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ABSTRACT

Large variations of tip angle within a slice can lead to suboptimal pulse po-
wer optimization using standard techniques, which measure the average tip
angle over a slice: this effect is especially pronounced at fields of 7 T and
above. A technique is introduced that performs a volume-selective power
optimization in less than 10 seconds, and automatically calibrates the radio-
frequency (RF) pulses for subsequent spectroscopy scans. Using this tech-
nique, MR spectra were acquired in the human calf of seven healthy vo-
lunteers with a partial volume Tx / Rx coil. Increases in signal-to-noise-ratio
(SNR) based upon the unsuppressed water signal between 22 + 5% and 166
+ 42%, compared to spectra obtained with the conventional power calibra-
tion technique, were measured in different regions of the calf muscle. This
new technique was able to measure the inhomogeneous RF field at 7 T and
resulted in a considerable SNR increase.
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INTRODUCTION

Human MRI at high magnetic fields, i.e., 7T and above, has to overcome a
large variation in the strength of the radiofrequency field (B,) over the ima-
ging volume. The primary, intrinsic reason is that the wavelength of the cor-
responding radiofrequency (RF) excitation and reception is less than, or com-
parable to, the dimensions of the body. The second, more practical reason
is that the lack of a body coil, particularly on commercial systems, leads to
a more frequent use of local Tx / Rx surface coils than at lower field. Both of
these factors result in accurate tip angle calibration techniques being very
important for obtaining the optimal SNR. Conventional methods used com-
monly at lower field strengths, which measure the tip angle averaged over a
slice or over the complete sensitive volume of the coil (1, 2) lead to subopti-
mal results at high field, as outlined by a recent article on 7 T cardiac imaging

(3).

Many different approaches have been proposed for B, mapping, including
those based on repeated measurements with different tip angles (4-6), dif-
ferent repetition times (7), measuring the ratio between the signal intensity
from spin echoes and stimulated echoes (1, 2, 8, 9), and detecting tip angle
related phase changes (10). These methods can be divided in two categories:
first, those that use gradients to encode the entire volume and calculate the
tip angle on a pixel-by-pixel basis (4-10), and second, those that measure the
tip angle over a large volume using non-selective, or slice-selective RF pulses
(1, 2). Methods in the first category tend to be lengthy procedures and are
therefore not suitable for use as a calibration sequence in a clinical setting.
Methods in the second category are fast but lead to inaccurate results when
the B, distribution is very inhomogeneous.

In this work, a simple technique is introduced that measures the tip angle
in a small volume of interest (VOI) using four slice-selective RF pulses.
The method, which we have called volume-selective power optimization
(PO,,,,..), measures the ratio of the signal from two stimulated echoes (STE)
to calculate the average tip angle in the VOI. The optimal value is found by
an iterative approach, and this value is used to automatically calibrate the
RF amplifier. Since only a small volume is measured, the technique is very
fast (2s per iteration). Experiments such as single voxel spectroscopy are
expected to benefit most because of the high sensitivity of the signal intensity
to suboptimal power settings of the three RF pulses used for localization.

In this study, we compared the SNR of localized MR spectra in the calf ac-
quired with this new technique with a conventional three pulse calibration



50 | CHAPTER 4

technique (PO_, ), the standard on most commercial MR systems that aver-
ages the measured tip angle over a slice through the center of the VOI (2).

METHODS

All experiments were performed on a commercial 7 T Philips Achieva MRI
scanner (Philips Healthcare, Best, The Netherlands). A quadrature half-vol-
ume Tx/Rx coil was constructed for the human calf. Two square loops of
dimensions 10 cm were constructed from copper tape (1 cm wide, 25 um
thick), which was fixed to a flexible Teflon former (2 mm thickness). The
loops were capacitively split into sections ~5 cm in length, corresponding to
1/20™ of the RF wavelength at 7 T. The two loops were overlapped by ~10%
to minimize mutual inductance. Balanced impedance matching using vari-
able capacitors and a lattice balun were used for each excitation port, which
were fed from the quadrature outputs of the Philips transmit/receive inter-
face box. The entire coil assembly was mounted on a rigid semi-cylindrical
plexiglass former (thickness 5 mm, inner diameter 15 cm). A layer of foam,
~1 cm thick, was placed inside the cylinder, and the subject’s lower leg lay on
top of this foam layer.

Subjects

Seven volunteers (6 males, 1 female, age 37 + 9 years) were scanned and
localized spectra were obtained at multiple locations with respect to the coil.
In addition, a B, map was obtained from one volunteer to show the RF ho-
mogeneity of the coil. Informed consent was obtained from all subjects in
accordance with guidelines of the local medical ethics committee.

Calibration sequence

The power of the RF amplifier was calibrated by measuring the tip angle in
a VOI using the ratio of the signal intensities from two stimulated echoes
for the four-pulse sequence shown in Figure 1. A three-dimensional volume
was selected using four slice-selective RF pulses. The first three pulses were
applied with the gradients in orthogonal directions, with the fourth RF pulse
applied simultaneously with the gradient in the same direction as during the
third RF pulse. The resulting stimulated echo signals were acquired. All other
free induction decay and echo pathways were carefully spoiled using crusher
gradients.

The ratio of the two STE signals, I___ and I___, is given by (11):

STE2 STE1’
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where o denotes the RF pulse angle for the different pulses, and t, denotes
the time at which each RF pulse is applied. When a, equals a, Eq. [1] reduces
to:

Iste, —T3

—= = cosa,exp| — [2]
Iste, T

The value of T, is chosen such that T, << T (12). Therefore the tip angle can be
accurately estimated for the selected volume using the following equation:

A Iste
a, ~ cos 1(/ 2) [3]

STE,

For the pulse sequence in Figure 1, the maximum signal intensity for the STE
signal occurs when the tip angle for o, and a is 90°, and 45° for a, and a..

2

The volume for the PO, was identical to the VOI of the spectroscopy ex-
periment that followed the calibration sequence. The following parameters
were used: repetition time (TR) /TESTEl/TESTEZ =2000ms /31 ms/51 ms. The
tip angle in the VOI was calculated online and was used for the next iteration
to set the RF amplifier. When the measured tip angle deviated more than 3
degrees from the requested tip angle a new iteration was performed with
updated settings based on the last iteration: a maximum of 5 iterations was
used to reach the desired tip angle. Regions with low signal can lead to an
invalid signal ratio (I, / |, > 1) due to noise influences. These values were
not accepted and the sequence was performed again with higher RF ampli-
fier power settings; in this way each region produced results consistent with
equation [3].
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Figure 1: Sequence diagram of the volume selective RF calibration technique.

Avolume is selected using four RF pulses and gradients. Targeted angles for maximum signal
intensity of STE  are a, = a, =90° and a, = a, =45°. Two stimulated echoes are acquired (STE,
and STE,) at times 2t,+t, and 2t +t, respectively, while the spin-echo and free induction
decay pathways are spoiled using crusher gradients on all three axes. The intervals between
the RF pulses are: 1, =8 ms, t,= 15 ms and T,=19.5 ms.

The sequence was performed twice, both before and after shimming and
determination of the water resonance frequency (f,). Both shimming and f,
determination were performed using adiabatic pulses, which are relatively
insensitive to variations in RF power. Image based shimming (13) as provi-
ded by the manufacturer was used for regions where conventional shimming
failed.

The conventional slice-selective calibration method was measured with the
slice oriented along the slice selection direction of the VOI, which was, de-
pending on the exact orientation of the voxel, approximately perpendicular
to the coil.

Localized spectroscopy

The new calibration technique was evaluated in several stimulated echo ac-
quisition mode (STEAM) MR spectra of the calf muscle. The following scan
parameters were used: 10x10x10 mm? voxel, TR = 2000 ms, mixing time (TM)
=25 ms, echo time (TE) = 25 ms, 64 averages. The total scan duration inclu-
ding optimization of the water suppression was approximately 4 minutes, a
clinically acceptable timeframe for patient studies. The coil was placed on
the posterior side of the leg and positioned approximately at the location of
the largest circumference of the calf. MR spectra were obtained at different
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locations in the calf muscles, one set using the standard power calibration
sequence over the entire slice, and the other set with the new four-pulse vo-
lume-selective calibration technique. In addition, for both scans a non-water
suppressed scan with the same settings as the water suppressed scan was
acquired to measure SNR using eight averages. The VOIs for the spectrosco-
py scans were positioned in the central zone of the soleus muscle (SOL), the
medial side of the gastrocnemius muscle (GM) and in two different locations
in the medial side of the soleus muscle (SM) based on a T, -weighted anato-
mical image acquired with the following parameters: TR / TE / flip angle (FA)
=300 ms/ 5.2 ms/ 30°, voxel = 0.5 x 0.5 x 4 mm?, field-of-view (FOV) = 180 x
180 x 66 mm?, 15 slices, scan duration is two minutes.

The spectra were viewed in jMRUI (14) and the AMARES algorithm (15) was
used to fit the water peak based on a Lorentzian line shape. The SNR of the
spectra was measured by dividing the integrated area under the fitted water
peak of the non-water-suppressed scans by the standard deviation of the
last 200 points of the time-domain signal, which contained only noise. The
water signal was chosen because the intensity is much larger than that of
any metabolite and since residual dipolar couplings and bulk susceptibility
effects can hamper accurate quantification of metabolite signals in muscle
(16).

Figure 2: Coverage and B, -profile of coil.

The left image (a) shows a single slice from a low resolution 3D gradient echo sequence of
the calf muscle. The right image (b) shows the corresponding B, map scaled as a percentage
of the target B,. There is substantial variation of B, over the leg as would be expected for the
partial volume Tx / Rx coil that was used in the experiments. Especially towards the medial

side of the leg the B, inhomogeneity is particularly pronounced as depicted by the arrow.
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B, mapping

A B, map was acquired using a 3D spoiled gradient echo sequence with two
interleaved repetition times (TR, and TR,) with the following parameters: TR,
/TR, /TE/FA=20ms/ 100 ms/ 1.8 ms/ 30°, voxel =2 x 2 x 4 mm?, FOV = 180
x 180 x 116 mm?3, total scan duration is two-and-a —half minutes. The ratio of
the resulting images with different TR yields a tip angle distribution map (7).

RESULTS

Figure 2 shows a single slice from the 3D B, map illustrating that the tip angle
varies considerably over the field-of-view, and that the excitation pattern is
not symmetric. The latter observation is in line with several previous studies
carried out at high field (17). The sensitive region of the coil is large enough
to almost completely cover the soleus and gastrocnemius muscles, and the
tip angle varies by more than a factor-of-two over this region. Toward the SM
on the medial side of the leg there is a region where the B, inhomogeneity is
particularly pronounced. Differences were found in the result of the calibra-
tion sequence before and after f, determination and shimming when the VOI
was moved from the SOL to the SM.

Figure 3a shows the approximate locations of three volumes from which
localized spectra were obtained. For all volunteers, the PO _ calibration
sequence iteratively arrived at the desired pulse angle for the selected vo-
lume. At the location of the SM conventional volume shimming failed due
to the high B, inhomogeneities, therefore image based shimming was used.
MR spectra in the SM were acquired at two different locations within the
same volunteer because of the high variability in B, in that region. Increases
in SNR were found in all locations when compared to the standard PO_
technigue. The amount of SNR increase was dependent on the location with
respect to the coil. Representative spectra from the SOL are shown in figure
3b and spectra from the SM are shown in figure 3c. The bottom spectrum is
acquired with the PO___ technique, whereas the one at the top is acquired
with the PO technique. The PO _ technique results in an increase in
SNR of 24% and 224% for SOL and SM, respectively, in this volunteer, based
upon the unsuppressed water signal.

Figure 4 shows the SNR increases averaged over all volunteers for different
regions in the calf muscles. The measured increases in SNR were 34 £ 5% in
the GM, 22 + 5% in the SOL and 166 + 42% in the SM based upon the unsup-
pressed water signal.
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Figure 3: Anatomic image and acquired MR spectra.

(a) T,-weighted anatomical image for reference showing the locations where the MR spectra
were obtained. (b) Localized MR spectra of the SOL of a volunteer, top: PO, bottom:
PO, (c) Localized MR spectra of the SM, top: PO, , bottom: PO_ . Note the clear
increase in SNR of the spectra from the new volume-selective power optimization method.
Based on the signal intensity of the water peak (not displayed) an SNR increase of 24% was
found in (b) and 224% in (c). Scan parameters: STEAM sequence, 10x10x10 mm? voxel, TR/
TM / TE = 2000 ms/ 25 ms/ 25 ms, 64 averages. Volumes were placed in the central zone of
the soleus muscle (SOL), the medial side of the gastrocnemius muscle (GM) and the medial
side of the soleus muscle (SM).

DISCUSSION

Partial volume Tx/Rx coils are consistently used for studies at high field (18),
particularly those aimed at very high spatial resolution and/ or reduced spe-
cific absorption rate. In addition to the intrinsic non-uniformity of the B,
field from such coils, asymmetries in the transmit field are induced by the
interaction of the RF field with the dielectric properties of the tissue. The
resulting B, fields are not easy to predict, and so experimental procedures
for optimizing local tip angles are important. Since most MRS studies involve
multiple-pulse localized spectroscopy experiments, sub-optimal pulse cali-
bration in the volume of interest can reduce signal intensities significantly.
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This is particularly important in clinical studies, where total data acquisition
times are typically limited both by institutional review boards and by pa-
tient comfort. Using a new four-pulse volume-selective optimization method
consistent increases in SNR of the MR spectra were found compared to the
standard slice-selective method (1, 2). When the tip angle is averaged over a
large area the calibration is strongly biased toward the area with the highest
B,, which is not necessarily near the VOI. This is particularly true for partial
volume and surface Tx/Rx coils, which have a highly non uniform excitation
profile. Using the four-pulse volume-selective optimization method we were
able to locally measure the B, field. In contrast to many other B, mapping
procedures (4-10) only signal originating from the VOI was acquired and the-
refore the calculations required for iterative convergence to the optimal tip
angle are simple and can be performed real-time. The procedure was fast
enough (less than 10 s) to be used as a calibration sequence before the ac-
tual MRS sequence.
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Figure 4: SNR comparisons of the unsuppressed water spectra.

Spectra were acquired in different locations in the calf muscle, GM (n = 4), SOL (n = 5) and
SM (n = 4) subjects. For the SM two different locations within the same volunteer were
measured. A large variation in SNR increase was measured in the SM because of the very
high B, inhomogeneities at that location. The SNR was determined using the area under the
water peak of a non-water suppressed spectrum divided by the standard deviation of the
last 200 points of the time signal. Error bars represent standard error of the mean.

The technique is valid under the assumption that T, decay between the two
stimulated echoes can be neglected. This is usually valid in vivo where T,
values of tissue are typically two orders of magnitude larger than the time
between the first and second stimulated echo signal (12, 19). Therefore, the
method is not only limited for use in the calf muscle but could also be used
in the human brain. However if the technique is applied in tissues with very
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short T, values such as fat, it may be necessary to correct for the T_ decay
during the calibration sequence. Both stimulated echo signals have identical
T, decay, and therefore no errors are introduced for tissues with different T,
values. However tissues with very short T, values will result in lower SNR and
therefore increase the difficulty in obtaining a reliable tip angle estimation.
The TE of the calibration sequence was 16 ms which was short enough to
reliably measure signal in the human calf muscle.

The first iteration of the volume-selective technique is performed using the
f, and shim settings of the previous scan. Therefore a large change in the lo-
cation of the VOI can lead to a large change in f  and shim settings. This was
the case when the VOI was moved from the SOL to the SM, and so it was ne-
cessary to repeat the PO sequence again after shimming and frequency
adjustment

lum

The SNR gain for the SOL was measured to be the smallest compared to the
other two locations. This part of the muscle is located in a rather homoge-
neous sensitivity region of the coil and the difference between PO__ and
PO, ... is therefore small, but nevertheless significant, corresponding to a
reduction in scan time of approximately 40% to achieve a given SNR. The GM
is located closer to the coil but within a more inhomogeneous region and
consequently a larger SNR increase is both expected and measured when
comparing the two techniques. The B, inhomogeneity around the SM is very
pronounced and therefore the largest SNR increases are found in this region
because the slice-selective power calibration method is not able to accura-
tely measure the local B, field. The increase in SNR in the SM is therefore also
strongly dependent on the exact location of the VOI, but is typically substan-
tial. The reported SNR increases are measured using the unsuppressed water
signals for improved accuracy: however, the metabolite SNR should increase
proportionally given the similar relaxation properties of the metabolites and
water (12). Visual inspection of the spectra in the figures does indeed show
this increase.

In summary, increases of up to 166% in SNR based upon the unsuppressed
water signal were found in calf spectra of five healthy volunteers. This re-
sults in significant reduction in scan time, while maintaining the same SNR,
an important factor when obtaining spectra in a clinical setting. Even with
“homogeneous” transmit coils, the variation in tip angles is known to be pro-
nounced and patient-specific, and so simple experimentally-based power
optimization schemes are valuable in realizing the full signal-to-noise poten-
tial of high field.
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