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Abstract

Effective coil combination methods for human hyperpolarized 13C spectroscopy multi-channel
data had been relatively unexplored. This study implemented and tested several coil combination
methods, including 1) the sum-of-squares (SOS), 2) singular value decomposition (SVD), 3)
Roemer method by using reference peak area as a sensitivity map (RefPeak), and 4) Roemer
method by using ESPIRiT-derived sensitivity map (ESPIRIT). These methods were evaluated by
numerical simulation, thermal phantom experiments, and human cancer patient studies. Overall,
the SVD, RefPeak, and ESPIRIT methods demonstrated better accuracy and robustness than the
SOS method. Extracting complex pyruvate signal provides an easy and excellent approximation of
the coil sensitivity map while maintaining valuable phase information of the coil-combined data.
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Introduction

Initial human research studies have demonstrated both the safety and clinical potential of /in
vivo hyperpolarized (HP) 13C molecular imagingl~’. HP 13C-pyruvate MR metabolic
imaging is being applied for identifying tumor metabolism8, assessing aggressiveness®,
evaluating response to treatment*10, and probing cardiac function3. In these emerging
applications, multichannel array coils can play a crucial role by providing large field-of-view
(FOV) and volumetric coverage, and enabling parallel imaging accelerationll.

Many coil combination methods have previously been proposed for multichannel proton
(*H) and phosphorous (31P) MR applications!?-16, There are generally three categories of
coil combination methods: direct combination, data-driven combination, and using reference
information for combination. With regard to direct combination, the most commonly used
algorithm is sum-of-squares (SOS), with equal weight being given to each coil. The singular
value decomposition (SVD) based methods213 are examples of data-driven coil
combinations. In addition, coil phases and weights have often been empirically estimated by
calculating By % or by using a reference peak within the data in both imaging7-18 and

spectroscopic 1216 applications.

In the field of hyperpolarized 13C MRI, a number of published clinical and pre-clinical
studies have used phased arrays for spectroscopic and imaging applications?:3-1%-26 and the
choice of coil combination techniques varied between them, sometimes unspecified by
authors. Among these studies, the SOS algorithm remains the most widely used and simplest
method for combining multichannel data, despite lacking optimal SNR and its failure to
preserve phase information. Notably departing from this common practice, Dominguez-
Viqueira et a2 proposed using the Biot-Savart law and fiducial markers to numerically
calculate the sensitivity estimates of each coil for hyperpolarized 13C cardiac imaging
applications. This analytical estimate of coil weights was shown to be an effective method of
combining multichannel data, with only minor intrinsic limits of the Biot-Savart law, which
neglects detailed factors such as coil loading and current distribution22. Lau et a#3 have also
proposed using the ESPIRIT method to estimate coil sensitivity maps for natural abundance
13C phantom imaging, and Park et a# have described using both the SOS algorithm and the
hyperpolarized [1- 13C]pyruvate map to combine data for human brain imaging applications.
Because coil combination methods were not the central focus of these studies, the specific
advantages and disadvantages were not evaluated in depth.

The accuracy and robustness of HP 13C data quantification is important for translating this
technique into clinical research, and for identifying optimal methods that will allow results
to be standardized across study sites. The goal of this study was to investigate and evaluate
four coil combination methods through simulation, phantom studies, and /in vivo
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experiments, in order to develop a robust framework for multichannel clinical
hyperpolarized 13C spectroscopic and imaging data combination.

Methods

Coil Combination Theory

Four coil combination methods were evaluated in this study: 1) the sum-of-squares (SOS),
2) singular value decomposition (SVD)3, 3) uniform noise Roemer method!! by using
reference peak area as a sensitivity map (RefPeak)!®, and 4) uniform noise Roemer method
by using ESPIRIT2’-derived sensitivity maps (ESPIRIT). The uniform noise Roemer method
results in an SNR-optimal combination of multi-coil images!®.

Table 1 summarizes the methods and the key parameters used in this study. These methods
are available from the Hyperpolarized MRI Toolbox via the Hyperpolarized Technology
Resource Center training and dissemination website at: https://radiology.ucsf.edu/research/
labs/hyperpolarized-mri-tech/trainingand https://github.com/LarsonLab/hyperpolarized-mri-
toolbox.

Numerical Simulations

Simulations were performed to evaluate the different coil combination methods. Coil
combination methods were evaluated on a simulated single-voxel spectroscopy dataset. A
spectrum with two resonances, representing lactate and pyruvate signals (lactate downfield
and pyruvate upfield), was simulated for a 16-channel array by scaling the spectrum with 16
normalized and randomly generated complex scaling factors to create a phase shift. Different
complex Gaussian noise with various standard deviations was added to each channel to
create nominal peak pyruvate SNR between 14 and 283. The downfield resonance,
simulating lactate, was designed to have 0.31 X Pyruvate SNR. Supplementary Figure 1a
shows the simulated 16-channel data with different sensitivity weighting and phase, and
Supplementary Figure 1b shows a representative dataset after adding noise to each channel
with nominal peak pyruvate SNR of 57.

Four coil combination methods (ESPIRIT, RefPeak, SVD, and SOS) were applied to
combine the spectra. Pyruvate was used as the reference peak for the RefPeak and ESPIRIT
methods. After combining the multichannel coil data, the ratio of two peak areas (lactate-to-
pyruvate ratio) was calculated by integrating the areas under each resonance of the
magnitude spectra both with and without baseline subtraction. This process was repeated
200 times for each coil combination method at each noise level and the median and 25™ —
75t quartile of each method were displayed as a box plot. Statistical significance between
the four coil combinations methods was assessed using a 1-way ANOVA corrected for
multiple comparisons using Tukey’s honest significance difference criterion.

Phantom Experiment

All imaging studies were performed on a whole-body 3 T MRI scanner (MR750, GE
Healthcare, Waukesha, WI, USA), with multi-nuclear excite and 32-channel receive
capability.
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For the phantom study, proton imaging was performed using the body coil for excitation and
a 4-channel surface coil for reception. Carbon imaging was performed using a clamshell
volume transmitter2® and a 16-channel bilateral receive array (Rapid Biomedical, Rimpar,
Germany). The anterior and posterior arrays, each housing 8 coil elements with a 4 x 2
layout, were placed above and below the phantom for whole volume coverage (Figure 2f).

An abdominal-sized phantom containing natural abundance ethylene glycol and comprised
of multiple signal voids was imaged by a 1H T,-weighted sequence and a 13C spectroscopy
sequence. The 13C data were acquired from a 10 cm axial slice with an in-plane field-of-
view (FOV) of 36 x 32 cm? (RL x AP) and in-plane resolution of 2.0 x 2.0 cm2. An echo-
planar spectroscopic imaging (EPSI) readout gradient was applied to encode one spatial
(RL) dimension and the spectral dimension, with a readout bandwidth of 545 Hz and a
spectral resolution of 10 Hz. 16 phase encodes were applied in the AP direction, and each
was excited by a constant 90° sinc pulse with TR/TE = 312/3.5 ms. A total of 5 signal
averages were acquired, resulting in a 25-second scan time.

Hyperpolarization

A 1.43 g sample of [1-13C] pyruvic acid (Millipore-Sigma, Miamisburg, OH) mixed with 28
mg of trityl radical (GE Healthcare, Oslo, Norway) was pre-filled in a plastic fluid path, and
polarized for at least 2 hours in a SPINIab system (General Electric, Niskayuna, NY), which
operated at 5 T and 0.77 Kelvin with 140 GHz microwave irradiation. Sterile water was used
for dissolution, and followed by the filtering, neutralizing, and diluting process. Following
quality control system testing and pharmacist approval, 0.43 mL/kg of the dissolved
pyruvate solution (250mM) followed by 20mL of sterile saline were injected intravenously
at a rate of 5 mL/s using a power injector (MEDRAD, Inc).

Patient Studies

All human studies followed an IRB and FDA IND-approved protocol with informed
consent.

A breast cancer patient with metastases to the liver was imaged using a standard clinical
liver imaging protocol and a 2D dynamic 13C EPSI sequence. The 16-channel coil setup was
similar to the phantom experiment, and the two 13C receiver arrays were placed anterior and
posterior to the patient’s abdomen. The HP 13C imaging parameters were as follows:
multiband spectral-spatial RF pulse with 10° excitation on pyruvate and 20° excitation on
lactate within a 2 cm axial slab, TR/TE was 130/3.5 ms, 3 seconds temporal resolution with
20 total time frames, 16 phase encodes in AP direction, a symmetric EPSI readout in the RL
direction, and an in-plane resolution of 1.8 cm x 1.8 cm. The EPSI readout bandwidth was
545 Hz and with a spectral resolution of 10 Hz.

A treated brain patient volunteer was imaged post-surgery using a custom-built 32-channel
13C c0il?8. Volumetric data were acquired with a metabolite-specific EPI sequence?® using a
spectral-spatial RF pulse (130Hz FWHM, 868Hz stopband peak-to-peak). Eight 2cm slices
were acquired with a 24 x 24cm? FOV, 16 x 16matrix, (1.5 x 1.5cm? in-plane resolution),
62.5ms TR, 21.7ms TE, 20 kHz BW, and 1.03ms echo-spacing. The center frequency was
alternated between [1-13C]pyruvate (47= 0Hz), [1-13C]lactate (AF= 390Hz) and 13C
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bicarbonate (47= —320 Hz) to independently encode each metabolite volume, and a 1.5s
delay was inserted after the bicarbonate volume to yield a 3s temporal resolution. Twenty
total timeframes per metabolite were acquired, yielding a total imaging time of 60s.

Data Analysis

Results

All 13C spectroscopic imaging data were processed in MATLAB (The MathWorks Inc.,
Natick, MA). A 2D dynamic spectroscopic dataset was reconstructed after zero-filling the
free induction decays (FIDs) to 256 points, apodizing with a 10-Hz Gaussian filter, re-
sampling to create a uniform data grid, pre-whitening3%, and then applying Fourier
transformation.

The four coil combination methods were each applied to the phantom and human HP 13C
datasets to compare performance. For the phantom experiment, the summed center peak
ethylene glycol triplet served as the reference peak for the RefPeak and ESPIRIT methods.
After coil combination using the four methods in the spectral domain, each method was
displayed as an image by summing the magnitude spectral region of the center peak of the
ethylene glycol triplet, as shown in Figure 2 a—d, for direct image comparison. For the
human HP 13C spectroscopic dataset, the summed pyruvate peak was integrated as the
reference peak for these two coil combination methods.

13C EPI data were processed using the Orchestra reconstruction toolbox (GE Healthcare).
Data were first corrected for Nyquist ghost artifacts by choosing the appropriate phase
coefficients via an exhaustive search3! and then pre-whitened in k-space prior to coil
combination. Due to the nature of imaging approaches, the SVD method was not applicable
since spectral selection was performed during excitation. Three methods, ESPIRIT, RefPeak,
and SOS, were applied to the multi-channel imaging data. Three metabolites, pyruvate,
lactate, and bicarbonate, from the 4 central slices were displayed for each method, as shown
in Figure 4. In Figure 5, the lactate-to-pyruvate ratio and bicarbonate-to-pyruvate ratio maps
were generated after thresholding by pyruvate SNR, along with scatter plots of the ratios by
the three coil combination methods.

The Berkeley Advanced Reconstruction Toolbox (BART)32 was used for ESPIRIT
reconstruction. The same ESPIRIT parameters were used for all datasets as follows: kernel
size of 4, calibration region of 8, soft SENSE, eigenvalue threshold of 0.9.

Computer simulation demonstrated the performance of each of the four coil combination
methods at different noise levels in the case of a single voxel spectroscopy dataset, as shown
in Figure 1. Figure 1 a—d shows a representative dataset with a pyruvate SNR of 57
reconstructed with different coil combination methods. After normalizing each magnitude
spectrum to pyruvate, only minor differences could be observed in terms of lactate peak
magnitude among different coil combination methods, as shown in Figure le. In addition,
the SOS method showed an elevated spectral baseline compared to the ground truth. Figure
1f shows the phase of the ground truth spectrum and the coil-combined spectra. In this
representative case, the ESPIRIT, RefPeak, and SVD methods preserved the phase well
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compared to the ground truth, whereas the SOS method completely lost such information as
expected.

After repeating each coil combination method 200 times at 7 different SNR levels, the non
baseline-subtracted (Figure 1g) lactate-to-pyruvate ratio median and 25 — 75™ percentiles
of each method were plotted. For the non baseline subtracted ratios, all four methods
performed very similarly and accurately when pyruvate SNR was higher than 100, with less
than 15% error from the ground truth. However, there was significant overestimation (p <
0.05) in the lactate-to-pyruvate ratio at SNR < 57 for the SOS method. At an SNR of 19, the
SOS method was the least robust to noise and overestimated the lactate-to-pyruvate ratio by
180%, while the ESPIRIT, RefPeak, and SVD methods had lower bias and overestimated the
ratio by roughly 30%. In contrast, the baseline subtracted ratios (Supplementary Figure 2g)
were consistently and significantly (p < 0.05) underestimated by the SOS reconstruction,
even at high SNR levels. There was no significant difference in the lactate-to-pyruvate ratio
for either of the three data-driven approaches at any SNR level explored in this work.

The spectroscopic phantom data was coil combined by the four methods in the spectral
dimension and displayed in Figure 2 b—e as images by integrating the center peak of the
ethylene glycol triplet and normalizing to the maximum pixel. The line profile of the same
column of each image was plotted in Figure 2f. Overall, the ESPIRIT method was the best at
suppressing the background noise, while the three data-driven methods (ESPIRIT, RefPeak,
and SVD) performed similarly under different noise levels throughout the phantom.
Consistent with the simulation results, the SOS method tended to overestimate the signal at
high noise regions, and the background noise was elevated compared to the other methods.
This is most evident at the center of the phantom, where the elevated noise reduces the
contrast and conspicuity of the signal voids in the SOS image.

The human HP 13C spectroscopic data provided similar results as the simulation and
phantom experiments. Figure 3 shows the 13C spectroscopic data overlaid on top of a To-
weighted 1H image, the four coil-combined spectra of a tumor voxel and a kidney voxel, and
the respective dynamic time course for pyruvate and lactate. Supplementary Figure 3 shows
the same data but analyzed with baseline subtracted spectra. In the tumor voxel, four peaks
(lactate, pyruvate hydrate, alanine, and pyruvate) could be observed. Qualitatively, the
ESPIRIT, RefPeak, and SVD methods performed similarly, whereas the SOS method
showed elevated spectral baseline and posed more deteriorating effects on low SNR peaks
such as alanine. In the kidney voxel, only three peaks were observed, lactate, pyruvate
hydrate, and pyruvate, and the relative difference among the coil combination methods were
similar to that of the tumor voxel. The kidney voxel lactate-to-pyruvate ratio was quantified
by dividing the summed magnitude spectra regions of the two metabolites, and ESPIRIT and
RefPeak methods provided the same ratio quantification, while the SVD method showed
slightly lower ratios and the SOS method overestimated ratios due to an elevated baseline.

Only three coil combination methods were evaluated using the HP 13C EPI data, and the
images of each metabolite are shown in Figure 4. The image from pyruvate was taken as
representative of the high SNR case, while the downstream metabolites, lactate and
bicarbonate, were representative of the moderate and low SNR situations. In the high SNR
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case, the pyruvate images from the three coil combinations were similar, except the ESPIRIT
method demonstrated a signal null in the left frontal lobe, as indicated by the red arrow in
Figure 4 (this nulled region could be observed in ESPIRIT images of lactate and bicarbonate
as well). This was due to the choice of high eigenvalue threshold of the ESPIRIT parameters,
and it could potentially be avoided by fine-tuning the ESPIRIT input. The green arrow
indicates the region of the patient’s surgical resection, and showed low levels of 13C signal,
consistent with low blood perfusion. From the lactate images, which represented a moderate
SNR case, better lateral ventricle contrast could be observed from the RefPeak method, as
pointed out by the white arrow. Both ESPIRIT and RefPeak methods outperformed the SOS
method in the low SNR bicarbonate images, showing better image SNR and contrast. All
three metabolites had the highest SNR towards the posterior, reflecting the sensitivity profile
of the 32-channel array. Ratio maps of lactate-to-pyruvate and bicarbonate-to-pyruvate of
each method were displayed in Figure 5, along with scatter plots of the ratios by different
methods. The three methods showed similar lactate-to-pyruvate ratios, in agreement with
simulations indicating minimal difference between approaches at moderate-to-high SNR.
However, the low SNR bicarbonate-to-pyruvate ratio showed more scatter when the two
data-driven approaches were compared to the SOS method. Consistent with simulation, the
SOS method overestimated the ratios in low SNR cases when compared to the two data-
driven methods.

Discussion

The computer simulation, phantom testing, and human /n vivo experimental data in this
project comparing multi-channel combination methods all provided consistent results at high
SNR. Among the four coil combination methods being evaluated in this study, the SOS
method was the most straightforward and easy to compute, but showed the worst results,
while the other three methods (ESPIRIT, SVD, and RefPeak) all performed similarly.

For spectroscopic reconstruction, the SOS method did not preserve phase information (as
expected), while the other three methods all used the pyruvate phase of each voxel as
reference phase. This phase correction step was intrinsic to the RefPeak method, as phase
was preserved as complex coil weights. Phase correction was performed for ESPIRIT and
SVD methods after coil combination, by applying constant spectral phase of a non-noise
reference point on a voxel-by-voxel based operation. All three methods will be prone to
phase errors for low SNR voxels, thus consideration must be given for phase-sensitive and
SNR-limited acquisitions.

The SOS method showed the least desirable results for both spectroscopy and imaging
applications. This method was more prone to error in terms of metabolite ratio
quantifications, since low SNR signals were contaminated by elevated bias leading to
overestimated ratios in data without baseline subtraction and underestimated ratios with
baseline subtraction. Lactate-to-pyruvate and bicarbonate-to-pyruvate ratios tended to be
overestimated by the SOS method in the low SNR voxels. In addition to the quantification
advantage, the RefPeak, SVD, and ESPIRIT methods all showed greatly enhanced apparent
SNR, especially for metabolites with relatively low intrinsic concentration such as
bicarbonate and alanine. Compared to the SOS coil combination method, the RefPeak, SVD,
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and ESPIRIT also enhanced image and spectral quality of dynamic data, which will enable
robust quantification of the HP 13C metabolites.

The coil shading observed in the reconstructed images is an outcome of the coil sensitivities
estimated from the in vivo data. In a data-driven (or self-calibrated) reconstruction, the coil
sensitivities are not ‘absolute’ but rather are a product of the true coil sensitivities and the
underlying spin density of the reference peak, which was pyruvate in this work. An absolute
sensitivity measurement generally requires the use of a body coil reference, which is not
usually available for carbon-13 acquisitions. A downside of these data-driven coil
combination approaches is that the final images remain modulated by the sum-of-squares
coil sensitivity profile.

In this study, all phantom and /n vivo data were pre-whitened prior to the rest of
reconstruction. This pre-whitening step removed the noise correlations between channels
and scaled the noise to identical amplitudes. Pre-whitening has been previously shown to
provide significant benefits in terms of precision and efficiency!2, and should be considered
as a routine pre-processing step for multichannel HP 13C data reconstruction.

While the RefPeak and ESPIRIT methods performed similarly in simulation, there were
subtle differences in the coil-combined images. This was primarily due to the coil sensitivity
estimation and is related to the eigenvalue threshold chosen in the reconstruction. Care must
be taken when choosing parameters for the ESPIRIT method during the sensitivity map
calculation. Fine-tuning the ESPIRIT parameters could potentially improve the results but
could also cause risk biased and misleading results. As demonstrated in Figure 4 by the red
arrow, the thresholding step mistakenly removed signal from areas with low signal profile. In
this, the RefPeak method is more advantageous due to its input-less nature.

Conclusions

In this study, we have developed a framework for comparing different reconstructions of
multi-channel hyperpolarized 13C MR data. The three data-driven coil combination methods
explored in this work (ESPIRIT, SVD, and RefPeak) had improved performance and
accuracy when compared to a conventional sum-of-squares combination. Of these
approaches, the RefPeak method is appealing since the complex pyruvate signal provides an
input-less approximation of the relative coil sensitivities, maintains the phase information,
and is compatible with both imaging and spectroscopic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Four coil combination methods were compared for hyperpolarized 13C MRI
application, by using numerical simulation, phantom experiments, and /n vivo
human data.
. Extracting complex pyruvate signal provides an easy and excellent

approximation of the coil sensitivity map while maintaining valuable phase
information of the coil-combined data.
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Figure 1:

Simulated single-voxel spectroscopic data combined by (a) ESPIRIT method, (b) RefPeak
method, (c) SVD method, and (d) SOS method at a representative noise with nominal
pyruvate SNR of 57. (e) and (f) shows the normalized magnitude spectra and spectral phase
compared to simulation ground truth. Lactate-to-pyruvate ratio without baseline subtraction
(9) was quantified for each coil combination method as a function of pyruvate SNR. Each
box encloses the 251-75Mpercentile, while the ground truth is denoted by the dashed black
line. For simplicity outliers are not shown. Note the overestimation of the SOS
reconstruction, even at high SNR. Simulation results with baseline subtraction can be found
in Supplementary Figure 2.

*Denotes significant difference (p < 0.05) from the ground truth.
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Refpeak ESPIRIT Line Profile

Figure 2:
Ethylene glycol phantom (a) results acquired by a 13C spectroscopic imaging sequence using

a clamshell transmitter and a 16-channel receive array. (b) — (e) shows the four coil
combination results as images after integrating the central peak of ethylene glycol. (f) shows
the line profile of the column highlighted in red in images (b) — (€). Note the elevated noise
level in the SOS image and increased contrast and conspicuity of signal voids at the center
of the phantom in the three data-driven (ESPIRIT, RefPeak, and SVD) methods.
Reconstructed images have been zerofilled two-fold and displayed on the same normalized
scale.
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Figure 3:
Human HP 13C 16-channel spectroscopic data registered to a 'H T,-weighted image,

acquired from a breast cancer patient with liver metastases. The red box and red spectra
correspond to a tumor voxel, whlie the blue box and blue spectra correspond to a kidney
voxel. Pyruvate signal outside of the abdomen is due to respiratory motion during the 60s
free breathing scan. Lactate-to-pyruvate ratio (L/P) was quantified and displayed next to
each coil-combined spectrum along with the dynamic pyruvate and lactate signal over the
60s time course. IH T,-weighted data were acquired with a Single Shot Fast Spin Echo
(SSFSE) sequence with fat saturation.
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Figure 4:
Brain patient data with 1H To-FLAIR images (treated lesion post-resection indicated by the

green arrow) and AUC images acquired with EPI of three metabolites using a 32-channel
13C coil. Metabolite maps are shown on a normalized scale, with each reconstruction
normalized to the maximum pyruvate signal. The white arrow highlights the different lateral
ventricle contrast shown with the RefPeak method, while the red arrow points out a region
with nulled signal by the ESPIRIT reconstruction, a result of the sensitivity map estimation.
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Figure 5:
Quantified lactate-to-pyruvate and bicarbonate-to-pyruvate ratios (L/P and B/P) of each

voxel were plotted as scatter plots to compare three coil combination methods. The diagonal
black line represents complete agreement between the methods. The masks were selected
based on pyruvate SNR (voxels with SNR greater than 10) on a slice-by-slice basis, with the
same mask applied to all three metabolite images. The white arrows indicate minor
differences between the lactate-to-pyruvate ratio maps. Scatterplots on the right show good
agreement between the RefPeak and ESPIRIT coil combination methods, while the SOS
method tends to overestimate the ratio when SNR is low, in agreement with simulation
results.
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Table 1:

Summary of coil combination methods with spectroscopy and imaging applications.

Spectroscopy Application Imaging Application
Kcoil 2 Kcoil 2
SOS Isos(xi,yj. f) = \/Zk |1(xi. yj. £ ck)) Lsos(xi: yj N) =/ Xp ~ " | I(xi, yj, N, ei)|
U x X x VH = SVD(I (x.y;.f,¢))
SVD o1 = max(@) N/A
u; = U‘,l

Isvp(X;,Y;.f) = o @

I(x;.yj. NRe f- k)
IRef_sos(xiJ’js NRef)

(o) = I(xi.yj fRef: k) S(xivyjocx) =

RefPeak . Is0s(xi-vj. fRef)
IRefPeak(xi’ Yj f) =2k Cotl S*(x,-, Yj» Ck)I(xi, yj [ Ck) IRefPeak(xi’ Vj» N) = chm.l S*(x,-, Vs ck)I(x,-, yj» N, ck)

S(x,-, Yjs ck) = Ecalib(kspcqiip) S(x,-, Yjs ck) = Ecalib(kspcqiip)

ESPIRIT Koo Keni
I IESPIRiT(xi,Yj’f)Zzkles*(xia}’j,ck)I(xi,Yj’f,ck) IESPIRiT(xi,Yj’N)zZkCO'IS*(xhYj,ck)l(xi’Yj’N’ck)

I: original data; Xi: ithvoxel in one spatial dimension; yj: jth voxel in the other spatial dimension; f: spectral points; ck and K: Kt channel with a

total of K channels; N: metabolite in metabolite-specific imaging approach; &: arbitrary phase for each voxel; S: sensitivity map; *: conjugate; H:
conjugate transpose; fRef: reference peak picked from spectroscopic datasets for coil combination; NRef: reference metabolite image used for

imaging datasets coil combination; kspcalib: part of k-space data used for ESPIRiT-derived sensitivity map calculation 1ISQS, ISVD, IRefPeak.
IESPIRIT: combined spectroscopy or imaging datasets with the SOS, SVD, RefPeak, and ESPIRIT methods.
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