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Synopsis (100words)
CEST imaging benefits from the increased spectral resolution at ultra-high field.
Due to the inhomogeneous RF field, a B1 correction is necessary, which requires
repeated measurements. The number of required repetitions can be reduced to
two by using a ptx-based saturation scheme, like MIMOSA.

We present an alternative saturation scheme that is based on PUSH saturation
and universal pulses, which we name PUSHUP. Using this approach, we could
reduce the inhomogeneity of the CEST saturation as effectively as MIMOSA
while being more SAR efficient.

Short Synopsis (250 characters)
We present PUSHUP-CEST, a calibration-free, ptx-based saturation approach
for ultra-high field CEST imaging, which is based on PUSH pulses. It is more
SAR efficient and reduces the RF inhomogeneity as effectively as MIMOSA.

Introduction
CEST imaging provides insights into the biochemistry of living tissue with
unprecedented resolution. It benefits from the increased spectral resolution of
ultra-high field. However, repeated measurements are required for B1 correction1.
Using a single-channel transmit coil, areas with low B1 such as the cerebellum,
remain difficult to image within a whole-brain approach. Recently, ptx-based
saturation approaches have been developed, most notably multiple interleaved
mode saturation (MIMOSA)2, which uses saturation pulses with two different
B1 shims in an interleaved fashion and requires only two B1 amplitudes. In
this work, we present a similar approach based on pulse design for saturation
homogeneity (PUSH)3 and universal pulses (UP)4, which we named PUSHUP.
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Methods
The CEST effect depends on Brms

1 . PUSH saturation is composed of subpulses
with different B1-shims. These shims are optimized such that Brms

1 is homog-
enized over the whole brain. Using a preceding B0/B1 database study, PUSH
universal pulses (PUSHUP) with three subpulses were calculated. The resulting
B1-shims were applied to cosine-filtered Gaussian pulses of 15ms duration. These
subpulses are repeated in an interleaved fashion, similar to MIMOSA.

The saturation module contains 120 subpulses. Between each subpulse, a delay of
one subpulse duration was introduced, leading to a duty cycle of 50%. From the
same B0/B1 database, universal interleaved binomial-11 k-t points5 excitation
pulses were calculated and used in a whole-brain multi-shot EPI readout6 (1.6mm
isotropic resolution, volume TR=4.7s, TE=7.1ms), which followed the saturation
module. This was performed with 45 different off-center frequencies.

In one healthy volunteer, who was not part of the database, two different CEST
measurements were conducted. In the first measurement, PUSHUP was used,
followed by an acquisition with vendor-provided cosine-filtered Gaussian CP-
mode pulses with an automatically set reference voltage. Both measurements
were repeated 5 times with 150%, 50%, 120%, 100%, and 80% of the target
B1 in an interleaved fashion. The measurement time of each CEST acquisition
was 10:56min. All measurements were conducted on a 7T+ scanner (Siemens
Healthineers) using a 32-channel receive, 8-channel transmit coil (Nova Medical).

Additionally, an MP-RAGE7 sequence with 0.6mm isotropic resolution and
channelwise B1 maps were acquired using 3DREAM8. From the B1 data, the
effective Brms

1 was calculated for each saturation module. A brain mask and
a cerebellum and brainstem mask were calculated from the MPRAGE using
FSL-bet9 and suit10, respectively. For comparison, a MIMOSA Brms

1 map
was calculated with identical mean Brms

1 , which would require 106% of the
PUSHUP-SAR.

For each CEST acquisition, a 5-pool Lorentzian fit11 of the Z-spectra was
performed after motion correction using FSL-flirt12. These Z-spectra were
interpolated to the target B1 for the following combinations:

1. all 5
2. center: 100% of target-B1
3. no center: 50,80,120,150%
4. outer3: 50,100,150%
5. center3: 80,100,120%
6. outer2: 50,150%
7. center2: 80,120%

Results and discussion
Figure 1 shows the effective Brms

1 maps for both saturation modules and MI-
MOSA. PUSHUP and MIMOSA produce similar maps, which are much more
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homogeneous than the CP map.

The Brms
1 distribution is depicted in Figure 2 for the brain (top) and the cere-

bellum and brainstem (bottom) for all three saturation modules. PUSHUP and
MIMOSA show almost identical Brms

1 distributions. The CP-Brms
1 distribution

is much broader, and its maximum is significantly shifted towards lower B1. If
only the cerebellum and brainstem are considered, very low Brms

1 can be found
for the CP mode and only slightly reduced values for PUSHUP and MIMOSA,
which again have very similar distributions.

Figure 3 shows the PUSHUP-CEST maps calculated from each combination
of PUSHUP amplitudes. In the top row, the CEST maps obtained with all
five PUSHUP amplitudes is depicted. In the middle, the CEST maps with the
individual PUSHUP amplitudes are shown. In the bottom row, the difference
maps are shown. Similar maps are found with all combinations of more than three
PUSHUP amplitudes. This also includes visible contrast within the cerebellum.

When only the outer two amplitudes are used, systematic errors are visible in the
CEST maps, especially in MT and water. This cannot be seen with the center2
combination. When only one PUSHUP amplitude is shown, strong differences
can be seen in all CEST maps.

Figure 4 shows the CEST maps from the CP experiment in the same fashion.
Even with all measured pulse amplitudes, the cerebellum contrast is limited,
especially in the lower and posterior parts. Also, an asymmetry in left-right
direction is visible. Using only four pulse amplitude leads to very little change.
Using the outer three amplitudes, differences only occur in some parts of the
cerebellum. Removing the outer amplitudes leads to strong differences in the
cerebellum and the posterior part of the central brain. Taking only the outer
two amplitudes causes differences in the same regions and in the center of the
brain.

By varying the regularization in the pulse calculation, PUSHUP-SAR could
further be reduced, at the cost of homogeneity. Furthermore, pulses can be
optimized for certain brain structures, which might lead to a more homogeneous
saturation in target regions.

Conclusion
PUSHUP-CEST allows for whole-brain CEST imaging, including the cerebellum.
The Brms

1 distribution of the PUSHUP saturation module is much narrower than
CP and almost identical to MIMOSA whilst being more SAR efficient. Two
PUSHUP amplitudes are sufficient for homogeneous whole-brain saturation at
7T.

Categories:
• Primary: Contrast Mechanisms
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– Category Keyword: CEST & MT
– Other Keyword: Parallel Transmit & Multiband

• Secondary: Acquisition & Analysis
– Category Keyword: New Signal Preparation Schemes
– Other Keyword: Parallel Transmit & Multiband

Captions
1. Sagittal slice of the relative B1rms maps of the CP saturation (left),

MIMOSA (middle), and PUSHUP (right).
2. Histograms of the relative Brms

1 distribution of the CP-saturation (blue),
MIMOSA (green) and PUSHUP (orange) within the whole brain (top) and
the cerebellum and brainstem (bottom)

3. GIF showing the CEST maps calculated with all combinations of PUSHUP
amplitudes. In the top row, CEST maps calculated with all measured
amplitudes are shown. The middle row depicts the CEST maps of the indi-
vidual combinations and the bottom row shows the difference between the
first two rows. Significant differences can only be seen for the combinations
outer2 and center.

4. GIF showing the CEST maps calculated with all combinations of CP-
saturation amplitudes. In the top row, CEST maps calculated with all
measured amplitudes are shown. The middle row depicts the CEST maps
of the individual combinations and the bottom row shows the difference
between the first two rows. Because of the low saturation, artifacts in
the cerebellum can be seen. Significant differences can be seen for the
combinations outer2, inner3, inner2 and center.
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