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Modern NMR imaging systems used for biomedical research are equipped with B, gradient systems with
strong maximum gradient strength and short switching time enabling "H NMR measurements of samples
with very short transverse relaxation times. However, background signal originating from non-optimized
RF coils may hamper experiments with ultrashort delays between RF excitation and signal reception. We
demonstrate that two simple means, outer volume suppression and the use of shaped By, fields produced by
higher-order shim coils, allow a considerable suppression of disturbing background signals. Thus, the
quality of NMR images acquired at ultrashort or zero echo time is improved and systematic errors in
quantitative data evaluation are avoided. Fields of application comprise MRI with ultrashort echo time or
relaxation time analysis, for both biomedical research and characterizing porous media filled with liquids

1. Introduction

Recently, the performance of NMR imaging systems dedicated to
preclinical NMR imaging and localized in vivo NMR spectroscopy has
been improved considerably, particularly regarding the maximum
strength and the slew rate of By gradients. Therefore, these systems
also allow applying various NMR methods with ultrashort echo times,
e.g., to characterize porous materials despite inherently short
transverse relaxation times. However, while the manufacturers
provide some appropriate pulse sequences, problems may arise if
standard radiofrequency (RF) coils are used, which are not proton-free
[1]. Thus a simple pulse-acquire experiment performed without any
sample will yield a considerable signal originating from support
material or electronic components of the RF coil. These “background”
signals can be neglected for most biomedical measurements as they
decay within the first 300-500 ps after RF excitation. However, they
will cause severe errors and artifacts when performing experiments
with a very short delay between RF excitation and data acquisition,
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such as MRI with ultrashort echo time (UTE) or zero echo time (ZTE)
[2-5]. This may affect in vivo measurements and will often hamper
non-biomedical applications such as studies on the distribution and
properties of liquids or gases in porous media due to the inherently
very short effective transverse relaxation time T; [6].

In the following, we describe how this problem of unwanted
background signals can be solved by two simple means. While outer
volume suppression (OVS) RF pulses [7-9] may considerably suppress
the background signals, remaining contributions can be further
reduced by the shaped By fields produced by higher-order shim coils
[10], particularly for smaller samples positioned in the center of the RF
coil. Thus, dependent on the sample measured and the pulse sequence
used, an adequate suppression of disturbing background signals can be
achieved. Results from ZTE imaging experiments and T, relaxation
time measurements [11-15] demonstrate the efficacy of these simple
approaches, which should be applicable on most preclinical or clinical
NMR systems.

2. Materials and method
2.1. Hardware

All experiments were performed on a preclinical MRI scanner
BioSpec 70/20 USR (Bruker Biospin MRI GmbH, Ettlingen, Germany)



operating at 7.05 T and being equipped with a standard gradient set
BGA12S2 (maximum gradient strength 441 mT/m, rise time 130 ps).
A commercial quadrature Birdcage coil (Bruker MRI GmbH, Ettlin-
gen, Germany; 72 mm inner diameter, 112 mm outer diameter,
“MT0100”) was used for both RF excitation and reception of "H NMR
signals. Pulse sequence modifications were performed on the ACQP
level of the Paravision 5.1 software platform using Tcl/Tk shells for
setting sequence parameters. Measurements were performed either
without a sample to evaluate the background signals originating
from the hardware or with a sample placed on a sample holder made
of proton-free Teflon.

A piece of rubber and a highly porous monolithic carbon xerogel
filled with dimethyl sulfoxide (DMSO) (for details see [15]) were
used as samples for ZTE imaging and T; measurements, respectively.

2.2. Outer volume suppression (OVS)

To suppress background signals originating from the RF coil, we
inserted OVS pulses, i.e. a series of spatially selective RF pulses into
the pulse sequences applied for ZTE imaging and T, measurements.
This suppression module consisted of a series of sech-shaped RF
pulses (duration 614.4 or 819.2 ps), followed by spoiler gradients to
destroy transverse magnetization, which were applied immediately
prior to RF excitation. The OVS pulses were applied prior to each
excitation pulse of the ZTE MRI sequence or each scan of the T;
measurements. The slice thickness (40 mm), the central position
(+40-45 mm) and the values of the RF transmitter power
expressed by the flip angle (30°-90°) were empirically optimized
for the different measurements.

The aim of this optimization was to find a compromise between
suppressing background signals and avoiding signal losses from the
sample, which is easier for a distinct spatial separation between the
sample and the sources of the background signals, i.e. small samples
positioned in the center of the RF coil. Note that the values for the
flip angle and the slice thickness are rather nominal values because
the OVS pulses are applied beyond the spatial region exhibiting a
homogeneous B, field and a constant By gradient.

2.3. Use of higher-order shims

Shaped By fields produced continuously by higher-order shim
coils were used to suppress remaining background signals,
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Fig. 1. Simulated time domain signals for the background signal (“b.s.”) and the used
sample signal (“u.s.”) using different values of the yz- and xz-shim currents (in
percent of maximum values). A cylinder and a cube were used as simple models for
simulating the background signal and the sample signal, respectively (cf., Materials
and methods).

particularly those originating from the cylindrical support
material of the RF coil. The By field of higher-order shim coils
will cause stronger dephasing in the periphery, where the sources
of the background signals are located. The influence of shaped By
fields of the yz- and xz-shim coils was estimated by a simple
simulation program written in Scilab 5.5.1 (free and open source
software, Scilab Enterprises, available from: http://www.scilab.
org) showing that a considerable suppression of these back-
ground signals can be achieved. Thus, the signal decay originating
from a cylinder was calculated (diameter 73 mm, length 80 mm
corresponding to the sensitive volume of the used RF coil) by
adding the signal contributions from a mash with 100 x 360
points in cylindrical coordinates. For comparison, the signal was
calculated for a 20 x 20 x 20 mm> cube mimicking a homoge-
neous sample in the center of the magnet. Fig. 1 displays the time
domain signal for three different values of the yz- and xz-shim
currents, given in percent of the maximum shim current of 3 A
corresponding to 2016 Hz/cm? for the yz-shim and 2127 Hz/cm?
for the xz-shim. All signals are plotted in percent of the
maximum value after RF excitation.

2.4. Pulse-acquire experiments

To evaluate the disturbing background signals, pulse-acquire
experiments were performed without or with OVS pulses and with
or without applying higher-order shim currents. As in the pulse
sequence used for T, measurements, RF excitation was performed by
a 32 ps rectangular pulse and data acquisition started 50 s after the
center of the RF pulse.

2.5. Pulse sequence for ZTE imaging

The ZTE pulse sequence provided with Paravision 5.1 was used
without or with inserted OVS pulses as described above. The read
gradient was switched on 1.2 ms prior to the excitation pulse to
avoid any effects of eddy currents, and switched off after data
acquisition to reduce the gradient duty cycle. The sequence
parameters were as follows: receiver bandwidth 100 kHz with
8-fold oversampling, repetition time TR of 7.5 ms or 9.1 ms if two (in
y direction) or four (in x and y direction) OVS pulses were used,
respectively; 2 us 5° rectangular excitation pulse, FOV:
51.2 x 51.2 x 51.2 mm>, 128 x 128 x 128 image matrix, one aver-
age per k-space spoke.

2.6. Pulse sequence for T; measurements

Partial saturation experiments [16] were performed for T,
measurements by using a 32 ps 90° rectangular pulse for RF
excitation and starting data acquisition 50 ps after the center of
the RF pulse. The delay of 50 ps was chosen to ensure an almost
complete suppression of background signals if both means of
suppressing background signals (OVS and shape BO fields by
higher-order shims) were applied. In a series of 72 measurements,
each with four averages preceded by four dummy cycles, the
repetition time was reduced from 7 s to 25 ms. Considering a typical
line width (full width at half maximum) of about 500 Hz for the
DMSO signal in the xerogel, 512 complex data points were acquired
with a spectral width of 100 kHz.

2.7. Data processing

While ZTE images were reconstructed on the console using
Paravision 5.1, the pulse-acquire and the T; measurements were
evaluated by in-house developed programs written in the interactive
data language IDL (version 7.0, Exilis Visual Information Solutions,
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Fig. 2. Magnitude spectra of the background signal measured without inserting a sample into the RF coil. Measurements were performed with or without presaturation and with or without additional magnetic fields from yz- and/or
xz-shim (in percent of maximum shim currents). (a) without presaturation and without yz- or xz-shim, (b) with presaturation, (c) with presaturation and yz-shim: 22%, (d) with presaturation and yz-shim: 33%, (e) with presaturation and
xz-shim: 22%, (f) with presaturation and xz-shim: 33%, (g) with yz- and xz-shim: 22 %, (h) with presaturation and yz- and xz-shim: 22 %. Note the different scaling of spectra (a), (b) and (c-h).
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Fig. 3. ZTE images of a rubber phantom measured without or with additional presaturation pulses. Images (a-d) and (e-h) originate from two different slices of the 3D images and
are displayed with the same absolute scaling. (a, e) without presaturation, TR = 7.5 ms; (b, f) with presaturation in y-direction and nominal flip angle of 45°, TR = 7.5 ms; (c, g)
without presaturation, TR = 9.1 ms; (d, h) with presaturation in x- and y-direction and nominal flip angle of 30°, TR = 9.1 ms. (i-1) profiles through the images (e-h) of slice B at

a position indicated by white arrows.

Bolder, USA). After Fourier transformation, the spectra were
evaluated in the magnitude mode. For T; measurements by a series
of partial saturation measurements, the signal intensity was
determined for all TR values by peak area integration (+5 kHz).
Mono- or biexponential fitting was performed using a Levenberg-
Marquardt algorithm (LMFIT).

3. Results

Fig. 2 displays magnitude spectra of the background signals
measured by a pulse-acquire experiment without inserting a sample
into the RF coil. Although the strong background signal measured
without any suppression (spectrum a), is not a single Lorentzian, a
monoexponetial fit of the FID was performed by the matrix pencil
method yielding 140 ps as a typical decay constant. The strong
background signal can be suppressed by applying slice-selective
presaturation RF pulses and/or additional magnetic fields from yz-
and/or xz-shim coils (strength in % of maximum shim current).
While only presaturation pulses were used for spectrum (b), 22% or
33% of the maximum yz- or xz-shim currents were additionally
applied for spectra (c)-(f). The background signal can be suppressed
almost to the noise level by using both higher-order shim coils
simultaneously (spectrum g), particularly when combining the
effects of higher-order shims with slice-selective presaturation
(spectrum h).

Fig. 3 displays images from two slices (a-d, e-h) of 3D ZTE images,
demonstrating the importance of suppressing background signals.
While images (a, e) and (c, g) were measured without any
suppression of background signals, images (b, f) and (d, h) were

measured with presaturation in y-direction, and both y- and
x-direction, respectively. The repetition time TR was 7.5 ms (a, b,
e, f)or 9.1 ms (¢, d, g, h) because of the different duration required
for presaturation in one or two directions. The ring-shaped artifacts
observed in the center of all images measured without suppression
of background signals disappear if background signals are
suppressed, particularly if presaturation is applied in both x- and
y-direction. Additionally, reconstruction artifact signals, occurring
as strong signals at the edges of the inner circle of the FOV are
reduced. The reduced ringing artifacts and the flattened baseline are
also visible in the equally scaled profiles (i-1) which correspond to
images (e-h).

Fig. 4 shows the results of partial saturation experiments
performed (a, b) on a xerogel filled with DMSO, and (c, d) performed
without a sample. Both spatially selective presaturation and high
values of yz- and xz-shim currents were used to suppress
background signals for data in Fig. 4a and c, while the peak area
values displayed in Fig. 4b and d versus the repetition time TR were
measured without suppressing background signals. Comparing
subfigures (a), (b) and (d), particularly for longer TR values, shows
that the background signals contribute considerably by adding more
than 25 % to the signal originating from the DMSO signal in the
xerogel. Thus an efficient suppression of background signals is
indeed required if the estimated T; values are to be used to
characterize the liquid-surface interaction in the xerogel and
systematic studies on T; changes with varying filling state are to
be performed [15]. Fig. 4c demonstrates the suppression of the
background signal by the combined use of spatially selective
presaturation and higher-order shims. The background signal was
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Fig. 4. Peak areas determined from magnitude spectra of partial saturation experiments with 72 different repetition times performed (a, b) on a xerogel filled with DMSO, or (¢, d)
without a sample. (a, c) With presaturation and additional yz- and xz-shim currents of 33%, (b, d) without presaturation or additional yz- and xz-shim currents.

efficiently suppressed by more than a factor of 40, corresponding to
less than 1% of the DMSO signal from the xerogel. A biexponential fit
yielded only one relevant component, i.e. the remaining background
signals could be fitted by a monoexponential function.

It is noteworthy that excellent biexponential fitting is possible for
the DMSO data measured with or without suppression of background
signals (cf. Fig. 4a and b). Table 1 shows that the amplitudes and the
T, relaxation times determined by biexponential fitting are signifi-
cantly different between measurements performed without or with
suppression of background signals. The relaxation times and the ratio
between the amplitudes of the two components (A(long T;)/A(short
T,)) are underestimated if the background signals are not adequately
suppressed. Thus an insufficient suppression of background signals
will cause systematic errors in the estimated parameters, resulting in
potential misinterpretation of T; measurements.

4. Discusssion

Whereas a proton-free sample holder (e.g. made of Teflon) may
rather easily be obtained, background signals originating from
support material or electronic components of the RF coil may
cause considerable problems for NMR measurements that use
ultrashort or zero echo time data acquisition. Of course, the best
experimental approach would be to use RF coils that are optimized
with respect to background signals, thus avoiding or minimizing
background signals being superimposed on the sample signal.

However, we demonstrate that these disturbing background signals
can be efficiently suppressed by using spatially selective outer
volume suppression pulses and/or exploiting signal dephasing
caused by spatially inhomogeneous By fields due to higher-order
shim coils. Thus, NMR imaging with ultrashort echo times or
relaxation time measurements can be performed for characterizing
porous samples, even with standard RF coils, which are routinely
used for biomedical application.

The specific parameters of slice selective presaturation pulses
(pulse shape, duration, RF power), their number and spatial
orientation as well as their temporal order have to be determined
as a compromise between suppression efficacy and potential
disadvantages. While OVS pulses can be inserted in most pulse
sequences, drawbacks of this approach comprise (i) a prolonged
minimum repetition time and thus a longer minimum total
measurement time, (ii) increased RF power deposition which may
lead to increased temperature of the sample, (iii) potential signal
losses from the sample due to partial saturation or magnetization
transfer effect due to off-resonance preirradiation [17], and (iv)
reduced suppression efficacy for background signals with ultrashort
T5. Considering the latter drawback, the pulse duration of the OVS
pulses should be as short as possible. Additionally, using OVS pulses
for ZTE MRI means that this pulse sequence loses one of its attractive
features for biomedical applications because it cannot be applied as a
silent MRI sequence. However, this additional disadvantage is of
limited importance for applications to material sciences.



Table 1

Amplitudes and T; relaxation times estimated by (a, b, d) biexponentially or (c) monoexponentially fitting the data measured on a xerogel filled with DMSO (cf,, Fig. 4).

Measurements As/au. Ti./ms Ap/a.u. Ty p/ms

a. with sample, with suppression of background signals 5.8510° (+0.3%) 837 (£0.2%) 1.5710° (£1.1%) 285 (£0.7%)
b. with sample, without suppression of background signals 7.2110° (+1.5%) 788 (£0.5%) 2.1910° (+£4.4%) 197 (+£1.6%)
c. without sample, with suppression of background signals 4.1710° (£1.4%) 472 (£3.8%) - -

d. without sample, without suppression of background signals 1.1010° (£1.5%) 624 (£1.7%) 7.6510% (+2.0%) 125 (£2.7%)

The errors were given by the fitting routine.

Currently, the use of dual-band RF pulses is considered to reduce
the total duration of the OVS module [18-20]. Another option may be
to use OVS pulses only after every n-th (n> 1) ZTE acquisition,
similar to the ZTE method with suppressed long T, components
proposed by Weiger et al. [21]. This modification would reduce time
losses caused by OVS pulses and the subsequent spoiler gradients,
although at the expense of the suppression efficacy. In general, one
should emphasize that an empirical optimization of the presatura-
tion module is necessary because the suppression of background
signals is performed in a spatial range of low By and B; homogeneity,
where also the magnetic field produced by the gradient coils is
highly nonlinear. Finally, the OVS approach cannot suppress
background signals originating from regions where the By field
produced by the gradient coil is no longer monotonic. However, for
most hardware configurations (RF coil, By gradient), the sensitivity
of RF coil will also decrease for these background signals.

The suppression of background signals by using shaped By, fields
of higher-order shim coils is, of course, easy to achieve as it is not
necessary to modify pulse sequences. However, the added inhomo-
geneity of the static magnetic field will also cause a faster decay of
the sample signal. Thus, the signal-to-noise ratio (SNR) will be
reduced and the corresponding line broadening will decrease the
spatial resolution of MRI experiment. However, for smaller samples,
i.e., low filling factor of the RF coil, these disadvantages are often
acceptable, as demonstrated by the two examples (cf., Figs. 3 and 4).
The By field produced by the higher-order shim coils varies slowly in
the magnet center, where the sample is located, but more strongly
further outside, where the background signals are to be suppressed.

The strength of the applied higher-order shim currents has to be
chosen as a compromise between the desired suppression of the
background signals and the unwanted line broadening and SNR
reduction. If used for ZTE MRI, stronger higher-order shim currents
are required for a comparable suppression of background signals,
when a higher readout bandwidth is used corresponding to a
reduced acquisition period. The selection of shim coils used for
efficiently suppressing background signals will depend on the
available shims coils. However, the use of “mixed terms” (such as
yz- or xz-shim coils used in this study) is certainly a good choice to
suppress signals from rather homogeneously distributed signal
sources such as the proton containing support material of an RF
coil. Currently our MR system exhibits only five second-order shim
coils. However, if available, the use of shims of higher than second
order may improve the suppression efficacy.

Finally, while higher-order shim coils allow for an efficient
suppression of background signals from the (cylindrical) support
material of the coil, this approach is not adequate for suppressing
background signals from well-localized sources such as capacitors or
diodes. Signals from such electronic components can be better
suppressed by OVS RF pulses.

For ZTE, other methods for suppressing background signals
have been proposed by Weiger et al., e.g. by exploiting T, differences
[22] or subtracting data acquired without the sample from data
measured with the sample [23]. These methods as well as the two
approaches described above have their specific advantages and

drawbacks. For instance, while the subtraction approach [22] avoids
prolonged TR values and requires a rather large FOV, the OVS approach
can be used with a small FOV and does not require a reference scan
without sample but with adjusted coil loading. Thus, which suppres-
sion method or which combination of these methods is the best choice
depends on the sample and the sequence parameters used.

5. Conclusion

We have demonstrated that unwanted background signals
originating from the support material and/or electronic components
of the RF coil can be efficiently suppressed by using outer volume
suppression RF pulses and/or signal dephasing due to the shaped Bg
fields caused by higher-order shim coils. If only non-optimized
hardware components are available such as standard RF coils
routinely used on a preclinical or clinical MR imaging system,
these two means for suppressing background signals allow im-
proved data quality for experiments with a very short delay between
RF excitation and data acquisition. Thus, it is possible to avoid or at
least reduce artifacts in MR images acquired with ultrashort or zero
echo time as well as systematic errors in quantitative studies such as
relaxation time measurements.
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