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A B S T R A C T

While functional MRI (fMRI) localizes regions of brain activation, functional MRS (fMRS) provides insights into
metabolic underpinnings. Previous fMRS studies detected task-induced lactate increase using short echo-time
non-edited 1H-MRS protocols, where lactate changes depended on accurate exclusion of overlapping lactate
and lipid/macromolecule signals. Because long echo-time J-difference 1H-MRS detection of lactate is less sus-
ceptible to this shortcoming, we posited if J-edited fMRS protocol could reliably detect metabolic changes in the
human motor cortex during a finger-tapping paradigm in relation to a reliable measure of basal lactate. Our J-
edited fMRS protocol at 4T was guided by an fMRI pre-scan to determine the 1H-MRS voxel placement in the
motor cortex. Because lactate and β-hydroxybutyrate (BHB) follow similar J-evolution profiles we observed both
metabolites in all spectra, but only lactate showed reproducible task-induced modulation by 0.07mM from a basal
value of 0.82mM. These J-edited fMRS results demonstrate good sensitivity and specificity for task-induced
lactate modulation, suggesting that J-edited fMRS studies can be used to investigate the metabolic underpin-
ning of human cognition by measuring lactate dynamics associated with activation and deactivation fMRI par-
adigms across brain regions at magnetic field lower than 7T.
1. Introduction

While functional MRI (fMRI) is used to localize regions of brain
activation, functional MRS (fMRS) provides a measure of the metabolic
response to functional activation. The fMRI contrast is blood oxygenation
level dependent (BOLD) and relies on the paramagnetic fields generated
from deoxyhemoglobin packed inside red blood cells to alter the trans-
verse relaxation rate of tissue water protons (Hyder and Rothman, 2017).
The fMRS protocol detects stimuli-induced changes in the proton reso-
nances of metabolites, which are proportional to the activity-dependent
changes. Following the initial measurements of lactate increases during
visual stimulation at a low magnetic field of 2.1T (Prichard et al., 1991),
systematic optimization of sensitivity and accuracy for fMRS methodol-
ogy at high magnetic fields like 7T (Mekle et al., 2009; Mlynarik et al.,
2006; Tkac and Gruetter, 2005) have detected stimuli-induced changes
of lactate, glutamate, and ɣ-aminobutyric acid (GABA) in small voxels of
the human primary visual cortex (Bednarik et al., 2015b; Lin et al., 2010,
2012; Mangia et al., 2007b, 2009; Mekle et al., 2016; Schaller et al.,
2013b). Recently, smaller but reliable modulations in lactate (17� 5%)
search Center, Yale University, 3
h), fahmeed.hyder@yale.edu (F.

1 August 2018; Accepted 4 Septe

.

and glutamate (2� 1%) were also observed in the human motor cortex
during a standard finger-tapping paradigm at 7T (Schaller et al., 2014).

These recent fMRS studies at 7T have been performed using short
echo-time (TE) non-edited 1H-MRS protocols. In addition, visual cortex is
known to be the most reliable location in the human brain to probe with
MRS protocols, often used primarily because of relative simplicity of the
stimulus paradigm required to achieve robust and sustained physiolog-
ical activation as well as the high signal-to-noise ratio (SNR) of detection
arising from both close proximity of the visual cortex to the radio-
frequency (RF) head coil elements and better shimming conditions.
Because of the added SNR gain and better spectral resolution of 7T
scanning, applying fMRS protocols at lower magnetic fields and/or other
brain areas is not usually considered (Schaller et al., 2014). While the
short TE non-edited 1H-MRS protocol is advantageous because of high
SNR, the precise assessment of changes in lactate (or other metabolites) is
contingent on deconvolution of the overlapping signals from lip-
ids/macromolecules and lactate.

Because long TE J-difference 1H-MRS detection of lactate intrinsi-
cally removes overlapping signals, we posited if J-edited fMRS at 4T
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could reliably detect lactate modulations in the human motor cortex
during a finger-tapping paradigm. Spectral editing with J modulation
takes advantage of the quantum mechanical properties of specific
molecules to “edit” them from the overall 1H-MRS spectrum (Rothman
et al., 1984), thereby providing separation of lactate from overlapping
resonances and/or lipids/macromolecules. However, J-editing is
vulnerable to subtraction errors due to motion, which can obscure small
changes in the lactate signal. In this study, we used long TE J-edited
1H-MRS to selectively and reproducibly detect lactate changes during
physiological stimulation. Through post-processing optimization, we
were able to obtain the sensitivity and subtraction accuracy needed to
measure even small changes in lactate. Furthermore, we were able to
obtain macromolecule-free measurements of lactate at rest, which
allowed an unambiguous determination of the percentage increase in
the lactate signal as well as potentially important information on the
pre-stimulus rest state. We tested the sensitivity of J-editing for changes
in lactate (vs. β-hydroxybutyrate (BHB)) at 4T through conventional
finger-tapping that exerts stable BOLD signal changes in the primary
motor cortex.

2. Methods

2.1. Participants

Ten healthy volunteers (right-handed, 9 male, 1 female, age
36.5� 3.8) participated in the experiment that consisted of one fMRI run
and from two to four fMRS runs spanning over two to four days (in total
28 runs, 2.8� 0.2 runs per subject, one fMRS run per daily session). All
participants gave their consent to participate in the study in accordance
with procedures approved by the Yale University Human Investigation
Committee. The experiments were performed at the Magnetic Resonance
Research Center on a 4T Bruker spectrometer using a 16-channel
transmit-receive head coil. Before the experiment participants received
the instructions that they will perform a conventional finger-tapping
experiment to activate their motor cortex. The instructions included an
explanation of the task conditions, and that they have to fixate at the
central fixation dot, breathe steadily and remain as still as possible
throughout the experiment.
2.2. fMRI and fMRS experiments

The experimental session of the first day consisted of an fMRI
localizer run and a single fMRS run. During the subsequent daily ses-
sions over the next three days participants performed one to three fMRS
runs. We ran a finger-tapping fMRI localizer to delineate the primary
motor cortex region-of-interest (ROI), which consisted of five 97 s
finger-tapping blocks interleaved with five 97 s fixation blocks
(16.2 min in total). Participants were asked to perform a visually cued
finger-to-thumb tapping task at a rate of 3 Hz for both hands, which
provides stable and high primary motor cortex activation (Schaller
et al., 2014; Vafaee and Gjedde, 2004; Vafaee et al., 2012). During
finger-tapping blocks participants were asked to follow carefully the
flashing numbers from 1 to 4 (indicated above the fixation dot) for each
of four fingers alternating to the thumb. During fixation blocks (cued
with ‘FIX’ above the fixation dot) participants were asked to stop
tapping.

The fMRS run consisted of three 333 s finger-to-thumb tapping
blocks for both hands interleaved with three 333 s fixation blocks
(33.3 min in total). Visual cues and instructions were displayed using a
rectangular projection screen at the rear of the scanner bore using a
mirror positioned within the head-coil. Practice sessions outside the
scanner ensured a proper tapping performance at the given 3 Hz fre-
quency, which was also carefully monitored during fMRI and fMRS
runs. Foam paddings were placed around the subject's head inside the
head-coil to minimize head motion.
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2.3. fMRI and fMRS data acquisition

We used a single-shot T2*-weighted FLASH sequence for the func-
tional localizer fMRI run, which was acquired during the first experi-
mental session (74 scans, repetition time (TR) ¼ 375.3 ms, TE ¼ 30 ms,
voxel size¼ 4� 4� 4mm, slice gap¼ 1mm, matrix size¼ 61� 35� 10,
flip angle ¼ 30�, bandwidth ¼ 50 kHz, image acquisition time
(TA) ¼ 13.1 s, total TA ¼ 16.2 min, 1 dummy image). Using SPM12
(www.fil.ion.ucl.ac.uk/spm), the T2* data from the functional localizer
were processed to identify the activated motor cortex ROI. An individual
fMRS voxel was placed in the middle of the identified ROI to cover the
activation associated with the motor and somatosensory areas. This
entire process took ~15 min (for details, see fMRI data processing
section).

We used 1H J-difference editing for the fMRS scans (150 paired
spectra, number of averages¼ 2, TR¼ 3330ms, TE¼ 144ms, voxel
size¼ 22� 28� 22mm, total TA¼ 33.3min) with the MEscher-
GArwood scheme (MEGA (Mescher et al., 1998),), which consisted of
10ms Gaussian editing pulses with �99 Hz (5.26 ppm) and 99 Hz
(4.10 ppm) offsets, and 114Hz (0.67 ppm) bandwidth at 4T. For con-
ventional slice selective excitation combined with localization by adia-
batic selective refocusing (semi-LASER (Scheenen et al., 2008),), we used
a non-adiabatic slice-selective Shinnar-Le-Roux (Pauly et al., 1991)
excitation pulse (90�, 2 ms, bandwidth¼ 2800Hz) followed by two pairs
of the second-order hyperbolic secant adiabatic full passage pulses
(Tannus and Garwood, 1996) for refocusing (180�, 4 ms, band-
width¼ 5000 Hz). For water suppression we used variable pulse power
with optimized relaxation delays (VAPOR (Tkac et al., 1999),) with
Gaussian 15ms pulses (bandwidth¼ 133.6 Hz). Prior to fMRS acquisi-
tions, we acquired maps of the static magnetic field (B0) and adjusted the
basic frequency. We shimmed up to the second-order, both globally and
locally, based on the B0 map. We also acquired a reference water spec-
trum from the same fMRS voxel using the same J-editing sequence but
with zero-amplitude RF pulses for the water suppression and the editing
pulses (one spectrum, 10 averages). In this reference water spectrum the
eddy currents were exactly the same as in the subsequent fMRS spectra,
such that the water signal could later be used for eddy current correc-
tions. We also acquired a structural scan to facilitate fMRS voxel locali-
zation with a 3D FLASH scan (TR¼ 20ms, TE¼ 6.5ms, voxel
size¼ 1� 1� 1mm, matrix size¼ 256� 160� 120, flip angle¼ 10�,
bandwidth¼ 100 kHz, TA¼ 6.4min).

To elucidate spectral overlap between lactate and BHB resonances
given their similar J-evolution profiles and to ensure sensitivity of our J-
editing sequence to test both molecules on our 4T scanner, we conducted
experiments on a phantom consisting of NAA (10mM), lactate (1mM),
and BHB (0.3mM) prior to the in vivo study. The phantom was prepared
with distilled deionized water and potassium hydroxide buffer
(pH¼ 7.3 at 25 �C; Sigma Aldrich, USA). We acquired a single 33.3min
fMRS run at room temperature using the same data acquisition param-
eters as for the in vivo fMRS run.

2.4. fMRI data processing

Immediately after acquiring the fMRI localizer runs, the images were
pre-processed with SPM12, i.e., they were realigned to the mean scan of
each run and smoothed with an isotropic Gaussian kernel with an 8mm
full-width-at-half maximum. First, the dummy scan was skipped to ac-
count for T1 saturation effects. We then used a general linear model for a
whole-brain first-level analysis with separate regressors for the finger-
tapping and the fixation conditions, along with covariates derived from
head movement parameters to capture residual motion artifacts. The
regressors were modeled as boxcar functions convolved with the ca-
nonical hemodynamic response function. To account for the relatively
long image acquisition time (13.1 s) of our fMRI scans, first-level whole-
brain analysis was performed slice-wise, given slice-specific shifted
condition onsets, and combined into the single whole-brain statistical
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activation map at the end. The motor cortex ROI was defined from the
local maximum of the BOLD response as defined by the thresholded
activation map (t-statistics, p< 0.01 unc.). The fMRS voxel was carefully
placed over the fMRI-derived ROI to ensure that the voxel captures the
entire activation pattern while at the same time it does not capture signal
from outside the brain (Bednarik et al., 2015b; Koush et al., 2011, 2013,
2014; Mangia et al., 2007b; Schaller et al., 2014). The fMRS voxel co-
ordinates were transferred from the FLASH scan space to the single MRS
voxel space given the specifications of the Bruker coordinate system.

For the subsequent fMRS daily sessions, we first ran a template FLASH
fMRI scan and then co-registered the first day average fMRI scan (i.e., the
scan in the space of which the ROI was identified) to this template
together with the prescribed ROI. By this procedure, the coordinates of
the first-day ROI localization in the MRS spaces were transferred to the
current day MRS space. The registration of the fMRI data was performed
using conventional spatial registration routines, default parameters, and
precision settings as determined by SPM12.

2.5. fMRS data (pre)processing

The in vitro spectra were processed by the same steps as described for
the in vivo spectra. For the in vivo data we first preprocessed the spec-
troscopic data per fMRS run and then derived quantitative estimates per
finger-tapping and fixation blocks, and participants, respectively. The
FIDs from each coil in the 16-channel array were weighted by the SNR of
the water signals and then added together (Roemer et al., 1990). The
resultant 300 FIDs underwent several preprocessing and processing steps
(de Graaf, 2007). The preprocessing included subsequent frequency drift
correction, eddy current correction, automatic spectra phase correction,
spectra alignment, J-edited grouping, and apodization. For the frequency
drift correction, we used the run-average NAA peak as a reference peak
and aligned the frequency of all the subsequent NAA peaks to it. Subse-
quently, eddy current correction of each spectrum per run was performed
using the phase evolution of the acquired reference water FID (Klose,
1990; Tkac and Gruetter, 2005). Next, separately for each fMRS run, we
performed a zero-order phase correction of the eddy current corrected
spectra based on the phase-nulling offset defined from the run-averaged
NAA peak. To define the phase-nulling offset, i.e., the phase required to
be added/subtracted from the initial spectrum to reach the symmetricity
of its imaginary part, we phase-alternated the run-average NAA spec-
trum. For phase alterations, we gradually added extra phase offset to the
initial spectrum in the range from 0� to 360�, with 1� steps. For the
symmetricity criteria, we computed an average of the absolute sums of all
positive values and all negative values from the imaginary spectrum part
given the NAA peak window (2.01� 0.25 ppm). The resultant averages
(i.e., per gradual phase) formed a phase vector with extremums where
the phase-altered spectrum was symmetrical. Phase-nulling offset was
defined by the maximum symmetricity value and a positive real spec-
trum. This phase offset was applied to all the spectra within the run.

Subsequently, each of the run spectra was aligned prior to averaging,
and each of the 150-paired spectra (i.e., J-edited spectra pairs acquired in
an interleaved order) was aligned to each other. Next, the aligned paired
spectra were summed to form a J-edited sum spectrum and subtracted to
form a J-edited difference spectrum. The frequency drift correction and
spectra alignment procedures outlined above were performed using NAA
peak as a reference and a parametric least-square fitting approach to fit
each spectrum to the reference spectrum given prescribed precision
levels and modeled spectra amplitude, phase, and frequency. Finally,
2� 150 grouped J-edited spectra (i.e., 150 summed spectra and 150
difference spectra) were apodized using 2 Hz Gaussian and 2 Hz expo-
nential filters.

Preprocessed summed and difference J-edited spectra were averaged
per each finger-tapping and fixation blocks, and per finger-tapping and
fixation conditions across blocks and across runs, respectively. The
spectra were scaled with the scaling factor 0.01. For illustration purposes,
we also averaged all finger-tapping and fixation spectra across all
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acquired runs to get illustrative spectra per group for both conditions and
differences between the conditions. Since each spectra averaging slightly
affects the reference spectra frequency and shape, frequency drift and
shape alignments were performed after each averaging.

To diminish the BOLD effect in the J-edited difference spectra, finger-
tapping summed spectra were first centered and then fit to the average
spectrum for the fixation condition.We used spectra shape alignment and
fitting procedures as described above, and extended it with an extra
exponential term to model the BOLD-induced linewidth modulations.
Such estimated spectra shift and linewidth modulations were applied to
both finger-tapping J-edited summed and difference spectra, which were
corrected for the linewidth changes due to the BOLD effect.

Since lactate and BHB have similar J-evolution profiles and their
resonances overlap partly, we estimated their levels based on the linear
combination model (LC model) quantification (Provencher, 2001). The
basis set of the simulated lactate and BHB metabolites was used to fit the
differential spectra over a range of 0.6–1.9 ppm. The high bandwidth of
the refocusing pulses (5000 Hz) relative to the chemical shift difference
of the lactate/BHB resonances (475 Hz at 4T) leads to aminimal chemical
shift displacement, thereby avoiding the need for spatially-resolved basis
set simulations (Edden and Barker, 2011; Yablonskiy et al., 1998). To
approximate the NAA linewidth modulations by the finger-tapping con-
dition, we used J-edited summed spectra to which BOLD compensation
was not applied. We fitted the NAA peak in LC model over a range of
1.9–2.1 ppm. The contributions of potentially overlapping metabolites
(glutamate, glutamine) were minimal at our echo time and were not
further considered. To estimate the reference NAA levels, we performed
the similar LC modeling based on the BOLD-compensated summed
spectra. Conventional polynomial baseline correction was performed for
the NAA and lactate/BHB peaks. The uncertainties in these quantifica-
tions were estimated by the Cram�er–Rao lower bound (CRLB) procedure
as previously described (Cavassila et al., 2001).

The BOLD-compensated NAA levels were used for the scaling of the
lactate and BHB levels, assuming 10mM NAA. In addition, these levels
were corrected for the T2 effect by introducing an additional T2 scaling
factor. This scaling factor was approximated as a ratio exp(-TE/T2NAA)/
exp(-TE/T2lactate)¼ 1.13, given TE¼ 44ms, and T2NAA¼ 297ms and
T2lactate¼ 239ms based on a recent 3T study (Madan et al., 2015).

The water spectra were preprocessed similarly to the J-edited spectra,
but without 2 Hz exponential and 2Hz Gaussian apodization. For com-
parison and quality assurance purposes, the water peak linewidth was
assessed using LC model quantification of the water spectra and the time-
domain linear approximation of the first 100ms of the acquired FID
(Koush et al., 2011, 2013, 2014). We also estimated noise in the spectrum
from 10 to 11 ppm.

We used two-tailed paired t-tests to compare the metabolite levels
between finger-tapping and fixation conditions. The correlation between
metabolite levels was assessed using two-tailed Spearman correlation.
We also assessed the linear dependencies across (i) fixation metabolite
levels, (ii) finger-tapping metabolite levels, and (iii) the differences be-
tween the finger-tapping and fixation metabolite levels using one-way
repeated measures analysis of variances (ANOVAs). For average values,
we reported mean and standard error of the mean (SEM). The spectro-
scopic data were processed using custom and NMRWizard (mrrc.yale.
edu) routines written in Matlab (Mathworks, MA, USA).

3. Results

We investigated a phantom solution with lactate and BHB to reveal
their in vivo overlap with characteristic 6.99 and 5.6 Hz splitting,
respectively (Fig. 1). The fMRS voxel placement was guided by the ROI
determined from the fMRI experiment (Fig. 2A). The SNR of fMRS data,
determined from the height of the NAA peak (CRLB¼ 0.2� 0.01) rela-
tive to the noise peak (from 10 to 11 ppm), was 350.0� 18.7 (n¼ 28).
The J-edited summed and difference spectra from the motor cortex
(Fig. 2B and C) were acquired with the narrow group average linewidths
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Fig. 1. J-edited spectrum of a phantom containing lactate (1.0 mM) and BHB
(0.3 mM), where lactate at 1.32 ppm and BHB at 1.19 ppm were scaled to NAA
(10mM). For comparison purposes (see Fig. 3C), an extra 9.5 Hz exponential
and 2 Hz Gaussian apodization was applied to the phantom spectrum (dashed
blue line) to mimic line broadening observed in vivo (solid black line). The
dashed blue line illustrates the characteristic 6.99 Hz splitting for lactate and
5.6 Hz splitting for BHB.
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for water (5.1� 0.3 Hz, water CRLB¼ 0.3� 0.04), lactate, and BHB
(9.7� 0.3 Hz, lactate CRLB¼ 3.6� 0.2, BHB CRLB¼ 14.6� 1.3) peaks.
The LC modeling and time domain approximation of the water linewidth
were similar (paired two-tailed t-test, t¼ 0.3, p¼ 0.8, df¼ 27) and highly
correlated (two-tailed Spearman correlation, rho¼ 0.93, p< 0.001).
BOLD-induced linewidth narrowing during finger-tapping was estimated
from individually quantified NAA linewidth differences, i.e., between
fixation and finger-tapping conditions for each fMRS run (i.e., linewidths
of 6.81� 0.20 Hz for finger-tapping and 6.94� 0.27 Hz for fixation,
corresponds to 0.13� 0.13 Hz difference for 1.9� 1.3% BOLD signal
change from fixation).

During the finger-tapping condition compared to the fixation condi-
tion, we detected no difference between the corresponding NAA levels
(two-tailed paired t-test, t¼ 0.6, p¼ 0.54, df¼ 27) and noise integrals
(two-tailed paired t-test, t¼ 0.3, p¼ 0.80, df¼ 27), but a significant in-
crease in lactate levels (two-tailed paired t-test, t¼ 2.7, p¼ 0.01, df¼ 27)
(Fig. 3). The stimulation-induced lactate modulations corresponded to a
change of 8.6� 4.0% from basal levels (0.89� 0.04mM finger-tapping,
and 0.82� 0.04mM fixation lactate levels). Because BHB at 1.19 ppm
has the same J-evolution profiles as lactate at 1.32 ppm, our J-edited
spectra captured both BHB and lactate reliably in all acquisitions. How-
ever BHB levels did not show a significant increase induced by the finger-
tapping (two-tailed paired t-test, t¼ 1.3, p¼ 0.21, df¼ 27; with BHB
levels of 0.28� 0.02mM for finger-tapping, and 0.25� 0.02mM for
fixation).

We ran several subjects additional times in order to assess the
reproducibility of the BHB measurement which had not been previously
Fig. 2. The fMRI and fMRS experimental design and
results. (A) An illustration of the fMRI and fMRS runs
and the ROI localization (green box). Each fMRI run
consisted of five 97 s finger-tapping blocks interleaved
with five 97 s fixation blocks (16.2 min in total). Each
fMRS run consisted of three 333 s finger-tapping
blocks interleaved with three 333 s fixation blocks
(33.3 min in total). For the fMRS run, the block du-
rations are shown in brackets. The right motor cortex
was localized based on the fMRI run and positioned as
the single voxel for fMRS run (green
box¼ 22� 28� 22mm). FIX¼ fixation, TAP¼ finger-
tapping. Group average J-edited (B) summed and (C)
difference spectra for fixation (green), finger-tapping
(red), and the difference (i.e., blue, which is tapping
- fixation). (B) The summed spectra illustrate NAA
(2.01 ppm), choline (Cho, 3.19 ppm), and creatine
(Cre, 3.03 ppm) peaks, as well as lipids and macro-
molecule contamination (1.6–0.8 ppm). (C) The dif-
ference spectra illustrate J-edited lactate (1.32 ppm)
and co-edited BHB (1.19 ppm) peaks. Shaded plots
denote SEM. The sum and difference spectra were
scaled with the scaling factor 0.01.



Fig. 3. Details of fMRS data for lactate, BHB, and
NAA. Group average spectra of (A) lactate and BHB as
well as (B) NAA are illustrated for fixation (green) and
finger-tapping (red) conditions and their difference
(blue). (C) Group LC modeled lactate and BHB spectra
as well as (D) residuals are illustrated for fixation
(green) and finger-tapping (red) conditions and their
difference (blue). (E) Normalized lactate, BHB, and
noise levels are shown for fixation and finger-tapping
conditions, assuming NAA concentration of 10mM.
Shaded plots and error bars denote SEM.

Fig. 4. Group average box plots of the mean centered lactate levels for
consecutive fixation and finger-tapping blocks. The individual lactate levels
were mean centered to the first fixation block lactate level. For quantified
metabolite levels over time (i.e., across 3 finger-tapping blocks), we did not
detect significant increase of lactate with consecutive finger-tapping conditions
(one-way ANOVA; lactate fixation F(2,81)¼ 0.2, p¼ 0.79; lactate tapping
F(2,81)¼ 1.3, p¼ 0.28; lactate tapping - fixation F(2,81)¼ 1.2, p¼ 0.31). The
acquired 150 J-edited pairs (i.e., 25 per block) were averaged to a single paired
spectrum per block. Finger-tapping induced differences were computed as the
differences between absolute finger-tapping and fixation concentration levels.
Symbols represent medians (green lines), lower and upper quartiles (top and
bottom of blue boxes), error bars (dashed black lines), and outliers (red crosses).
The box plot error bars represent the most extreme non-outlier data points,
which is different from SEMs shown in Fig. 2 and 3. FIX¼ fixation,
TAP¼ finger-tapping.
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reported in the fMRS literature. The number of runs per subject was
limited by their availability. More specifically, six out of ten subjects
were scanned 3–4 times, which resulted in 10 retest fMRS runs. We did
not find a difference between the test (10 subjects, 18 runs) and retest (6
subjects, 10 runs) fMRS runs in terms of the baseline levels of lactate
(two-tailed two-sample t-test, t¼ 0.2, p¼ 0.86, df¼ 26) and BHB (two-
tailed two-sample t-test, t¼ 0.7, p¼ 0.51, df¼ 26), and thus jointly
analyzed them. For test runs (10 subjects, 18 runs), we consistently found
a significant increase of lactate during finger-tapping compared to fixa-
tion conditions (two-tailed paired t-test, t¼ 2.5, p¼ 0.02, df¼ 17; with
lactate levels of 0.85� 0.05mM for finger-tapping, and 0.77� 0.05mM
for fixation, which corresponds to a change of 10.4� 6.0% from basal
levels), but no significant BHB increase (two-tailed paired t-test, t¼ 1.2,
p¼ 0.24, df¼ 17; with BHB levels of 0.26� 0.02mM for finger-tapping,
and 0.24� 0.02mM for fixation).

To investigate lactate dynamics across conditions, we averaged 150 J-
edited pairs (i.e., 25 spectra per block) to a single paired spectrum per
block. We did not detect a significant lactate increase with consecutive
experimental conditions (Fig. 4; one-way ANOVAs; lactate fixation
F(2,81)¼ 0.2, p¼ 0.79; lactate tapping F(2,81)¼ 1.3, p¼ 0.28; lactate
tapping - fixation F(2,81)¼ 1.2, p¼ 0.31). We also performed a corre-
lation analysis between the initial (i.e., first fixation block) lactate levels
and the tapping-induced differences relative to the fixation level. We did
not find a correlation between the initial lactate level and induced
changes (two-tailed Spearman correlation, rho¼�0.22, p¼ 0.27).

4. Discussion

Our J-difference editing fMRS study showed that direct observation of
the functional modulation of lactate is feasible at 4T with sufficient time
resolution. Using standard finger-tapping we observed significant lactate
increase in the motor cortex (8.6� 4.0%, 0.07� 0.04mM) during finger-
tapping (0.89� 0.04mM) as compared to the fixation (0.82� 0.04mM)
105
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condition (Fig. 3). Our results are in good agreement with the previous
fMRS studies at 7T, which measured lactate increases in the motor cortex
(17� 5% (Schaller et al., 2014), and visual cortex (7–20% (Bednarik
et al., 2015b; Lin et al., 2010; Mangia et al., 2007a; Mekle et al., 2016;
Schaller et al., 2013b),). Because lactate (1.32 ppm) and BHB (1.19 ppm)
have similar J-evolution profiles, we were able to detect both in our
edited spectra as confirmed through simulation using a model of the pure
compounds (Fig. 1). In addition to the task-induced lactate modulations,
we repeatedly observed BHB (Figs. 1–3). We performed LC model
quantification of both molecules to delineate the extent of their overlap,
which revealed significant increases of lactate, however BHB changes
were not significant (Fig. 3E).

LC modeling is highly sensitive to the noise when the number of
averages is reduced, and thus requires assumptions about larger CRLB
threshold for data quantification (Schaller et al., 2014). Hence we
favored high SNR against high temporal resolution of our data and
averaged 25 spectra per block, which is sufficient to show the functional
modulations in steady-state (i.e., over long 5min periods of time), and
the linear dependencies of the metabolite levels across subsequent
regulation blocks. We illustrated lactate dynamics across consecutive
task and rest blocks, where we found no significant linear dependencies
in lactate levels with repeated stimuli (Fig. 4), and no correlation be-
tween initial and task-induced lactate level differences.

1H-MRS studies at 3T and lower B0 have shown that lactate detected
with short TE are not always feasible in healthy human brain due to low
lactate concentration (<1mM) (Bednarik et al., 2015a; Terpstra et al.,
2016)), although the same method reliably observed higher lactate levels
in human brain tumors (~10mM lactate at 3T (Madan et al., 2015)).
High specificity for activation-induced lactate modulations in our data at
4T was maintained using long TE (144ms) J-difference editing acquisi-
tions. J-edited 1H-MRS takes advantage of the quantum mechanical
properties of lactate to specifically edit it from the overall 1H-MRS
spectrum (Rothman et al., 1984), providing direct insights into the
overlapping resonances that appear from multiple metabolites like lipids
or macromolecules. 1H-MRS studies have shown that physiological
modulations of lactate in the visual cortex could be observed even at 1.5T
using long TE, and therefore, possesses less susceptibility to artifacts due
to substantial suppression of the relatively short T2 for the lipid and
macromolecule background signals (TE¼ 270ms (Kuwabara et al.,
1995)). Thus our J-editing acquisitions reproducibly detected lactate
modulations devoid of lipids and macromolecules, which were achieved
both by the long TE and J-edited difference spectra calculation (Figs. 2
and 3). These data had high spectra SNR (350.0� 18.7) and sufficient
temporal resolution to obtain dynamics of lactate (Fig. 4). The quality of
the acquired data was assured by the narrow water linewidth
(5.1� 0.3 Hz), low spectral noise, and low CRLB for lactate quantifica-
tion (3.6� 0.2). A potential limitation of our protocol, however, is that
the long 16min fMRI scan acquired prior to the first day fMRS session
could cause the potential problem for the subsequent J-editing data due
to B0 shifts arising from gradient heating and cooling. However in our
experimental design there was about 15–25min break between the fMRI
and fMRS data acquisitions, delays attributed to fMRI data processing,
fMRS voxel positioning, and conventional delays for 1H-MRS adjust-
ments. This data acquisition break substantially reduced B0 drifts. Overall
we had a 14.0� 1.3 Hz frequency drift over the entire 33.3min fMRS
runs, which did not significantly reduce editing efficiency. In addition to
the retrospective frequency drift and phase correction used here and
elsewhere (Near et al., 2015; Waddell et al., 2007), the real-time
correction techniques can be implemented to counteract these short-
comings, such as the techniques based on the interleaved navigators
(Henry et al., 1999; Hess et al., 2011; Keating and Ernst, 2012; Star-Lack
et al., 2000; Thiel et al., 2002), the residual water signal (Helms and
Piringer, 2001), and the reference peak (e.g., NAA or total Cr) locking if
implemented within the real-time loop (Near et al., 2015; Waddell et al.,
2007).

The BOLD-induced modulation of the NAA peak linewidth by the
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finger-tapping (i.e., 0.13� 0.13 Hz NAA linewidth difference; NAA
linewidths of 6.81� 0.20 and 6.94� 0.27 Hz for finger-tapping and fix-
ation, respectively) confirmed proper placement of fMRS voxels in the
activated motor cortex area. These BOLD linewidth changes were
compensated both in summed and difference J-edited spectra using NAA
peak as a reference. In addition, BOLD linewidth modulations in our
study (0.13� 0.13 Hz) were generally smaller than previous short TE
(6–26ms) non-edited 1H-MRS protocols, which observed 0.25 and
0.45–0.46 Hz modulations in the motor (Schaller et al., 2014) and visual
(Bednarik et al., 2015b; Schaller et al., 2013b) cortices, respectively. The
reduction of the BOLD-induced NAA linewidth modulation in our data
could be attributed, in part, to the relatively long TE and minimal partial
volume effect. The long TE may have contributed to the reduction of the
quality of our NAA-based BOLD quantifications because of reduced ab-
solute spectra amplitude and modulations. The partial volume effect
cannot be completely excluded in single voxel fMRS studies and could be
expected to be larger in the motor cortex (Schaller et al., 2014). Due to
the small linewidth changes from the BOLD effect under our experi-
mental conditions (i.e., at B0 of 4T and long TE of 144ms), its impact on
NAA and lactate quantification even without this correction would be
minimal, as previously shown (Bednarik et al., 2015b; Schaller et al.,
2013b, 2014). However our correction procedure effectively eliminated
any BOLD influence on our results.

Despite the increased quality of fMRS data at 7T with short TE non-
edited 1H-MRS, there has been nearly a factor of two range for basal
lactate reported - from 0.56mM to 1.02mM (Lin et al., 2012; Mangia
et al., 2007a; Mekle et al., 2009, 2016; Schaller et al., 2013a, 2014).
Similar basal lactate variations with non-edited 1H-MRS have been re-
ported at 1.5T (0.20mM in basal ganglia (Kuwabara et al., 1995)), at
2.0T (0.38mM in visual cortex (Frahm et al., 1996), and at 2.1T
(0.71mM in visual cortex (Prichard et al., 1991)). We suggest the vari-
ation in the measured basal lactate level is due to the lactate peak in the
non-edited spectra being on the shoulder of larger lipids/macromolecule
signals (Behar et al., 1994), which could affect the accuracy of the
spectral fitting procedures given CRLB<20. Our measured basal lactate
level at fixation value was 0.82� 0.04mM (assuming 10mM NAA),
which falls within the range reported in the literature. Due to intrinsic
elimination of overlapping lipids/macromolecule resonances with
J-editing (the levels and composition of which may change regionally in
the brain and with disease), we recommend J-editing as a way to obtain
accurate basal lactate measurements, especially at lower B0. Neverthe-
less, further investigations are needed to compare the long and short TE
lactate quantification precision and temporal resolution of J-editing
measurements. Based on our J-editing results at 4T we expect that fMRS
sensitivity of results from J-editing at 7T should be further improved, but
due to the long TE will be less sensitive than short TE methods for
quantifying the change in lactate concentration with activation para-
digms. However it may still be of use when an accurate basal measure-
ment of lactate concentration is needed under conditions where there is
ambiguity in fitting the lipids/macromolecule background signals.

Cerebral blood flow (CBF) and metabolic rates of glucose (CMRGlc)
and oxygen (CMRO2) consumption are all tightly coupled throughout the
resting human brain (Hyder et al., 2016). Thus, at rest, uniformly stable
oxygen-to-glucose index (OGI ¼ CMRO2/CMRGlc) and oxygen extraction
fraction (OEF ¼ CMRO2/(Ca⋅CBF), where Ca is the arterial oxygen con-
tent) is observed in the cerebral cortex. However during physiological
stimuli slight decreases in both OGI (CMRO2-CMRGlc uncoupling) and
OEF (CMRO2-CBF uncoupling) are detected from their resting values in
localized brain regions (for a historical perspective see (Hyder and
Rothman, 2012)).

The greater stimuli-induced rise in CBF compared to CMRO2 (Fox and
Raichle, 1986) is consistent with the increased BOLD effect during task
compared to rest (Vafaee et al., 2012), but over two decades of assess-
ment of stimulus-induced changes in CMRO2 and CBF with calibrated
fMRI experiments (Hyder and Rothman, 2017) suggest a much tighter
coupling than originally reported. The slightly higher task-related
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increase in CMRGlc compared to CMRO2 (Fox et al., 1988) suggests less
efficient glucose oxidation compared to rest and some stimuli-induced
lactate increase (Lin et al., 2010). Although lactate has generally been
considered as an end product of glycolysis, the proposed role of lactate in
metabolic processes of brain function is constantly growing. The
13C-MRS in vivo data regarding the linear relationship between cerebral
activity (glutamate recycling between neurons and astrocytes or
glutamate-glutamine cycling) and energy metabolism (neuronal glucose
oxidation) suggest that lactate can be oxidized in both neurons and as-
trocytes, enabling lactate to contribute to energetics during activation in
both neuronal and glial compartments (Hyder et al., 2006; Sibson et al.,
1997). Thus there is an increasing support for lactate being one of the
major sources of energy production as compared to glucose (Hyder and
Rothman, 2012; Wyss et al., 2011). Recently a novel perspective of
lactate has been proposed, where it acts as a volume transmitter of
cellular signals that also regulates energy metabolism in large neuronal
ensembles (Bergersen and Gjedde, 2012).

In our study, we observed a steady-state finger-tapping lactate in-
crease of 0.07� 0.04mM (i.e., 8.6� 4.0% from basal level of
0.82� 0.04mM), which indicates a sustained increased flux into the
pyruvate-lactate pool and increased lactate efflux to the blood (Hyder
and Rothman, 2012; Mangia et al., 2012; Schaller et al., 2014), often
referred to as aerobic glycolysis. Based on our quantification of the
resting lactate level, the fractional increase of lactate in aerobic glycolysis
is relatively small for the finger-tapping task. However it may also play an
important role in linking CBF changes to the metabolic alterations
(Bergersen and Gjedde, 2012; Vafaee et al., 2012).

Interestingly, BHB could be visually identified in previously reported
fMRS difference spectra (i.e., activation minus baseline), however its
values were never estimated (Schaller et al., 2013b, 2014). It is known
that BHB can rise substantially with exercising (Newman and Verdin,
2017) and fasting (Jiang et al., 2011). In addition, BHB could provide
energy for basal and activity-dependent neuronal oxidation when supply
of glucose is low for the body's energy needs (Chowdhury et al., 2014).
However its potential role in acute human brain activation has never
been addressed so far and requires a thorough investigation. We specu-
late that similarly to its conventional implication in exercising and fasting
studies, BHB could serve as an alternative energy buffer recruited during
raised energy demand yielded by increased brain activity when glucose
supplies are low, such as during fasting.

5. Summary

Our results at 4T show that by using J-editing to improve spectral
resolution it is possible to obtain high quality time courses of lactate
changes during functional activation. The lactate levels in basal and
stimulated conditions measured at 4T in human motor cortex with
editing was similar to previous studies at 7T without editing in human
visual cortex (Bednarik et al., 2015b; Mangia et al., 2012; Mekle et al.,
2016; Schaller et al., 2013b) and human motor cortex (Schaller et al.,
2014). By removing the overlapping signals from lipids/macromolecules
the J-editing approach removes the need to deconvolve the lactate signal
from overlapping nuisance resonances which may be responsible for the
variation in reported basal lactate levels in previous studies while
retaining good SNR for measuring dynamic changes in lactate. In addi-
tion, it allowed for the first time the examination of BHB as a fuel source
during functional activation. We believe that J-edited fMRS studies will
allow improved lactate measurements at B0 in the 3T and 4T range to
investigate the metabolic underpinning of human cognition by
measuring lactate dynamics for activation and deactivation fMRI
paradigms.
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