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Combining Phase Images from Array Coils Using a Short
Echo Time Reference Scan (COMPOSER)
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Purpose: To develop a simple method for combining phase
images from multichannel coils that does not require a refer-
ence coil and does not entail phase unwrapping, fitting or iter-
ative procedures.

Theory and Methods: At very short echo time, the phase
measured with each coil of an array approximates to the
phase offset to which the image from that coil is subject. Sub-
tracting this information from the phase of the scan of interest
matches the phases from the coils, allowing them to be com-
bined. The effectiveness of this approach is quantified in the
brain, calf and breast with coils of diverse designs.

Results: The quality of phase matching between coil elements
was close to 100% with all coils assessed even in regions of
low signal. This method of phase combination was similar in
effectiveness to the Roemer method (which needs a reference
coil and was superior to the rival reference-coil-free
approaches tested.

Conclusion: The proposed approach—COMbining Phase data
using a Short Echo-time Reference scan (COMPOSER)—is a
simple and effective approach to reconstructing phase images
from multichannel coils. It requires little additional scan time, is
compatible with parallel imaging and is applicable to all coils,
independent of configuration. Magn Reson Med 77:318-327,
2017. © 2015 The Authors Magnetic Resonance in Medi-
cine published by Wiley Periodicals, Inc. on behalf of Inter-
national Society for Magnetic Resonance in Medicine
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INTRODUCTION

Phase information is used in susceptibility-weighted
imaging (SWI) (1), quantitative susceptibility mapping
(QSM) (2,3), and susceptibility tensor imaging (4), for the
depiction of iron accumulation in neurodegenerative dis-
orders (5) and for mapping in vivo conductivity (6). It
can also be used to measure changes in temperature (7)
and encode flow velocity in phase contrast angiography
(8). Phased array radiofrequency (RF) coils provide
higher signal to noise ratio (SNR) than volume coils (9),
allow acceleration through parallel imaging and simulta-
neous multislice methods (10-13), and enable control
over patterns of transmit RF (BY) via parallel transmit
excitation (14,15). These features are particularly advan-
tageous at ultra-high static magnetic field (7 T and above)
because of inhomogeneous B1.

Data from array coil elements are optimally combined
by weighting each signal by the respective coils’ complex
sensitivity (16). Coil sensitivities can be determined using
a homogeneous reference scan (9,10). At 3T and lower
field strengths, this is generally acquired with a volume
coil, such as a body coil. In the absence of a body coil at
ultra-high field, a local transceive (eg, birdcage) coil may
be used, although this may not be very homogenous and
may not be engineered to receive signal. This is often the
case with parallel transmit arrays, for instance. If sensitiv-
ity maps cannot be acquired, the magnitude image from
each coil is a reasonable approximation to the magnitude
of the sensitivity of that element, and a root sum of
squares (rSOS) reconstruction is an SNR-optimized and
computationally efficient method to create a combined
magnitude image (17). Combining phase information from
the receive array is more challenging, however, since, in
addition to susceptibility effects, the measured phase in
each coil is subject to a unique phase offset.

In reconstructing multi-echo data, the temporal evolu-
tion of the phase can be wused to isolate the
susceptibility-related contribution, the usual quantity of
interest. Building on phase difference imaging (18), a
number of recent methods pose sophisticated, low-noise
solutions to the multi-echo problem (eg, using singular
valued decomposition (19) and the methods known as
MAGPI (20) and CAMPUS (21)).

The reconstruction of single-echo data, however,
requires phase offsets to be measured, modeled or
approximated. Constant contributions to the phase offset
can be removed by setting the phase to zero in all coils
at the center of the image (22), although the effectiveness
of this approach decreases with the distance from the
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center, and SNR in the combined image decreases
accordingly. An alternative solution is to refer single-
channel phases to a virtual body coil (23,24) or virtual
reference coil (25). This yields excellent phase matching
where a combined virtual coil image without signal
voids can be generated via a linear combination of the
individual channels. This requires overlap in coil signals
and can fail for large objects (eg, at circa half a wave-
length from the matching position for the method pre-
sented in (25)), and the combined image retains arbitrary
contributions to the phase; that is, it does not reflect
magnetic susceptibility alone. Physical phase offsets can
be calculated explicitly from a multi-echo acquisition
(MCPC-3D) (26), although this involves phase unwrap-
ping, which is time consuming and prone to error.

A recent study has shown that a measurement at a short
echo time (TE) can be used to phase spectra from array
coils (27). We propose a method of combining images
from array coils that applies a similar approach to imag-
ing. A reference scan is acquired at an echo time that is
sufficiently short to ensure that the phase measured in
each coil approximates the phase offset. The phase of this
short TE reference image is subtracted from the phase of
the scan to be reconstructed, matching the phases in the
individual coils, thereby allowing them to be combined.
We call this approach COMbining Phase data using a
Short Echo time Reference scan, or COMPOSER.

THEORY

The combination of magnitude images is considered
first. In the absence of knowledge of coil sensitivities, a
combined magnitude image can be generated from the
sum of ] individual channel magnitudes of the target

scan (the scan to be reconstructed), M,,, .., as follows:

Mss = EMTARGET.I' (1]
1

The subscript SS denotes a simple sum. As in subse-
quent descriptions, spatial indices have been omitted as
the formalism applies to all voxels equally. An SNR-
optimized combined magnitude image can be generated
by weighting the magnitude from each channel by itself
(as an estimate of the magnitude sensitivity) in a root
sum of squares (rSOS) (17):

_ 2
Misos = 1/ Z MTARGET.I' (2]

Analogous operations cannot be applied usefully to
the phase because of disparate phase offsets. The phase
offset consists of inhomogeneous B and B; phase
(26,28), a linear gradient in the readout direction intro-
duced by timing errors in the acquisition (27) and a con-
stant term reflecting eg, the length of the receiver chain.
In contrast to the phase arising from local field effects,
the phase offset is constant over time.

Neglecting small nonlinear effects caused by multiple
water compartments and white matter anisotropy (29),
incompletely compensated flow, as well as wraps and
noise, the total measured phase 6; in the Ith coil at TE, is
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where AB, is the local deviation from the static magnetic
field, vy is the gyromagnetic ratio, and 6y, is the phase
offset. When the assumption of linearity holds, a multi-
echo acquisition allows 6g; to be calculated from two or
more measurements of 6;, although these need to be
unwrapped (26).

The simple observation underlying the coil combina-
tion with the method proposed here is that 6; approxi-
mates to 6p; if TE is sufficiently small. We call this
phase value Osggj, the phase in a short echo time refer-
ence scan (SER). Subtracting 0sgr; from the phases of
the corresponding coils in the scan to be reconstructed,
Orarcer,., phase-matches the coil elements, allowing
them to be combined using the complex sum

— i(07arGET 1 —OsER1)
0composer = £ E M, i, X €'V TARGET . [4]
1

The 2 symbol denotes the four-quadrant tangent
inverse of the complex sum (which is usually called
atan2 in computer languages). Weighting by the square
of the magnitudes, rather than the simple magnitude,
yields a combined image with noise variation similar to
that obtained using the optimum combination if there is
no noise correlation between channels (30). We use sim-
ple magnitude weighting in this study and neglect noise
correlation to allow comparison with other recent meth-
ods (22,26,31).

Combined magnitude images can also be generated
from complex images that are phase-matched in this
way. As an alternative to Eq. [1], a combined magnitude
image can be generated from the phase-matched complex
summed signal as follows:

_ 1(07aRGET1—O5ER1)
Mcomposer_s = ﬂbS( g M, por, X €' TARGETIZOSER ) [5]
]

SNR is increased by squaring the magnitude images of
the target scan to provide sensitivity weighting, analo-
gous to M,sos

_ E 2 1(07ARGET 1—0sER 1)
Mcowmposer-w = \/abs< MTARGET.I x € 5 [6]
1

in which the subscripts of Mcomposer “_S” and “_W” in
Egs. [5] and [6] stand for simple and weighted, respec-
tively. The attributes of these phase and magnitude
images will be assessed in the following sections.
Finally, for high SNR voxels, the quality of phase match-
ing is reflected by the constant Q:

M,
Q=100 x (ME00S), 17

where Mjygrhop_s is the simple combined magnitude
image for the phase reconstruction method being assessed
(in the case of COMPOSER, described by Eq. [5]).

Supporting Figure S1 illustrates how the quality of
phase matching is reflected in the magnitude ratio Q,
which has been used in previous work (26,32).
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METHODS

Eight healthy volunteers (two females, six males), par-
ticipated in the study. The six males (age range 25-33
years) took part in the main study of the brain; one
healthy female, aged 25, participated in the breast study;
and one healthy 23-year-old female participated in the
calf measurements. The subjects participated with writ-
ten informed consent to the studies, which were
approved by the Ethics Committee of the Medical Uni-
versity of Vienna.

Measurements were made with a 7T MR whole body
Siemens Magnetom scanner (Siemens Healthcare, Erlan-
gen, Germany).

The following measurements were performed to allow
the comparison of the performance of COMPOSER with
other phase combination methods in the brain. Six sub-
jects were studied with a 32-channel head coil (Nova
Medical, Wilmington, Massachusetts, USA), consisting
of a birdcage transceive coil and 32 receive elements.

Target Scan

The scan to be reconstructed was a high-resolution,
axial, three-dimensional (3D) flow-compensated gradi-
ent-echo acquisition with TE =15 ms and repetition time
(TR)=28 ms, GRAPPA factor 2 with a 704 x 572x96
matrix, 0.3 mm in-plane resolution and 1.2 mm-thick sli-
ces, with a receiver bandwidth of 140Hz/pixel and
acquisition time (TA)=10min 18 s. This is a similar pro-
tocol to that used in a previous phase combination study
(26) and clinical research by our group (eg, (33)).

Short Echo Time Reference Scan

The short-echo-time reference scan was acquired with a
3D variable echo time (VTE) sequence. This Fourier-
encoded spoiled gradient-echo sequence achieves short
variable echo times by using nonselective excitation,
asymmetric readouts, and the shortest TE possible for
each readout (34,35). The matrix size of the SER scan
was 128 x 104x72 (2 x 2x4mm® resolution), VTE/
TR=0.8/5 ms, receiver bandwidth of 400Hz/pixel,
TA=11s.

Other Reference Scans

A two-dimensional (2D) dual-echo gradient-echo scan
was acquired with a monopolar readout and (TE1,TE2)/
TR =(4.6, 9.3)/606 ms, GRAPPA 4, TA=27 s, with a
128x128 matrix and 32 slices of 3.0 mm thickness and a
230x230 FoV (giving 1.7mm in-plane resolution) for one
of the comparison methods, MCPC-3D (26).

For one subject, two GE scans were acquired, the first
with the 32-channel phased array, the second with the
birdcage transceiver coil, for the Roemer/SENSE method.
The parameters were the same as for the MCPC-3D scan
except that they were single echo with TE/TR =5.0/360
ms.

Multi-echo Acquisition

A high-resolution multi-echo scan was also acquired to
allow comparison between COMPOSER and the phase
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difference (fieldmap) method (18). This was a triple-echo
gradient-echo acquisition with a matrix size of
448 x 364 %224 (isometric voxels of 0.5 mm side length),
monopolar readout and TE=[7.5, 13.0, 19.5] ms. The
bandwidth was 310 Hz/pixel, TA=12min 3 s.

COMPOSER was also tested with two additional RF
arrays, for the breast and calf. In contrast to the head
array, these were not able to generate an independent,
volume-reference image with which to perform a Roemer
el al. style reconstruction (9).

Breast Measurements

Measurements of the breasts of a healthy 25-year-old
female were made with a four-channel double-tuned
¥1P/™H coil (Stark Contrast; MR Imaging Coils Research,
Erlangen, Germany). This coil is optimized for phosphor
investigations, but only the proton capability was used
in this study. The same two proton coil elements (one
for each breast) were used for excitation and reception;
however, for reception, the RF signal from each loop was
preamplified and processed separately. The target scan
was an axial 3D GE acquisition with a matrix size of
192 x 132x160 (1.6 x 1.6 x 1.3 mm® resolution), flip angle
(FA)=5°, TE/TR=3.2/7 ms, TA=1min 42 s. The SER
scan was an axially acquired vTE with a matrix size of
128 x 88x52 (resolution 2.5 x 2.5 x5.0mm?®), FA=5°,
VvITE/TR=0.6/2.3 ms, TA=11s.

Calf Measurements

Measurements of the right calf of a healthy 23-year-old
female were made with the two-channel 'H array of an
RF coil, which is typically used together with a 3 chan-
nel *'P array to study phosphor metabolism (36). The *'P
array was removed for these measurements to reduce
unnecessary losses resulting from coupling. The two 'H
channels were decoupled using a shared conductor and
capacitor. The RF signal was split into two equal parts
via a 90° hybrid coupler, simultaneously achieving the
90° phase shift needed for quadrature. The target scan
was an axial 3D GE acquisition covering the gastrocne-
mius and soleus muscles, with a matrix size of
256 x 256x120 (resolution 0.55 x 0.55 x 2.0 mm?®), FA=5,
TE/TR =10.0/15 ms, GRAPPA factor 2, TA=1min 41 s.
The SER scan was an axial-acquired vTE with a matrix
size of 96 x96x120 (resolution 1.5 x 1.5 x 2.0mm?®),
FA=5°, vTE/TR=0.6/2.5 ms, TA=11s.

The phase and magnitude data for each channel were
stored for all acquisitions.

Analysis

Other than the Adaptive Combined reconstruction,
which was performed on the scanner’s image recon-
struction computer, the methods were implemented in
and assessed with MATLAB (Mathworks Inc, Natick,
Massachusetts, USA). The steps in COMPOSER are
illustrated in Figure 1. The SER reference data were
coregistered to the high-resolution scan using FSL’s
FLIRT (www.fmrib.ox.ac.uk/fsl/) (37). The transforma-
tion from the space of the SER scan to that of the target
scan was derived from coregistering the SER rSOS
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FIG. 1. Steps in the COMPOSER method, illustrated for eight channels of a 32-channel head coil. Single-channel phase images from
the scan to be reconstructed (a) the target—a high-resolution GRE acquisition—show disparities resulting from surface coil sensitivities
as well as common variation due to local deviation from the static magnetic field (eg, in frontal regions). Phase images from a short-
echo-time reference scan (b) reflect phase offsets; the superposition of a circularly symmetric variation from B} (the same in all images)
and a channel-specific By are apparent, but no visible susceptibility-related contribution. SER images are coregistered to the high-
resolution GRE scan, and the SER phase subtracted from the phase of the target scan, after which these appear identical (c). Combined
phase (d) and magnitude images (e) are generated according to Egs. [4] and [5].

magnitude image to the target rSOS magnitude image.
This transformation was applied to the single-channel
SER data in rectangular coordinate (real and imaginary)
form to avoid artifacts interpolating phase values close
to wraps. The SER phase in the target space was sub-
tracted, voxel-wise and channel-wise, from the phase of
the target scan before the summation over channels and
calculation of the combined phase and magnitude
according to Egs. [4] and [5], respectively.

COMPOSER reconstructions were compared with the
reconstructions from the following methods: 1) the com-
plex sum of coil signals with no phase correction
applied; 2) the Hammond method (an image-based
phase-matching approach based on the subtraction of a

channel-dependent constant (22)); 3) the Adaptive Com-
bined method implemented on the scanner console
(Syngo baseline version N4_VB17A_LATEST_20090307);
4) MCPC-3D-II (26), which calculates the phase offsets
from a dual-echo reference scan (using PRELUDE in 2D
(38) to spatially unwrap separate channel data and inter-
slice phase-jump corrected as described in (26)); 5) the
Roemer method (9) (one subject only); and 6) the phase
difference method (ie, the voxel-by-voxel Hermitian
inner product (Eq. [3] in (39); see also (40); applied to
the multi-echo data from one subject).

The quality of phase matching in each voxel was
assessed via the metric Q (see Eq. [7]). Histograms of Q
were generated within individual brain masks generated
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FIG. 2. A comparison of the quality of phase images generated with COMPOSER and the other approaches tested (one subject). The
left panel shows the same slice (slice 26). Magnitude images (Mss) are scaled identically and the quality parameter Q is defined in Eq.
[7] (low Q values reveal poor phase matching). No Correction: The magnitude and Q values were generally low and many slices had
regions of very low SNR (see slice 46 in right panel). Hammond: The magnitude and Q values were high at the center of the image but
low in distal slices, as illustrated in the slice in the right panel. Adaptive Combined: No magnitude or Q maps were available, but phase
images showed open-ended fringe lines, indicating complete signal loss. After processing, these persisted as isolated point artifacts
(see arrow 1). MCPC-3D-II: Phase matching was generally very good, with most regions having Q values close to 100%. The origin of
isolated artifacts (at arrows) is described in the main text and Supporting Figure S3. With both the Roemer method and COMPOSER,
the Q values were close to 100% throughout the brain and in regions of disconnected tissue such as the eyes and scalp. No artifacts
were apparent in either approach, although there was a larger background phase variation in the Roemer reconstruction.

with BET (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) (41).
To avoid the inclusion of voxels within the brain which
had very low SNR (eg, in large veins), voxels in which
the sum magnitude of the target scan was less than 3%
of the median were excluded.

Combined phase images were unwrapped with
PRELUDE in 2D (38) and the Cusack method (42), and
the results were assessed for gross unwrapping errors.
To allow a qualitative assessment of phase images gen-
erated with approaches 1-5 above, phase wraps were
removed from the combined images using Laplacian
unwrapping (4) as implemented in STI suite (http://
people.duke.edu/~cl160/) and were high-pass filtered.
In the first subject scanned, magnitude images Mgs,
M;sos: Mcomposer s, and Mcomposer w were calcu-

lated according to Egs. [1], [2], [5], and [6], respec-
tively, and noise was estimated using the standard
deviation in a background region.

RESULTS

Reconstructions with all of the single-echo reconstruc-
tion methods under consideration are illustrated for the
same subject and slice in Figure 2, left panel. Regions
particularly affected by artifacts are shown in the right
panel, with enlargements, and compared with the COM-
POSER reconstruction of the same slice and enlarged
region. The magnitude (Mss) and Q values were low for
No Correction and for the Hammond method distal from
the center of the image, reflecting poor phase matching
(see arrows). The value of Q was approximately 5-10%
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at the positions marked by arrows, but no open-ended
field lines were visible in the combined phase images.
These could be unwrapped with PRELUDE without
errors, but were noisy at positions where Q was low, as
is apparent in the processed phase images of the other
slices (see enlargements in right panel for slices 46 and
24, respectively). No Q values could be calculated for
the Adaptive Combined method as a result of a scanner
software restriction (that separate channel data could not
be written out), but open-ended fringe lines were evident
in some slices, indicating complete signal cancellation.
The point artifact shown in one such slice (slice 61,
arrow 1) extended over many slices. Generally, magni-
tude and Q values were high with MCPC-3D-II, although
errors in unwrapping single-channel phase values led
to reduced Q values within the brain (arrow number 2)
and areas of disconnected signal (eg, the scalp, at arrow
number 3, the eyes at arrow number 4) and in frontal
and ventral areas (in more inferior slices, not shown).
An artifact arising from a phase-unwrapping error is
shown in a superior slice, number 78 (arrow 5). Phase
matching was almost perfect with the Roemer method
and with COMPOSER; images were artifact-free and the
Q values were close to 100% within the image. The main
difference between the Roemer and COMPOSER results
was that the Roemer phase was subject to a slow back-
ground variation reflecting Bf inhomogeneity, apparent
as an additional closed isophase contour at arrow 6. A
left-right profile through the center of this slice showed
a total phase variation of approximately 6 rad in the
COMPOSER reconstruction and 11 rad in the Roemer
reconstruction.

These observations about phase-matching quality,
illustrated by isolated slices in a single subject, are con-
firmed by the whole-brain quantification (Fig. 3), which
was for six subjects for all methods other than Roemer
(one subject). The median value of Q was 19.0 +0.9%
with no phase correction, 50.9 + 2.2% with Hammond,
96.9 = 2.3% for MCPC-3D (with PRELUDE in 2D), 99.2%
for Roemer, and 98.9 = 0.5% for COMPOSER.

COMPOSER phase images could be unwrapped with-
out errors with PRELUDE in 2D and the Cusack method,
and are shown for all subjects in Supporting Figure S2.

The origin of a small fraction of poorly matched vox-
els in MCPC-3D (those to the left of the shoulder at
approximately 95% in Fig. 3) is explored in Supporting
Figure S3: Spatial phase unwrapping of phase images
from the two TEs led to different shifts in the position
of an unresolvable, open-ended fringe line (at cyan
arrows). Similarly, signal from the scalp and eyes was
not consistently unwrapped because of a lack of conti-
nuity between these regions and the brain (eg, at green
arrow). Likewise, the low signal in frontal areas, partic-
ularly at the second TE, led to errors in this region (dis-
continuity at red arrow). The phase image used in
COMPOSER has a higher signal throughout because of
the short TE (0.8 ms). Two wraps are visible: a well-
behaved open-ended fringe line at the yellow arrow
numbered 1), which originates in a region of the image
where there is no signal (see magnitude at the corre-
sponding position)—a legitimate occurrence in a single-
channel image; and a resolvable closed loop at the
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FIG. 3. Quantitative comparison of the quality of phase matching,
assessed using the quality metric Q, defined in Eqg. [7]. Plots are
mean values over the brains of six subjects, except the Roemer
method, which is for one subject. The ordinate has been scaled
logarithmically to allow comparison of the relative number of vox-
els with poor matching.

arrow numbered 2. This phase image is applied without
unwrapping in the COMPOSER combination, thus
avoiding potential errors from the propagation of wraps.

COMPOSER phase images are compared with those
from a conventional multi-echo phase difference image
in Figure 4. The enlargement shows structures of the
ventral tegmental area and the substantia nigra pars com-
pacta (SN), which are clearly less noisy and better
resolved in the COMPOSER reconstruction. The fact that
COMPOSER (and the other combination approaches
tested) can be applied to single-echo data means that
higher resolution and lower bandwidth can be used with
a similar TE and acquisition time, affording an improve-
ment in the quality of imaging of this region (Fig. 4, bot-
tom, same subject).

A comparison of signal in the image background was
performed between magnitude-only reconstructions (Sup-
porting Figure S4, left: Mgs and M,sos (Egs. [1] and [2],
respectively)) and COMPOSER reconstructions, which use
complex, phase-matched data (Supporting Figure S4,
right: Mcomposer s and Mcomposer w (Egs. [5] and [6],
respectively)). No difference is apparent if images are
visualized with windowing over the full range of values
(ie, between Mgs (Supporting Figure S4, top left) and
Mcomposkr s (same figure, top right), and between M,;s0s
(bottom left) and (bottom right)). A closer inspection of
low signal values in the natural logarithms of the same
images (Supporting Figure S4, central four subfigures),
however, reveals reduced background in the COMPOSER
reconstruction (see red arrows in figure). This impression
is confirmed by noise measurements made in one subject.
The background noise in Mcomposer s Was lower than in
Mgs (64 =55 c.f. 217 =46), and lower in Mcomposer w
than M;s0os (26 =16 c.f. 46 +13). This phenomenon
explains the low Q values observed in the background of
Figure 2; all methods using a complex sum have a lower
signal in noise voxels than the (magnitude only) simple
sum.
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NE=3: Phase Difference (6,-0,)

FIG. 4. A comparison of the quality of a COMPOSER phase image
and a phase difference reconstruction, illustrated in a detail of an
axial midbrain slice at the level of the superior colliculus (CP, cere-
bral peduncles; SN, substantia nigra; RN, red nucleus; MB, mam-
millary body). In the multi-echo data (NE=3; top and center), the
COMPOSER reconstruction of the second echo (middle) is less
noisy than the phase difference between the first and second
echo (top). Additional SNR gain is made with a single-echo acqui-
sition with a lower bandwidth (bottom, from the protocol acquired
for the group of six subjects), which was only possible with the
COMPOSER approach. The images have been scaled to yield
similar contrast.

Supporting Figure S5 and Figure 5 show examples of
phase matching with COMPOSER in the breast and calf,
respectively. Both the breast and calf coils have two ele-
ments that yield very different phase images. These
appear almost identical, apart from noise, after phase
matching (COMPOSER-corrected GE), with Q values
close to 100% throughout the images. The combined
images could be spatially unwrapped.

Robinson et al

DISCUSSION

We have presented a method for combining phase data
from phased array coils. A coil-wise subtraction of the
phase measured in a fast, short TE reference scan from
the phase in the scan of interest removes phase offsets,
allowing complex data to be summed over channels.
This approach was tested with coils of diverse designs
in the brain, calf, and breast.

A large number of solutions to the problem of combin-
ing phase from phased array coil have been proposed in
recent years. The need for appropriate methods has been
stimulated by a realization of the clinical research poten-
tial of high-resolution phase imaging with ultra-high
field MR scanners that do not have a body coil with
which to perform the reconstruction described by
Roemer et al (9). Some array coils have a transceive part
that could be used in place of a body coil, although this
will generally not be very homogeneous, and will intro-
duce Bi phase inhomogeneity into the combined image,
an effect visible in Figure 2 and seen in other studies
(eg, Fig. 1 in (43)).

The comparison methods in this study have a range of
features. The Hammond method (22) is computationally
light but known to be imperfect distal from the object
center, especially at field strengths, at which the wave-
length (which is close to 12 cm in tissue at 7 T compared
with approximately 30cm at 3T (28)) is comparable to
the object size. MCPC-3D yields good phase matching
and has been adopted quite widely (44—46). This method
requires spatial unwrapping of the phase data, however,
which is challenging because of highly inhomogeneous
signal in single-channel phase images. Regardless of the
spatial unwrapping method used (PRELUDE in 2D and
3D (38), PHUN (47), CUSACK (47)), we found that
unwrapping led to open-ended fringe lines in areas of
low signal and errors where there was disconnected sig-
nal. These propagated into areas of higher signal, thus
corrupting the combined phase. Such errors, also
observed in the Hammond and the Adaptive Combined
approaches, pose the risk of being misinterpreted as
microbleeds or other pathologies (3,48). COMPOSER has
a computational complexity similar to the MCPC method
but achieves better phase matching than MCPC-3D (the
best alternative reference-free method tested) and equiva-
lent to that achieved with the Roemer method (which
needs a volume reference coil). Bf inhomogeneities are
present in the Roemer reconstruction. Although high-
pass filtering in SWI and QSM processing removes these,
there are contexts, such as distortion correction in EPI,
in which it is useful for single-echo phase images to con-
tain no other phase contribution than that from the BO
field (49,50). The COMPOSER reconstruction removes
B1 variations over the object as long as the same RF exci-
tation pulses are used for the SER and target scans. The
use of different RF pulses for the two scans would not
affect the quality of phase matching, but the ratio of the
phases of the two would be retained in the combined
image. As in the Roemer phase images in the brain, no
artifacts were observed with COMPOSER in the brain,
calf, or breast with coils of quite different designs.
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FIG. 5. Demonstration of the quality of phase matching and reconstruction with COMPOSER with a calf coil with no volume reference.
The phase images from the two proton channels (“GE” column) show little similarity before phase matching, but appear identical after
phase matching. The Q values are close to 100% throughout the image. The combined phase image could be spatially unwrapped.

Multi-echo phase imaging has SNR advantages over
single-echo phase imaging and opens up the possibility
to combine phase images using the temporal evolution of
the phase (eg, using singular value decomposition (19)).
However, the total volume of data, gradient switching
demands, dB/dt limitations and short T2* star values at
UHF (in some tissues in particular (51)) may contribute
to multi-echo imaging being undesirable in some con-
texts. For this reason, we focused on approaches that do
not need a reference coil measurement and that can be
applied to single-echo acquisitions.

The subtraction of SER phase in COMPOSER could
potentially decrease phase contrast, increase noise, and
introduce errors into the scan being reconstructed. In
practice, however, the very short TE and low resolution
of the SER scan mean that these phase images contain
minimal susceptibility-related phase and have high SNR,
even in regions affected by signal loss in the target acqui-
sition. Both of these favorable characteristics of SER
images are enhanced by the smoothing involved in the
interpolation during image coregistration. As a conse-
quence, there is no noticeable reduction in phase con-
trast or increase in noise as a result of the phase-
matching process, in contrast to conventional phase dif-
ference imaging.

Phase-matched, multi-channel data can also be used as
the basis for an improved magnitude reconstruction.
Magnitude-only reconstructions such as the root sum-of-
squares add the noise from each coil. In contrast, in com-
plex sums, noise tends to cancel, as the complex signals
point in all directions with equal probability (52). Our
findings are in line with that understanding: Magnitude
reconstructions from complex data (M composer s and
M composer w) had lower signal in voxels in the back-
ground and veins. This might provide an improvement
in the contrast between veins and surrounding tissue in
SWI, for instance. Because this effect increases with the
number of coils, it is expected to become more relevant
with the next generation of head and cardiac arrays with
even larger numbers of elements (53).

The use of the metric Q has allowed the quality of
phase matching to be assessed without knowledge of the
ground truth phase, but is subject to two limitations.
First, Q should only be close to 100% in voxels with
high SNR. For low SNR voxels (eg, background), noise
cancels in the complex reconstructions and a low value
of Q is desirable. A magnitude threshold was applied to
exclude these voxels from our analysis. Second, Q values
do not reflect some desirable properties of phase images
such as contrast. For instance, setting the phase of all
voxels to zero in all channels would lead to Q values of
100%, but eliminate phase information. Phase recon-
struction methods that are likely to result in dramatically
different contrast (because they are dependent on high-
pass filtering, for instance) should be compared on the
basis of phase contrast and the phase-matching metric Q.
Finally, we have chosen to define QQ as the ratio of
MmeTHOD] s/ Mss, to enable the comparison with previ-
ous work (26). A less intuitive but equally informative
measure would be Mivrtnop; w/Misos. The use of this
index would not affect the relative performance of the
methods tested nor the conclusions reached in this
study.

The SER scan should have a TE that is short compared
with the T2* of the tissues being imaged and be free of
artifacts. If coregistration to the target scan is required
(rather than simple linear interpolation, for instance), it
must be well resolved so that coregistration can be accu-
rately performed. The use of low resolution is an advant-
age in achieving short TE and high SNR, and also in
blurring the small amount of susceptibility-related phase
evolution present. Gibbs ringing in very low resolution
SER acquisitions (below approximately 3 mm isotropic
resolution) led to a reduction in the quality of phase
matching by a few percent. A preparatory study reduced
this to negligible levels by using the voxel sizes of circa
2mm. A vTE sequence with nonselective excitation was
used for the SER measurements in this study. In the
brain, the median quality of phase matching was close to
99% (98.9+0.5%). A small number of voxels had
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reduced values (Q circa 95%) as a result of wrap-around
of a signal intensity from ventral regions in the SER scan
into the top slices. Although COMPOSER outperformed
the other reference-free reconstruction approaches signif-
icantly, slight further improvement (to parity with
Roemer) could be achieved using selective excitation or
increasing the imaging slab in the head-foot direction.
Other short TE sequences could also be deployed, such
as UTE (54), PETRA (55), or simply a GE scan with the
shortest possible TE. Our preparatory experiments sug-
gest that a conventional low-resolution GE is adequate,
although some reduction in phase contrast would be
expected if the echo times of the SER and the target scan
would be similar (eg, in imaging very short T2* species).
A further limitation of this study is that, for consistency
with other methods (22,26), simple magnitude weighting
(instead of magnitude squared weighting) was used in
the calculation of combined phase images and that noise
correlation between channels was neglected in the calcu-
lation of both combined magnitude and phase images.

In addition to removing B7, which is essential to allow
the combination of the channels without destructive
interference, COMPOSER removes BY, under the proviso
that the same pulses are used for the SER and target
scans. The use of different pulses would lead to the
residual of B -related phase, which, being common to all
channels, would not compromise the quality of the com-
bination but might be undesirable in some contexts.

In conclusion, we have presented a simple method for
the combination of phase data from coil arrays. A fast
reference scan with a short TE is used to measure the
phase offset of each coil. Subtracting this from the corre-
sponding phase values of a (generally high resolution)
scan of interest removes both Bf and B7 inhomogene-
ities, matching the phases from the coils and allowing
the complex signals to be combined. This method (COM-
POSER) requires no reference coil, making it feasible for
use with all phased arrays, including parallel transmit
arrays. It is compatible with parallel imaging, requires
no phase unwrapping, fitting or iterative steps, and pro-
vides phase matching that is superior to that achieved
with the other reference coil—free approaches tested.

ACKNOWLEDGMENTS

This study was funded by the Austrian Science Fund
(FWF) project KLI264.

References

1. Reichenbach J, Venkatesan R, Schillinger D, Haacke E. Small vessels
in the human brain: MR-venography with deoxyhemoglobin as an
intrinsic contrast agent. Radiology 1997;204:272-277.

2. Shmueli K, de Zwart JA, van Gelderen P, Li TQ, Dodd SJ, Duyn JH.
Magnetic susceptibility mapping of brain tissue in vivo using MRI
phase data. Magn Reson Med 2009;62:1510-1522.

3. Haacke EM, Liu S, Buch S, Zheng W, Wu D, Ye Y. Quantitative sus-
ceptibility mapping: current status and future directions. Magn Reson
Imaging 2015;33:1-25.

4.Li W, Wu B, Liu C. Quantitative susceptibility mapping of human
brain reflects spatial variation in tissue composition. Neurolmage
2011;55:1645-1656.

5. Haacke EM, Cheng NY, House MJ, Liu Q, Neelavalli J, Ogg R], Khan
A, Ayaz M, Kirsch W, Obenaus A. Imaging iron stores in the brain

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Robinson et al

using magnetic resonance imaging. Magn Reson Imaging 2005;23:
1-25.

. Kim DH, Choi N, Gho SM, Shin J, Liu C. Simultaneous imaging of

in vivo conductivity and susceptibility. Magn Reson Med 2014;71:
1144-1150.

. Ishihara Y, Calderon A, Watanabe H, Okamoto K, Suzuki Y, Kuroda

K, Suzuki Y. A precise and fast temperature mapping using water
proton chemical shift. Magn Reson Med 1995;34:814—823.

. Bryant DJ, Payne JA, Firmin DN, Longmore DB. Measurement of flow

with NMR imaging using a gradient pulse and phase difference tech-
nique. ] Comput Assist Tomogr 1984;8:588-593.

. Roemer PB, Edelstein WA, Hayes CE, Souza SP, Mueller OM. The

NMR phased array. Magn Reson Med 1990;16:192-225.

Pruessmann K, Weiger M, Scheidegger M, Boesiger P. SENSE: sensi-
tivity encoding for fast MRI. Magn Reson Med 1999;42:952-962.
Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V, Wang J,
Kiefer B, Haase A. Generalized autocalibrating partially parallel
acquisitions (GRAPPA). Magn Reson Med 2002;47:1202—1210.

Breuer FA, Blaimer M, Heidemann RM, Mueller MF, Griswold MA,
Jakob PM. Controlled aliasing in parallel imaging results in higher
acceleration (CAIPIRINHA) for multi-slice imaging. Magn Reson Med
2005;53:684—-691.

Setsompop K, Gagoski BA, Polimeni JR, Witzel T, Wedeen VJ, Wald
LL. Blipped-controlled aliasing in parallel imaging for simultaneous
multislice echo planar imaging with reduced g-factor penalty. Magn
Reson Med 2012;67:1210-1224.

Zhu Y. Parallel excitation with an array of transmit coils. Magn
Reson Med 2004;51:775-784.

Katscher U, Bornert P, Leussler C, van den Brink JS. Transmit
SENSE. Magn Reson Med 2003;49:144-150.

Bydder M, Larkman DJ, Hajnal JV. Combination of signals from array
coils using image-based estimation of coil sensitivity profiles. Magn
Reson Med 2002;47:539-548.

Larsson EG, Erdogmus D, Yan R, Principe JC, Fitzsimmons JR. SNR-
optimality of sum-of-squares reconstruction for phased-array mag-
netic resonance imaging. ] Magn Reson 2003;163:121-123.

Bernstein MA, Grgic M, Brosnan TJ, Pelc NJ. Reconstructions of
phase contrast, phased array multicoil data. Magn Reson Med 1994;
32:330-334.

Khabipova D, Wiaux Y, Gruetter R, Marques JP. A modulated closed
form solution for quantitative susceptibility mapping—a thorough
evaluation and comparison to iterative methods based on edge prior
knowledge. NeuroImage 2015;107:163—174.

Dagher J, Nael K. MAGPL: a framework for maximum likelihood MR
phase imaging using multiple receive coils. Magn Reson Med 2016;
75:1218-1231.

Feng W, Neelavalli J, Haacke EM. Catalytic multiecho phase unwrap-
ping scheme (CAMPUS) in multiecho gradient echo imaging: remov-
ing phase wraps on a voxel-by-voxel basis. Magn Reson Med 2012;
70(1):117-126.

Hammond KE, Lupo JM, Xu D, Metcalf M, Kelley DA, Pelletier D,
Chang SM, Mukherjee P, Vigneron DB, Nelson SJ. Development of a
robust method for generating 7.0 T multichannel phase images of the
brain with application to normal volunteers and patients with neuro-
logical diseases. NeuroImage 2008;39:1682—1692.

Buehrer M, Boesiger P, Kozerke S. Virtual body coil calibration for
phased-array imaging. In Proceedings of the 17th Annual Meeting of
the ISMRM, Honolulu, Hawaii, USA, 2009. p. 3209.

Buehrer M, Pruessmann KP, Boesiger P, Kozerke S. Array compression
for MRI with large coil arrays. Magn Reson Med 2007;57:1131-1139.
Parker DL, Payne A, Todd N, Hadley JR. Phase reconstruction from
multiple coil data using a virtual reference coil. Magn Reson Med
2014;72:563-569.

Robinson S, Grabner G, Witoszynskyj S, Trattnig S. Combining
phase images from multi-channel RF coils using 3D phase offset
maps derived from a dual-echo scan. Magn Reson Med 2011;65:
1638-1648.

Strasser B, Chmelik M, Robinson SD, Hangel G, Gruber S, Trattnig S,
Bogner W. Coil combination of multichannel MRSI data at 7 T: MUSI-
CAL. NMR Biomed 2013;26:1796—1805.

Brunner DO, De Zanche N, Frohlich J, Paska J, Pruessmann KP. Trav-
elling-wave nuclear magnetic resonance. Nature 2009;457:994—998.
Wharton S, Bowtell R. Fiber orientation-dependent white matter con-
trast in gradient echo MRI. Proc Natl Acad Sci U S A 2012;109:
18559-18564.



Combining Phase Images from Array Coils Using a Short Echo Time Reference Scan (COMPOSER)

30. Thunberg P, Karlsson M, Wigstrom L. Comparison of different meth-
ods for combining phase-contrast images obtained with multiple
coils. Magn Reson Imaging 2005;23:795-799.

31. Koopmans PJ, Manniesing R, Niessen WJ, Viergever MA, Barth M.
MR venography of the human brain using susceptibility weighted
imaging at very high field strength. Magn Reson Mater Phy 2008;21:
149-158.

32. Robinson SD, Bogner W, Dymerska B, Cardoso P, Grabner G,
Deligianni X, Bieri O, Trattnig S. COMbining phased array data using
offsets from a short echo-time reference scan (COMPOSER). In
Proceedings of the 24th Annual Meeting of the ISMRM, Toronto,
Canada, 2015. p. 3308.

33. Grabner G, Nobauer I, Elandt K, Kronnerwetter C, Woehrer A, Marosi
C, Prayer D, Trattnig S, Preusser M. Longitudinal brain imaging of
five malignant glioma patients treated with bevacizumab using
susceptibility-weighted magnetic resonance imaging at 7T. Magn
Reson Imaging 2012;30:139-147.

34. Deligianni X, Bar P, Scheffler K, Trattnig S, Bieri O. High-resolution
Fourier-encoded sub-millisecond echo time musculoskeletal imaging
at 3 Tesla and 7 Tesla. Magn Reson Med 2013;70:1434—1439.

35. Schmalbrock P. A method to achieve very short echo times for sub-
millimeter resolution imaging. In Proceedings of the 11th Annual
Meeting of ISMRM, New York, New York, USA, 1992. p. 3934.

36. Goluch S, Kuehne A, Meyerspeer M, et al. A form-fitted three chan-
nel *'P, two channel 'H transceiver coil array for calf muscle studies
at 7 T. Magn Reson Med 2015;73:2376-2389.

37. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization
for the robust and accurate linear registration and motion correction
of brain images. Neurolmage 2002;17:825—841.

38. Jenkinson M. Fast, automated, N-dimensional phase-unwrapping
algorithm. Magn Reson Med 2003;49:193-197.

39. Lu K, Liu TT, Bydder M. Optimal phase difference reconstruction:
comparison of two methods. Magn Reson Imaging 2008;26:142—145.

40. Scharnhorst K. Angles in complex vector spaces. Acta Applicandae
Mathematicae 2001;69:95-103.

41. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp
2002;17:143-155.

42. Cusack R, Papadakis N. New robust 3-D phase unwrapping algo-
rithms: application to magnetic field mapping and undistorting echo-
planar images. Neurolmage 2002;16:754—764.

43. Al-Radaideh AM, Wharton SJ, Lim SY, Tench CR, Morgan PS,
Bowtell RW, Constantinescu CS, Gowland PA. Increased iron accu-
mulation occurs in the earliest stages of demyelinating disease: an
ultra-high field susceptibility mapping study in Clinically Isolated
Syndrome. Mult Scler 2013;19:896-903.

44. Topfer R, Schweser F, Deistung A, Reichenbach JR, Wilman AH.
SHARP edges: recovering cortical phase contrast through harmonic
extension. Magn Reson Med 2015;73:851-856.

45. Bilgic B, Fan AP, Polimeni JR, Cauley SF, Bianciardi M,
Adalsteinsson E, Wald LL, Setsompop K. Fast quantitative suscepti-
bility mapping with L1-regularization and automatic parameter selec-
tion. Magn Reson Med 2014;72:1444-1459.

46. Fan AP, Bilgic B, Gagnon L, Witzel T, Bhat H, Rosen BR,
Adalsteinsson E. Quantitative oxygenation venography from MRI
phase. Magn Reson Med 2014;72:149-159.

47. Witoszynskyj S, Rauscher A, Reichenbach JR, Barth M. Phase
unwrapping of MR images using Phi UN—a fast and robust region
growing algorithm. Med Image Anal 2009;13:257-268.

48. Butman JA, Li N, Wang W-T, Joy D, Pham D. Phase singularities at
fringelines result in artifactual mirohemorrhages in SWI. In Proceed-
ings of the 21st Annual Meeting of the ISMRM, Salt Lake City, Utah,
USA, 2013. p. 1149.

327

49. Marques JP, Bowtell R. Evaluation of a new method to correct the
effects of motion-induced BO-field variation during fMRI. In Proceed-
ings of the 13th meeting of the ISMRM, Miami Beach, Florida, USA,
2005. p. 510.

50. Lamberton F, Delcroix N, Grenier D, Mazoyer B, Joliot M. A new EPI-
based dynamic field mapping method: application to retrospective
geometrical distortion corrections. ] Magn Reson Imaging 2007;26:
747-755.

51. Juras V, Zbyn S, Pressl C, Valkovic L, Szomolanyi P, Frollo I,
Trattnig S. Regional variations of T(2)* in healthy and pathologic
achilles tendon in vivo at 7 Tesla: preliminary results. Magn Reson
Med 2012;68:1607—1613.

52. Gudbjartsson H, Patz S. The Rician distribution of noisy MRI data.
Magn Reson Med 1995;34:910-914.

53. Keil B, Wald LL. Massively parallel MRI detector arrays. ] Magn
Reson 2013;229:75-89.

54. Tyler DJ, Robson MD, Henkelman RM, Young IR, Bydder GM. Mag-
netic resonance imaging with ultrashort TE (UTE) PULSE sequences:
technical considerations. ] Magn Reson Imaging 2007;25:279-289.

55. Grodzki DM, Jakob PM, Heismann B. Ultrashort echo time imaging
using pointwise encoding time reduction with radial acquisition
(PETRA). Magn Reson Med 2012;67:510-518.

SUPPORTING INFORMATION

Supporting Figure S1: A schematic illustration of phase matching by
removing phase offsets and the rationale behind the quality index, Q. Left:
Four complex vectors representing the signals from four channels of a coil
array have different phases because each is subject to a different phase
offset. Middle: With no phase correction, the magnitude of the resultant
(the blue vector) is small, and Q, the ratio of the resultant M_No_Correc-
tion_S to the sum of the individual magnitudes M_SS, is correspondingly
low (34%). Right: Subtracting the phase offset 6y, from each raw signal
(dashed red vectors) removes the channel-dependent phase, leaving only
the susceptibility-related contribution, which is the same for each channel
other than noise. The phases of the individual signals (black vectors) are
similar, and the ratio Q is close to 100%.

Supporting Figure S2: COMPOSER phase images for all subjects, spatially
unwrapped with the Cusack method.

Supporting Figure S3: Comparison of a phase offset map calculated with
the MCPC-3D method and the equivalent short-echo-time reference used
in COMPOSER. The MCPC-3D phase offset map for this channel contains
errors due to low signal in the magnitude at the second TE (red arrow). An
open-ended fringe line was propagated to different positions in the two
contributing echoes (blue arrows), and a discontinuity in signal in the scalp
led to an erroneous phase value in the scalp on the left-hand side of the
image. Although mostly constrained to regions of low signal, these effects
constitute the small residual errors apparent in Fig. 3. No such errors are
apparent in the short TE phase reference image used in COMPOSER. The
shorter TE yields high and continuous signal, and the absence of the need
to unwrap the phase removes errors from that process. Wraps marked 1
and 2 in the COMPOSER SER phase image are well behaved and
described in the text.

Supporting Figure S4: A comparison of background noise in magnitude
reconstructions (one slice of a high-resolution magnitude image from the
main study). Reconstruction methods that use only magnitude information
(top and bottom left) show higher levels of background noise than those in
which data are complex combined using COMPOSER. In the central four
(2 X 2) images, the natural logarithm of values has emphasized the noise
features. All images are scaled between 0 and 8. Red arrows highlight the
lower background signal in the COMPOSER reconstructions.

Supporting Figure S5: Demonstration of the quality of phase matching
with COMPOSER with a breast coil, no volume reference, and little overlap
between the elements. The phase images from the two coils (“GE” column)
show little similarity before phase matching, but appear identical after
phase matching with COMPOSER. The combined phase image could be
spatially unwrapped.
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