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Abstract

Edited MRS allows the detection of low-concentration metabolites, whose signals are not resolved
in the MR spectrum. Tailored acquisitions can be designed to detect, for example, the inhibitory
neurotransmitter y-aminobutyric acid (GABA), or the reduction-oxidation (redox) compound
glutathione (GSH), and single-voxel edited experiments are generally acquired at a rate of one
metabolite-per-experiment. We demonstrate that simultaneous detection of the overlapping signals
of GABA and GSH is possible using Hadamard Encoding and Reconstruction of Mega-Edited
Spectroscopy (HERMES). HERMES applies orthogonal editing encoding (following a Hadamard
scheme), such that GSH- and GABA-edited difference spectra can be reconstructed from a single
multiplexed experiment. At a TE of 80 ms, 20-ms editing pulses are applied at 4.56 ppm (on
GSH),1.9 ppm (on GABA), both offsets (using a dual-lobe cosine-modulated pulse) or neither.
Hadamard combinations of the four sub-experiments yield GABA and GSH difference spectra.

It is shown that HERMES gives excellent separation of the edited GABA and GSH signals in
phantoms, and resulting edited lineshapes agree well with separate Mescher-Garwood Point-
resolved Spectroscopy (MEGA-PRESS) acquisitions. /17 vivo, the quality and signal-to-noise ratio
(SNR) of HERMES spectra are similar to those of sequentially acquired MEGA-PRESS spectra,
with the benefit of a saving half the acquisition time.
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1. Introduction

GABA (y-aminobutyric acid) is the principal inhibitory neurotransmitter in the human brain.
GABAergic inhibition shapes and regulates patterns of neuronal activity, serving a key role
in cortical information processing and plasticity. Glutathione (GSH) is the most abundant
redox (reduction-oxidation) compound in the brain, serving an important role in minimizing
the damage caused by reactive oxygen species. GABAergic dysfunction and oxidative stress
are two commonly postulated mechanisms in neurological and psychiatric disease, being
implicated in, for example, Amyotrophic lateral sclerosis (ALS) (1-3), Parkinson’s disease
(4-6) and Schizophrenia (4,7,8). Both metabolites are present in the brain at millimolar
(mM) concentrations (9,10) and are, in principle, detectable by 1H (proton) magnetic
resonance spectroscopy (MRS). /n vivo TH-MRS suffers from incomplete resolution of
metabolite signals, due to limited dispersion along the chemical-shift dimension, broad /n
vivo linewidths and multiplet splittings due to scalar coupling. Thus, signals of low-
concentration metabolites are often overlapped by larger signals and cannot be reliably
quantified. Spectral editing techniques, such as MEscher-GArwood Point RESolved
Spectroscopy (MEGA-PRESS (11)), simplify the spectrum, selectively revealing signals
from metabolites of interest, such as GABA (12) and GSH (13), and removing overlying
signals of more concentrated metabolites.

A significant drawback of MEGA-PRESS is that it usually only edits one metabolite at a
time, and from a single brain region. Since editing is typically applied to lower-
concentration compounds, relatively long acquisition times are required, and studies are
almost always severely restricted in terms of both the numbers of brain regions and
metabolites that can be studied within the time constraints of an MR examination. Thus,
although GABA-edited MRS is increasingly widely used (14), it is rarely combined in
studies with the edited detection of other metabolites of interest, such as GSH, because such
a study would require multiple long edited acquisitions.

There are occasions when the edited detection of more than one metabolite is possible. A
mixed signal of glutamate and glutamine (GIXx) is co-edited in GABA-edited acquisitions,
giving an edited signal at a different chemical shift (3.75 ppm) to the GABA signal (3.0
ppm). It has also been shown that GSH and ascorbate can be edited in a single acquisition,
using Double Editing With (DEW)-MEGA-RESS (15), because both the editing target
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signals (at 4.01 and 4.56 ppm) and the detected signals (at 2.95 and 3.73 ppm) of GSH and
ascorbate, respectively, are resolved in the spectrum. Simultaneous detection of GABA and
GSH is not possible with MEGA or DEW-MEGA editing because the detected edited
signals are not resolved — that is, the edited GABA signal at 3 ppm and the edited GSH
signal at 2.95 ppm would overlap.

Recently, the Hadamard Encoding and Reconstruction of MEGA-Edited Spectroscopy
(HERMES) approach (16) was demonstrated, that separately edits more than one metabolite
with overlapping signals within a single acquisition. In this manuscript, we show that
HERMES can be used to simultaneously and separably detect edited signals from GABA
and GSH. Through phantom measurements, we demonstrate that a four-step HERMES
editing scheme allows the independent manipulation of the GABA and GSH spin systems,
and Hadamard transformation of the acquired data yields separate difference-edited spectra
for GABA and GSH. We present /n vivo measurements showing that simultaneously
acquired HERMES spectra are comparable to sequentially acquired GABA- and GSH-edited
MEGA-PRESS acquisitions with twice the total scan time. We also demonstrate that
HERMES-accelerated editing is compatible with spatial acceleration methods, such as
Parallel Reconstruction In Accelerated Multivoxel (PRIAM (17)) spectroscopy, which
excites more than one voxel simultaneously and uses a parallel-imaging-like reconstruction
to separate the signals from each.

2. Methods
2.1 HERMES editing of GABA and GSH

The key principle of HERMES is that editing pulses can be separately applied to GABA
spins at 1.9 ppm and GSH spins at 4.56 ppm. Four sub-experiments (labeled A, B, C and D,
respectively) can be performed that apply editing to both GABA and GSH (ONgaga,
ONgsH), GABA-only (ONgaga, OFFgsH), GSH-only (OFFgaga, ONgsH) Or neither
(OFFgaga: OFFgsh), in an interleaved fashion. This editing scheme, and the inversion
profiles of the editing pulses needed to implement it, are shown in Figure 1a. The GABA-
edited difference spectrum is calculated by subtracting the two OFFGABA scans from the
sum of the two ONgaga scans. Similarly, the sum of the two ONggH scans minus the sum
of the two OFFggH scans gives the GSH-edited difference spectrum. Because the encoding
is based upon columns of a Hadamard matrix (which are mutually orthogonal), the GABA-
edited spectrum does not contain edited signal from GSH and vice versa, as outlined in
Figure 1b.

HERMES can be thought of as two different MEGA-PRESS experiments being acquired at
the same time, with orthogonal ON/OFF editing patterns. Both experiments are PRESS-
localized, and J-difference-edited. Many of the limitations of MEGA-PRESS, e.g. loss of
edited signal from spatially heterogeneous coupling evolution (18) are shared by HERMES,
as are its strengths.
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2.2 RF pulse design and simulations

Experiments B and C require the inversion of a single frequency, and a sinc-Gaussian pulse
was used for this purpose. For Experiment A (ONgaga, ONgsn), since the two editing
frequencies (4.56 ppm for GSH, and 1.9 ppm for GABA) are well separated, a dual-lobe
inversion pulse is required. It can be generated by multiplying the same sinc-Gaussian
waveform by 2cos(rt AQ t), where AQ is the frequency difference between 4.56 ppm and 1.9
ppm (340 Hz at 3T). The factor of 2 accounts for the pulse splitting energy between two
different offsets. Both RF pulses are plotted in Figure 1c.

The inversion performance of the pulses as a function of offset (which is an excellent
approximation to the offset-dependence of editing, as shown in (19)) is simulated using FID-
A ((20), function rf_blochSim), starting with pure z-magnetization and plotting the
zmagnetization across a 5 kHz range in steps of 1 Hz.

Density-matrix simulations of the GSH-cysteine and GABA spin systems were also
performed using FID-A (20). Only the voxel-center was simulated for each Experiment. The
experimental amplitude-modulated refocusing and editing pulse shapes were included in the
simulations; ideal excitation was assumed. Hadamard combinations of the simulated
experiments were calculated, and crosstalk between the spectra (i.e. the GABA signal that
leaks into the GSH spectrum, and vice versa) was quantified using the root mean square
(RMS) of the crosstalk normalized to the RMS of the intended spectra (i.e. the GABA signal
in the GABA spectrum, and vice versa).

2.3 MR experimental

Phantom and /n vivo data were acquired on a Philips Intera 3T scanner, using the body coil
for transmit and a 32-channel phased-array head coil for receive. The bandwidth of the slice-
selective excitation and refocusing pulses were 2.2 kHz and 1.3 kHz, respectively. The
duration and bandwidth (full-width half-maximum width of each inversion lobe) of both the
sinc-Gaussian and cosine-sinc-Gaussian editing pulses were 20 ms and 62 Hz, respectively.

2.4 Phantom Water Saturation Experiments

In order to establish the efficacy of the editing pulses, a saturation-offset series was
performed, harnessing the original water-suppression function of MEGA (11). The four
editing pulses were played out with additional reference frequency offsets of 0.2 ppm to
-0.8 ppm in steps of 0.1 ppm, (to investigate the impact of the GSH-inverting lobes from 4
ppm to 5 ppm), saturating the phantom water signal. One experiment was performed with
editing pulses offset by 1.8 ppm to demonstrate whether the editing pulses directly impact
the GABA and GSH detected signals. A further set was run to probe the GABA-inverting
lobe, with additional reference frequency offsets from —2.4 ppm to —3.4 ppm in steps of 0.1
ppm. A single average of each HERMES experiment (TE 80 ms) was recorded without
presaturation of the water signal (2048 datapoints sampled at 2 kHz). Data were line-
broadened by 3 Hz, Fourier transformed and a region of the spectrum 0.2 ppm either side of
the water signal plotted.
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The water signal arising from each experiment was plotted against the editing reference
frequency offset (in Hz) applied to acquire each. These data were overlaid on the simulations
described in Section 2.2.

2.5 Phantom HERMES

Three phantoms were prepared in phosphate-buffered saline (with 1.5 g/l NaN3) with: 4mM
GSH; 4mM GSH and 4 mM GABA; and 10 mM GABA. In each phantom three experiments
were performed: HERMES; GABA-edited MEGA-PRESS (editing pulses applied at 1.9
ppm for ON scans); and GSH-edited MEGA-PRESS (editing pulses applied at 4.56 ppm for
ON scans). Common acquisition parameters included: chemical shift selective ‘excitation’
water suppression; 3 x 3 x 3 cm3 voxel; TE/TR 80/2000 ms; 20-ms editing pulses; 64 total
averages. HERMES was performed as described above, according to the acquisition scheme
shown in Figure 1, with a cosine-sinc-Gaussian inversion pulse used for Experiment A, and
a single-lobe sinc-Gaussian used for Experiment B and C. Experiment D (OFFgaga,
OFFgsn) has no requirement for an editing pulse, so a single-lobe editing pulse was applied
at 7.22 ppm. Data were line-broadened by 3 Hz, Fourier transformed and a region of the
spectrum from 2.4 to 3.6 ppm was plotted.

2.6 In vivo HERMES of GSH and GABA

Participants—10 healthy adults (4 female, mean age 34.7 + 8.8 years) were recruited with
approval of the Johns Hopkins University Institutional Review Board and gave informed
consent to participate.

MRS—HERMES, GABA-MEGA- and GSH-MEGA-edited data were acquired from a
single 3.6 x 3.6 x 3.6 cm? midline parietal region. All /n7 vivo experiments were performed
as for the phantom data, except 320 total averages were acquired (i.e. 80 averages each for
A, B, Cand D in HERMES, and 160 ONs and 160 OFFs for MEGA) and VAPOR water
suppression (21) was used. Sixteen non-water-suppressed reference scans were acquired,
interleaved throughout the scan, and the transmitter offset was updated based on the water
signal offset to reduce magnetic field (Bg) drift (19). As proof of principle in a single
subject, HERMES was performed with a dualband excitation pulse and PRIAM
reconstruction (17), allowing the simultaneous acquisition of HERMES data in two (3.0
cm)3 voxels (left and right insular regions separated by 78 mm laterally). All other
acquisition parameters match the single-voxel measurements. The scan duration for each
measurement was 11 minutes. By combining two-fold HERMES metabolite acceleration
and two-fold PRIAM spatial acceleration, this 11-minute experiment collects data that
would take almost 45 minutes to acquire with sequential MEGA-PRESS acquisitions,
providing both GABA and GSH measurements from two brain regions in a single scan.

2.7 Post-processing

Data were multiplied by a 3-Hz exponential window function, followed by frequency-and-
phase correction using spectral registration in the time domain (22), as incorporated in
Gannet (23). This approach alone results in good alignment for the GABA-edited spectrum,
but not the GSH-edited spectrum. Therefore, the averaged GSH-ON spectra were further
aligned to the GSH-OFF spectra in the frequency domain, varying both frequency and phase
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to minimize the standard deviation of the choline subtraction artefact. This strategy was
unsuccessful in one subject, so their pre-alignment GSH-edited spectrum (which had
relatively little subtraction artifact) is presented.

GABA-edited spectra were modeled in Gannet to yield GABA/Cr ratios and signal-to-noise
(SNR) ratios. Noise was determined by applying a linear fit to a region of the baseline
between —2.3 ppm and —2.8 ppm, and calculating twice the standard deviation of the
residuals.

3.1 Editing pulse simulation and phantom validation

Bloch simulations indicate that the cosine-sinc-Gaussian pulse will effectively invert both
the GSH spins at 4.56 ppm and the GABA spins at 1.9 ppm. The results of simulations are
shown in red in Figure 2. Also shown in this figure is the water line from the phantom
saturation series; the position of each water peak along the x-axis corresponds to the
additional reference frequency offset during acquisition (black axis in Hz) and the value it
corresponds to when the editing pulses are applied at the correct offset (red axis in ppm). It
can be seen that the dual-lobe editing pulse effectively saturates signal at two offsets (as
intended for two lobes at 4.56 ppm and 1.9 ppm, Experiment A), and that signal is not
saturated at 3 ppm. Experiments B and C demonstrate one saturation lobe as intended.

3.2 HERMES density-matrix simulation

Density matrix simulations of GSH and GABA are shown in Figure 3. As intended, the GSH
signal at 2.95 ppm is refocused in Experiments A and C (the ONgsnH experiments) and
inverted in the OFFggH experiments B and D. Similarly, the GABA signal at 3 ppm shows a
refocused triplet in Experiments A and B (the ONgaga experiments) and a “W-triplet” in
the OFFgaga experiments C and D. The Hadamard reconstructions of these two
experiments, shown in Figure 3b, have edited signals in the intended Hadamard-combined
spectra, and very low crosstalk to the other spectra (at a level of 1-5%).

3.2 Phantom HERMES data

The four HERMES subspectra from two phantoms containing GABA-only and GSH-only
are shown in Figure 4a. Experiments A-D show the intended multiplet patterns, as described
above, and qualitatively resemble simulations. The Hadamard reconstructions of the two
experiments (Figure 4b) also strongly resemble the equivalent simulations with crosstalk at
or around the noise floor. The lineshapes of these spectra very closely match the lineshapes
of traditional MEGA editing shown in Figure 4c. Figure 4d shows the results of HERMES
editing in a phantom that contains both GSH and GABA, demonstrating very good
separation of the simultaneously acquired signals, which again show strong agreement in
terms of lineshape.

3.3 In vivo HERMES data

Data from one subject are shown in Figure 5. The four HERMES subspectra are shown
separately in Figure 5a to demonstrate that the editing pulses were operating as intended.
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The GSH-inverting lobe also saturates the residual water signal at 4.68 ppm, whereas the
GABA-inverting lobe saturates the N-acetyl aspartate (NAA) signal at 2 ppm. The
Hadamard-combined spectra, shown in Figure 5b, have edited GSH and edited GABA signal
in the intended Hadamard spectra. Figure 6 shows the HERMES spectra for all ten subjects,
overlaid on the separately acquired MEGA-edited spectra for each metabolite,
demonstrating consistency of edited signal amplitude and lineshape.

Quantified GABA/water levels in HERMES spectra were 1.25 + 0.15, compared to 1.36

+ 0.17 for MEGA-edited GABA spectra. GABA/Cr ratios in HERMES spectra were 0.155
+ 0.02, compared to 0.175 £ 0.018 for MEGA-edited GABA spectra. The SNR of GABA-
edited signal in HERMES spectra was 15.44 + 2.7, compared to 15.36 + 2.7 for MEGA-
PRESS.

Figure 7 shows the HERMES-PRIAM spectra from one subject, demonstrating that GSH-
and GABA-edited data from two brain regions can be acquired in a single 11 minutes
experiment, equivalent to a fourfold net acceleration.

4. Discussion

Edited detection of GABA and GSH provides quantitative information on two key brain
metabolites, with applications in cognitive and clinical neuroscience. One key limitation of
MRS as applied to low-concentration metabolites is the low SNR of measurements, which
imposes a lower limit on the duration of measurements for a given acquisition volume
(14,24). Sequential measurements of GSH and GABA would generally take 20 minutes per
brain region, using the widely used MEGA-PRESS editing technique, and therefore
relatively few studies measure both compounds. Simultaneous HERMES editing acquires
equivalent information in half the scan time.

Simulations and phantom measurements of HERMES editing show excellent segregation of
edited signals into the intended GSH and GABA subspectra, with low levels of crosstalk.
Simultaneously acquired data from the GABA+GSH phantom show excellent agreement
with separately acquired MEGA-PRESS data from the single-metabolite phantoms. /n vivo,
the method was successfully applied in ten healthy volunteers, again demonstrating excellent
agreement with separately acquired MEGA-PRESS data. In practice, HERMES allows both
GABA and GSH to be measured in the same duration as one MEGA-PRESS measurement
of GABA (25) (or GSH). We have also demonstrated a fourfold reduction (11 vs ~45
minutes) in scan time using HERMES-PRIAM (Figure 7), allowing both GABA and GSH to
be measured in two brain regions simultaneously.

In this study, we implemented HERMES using PRESS for voxel localization. However,
HERMES is an editing approach that, like MEGA, is not necessarily tied to a single
localization method - HERMES can be applied within other localization sequences, such as
LASER (26,27), semi-LASER (28) and SPECIAL (29). HERMES can also be incorporated
into 2D (30) and 3D (31) spectroscopic imaging (MRSI) sequences.

These experiments have been performed at an echo time of 80 ms. Generally triplet-like
signals such as GABA edit optimally at a TE of 1/2J (or ~70 ms), whereas doublet-like
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signals such as GSH edit optimally at a TE of 1/J (or 140 ms). For GABA editing /n vivo,
echo times of 68-80 ms have been applied (12,32), and for GSH echo times of 68-131 ms
have been applied (13,33). It has recently been shown that the edited GSH signal /n vivo
does not vary substantially between 68 and 140 ms (34), so this choice of 80 ms is a
reasonable compromise for simultaneous GABA and GSH editing.

J-difference editing requires the subtraction of large signals, such as creatine, to reveal small
edited signals such as GABA and GSH. Post-processing frequency-and-phase correction of
individual transients can substantially reduce the appearance of subtraction artifacts in
difference spectra. Although it is generally agreed that such post-processing is beneficial
(14,35), methods of post-processing frequency and phase correction are still being developed
(22,33,36) and currently, the optimum strategy depends on the metabolite being edited. For
example, GSH-edited data cannot be aligned based on the residual water signal, since it is
suppressed in GSH-ON spectra (33). GABA-edited data cannot be aligned based on the
creatine signal (36) or the NAA signal which is suppressed in GABA-ON spectra. In the
case of HERMES editing, there are now four sub-spectra that must be mutually aligned, and
that differ in the appearance of the water, creatine and NAA signals. Correction was
achieved here using a two-step approach, which started on the full time-domain data, and
then used the choline signal for further alignment. The presence of subtraction artefacts in
the edited spectra show that further development of HERMES post-processing is required.

Quantification of GABA is relatively similar between HERMES- and MEGA-edited
experiments. GABA levels are (non-significantly) lower for HERMES, reflecting the greater
remaining subtraction artefacts in the HERMES spectra.

One limitation of simultaneously acquiring GSH and GABA data is that the acquisition
durations and volumes are the same for both metabolites. The edited GABA signal is
generally larger than the GSH signal and separate acquisitions might choose a shorter scan
duration or smaller volume for GABA measurements. An additional limitation to the editing
scheme demonstrated is that ONgaga and OFFgapa Scans are less rapidly interleaved
(every two scans) than ONgsH and OFFgsp scans (interleaved every scan). The HERMES
editing scheme now spans four TRs, rather than 2 TRs with MEGA editing. Thus, HERMES
might be more susceptible than MEGA-PRESS to subject motion and/or By field drift (37),
and within HERMES, GABA editing might be more susceptible than GSH editing. Finally,
the protocol implemented co-edits a substantial fraction of macromolecular (MM) signal
(12). However, by incorporating editing lobes at 1.5 ppm into the OFFgapga Scans, MM-
suppressed GABA (32,38) could be simultaneously edited with GSH.

5. Conclusion

Hadamard Editing and Reconstruction of MEGA-edited Spectroscopy (HERMES) allow the
simultaneous edited detection of multiple metabolites with overlapping signals in the MR
spectrum. HERMES has been demonstrated for GABA and GSH editing, allowing a two-
fold reduction in scan times compared to sequentially acquired measurements using
conventional editing methods. HERMES editing encodes the different editing target signals
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orthogonally, so that difference-edited spectra for each target can be separately reconstructed

us

ing a Hadamard transformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. GABA and GSH can be edited simultaneously and separably using
HERMES.
. Acquisition times halved compared to sequential acquisitions.
. HERMES-PRIAM edits multiple metabolites in multiple brain
locations.
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Figure 1.

Page 13

HERMES editing of GSH and GABA.. a) Inversion profiles of editing pulses applied in the
four sub-experiments A-D. HERMES acquires all combinations of (ONgsH, OFFgsnH) and

(ONgaBa: OFFgaga)- b) Hadamard transformation of the sub-experiments yields the

separate GSH- and GABA-edited spectra. ¢) Dual-frequency inversion in Experiment A is

achieved using a cosine-sinc-Gaussian editing pulse. Experiments B and C use a more

conventional sinc-Gaussian pulse to invert at a single offset.
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Figure 2.
Simulations and phantom saturation series. Bloch simulations of the editing pulses in each

sub-experiment are shown in red. The water signals resulting from a series of phantom
water-saturation experiments (shown in black) demonstrate the effect of editing pulses
pulses in each sub-experiment. A secondary x-axis is plotted in black, corresponding to the
editing pulse reference frequency offset that was applied to record each signal. As required,
editing pulses are applied at 4.56 ppm in Experiments A and C and at 1.9 ppm in
Experiments A and B. Signals at 3 ppm are unaffected in all four experiments.
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Figure 3.
Simulated HERMES spectra. A range from 2.42 to 3.62 ppm is plotted in all cases. a)

HERMES experiments A-D as simulated for GSH-cysteine (left) and GABA (right).
Evolution of coupling is refocused in ON experiments and unaffected in OFF experiments,
as required. b) Hadamard-reconstructed spectra show GSH-edited signal in one combination
and GABA-edited signal in the other.
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Figure 4.

Phantom HERMES spectra. A range from 2.42 to 3.62 ppm is plotted in all cases. a)
HERMES experiments A-D as performed on a GSH phantom (left) and GABA phantom
(right). Evolution of coupling is refocused in ON experiments and unaffected in OFF
experiments, as required. b) Hadamard-reconstructed spectra show GSH-edited signal in one
combination and GABA-edited signal in the other. Crosstalk between subspectra (e.g.
GABA signal in the GSH-edited combination) is very small. c) MEGA-PRESS spectra of
each metabolite show the same edited lineshapes. d) HERMES spectra of a phantom
containing both GSH and GABA demonstrate successful simultaneous editing.

¥

o

Neuroimage. Author manuscript; available in PMC 2017 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Saleh et al.

Page 17

ON

Experiment A

ON

Experiment B

OFF Experiment C

OFF OFF Experiment D

5 4 3 2 1 0

Figure 5.
In vivo HERMES of one subject. A) The separate subspectra A-D are plotted, showing

reduced residual water signal in ONgsH spectra and absent NAA signal in ONgapa Spectra.
The saturation range of the editing pulses is shown on each spectrum as a grayscale overlay.
B) The Hadamard spectra show a GSH-edited signal at 2.95 ppm in the A-B+C-D
combination and a GABA-edited spectrum in the A+B-C-D combination.
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Figure 6.
In vivo HERMES and MEGA-PRESS spectra from all subjects. Simultaneously acquired

HERMES spectra are shown in orange and sequentially acquired MEGA-PRESS spectra are
overlaid in each case in blue.
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HERMES-PRIAM for GSH and GABA

GSH GABA 14

Figure 7.
In vivo HERMES-PRIAM. GSH- and GABA-edited spectra (below) were acquired for two

(3 cm)3 voxels (above) in a single 11 minutes acquisition. The orange spectra originate from
the orange voxel and the blue spectra from the blue voxel.
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