal is attenuated by the be-
ginning of the signal recording due to the interference
of spin packets, which represent individual spectral
components. Therefore, the time of echo (TE) delay
(the time of echo is the interval between the triggering
of the RF pulse used to excite the spin system and the
instant of recording the response from it) should be as
minimal as possible for the GE technique.

The parameter A determines also the require-
ments to the power and switching speed of the gra-
dient system, because it is necessary to perform not
only RF excitation of the spin system but also spatial
coding of the Larmor frequencies (to obtain finally the
MRI image) during the interval ~1/A. The require-
ments to the gradients are reduced to the formula
Gumax > 2mA/~vd, where d is the spatial resolution
(with respect to the size of scanned voxel or, in the
case of slice-to-slice scanning, slice thickness). In
particular, if a scanner is equipped with a gradient
system characterized by Gax =0.1 Tm™!, the reso-
lution d =1 mm for fluorine (/27 =40.06 MHz T~!)
can be implemented only at A < 4.2 kHz.

The digitization rate of this signal, character-
ized by bandwidth BW (the frequency range that is
planned to be either excited using an RF pulse or
detected), should be such as to make it digitized
for the induction signal decay time (~1/A), which
is rather short: 1/A<Ty (T is the transverse
relaxation time). In the opposite case, the MR image
will be distorted because of the chemical shift artifact
of the first kind [3]. The requirement to BW is reduced
to the inequality BW > NA, where N is the size of
the MR image matrix. The N value must be more
than a few tens, otherwise the image will be poorly
informative.

The best of modern commercial analog-to-digital
converters (ADCs) provide BWs up to 10 MHz [4].
However, standard scanners use generally less ex-
pensive devices, with BW lower by half or even more
[5]

An increase in the bandwidth of the receiver is
accomplished by an increase in the thermal noise at
the detector input (~A'/2), with a corresponding loss
of sensitivity.

PHYSICS OF WAVE PHENOMENA Vol.25 No.2 2017

Note also the problem related to the chemical shift
artifact of the second kind: dependence of the MRI
signal on TE. This dependence is generally difficult
to calculate; however, the main problem is the sig-
nificant decrease in the signal intensity after the time
interval ~1/A. The technical possibilities of reducing
TE are rather limited. The TE value is mainly de-
termined by the durations of RF and gradient pulses
(including the rise time) and the induction signal
acquisition time.

The SE method is used to overcome this problem,
which makes it possible to recover (using a refocusing
180°-pulse) the induction signal after a time interval
TE to the same value as after the excitation pulse. The
recovery is not quite complete because of transverse
relaxation. Nevertheless the SE method appears to
be preferred as compared with GE.

Actually available equipment does not always
make it possible to obtain 180°-pulses of desired
duration and power. Note also that the SE signal can
be weakened because of the J-modulation effects,
which, in contrast to the chemical-shift effects,
cannot be eliminated using a refocusing pulse. The
presence of additional delays for this pulse in the SE
sequence does not make it possible to implement a
scan rate as high as in the GE method. Therefore,
the GE method can be called for in individual MRI
applications.

The requirements to instrumental resources be-
come more stringent when passing to stronger mag-
netic fields By. Stronger fields are called for because
the MRI sensitivity in weak fields is insufficiently
high due to the low FCC concentration: FCCs are
used in the form of diluted emulsions because of their
hydrophobic properties. At the same time, in view
of the fact that the excretion time for many FCCs is
long (several months or more), the preparation doses
introduced into human organism (even in the form of
emulsions) must be limited.

An increase in By is accompanied by a propor-
tional rise in the By and Ghax values. Since these val-
ues are proportional to the currents flowing through
the transfer and gradient coils, both transmitter power
and gradient strength rise proportionally to ~B3.

Since these instrumental requirements cannot
be satisfied in all cases, compromise solutions are
sought for when carrying out '9F MRI.

The instrumental requirements can be made less
stringent by passing from broadband to frequency-
selective excitation of the spin system. This approach
allows one to reduce the parameter A. The problem
is that in this case not all spectral lines contribute
to the MRI signal, as a result of which the method
may become insufficiently sensitive. Therefore, it is
necessary to find a version of selective excitation (the
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Fig. 1. Schematic of the calculation of the MRI signal in the case of selective excitation over the spectrum obtained upon

broadband excitation.

central frequency position and the spectral width A f)
in which the recorded signal is maximum.

Frequency selection of excited spins can be imple-
mented by appropriate choice of the RF pulse param-
eters. However, in this case one must do it without
slice-to-slice (2D) scanning, where a slice-coding
gradient is applied to localize cuts synchronously with
the RF pulse. A necessary condition for this spin
localization technique is that the spectral band of the
RF pulse is wider than the NMR spectrum.

This problem does not exist for 3D scanning, be-
cause in this case slice-to-slice representation of im-
ages is obtained after reconstructing phase coding
data along two orthogonal directions, and the spin
excitation can in principle be performed without ap-
plying a slice-coding gradient. This gradient serves to
limit the total scanning volume to avoid, in particular,
aliasing in the image along the second direction of
phase coding. However, if there are no potential signal
sources beyond the scanned area, there is no need in
applying this gradient.

2. EXPERIMENTAL

The GE MRI scan parameters are analyzed by
determining the selective excitation version providing
the maximum signal. The essence of the method is
to determine (based on the NMR data) the maxi-
mum induction signals for different versions of se-
lective excitation of the spin system. To this end,
it is proposed to obtain plots emulating the induc-
tion signals formed by selective excitation. Their time
forms are generated using the reverse Fourier trans-
form, applied to the previously edited NMR spectrum.
The editing is reduced to multiplication of the ini-
tial spectrum by the excitation profile. The positions
of extrema in the thus obtained plots are used as
landmarks for setting the TE parameter, which de-
termines the instant of GE signal formation. Using
the diagram with subordination of extreme values,
one can choose a version with maximum induction
signal and use specifically this version to obtain MRI
images.

For simplicity, we will apply the method to small
FA values. In this case, one can obtain simple cal-
culation relations between the pulse spectrum and
the excitation profile for the spin system, because

this profile is determined by the Fourier transform
of the pulse envelope at small FA [6, 7]. In addition,
the effect of relaxation factors can be neglected when
analyzing the pulse sequence. Finally, the experimen-
tal verification of the method is simplified, because
the requirements to the power of the transmitter and
gradient system become less stringent.

For definiteness, we consider a Gaussian pulse; in
this case, the RF pulse length is minimized in com-
parison with the pulses of other shapes at a specified
spectral width; this circumstance, in turn, is favorable
for TE minimization.

The method is implemented as follows. The initial
NMR spectrum F(w) is multiplied by a Gaussian
function G(w) with specified width and spectral
localization, and the multiplication result is subjected
to inverse Fourier transform (IFT). The quadrature
components U(t) and V (t) obtained as a result of this
transform are used to calculate the signal magnitude
from the formula S(t)=+/U(t)? +V(t)? (Fig.1).
Based on the plot S=S5(t), one can estimate the
signal intensity in the magnitude MRI image, if TE
is set to be ¢ in MRI.

The necessary calculations (multiplication of the
spectrum by the Gaussian function, inverse Fourier
transform, calculation of the magnitude, etc.) and
scanning of the K space were performed using home-
made software, operating on the PC platiorm in the
MS Windows® environment [8].

An experimental approval of the method was per-
formed with a 7-T MR imager Bruker BioSpec 70/30
USR, equipped with ParaVision 5 software and elec-
tronic equipment AVANCE, including the following
components: gradient system BGA-20SA (at a cur-
rent of 100 A, Gpax=105mTm~! and the rate of
gradient rise is 300 T(ms~!)~!, 1-kW RF transmit-
ter BLAH 1000, cavity T10334 with an inner diameter
of 7.2cm (modified so as to detect not only 'H but
also 9F signals and capable of operating at an RF
power up to 750 W [9]), and an ADC HADC/2 with a
digitization rate up to 1 MHz.

The method was approved on the fluorocarbon
compound perfluorodecalin. This is one of the main

components of the Perftoranum® preparation, which
is authorized for application in medicine. This prepa-
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Fig. 2. Part of perfluorodecalin spectrum. The enumer-
ated fragments and the regions combining two and more
fragments are used for selective excitation.

ration has gas-transport properties and is used as a
blood substitute for this reason [10].

A conventional 'F NMR spectrum with a width
of about 45 kHz was recorded for perfluorodecalin. A
rectangular 13-us pulse was applied to this end, after
which the induction signal was read with digitiza-
tion of 8K points. To smooth the noise, the induc-
tion signal Sp(t) was multiplied by the exponential
S(t)=So(t) exp(—LBtr)(where LB =10 Hz) before
the Fourier transform. The above-described algo-
rithm was used to calculate the induction signal for a
number of selective excitation versions, in which the
Gaussian function width A f was varied from 1.4 to
23 kHz.

Figure 2 shows a part of the perfluorodecalin
spectrum with the strongest lines [11]. Five (enumer-
ated) fragments can clearly be distinguished. These
fragments, as well as spectral regions containing
two and more of them, were chosen for selective
excitation. In particular, these are regions containing
fragments 1 and 2, 2 and 3, 3 and 4, from 1 to 3, from 2
to 4, from 1 to 4, and from 1 to 5. These combinations
are enumerated below by numbers from 6 to 12. The
same numbers denote selective excitation versions.
When selecting the latter, their practical validity
was taken into account. In particular, the versions
requiring a large spectral width with a small number
of spectral lines (for example, the excitation of the pair
of distant peaks 4 and 5) were rejected.

3. RESULTS

We calculated signals for all 12 versions of selec-
tive excitation. Figure 3 shows the calculation results
for three of them. A normalization is performed with
respect to the maximum value of the signal for version
12. In all versions the maximum values of signals lie
near t =0. However, because of technical limitations,
the TE values could not be set shorter than 2.86 ms.
The limitations are determined by the RF pulse dura-
tion (~1—2ms), the gradient pulse duration (0.7 ms),
the rise time of the gradient pulse (0.3 ms), and the
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induction signal reading time (0.32ms). Therefore,
we are interesting in only the maxima located after
2.86ms. In particular, for version 5, the extremum
in the vicinity of £ ~ 6.4 ms is of interest. In all other
versions, the strongest signal peaks (along with that
att=0) are located near t ~ 3.2 ms.

The calculation data make it possible to predict the
extreme values of induction signals for any selective
excitation version. It is important that one can reveal
the subordination of signals for the chosen versions
of selective excitation and determine the time TE
necessary to implement it at MRI scanning. This
approach simplifies the search for the optimal MRI
parameters.

We experimentally verified the calculation results
by measuring the mean values of signals in the MRI
images of an ampoule filled with perfluorodecalin,
which were obtained by the 3D GE method. The
main parameters of the scanning pulse sequence were
as follows: repetition time TR =600 ms, FA=230°,
BW=200kHz, Echo Position =50, Matrix = N¢x N1
XNpa=64x67x8, and FOV=4.76x5.0x3.2cm.
The ADC used in our scanner can perform digi-
tization up to BW=1MHz. However, as practice
showed, its operation becomes somewhat unstable
with BW set above 200 kHz: artifacts of the back-
ground illumination line type arose in the MRI im-
ages; this situation generally corresponds to detector
zero drift. Therefore, the BW values were generally
chosen below 200 kHz.

The induction signal digitization time in each
stage of phase coding was Ny/BW=232x10"°s=
0.32ms, and the total scanning time was Ny x
Npo x TR =0.6x67x8 = 321.6s =~ 5min 22s. The
duration ¢, of the Gaussian pulse formed with an
amplitude cutoff at a level of 0.01 was set proceeding
from the relation t,=2.74/Af, where Af is the
spectral width at the 1/e level. The factor is chosen
to be 2.74 because this value is the product of the
spectral widths A f and At for the Gaussian functions

S(£)/S(0)
0.20
N .
orspiy: T 7
01017
0.05F
gt
0 9 10
t, ms

Fig. 3. Plots of calculated MRI signals for three versions
of selective excitation of perfluorodecalin.
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Calculated and experimental data for different selective excitation versions

Version Af, kHz M(0)/Mpmax(0) tmax, MS M (tmax)/Mmax(0)

(No.) Theory Theory Experiment Theory Experiment
1 1.4 0.165 3.09 3.10 0.296 0.206
2 1.4 0.176 3.13 3.15 0.338 0.312
3 1.4 0.155 3.11 3.20 0.308 0.245
4 1.4 0.147 3.20 3.25 0.338 0.262
b) 1.4 0.058 6.06 6.5 0.080 0.104
6 3.0 0.322 3.13 3.18 0.544 0.571
7 3.2 0.292 3.18 3.27 0.508 0.498
8 4.8 0.308 3.22 3.22 0.498 0.468
9 5.1 0.470 3.15 3.25 0.746 0.825
10 6.4 0.454 3.20 3.25 0.707 0.671
11 8.4 0.639 3.20 3.25 0.925 0.950
12 23.0 | 3.20 3.25 1(0.157) |

defined on an infinite interval, with Af defined at a
level of 1/e and At defined at a level of 1/2. The latter
condition, in combination with the specified cutoff
level, is determined by manufacturer’s settings for the
envelope of a real (limited in time) Gaussian pulse set
in a tabular form.

Note that manufacturer’s formula t,=2.74/Af
suggests that the width A f is measured at half max-
imum rather than at a level of 1/e [12]. The reason
is that the manufacturer’s specified calculations are
oriented to FA=90°. This angle is far from small;
therefore, the excitation profile does not coincide with
the pulse Fourier transform in this case. The Bloch
equations must be solved to calculate it. This cal-
culation shows that the profile somewhat differs from
Gaussian (in particular, is somewhat wider). It re-
mains bell-shaped, and more significant distortions
(transformation into a two-humped curve) begin with
somewhat larger angles: FA > 116°. We set FA to
be 30°, i.e., analyzed the case of small angles, where
the excitation profile coincides with the pulse Fourier
transform (i.e., is also Gaussian) and the relations
between A f and At can easily be calculated analyt-
ically. Then manufacturer’s formula for calculating
tp from a specified Af value remains valid, but A f
should be considered as the width measured at a level
of 1/e. This circumstance was taken into account
when setting the calculation values of A f.

MRI measurements were performed with setting
the same values of the spectral width and RF values
as for the calculation versions. Since the subordina-
tion of amplitude values was violated for some ver-
sions, we performed additional MRI measurements
with variation in TE to search for the maximum value
of the MRI signal. As a result, the experimentally de-
termined TE values were found to somewhat exceed

the calculation ones: by 0.1 ms (3%) for all versions
except for 6, where this difference was larger but did
not exceed 7%.

The table contains the relative values of extreme
intensities for different selective excitation versions
and the points ¢ =ty.x at which the corresponding
plots M (t) pass through these values.

The intensities were normalized to the maximum
signal for version 12. The M values for ¢ near zero are
compared in the third column, and the most intense
extrema for the other ¢ values are compared in the
sixth column. One can see that the latter are con-
centrated mainly in the vicinity of ¢ ~ 3.2 ms, except
for version 5, where the extremum is located at ¢t ~ 6.
In addition, the M (tyax)/M(0) ratio for version 12 is
given in parentheses.

The table contains both the calculation and ex-
perimental data. MRI signals were measured at dif-
ferent TE values, and the TE values corresponding

MM,
1.0f

B Theory
[ Experiment

0.8F
0.6
0.4r

0.2

0 Ll
1 2 3 4 5 6 7 8 9 10 11 12

Fig. 4. Extreme values of signals for different selective
excitation versions.
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to maximum signals were fixed (the fifth column of
table). The seventh column of the table contains the
magnitudes of these signals normalized to the MRI
signal magnitude that turned out to be maximum
for all selective excitation versions. To compare the
calculation and experimental results, the data from
columns 6 and 7 are also presented in the form of
diagrams (Fig. 4).

4. ANALYSIS OF THE RESULTS

One can note that both calculated and experimen-
tal data yield qualitatively identical subordinations
of extreme signals for different versions of selective
excitation. The signal amplitudes differ by no more
than 15%, and the difference for the TE values does
not exceed few percent.

One of the factors affecting the measurement ac-
curacy was the shift of the GE signal: the echo was
formed in our experiments before it was programmed
in the scanning pulse sequence. As a result, the Echo
Position parameter is not equal to the declared value
of 50, which corresponds to a symmetric (with respect
to the center of the K space) echo plot but to about
30, a value at which TE decreases by about 0.06 ms
in comparison with its programmed value. This effect
was found when analyzing the structure of the K
space. Possible reasons for the GE signal shift, along
with program errors, are technical shortcomings, e.g.,
unbalanced amplitudes of frequency-coding gradient
pulses, responsible for the echo formation.

Another factor that may be responsible for the dis-
crepancy between the experimental and calculation
data is the broadening of lines in the initial spectrum
because of the preliminary treatment: multiplication
of digitized induction signal by a decaying exponen-
tial. The same effect may be due to the inhomogeneity
of the field By. It can be shown that, if the extrema
in the plot of the magnitude signal are positioned
at t=T, broadening of the spectral line by § should
shift these extrema to smaller ¢ values by 672 /x. In
our case, T'~3.2ms and 6 ~ 10 Hz; thus, the corre-
sponding shiit is 0.033 ms.

The total contribution of the aforementioned fac-
tors yields a shift of 0.093 ms, which is in good agree-
ment with a difference of about 0.1 ms, revealed when
comparing the calculated and experimental data (see
the table).

Note one more factor that may affect the cal-
culation results: the first-order phase correction. If
the initial induction signal is subjected not only to
a Fourier transform but also to a first-order phase
correction, the IFT yields as a result an induction
signal shifted along the time axis with respect to
the prototype. The phase correction is necessary be-
cause the induction signal is generally detected with
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some delay, caused by technical factors (setting a
pause necessary to damp the ringing in the transmit-
ter pulse, etc.). The shift of the reading onset for sig-
nal S(t) by t¢ is equivalent to the replacement of S(t)
with S(t—to) and its Fourier transform F'(w) with
exp(—wtp) F'(w). The first factor in the expression
for the Fourier transform determines the frequency
modulation of the spectrum, due to which its phase-
sensitive transform becomes too complicated for vi-
sual perception. To solve this problem, one should
either deal with the magnitude spectrum or apply
the first-order phase correction: multiplication of the
spectrum by the function exp(w«a), where the « value
is chosen so as to make the spectrum conventional.
Obviously, this can be done only at « =tg. The IFT of
the phase-corrected spectrum yields a time transform
shifted by to. A problem is that the results of fitting
a to tg may be somewhat different in different ses-
sions of phase correction (subjective factor of manual
correction or use of different automatic correction
algorithms); this circumstance introduces variability
in determining the time positions of calculated plots.

The effect of this factor should be minimized by
calculating all versions of selective excitation at iden-
tical parameters of phase correction or by completely
excluding it when manipulating with the initial data.
Note that not all the programs aimed at processing
NMR spectra provide for the latter approach.

5. APPLICATION OF THE ALGORITHM
FOR THE SPIN ECHO TECHNIQUE

The results of the induction signal calculation can
also be called for when planning the SE pulse se-
quence. To this end, one can use the plots obtained
for induction signals in the following way: to mark
on them the instant of applying the refocusing 180°-
pulse; reproduce (starting from this point) the initial
fragment of the plot inverted in time; and, finally, add
the initial fragment. In sum, one obtains a spin echo
pattern, in which induction signal fragments available
for detection can be seen; these fragments, corre-
sponding to the time points t =0, cannot be recorded
by the GE method.

Implementation of the SE method is hindered by
the difficulties in generating broadband 180°-pulses.
With the equipment used by us, they could be ob-
tained for only versions 1-5, where Af=1.4kHz.
For version 6, which calls for Af =3kHz, a 180°-
pulse with this band cannot be generated because the
transmitter power is insufficiently high. Even when a
rectangular pulse is used instead of Gaussian, Af is
no wider than 2.87 kHz. Note that the pulse shape
is of little importance for spin refocusing; the main
requirement is that its excitation profile must be not
narrower than that of the excitation pulse.
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Therefore, when calculating the selective excita-
tion parameters, one can set the limiting (technically
attainable) Af values for a rectangular pulse and
perform a computation for only these values.

[t is possible that the future development of the
corresponding technologies will allow to implement
other selective excitation versions, e.g., those where
two or more uncoupled spectral fragments are simul-
taneously excited. However, even then the calculation
method proposed here will be called for.

We are planning to improve our algorithm for cal-
culating selective excitation parameters by setting an
automatic enumeration of the RF value and, possibly,
by varying the excitation bandwidth. In this case, a
multidimensional data array is formed, whose pro-
cessing is reduced to searching for the maximum sig-
nal value and reporting the coordinates of this signal:
TE values, RF value of the excitation pulse, and its
excitation profile (frequency spectrum).

6. CONCLUSIONS

The proposed method for optimizing MRI param-
eters, which is based on the analysis of different ver-
sions of frequency-selective excitation of spin system,
makes it possible to obtain (using relatively sim-
ple calculation tools) acceptable results for planning
MRI experiments when the object studied has a com-
plex NMR spectrum and the instrumental resources
are limited.
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