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Abstract

Due to the lack of signal from solid bone in normal MR sequences for the purpose of MR-based
attenuation correction, investigators have proposed using the ultrashort echo time (UTE) pulse
sequence, which yields signal from bone. However, UTE-based segmentation approach might not
fully capture the intra- and inter-subject bone density variation, which will inevitably lead to bias
in reconstructed PET images. In this work, we investigated using the Water- And fat-Suppressed
proton Projection Imaging (WASPI) sequence to obtain accurate and continuous attenuation for
the bones. This approach is capable to account for intra- and inter-subject bone attenuation
variations. Using data acquired from a phantom, we have found that that attenuation correction
based on WASPI sequence is more accurate and precise when compared to either conventional
MR attenuation correction or UTE based segmentation approaches.
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1. Introduction

PET-MR is a hybrid imaging modality that has generated substantial interest in recent years.
This marriage of two modalities with very different physics allows the development of many
novel synergistic techniques and applications including MR-assisted PET motion correction

(Furst et al., 2015; Polycarpou et al., 2014; Huang et al., 2014; Fayad et al., 2014, Petibon et
al., 2014; Bickell et al., 2014), MR-assisted partial volume correction (Yan et al., 2015;
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Bickell et al., 2014; Wang and Fei, 2012), PET guided MR spectroscopy (Zhang et al.,
2014), and PET-MR joint reconstruction (Knoll et al., 2014).

One of the biggest hurdles of quantitative PET-MR is accurate PET attenuation correction
(AC), (especially for bone (Wagenknecht et al., 2013; Keereman et al., 2011; Samarin et al.,
2012).j In stand-alone PET, the attenuation maps (1-maps) are obtained by a separate
transmission scan using an external source. In PET-CT, the attenuation coefficients are
measured with X-rays (energy often in the neighbourhood of 100 keV) and remapped to
estimate the attenuation coefficients for 511 keV photons. For PET-MR, the PET p-map
typically needs to be derived from the MR images. The problem is that the attenuation
coefficient of the photons depends on the electron density, but clinical 1H MR contrast arises
from proton spin density and spin-spin/spin-lattice relaxation. The standard approach is to
segment an MR image volume into different tissue classes and then assign the corresponding
attenuation coefficients to them (Le Goff-Rougetet et al., 1994; Zaidi et al., 2003; Zaidi et
al., 2007; Beyer et al., 2008; Catana et al., 2010; Berker et al., 2012; Ouyang et al., 2013).
(Some earlier works also investigated mapping MR to CT data using histogram matching
(Beyer et al., 2008). Current commercial PET-MR scanners use 3-class (air, lungs, soft
tissues) (Schulz et al., 2011), 4-class (air, lungs, fat and other soft tissues) (Martinez-Moller
et al., 2009), or 4-class with continuous fat/water (Wollenweber et al., 2013b) segmentation
method. (Previous patient studies reported that the standardised uptake value (SUV) bias
using 4-class MR-based segmentation is generally less than 10% for most of the lesions,
however these lesions are located within soft tissue. (Martinez-Moéller et al., 2009; Steinberg
et al., 2010; Hofmann et al., 2011; Eiber et al., 2011; Keereman et al., 2011; Drzezga et al.,
2012). [For regions inside or near bones, the SUV values can be considerably
underestimated using the segmentation approaches not taking bone into consideration
(Ouyang et al., 2013; Keereman et al., 2011; Samarin et al., 2012).

In the context of MR derived attenuation maps, investigators have previously proposed
atlas-based techniques (Poynton et al., 2014; Wollenweber et al., 2013a) and ultrashort/zero
echo time (UTE or ZTE) pulse sequence based segmentation techniques (Keereman et al.,
2010; Berker et al., 2012; Navalpakkam et al., 2013; Delso et al., 2015). Although atlas-
based p-maps can provide continuous bone attenuation, such approaches are generally not
feasible in practice because anatomy-based registration other than brain is extremely
challenging. Moreover, such approaches do not capture the inter-subject bone density
variation. The UTE approach can identify bones in the body, but it cannot be used to
measure the bone density variation. Bone density in Hounsfield units (HU) can vary from
700 for cancellous bone to 3000 for dense bone (De Vos et al., 2009). Without capturing the
intra- and inter-subject bone density variation, a UTE-based p-map will inevitably lead to
bias in reconstructed PET images. Besides UTE/ZTE types of sequences, SWIFT (Sweeping
Imaging using Fourier Transforms) (Wang et al., 2014; Idiyatullin et al., 2006) is also
capable of visualizing structures with very short T2 or T2* such as bones.

Attenuation maps can also be derived from PET emission data (Keereman et al., 2013). This
type of technique includes techniques that simultaneously reconstruct the activity and
attenuation distributions such as MLAA (Maximum Likelihood reconstruction of
Attenuation and Activity) (Censor et al., 1979; Nuyts et al., 1999; Ahn et al., 2013), and
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techniques that reconstruct the attenuation map with some a priori conditions (Welch et al.,
1998; Bromiley et al., 2001). The former techniques suffer from crosstalk between
attenuation and activity estimates, which can be alleviated by using Time-Of-Flight (TOF)
reconstruction (Defrise et al., 2012), and no visualization of non-emitting objects. The latter
class of techniques are not yet stable without attenuation measurements (Bromiley et al.,
2001).

In this work, we investigated the possibility of using the Water- And fat-Suppressed proton
Projection Imaging (WASPI) sequence to obtain an accurate and continuous bone p-map
which should account for intra- and inter-subject bone attenuation variation. Similar
techniques capable of short T2* imaging have previously been used in studying tendon
microstructure (Han et al., 2014), bone water content (Li et al., 2015), and detection of iron
oxide nanoparticles (Wang et al., 2014), etc.

2. Methods
2.1 WASPI sequence

WASPI (Wu et al., 2003) is a 3D radial zero-TE (a conventional terminology describing
sequences with 0 effective TE) pulse sequence with fat and water suppression leaving signal
only from very short T, protons, primarily the immobile proteins and tightly bound water in
the bone matrix. Previous work (Cao et al., 2008) has shown that the signal intensity is
proportional to bone matrix density, which for normally mineralized bone is in turn
proportional to bone mineral density. As shown in Figure 1a, the WASPI sequence first
saturates the fluid (molecularly mobile) tissue constituents with chemical shift selective
radiofrequency (RF) pulses at the water and fat frequencies; each saturation pulse is
followed by a crusher gradient pulse to dephase the fluid signals. Then a fixed-amplitude
gradient is turned on, and a very brief (10 ps in this work) rectangular hard RF pulse
covering the full bandwidth of the field of view is applied, eliciting a free induction decay
(FID) which is sampled to yield a single radial line in k-space. The direction of the fixed
amplitude gradient is advanced to successive orientations to cover a spherical volume of k-
space. The acquired data can be reconstructed using a regridding algorithm (O'Sullivan,
1985; Jackson et al., 1991). Figure 1c shows the chemical selective water and fat saturation
pulse module. The pulse module is comprised of 4 /2 RF pulses and the corresponding
dephasing gradients. The timing and gradient moments are carefully chosen to avoid echo
formation (Wu et al., 2010).

Special attention was focused on minimizing the receiver dead time between the end of the
hard RF pulse and the start of sampling in order to accurately acquire the centre of k-space,
which is essential for obtaining quantitatively accurate bone density. To achieve a fast
switch from transmitting mode to receiving mode, a home-made cylindrical transmit-receive
quadrature RF coil was used (inner diameter = 8.8 cm). A special high speed transmit/
receive switch based on a quadrature hybrids and standard silicon switching diodes (rather
than PIN diodes) was used to minimize the transmit/receive switching time, reducing it from
the order of 100-200 ps to about 10 ps (Wu et al., 2010). To further improve the fidelity of
k-space data near the origin, an additional acquisition of a small number of k-space radii are
acquired with a reduced gradient strength as shown in Figure 1b, which enables central k-
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space points to be acquired at times further away from the RF pulse and its switching
transients. The RF coil former and coaxial cables were made of Teflon (poly-
[tetrafluoroethylene]) to minimize background proton signals from these components which
would otherwise appear in the WASPI images.

By completely eliminating echoes, slice selection and time delays following the RF
excitation pulse, the WASPI sequence enables the highest fidelity acquisition of very short-
T, signals.

In this work, the gradient strength was fixed at 18.35 mT/m for the main data set, 15972
radii were acquired with 128 points sampling each radius, the bandwidth was 781 Hz/pixel,
and the repetition time (TR) was 28 ms. For WASPI, the effective TE is 0. A second data set
(44 radii) was acquired with a lower gradient (4.59 mT/m) to recover the data points lost in
the receiver dead time. The field of view was 128x128x128 mm3 with 1 mm isotropic
spatial resolution. The acquisition time of the non-optimized WASPI acquisition was 7.5
minutes.

2.2 Phantom experiment

In order to obtain realistic bone images, a pig tibia was placed inside a cylindrical glass
container 8.5 cm in diameter (Figure 2). The container was then filled with 5% gelatin
containing radioactive 18F mimicking soft tissue. The phantom was first scanned on a
Siemens Biograph 64 True Point PET-CT scanner (Siemens Healthcare, Erlangen,
Germany). PET list-mode acquisition was performed for 10 minutes. CT was conducted
with 120 kVp, 66 mAs and reconstructed with 1.37x1.37 mm? in-plane resolution and 1 mm
slice thickness.

After the PET-CT scan, the MR acquisition was performed on a Siemens Tim Trio 3T MR
scanner (Siemens Healthcare, Erlangen, Germany) using WASPI and conventional gradient
recalled echo (GRE) imaging. The GRE images were obtained directly from the scanner as
DICOM files and the WASPI images were reconstructed using a dedicated in-house
reconstruction code from raw measurement data.

2.3 p-map generation and PET reconstruction

In this work, four different AC strategies were used:

» CTAC: AC based on the acquired CT images. The CT image volume was
processed using Siemens proprietary software to convert to a reference umap,
which is the same as is done on a clinical PET-CT. We take the CTAC as the
reference strategy.

*  Conventional MRAC: This is the standard MR AC strategy currently available on
the Siemens Biograph mMR. In this strategy, bone composition information is not
acquired and all bones are assumed to be soft tissue (linear attenuation coefficient p
=0.095 cm™1). Since glass is not visible on MR, in this study the p-map of the glass
container extracted from the reference p-map was added to the conventional
MRAC p-map.
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*  WASPI AC: This is the proposed AC strategy using WASPI MR sequence to
obtain accurate bone density. The WASPI MR signal intensity was mapped to
linear attenuation coefficients via a calibrated linear mapping function. In this
study, the linear function was determined by comparing the WASPI MR signal
intensity and the reference umap of two manually drawn regions of interest (ROISs)
in the bone. One of the ROIs was selected in the cortical bone, which is highly
attenuating, and the other was selected in the spongy bone with lower attenuation
coefficient. Other calibration techniques will be further discussed in the Discussion
section. Similar to conventional MRAC, the p-map of the glass container was
added separately.

» AC with fixed bone attenuation (ACFB): In this approach, the bone density
variation in the WASPI AC p-map was ignored, and all pixels were assigned a
linear attenuation coefficient p = 0.120 cm™! (Keereman et al., 2010; Ouyang et al.,
2013). This is similar to many UTE based segmentation approaches (Keereman et
al., 2010; Berker et al., 2012).

For all four umaps corresponding to these AC strategies, the voxel size was 2.67x2.67x2
mm?3. One PET image volume was obtained with each p-map using the same PET list-mode
data. The 3D ordered subset expectation maximization (3D-OSEM) reconstruction was
performed using Siemens proprietary software with random, scatter and point spread
function corrections. Other reconstruction parameters include: number of iterations = 3,
number of subsets = 21. All PET images were smoothed using a Gaussian filter with full-
width-at-half-maximum (FWHM) = 2 mm.

3. Results

Figure 3 shows a transverse slice of the CT volume and the corresponding slices of the GRE
MR and WASPI MR image volumes. The conventional GRE sequence provides good
contrast for soft tissue and bone marrow but no signal from the bone. In contrast, the
WASPI MR image exhibits signal from the bone but not soft tissue. More importantly, as
can be seen in the figure, the WASPI MR signal intensity is higher for the region of the bone
with higher CT HU value, hence more attenuating. Quantitative comparison between the CT
HU values and WASPI MR signal intensities was also performed with only bone voxels
extracted from the 3D image volumes. The linear correlation coefficient was found to be r =
0.78.

Since the interest is to use WASPI MR for accurate bone AC, the p-maps were further
derived from the CT and the WASPI MR images for comparison. Figures 4A and 4B show
the same slice of p-maps derived from the WASPI MR and the CT. These two p-maps
visually have excellent agreement, while the conventional MRAC p-map does not account
for the higher attenuation of the bone as shown in Figure 4C. To quantify the agreement of
the WASPI p-map and the CT-derived p-map, the joint histogram of the bone p values in the
WASPI AC p-map and CTAC p-map is shown in Figure 4D. The linear attenuation
coefficients of each voxel of the bone have excellent correlation between these two u-maps.
The linear correlation coefficient is r = 0.86.
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Attenuation corrected PET reconstruction was performed on the same PET data set with
CTAC, WASPI AC and conventional MRAC p-maps. An additional u-map ACFB was also
included for the reconstruction. Figure 5A shows a transverse slice of the CTAC p-map as
the reference. The PET image reconstructed with CTAC is shown in Figure 5B and Figure
5C in linear and log scales, respectively. Since the radioactivity was only added to the gel,
there is little signal inside the bone. Due to the difficulty in visually comparing the
reconstructed images, the bias maps are shown instead in Figures 4D, 4E and 4F. These
maps show the bias of the PET images reconstructed from the same PET raw data with
conventional MRAC, WASPI AC, and ACFB with CTAC as the reference. It can be seen
that conventional MRAC leads to large underestimation in the bone, while the bias is
considerably reduced in WASPI AC images. When the bone attenuation is set to a fixed
value rather than continuous, larger error can be observed comparing to WASPI AC, but still
considerably smaller than the error of conventional MRAC.

The above observation is further confirmed in Figure 6. This figure shows the joint
histograms of the PET activity of all the voxels in PET reconstructed with CTAC compared
with PET reconstructed with conventional MRAC, WASPI AC and ACFB. It can be seen
that among the three PET images reconstructed with various MR-based attenuation
correction strategies, WASPI AC provides the best agreement with the image reconstructed
with CTAC. The image using ACFB yields some overestimation (arrowhead). However, it is
still considerably more accurate than the image reconstructed with conventional MRAC, in
which large number of voxels suffers from overestimation (arrow). Table 1 further
quantifies these errors. WASPI AC provides the smallest bias and standard deviation.
WASPI AC and ACFB yield significantly more accurate PET quantitation, and the
difference between these two strategies is small when considering the entire phantom.
However, when only studying the bone, WASPI provides significantly better precision and
accuracy.

4. Discussion

In this work, we showed that the WASPI MR signal of the bone correlates with the CT bone
density. We used WASPI MR to generate a more accurate p-map for attenuation correction.
The PET images reconstructed with various AC strategies were studied. As demonstrated in
Figure 5 and Table 1, WASPI and ACFB both outperform the conventional MRAC.
However, when the region of interest is in the bone or close to the bone, accurate bone
attenuation provided by WASPI MR could significantly improve the accuracy and precision
of the PET estimates.

Due to the non-quantitative nature of MR imaging, calibration is needed for converting the
WASPI MR signal to bone density for AC purposes. One limitation of this work is that the
calibration was performed using two ROIs in the bone with different bone densities which
were compared with the CT-derived reference p-map. Its accuracy can be further improved
by using histogram mapping (Beyer et al., 2008). However, in PET-MR studies, CT images
will not be available in practice. The calibration can be performed by including a series of
bone and/or synthetic specimens of known density in the field of view to obtain a calibration
function mapping WASPI signal intensity to true density as was done in (Cao et al., 2008).
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Alternatively, similar to absolute quantification in MR spectroscopy (Thulborn and
Ackerman, 1983), absolute quantification of immobile proteins in the bone matrix might be
obtained by calibrating the proton signal intensity from a reference MR scan obtained
without water and fat suppression. The bone density can be derived from this information
and the WASPI signal intensity. The methodology of signal calibration warrants further
research and is beyond the scope of this work.

As can be seen in Figure 3, the WASPI MR image is relatively noisy under the acquisition
conditions used in this work. This is partly responsible for the relatively lower correlation
coefficient (r=0.78) between the CT HU values and WASPI MR signal intensity, compared
to the correlation coefficient (r=0.86) between the linear attenuation coefficients derived
from CTAC and WASPI AC. The voxel size of the WASPI MR acquisition is 1x1x1 mm3
in this work, which is significantly finer than the spatial resolution of the PET camera
(~4x4x4 mm?3). The resolution of the u map in the Biograph mMR is 2.67x2.67x2mm3, as a
result, 8 times higher SNR can be expected if the WASPI resolution is reduced to
2.67x2.67x2.67mm3. However, this is assuming the same FOV was used. In reality, the
FOV needs to be increased approximately by factors of 2.5 and 4 for head and body
imaging, respectively. This also leads to higher thermal noise due to a larger mass visible to
the RF coil. Also, different RF coils with different properties from the one shown in this
preliminary work need to be used for larger FOV. Moreover, greater RF power is required to
uniformly excite a larger FOV with a larger RF coil. The B1 generated by the body RF coils
is insufficient for excitation pulses on the order of 10 ps. A head transmit coil may be
practical in this application.

Another limitation of the proposed technique is its requirement for a special high speed
transmit/receive switch. Silicon diode switches (which are not actively driven by control
signals from the scanner) respond directly to the presence of transmitter power, and operate
at very high speed. The actively controlled PIN diode-based transmit/receive switches
typically used in clinical MRI scanners can handle higher levels of RF power and may have
superior on/off ratios, but usually switch far more slowly (on the order of 100 ps), although
they can be speeded up with proper design. Using silicon diode switches, or eliminating
switches entirely and depending on the transmit/receive isolation of a quadrature hybrid, will
shorten the receiver recovery time. The same modification needs to be made to other coils in
order to achieve a similar transit/receive switching time. Other limitations on the transmit/
receive switching time are the electronic recovery times of the amplifiers in the receiver
chain, the Q of the RF coil (high Q coils ring for a long time following the end of the RF
pulse), and the nature of the digital signal processing of the scanner (digital filters, like
analog filters, will ring following the huge signal spike accompanying the RF pulse).

In this preliminary work, the scan time of the phantom was approximately 8 minutes, which
is still too long to be used in a clinical setting. The acquisition time can be reduced by using
fewer k-space lines which sacrifices image SNR and spatial resolution. This can be utilized
with the help from compressed sensing reconstruction techniques since bone images are
intrinsically sparse in the image domain. Further study investigating the trade-off is
necessary. In this work, TR = 28 ms was used, which is significantly longer than the ~3 ms
TR for most UTE sequences. The reason for the long TR is to allow full suppression of
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water and fat signal before the acquisition of each line. Acquisition time can also be reduced
if TR can be reduced, such as using a more time-efficient water and fat suppression, or
acquiring several k-space lines after each suppression (Wiesinger et al., 2015).

Recently, some advancement on attenuation correction using UTE and ZTE sequences has
been reported for head PET/MR. A R2* based continuous attenuation correction strategy
using dual-echo UTE was presented (Juttukonda et al., 2015). In that study, the R2* values
were estimated from two UTE images with “TE” = 70 pus and 2.46 ms. Because of low SNR,
an arbitrary scaling of the short TE image was required to avoid negative R2* estimates, and
a 5 parameter fit to an arbitrary function was required to relate this estimated R2* to bone
density. As a result, quantitation accuracy for T2* (T2* = 1/R2*) values in the magnitude of
100 ps or less, which corresponds to compact bone with high attenuation effect, will suffer
from low SNR. WASPI, which is a zero echo time sequence using short hard pulse
excitation, is expected to be superior, especially for dense bone, since it samples data at the
earliest possible time after the RF pulse at full gradient. UTE either utilizes ramp sampling
or begins sampling at a considerable delay following the end of the RF excitation pulse.
Also, a promising proton-density-weighted ZTE segmentation approach has been shown to
yield better bone depiction than previously reported methods exploring T2 relaxation
differences (Delso et al., 2015; Wiesinger et al., 2015). A similar correlation between ZTE
MR signal intensity and CT Hounsfield units was also observed in that work. However,
misclassification for regions with dense bone due to insufficient MR signal was also
reported (Delso et al., 2015). WASPI is expected to perform better for dense bones since,
unlike simple ZTE (which does not suppress fluid signals), WASPI provides better
visualization of denser bones. In principle, ZTE and WASPI should yield the same signal for
dense bones, but WASPI suppresses the fluid signals and make the dense bones more
visible. In practice, the water and fat suppression of WASPI attenuates some of the dense
bone signal, so ZTE should yield the strongest dense bone signal.

5. Conclusion

This work provides preliminary evidence in a phantom for the use of WASPI MR to provide
continuous bone attenuation for PET-MR attenuation correction, which is capable of
accounting for intra- and inter-subject bone density variation. Additional studies in animal
and human subjects are required to further assess the performance of WASPI MR.
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Figure 1.
The schematic plot of the WASPI pulse sequences used to acquire (A) the main data set and

(B) the second data set for finer sampled k-space centre. (C) The chemical shift selective fat
and water saturation.
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Figure 2.
(A) 3D rendering of the phantom CT data with signal from gel removed, (B) a transverse

slice and (C) a coronal slice of the CT volume. The 3D rendering was performed using 3D
Slicer.
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Figure 3.
A transverse slice of the CT volume compared with the corresponding slice acquired using a

conventional GRE pulse sequence and WASPI. The signal intensity of the bone in the
WASPI sequence is similar to the corresponding CT HU values. Note that the phantom is in
a glass container, which has no MR signal but high HU values.
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Figure 4.
The p-map generated from (A) the WASPI MR images compared with (B) the CTAC u-map

and (C) the conventional MRAC p-map. (D) The joint histogram of the linear attenuation
coefficient (1 values) of the bone obtained from WASPI and CT. The linear correlation
coefficient is r = 0.86.
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Figure 5.
(A) A transverse slice of the CTAC p-map of the phantom, and the corresponding PET

image with CTAC in (B) linear and (C) log scales. The bias map of the slice of the PET
image volumes with (D) conventional MRAC, (E) WASPI AC and (E) ACFB, using the
PET image volume reconstructed with CTAC as the reference.
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Figure 6.
The joint histograms of the PET activities of all the voxels in the PET image volume

reconstructed with conventional MRAC, WASPI AC and ACFB compared to the image
volume reconstructed using CTAC. The arrow and arrowhead point to the biased pixels,
showing the overestimation caused by conventional MRAC and ACFB.
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Table 1

The mean and standard deviation of the errors of each AC strategy in the entire phantom or in the bone only.
CTAC was used as the reference.

Conventional MRAC WASPI AC ACFB
Entire phantom -14.3%+ 25.2% 1.0% £ 10.07%  -2.77%=* 12.43%
Bone only -37.8%z 30.71% 3.0%= 15.39% -9.7%+ 24.4%
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