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Real-time single-voxel proton spectroscopy can assess T2* changes online.
Real-time single-voxel proton spectroscopy is feasible at 3 T and at 7 T.
FID optimized linear regression showed the highest sensitivity to BOLD.
Water peak can be approximated with a single complex lorentzian line in real-time.
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a b s t r a c t
Echo-planar imaging is the dominant functional MRI data acquisition scheme for evaluating the BOLD
signal. To date, it remains the only approach providing neurofeedback from spatially localized brain
activity. Real-time functional single-voxel proton spectroscopy (fSVPS) may be an alternative for spatially speciﬁc BOLD neurofeedback at 7 T because it allows for a precise estimation of the local T2*
signal, EPI-speciﬁc artifacts may be avoided, and the signal contrast may increase. In order to explore
and optimize this alternative neurofeedback approach, we tested fully automated real-time fSVPS spectral estimation procedures to approximate T2* BOLD signal changes from the unsuppressed water peak,
i.e. lorentzian non-linear complex spectral ﬁt (LNLCSF) in frequency and frequency-time domain. The
proposed approaches do not require additional spectroscopic localizers in contrast to conventional T2*
approximation based on linear regression of the free induction decay (FID). For methods comparison,
we evaluated quality measures for signals from the motor and the visual cortex as well as a real-time
feedback condition at high (3 T) and at ultra-high (7 T) magnetic ﬁeld strengths. Using these methods, we
achieved reliable and fast water peak spectral parameter estimations. At 7 T, we observed an absolute
increase of spectra line narrowing due to the BOLD effect, but quality measures did not improve due to
artifactual line broadening. Overall, the automated fSVPS approach can be used to assess dynamic spectral
changes in real-time, and to provide localized T2* neurofeedback at 3 and 7 T.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Magnetic resonance spectroscopy (MRS) is one of the most commonly used approaches to explore brain neurochemistry (Ugurbil
et al., 2003; Tkac et al., 2009; Alger, 2010; Nacewiz et al., 2012). In
addition to quantifying changes in metabolite concentrations, MRS
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can also be used to investigate functional brain activity by means
of the blood oxygen level dependent (BOLD) effect. To accomplish
this, either line scan spectroscopic echo-planar imaging (EPI) can be
used to obtain BOLD T2* brain maps (Weiskopf et al., 2003; Mulkern
et al., 2004), or water proton 1 H MRS can be used to assess T2* from
the unsuppressed water peak (Hennig et al., 1994; Richards et al.,
1998; Zhu and Chen, 2001; Koush et al., 2011).
The BOLD signal from conventional functional magnetic resonance imaging (fMRI) based on gradient-echo (GE) EPI is dominated
by large and small extravascular contributions. On the other hand,
spin-echo (SE) fMRI at a TE close to the tissue T2 permits the
suppression of the extravascular BOLD component from large
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veins, allowing increased contributions from the microvasculature
(Duong et al., 2003; Ugurbil et al., 2003; Hulvershorn et al., 2005).
When using SE protocols in combination with ultra-high magnetic
ﬁelds above 3 T, the extravascular effect from large draining veins
can be diminished, and high spatial resolution microvasculature
brain activation maps can be acquired (Duong et al., 2003; Ugurbil
et al., 2003; Schafer et al., 2008; Budde et al., 2013). Functional
water proton 1 H MRS based on a spin-echo acquisition has the
same advantages as SE fMRI compared to the GE fMRI in terms
of the microvasculature BOLD contributors at ultra-high magnetic
ﬁeld. However, SE fSVPS allows for a precise approximation of the
T2* based on the acquired water protons spectra and FID (Zhu and
Chen, 2001; Koush et al., 2011). In contrast, GE and SE protocols
typically operate at a ﬁxed TE approximated to the T2* and T2 of
the tissue, respectively.
In addition to the acquisition sequence, the magnetic ﬁeld
strength can be used as well to study the BOLD mechanism in
a more speciﬁc way. Spatial speciﬁcity and signal-to-noise ratio
(SNR) are expected to improve at ultra-high magnetic ﬁeld (Gati
et al., 1997; Yacoub et al., 2003; van der Zwaag et al., 2009). The
SNR, chemical shift dispersion, and quantiﬁcation precision have
been shown to increase when using ultra-high magnetic ﬁelds for
MRS (Bartha et al., 2000; Ugurbil et al., 2003; Tkac and Gruetter,
2005; Tkac et al., 2009; Deelchand et al., 2010). This affords the ability to achieve the strong and stable water peak (Koush et al., 2011)
along with the ability to consistently detect small concentration
changes in metabolites (Mangia et al., 2006). However, ultra-high
magnetic ﬁeld results in stronger local ﬁeld inhomogeneity and
requires advanced adjustment and shimming procedures (Tkac and
Gruetter, 2005).
Real-time applications require fast data acquisition and automated analysis. So far, this has been accomplished only for
techniques such as electroencephalography (EEG), functional nearinfrared spectroscopy (fNIRS), and EPI-based fMRI. These methods
have certain advantages and disadvantages in comparison to each
other (Ferrari et al., 2004; Cui et al., 2009). For example, on the one
hand, EEG has a high temporal resolution, is less vulnerable to head
movement artifacts, offers a silent measurement environment, is
inexpensive, is widely available, and is portable. Real-time fMRI,
on the other hand, has a high spatial resolution and can therefore
provide region-speciﬁc neurofeedback (for reviews, see Weiskopf
et al., 2004; Weiskopf, 2012; deCharms, 2008). Real-time fMRIbased neurofeedback has been used to train voluntary control over
motor areas (Weiskopf et al., 2007; Bray et al., 2007; Subramanian
et al., 2011), the anterior insular (Caria et al., 2007; Ruiz et al.,
2013), emotion networks (Johnston et al., 2010), the right inferior
frontal gyrus (Rota et al., 2009), the amygdala (Posse et al., 2003;
Zotev et al., 2011), the anterior cingulate cortex (Weiskopf et al.,
2003; deCharms et al., 2005; Mathiak et al., 2010), the visual cortex
(Shibata et al., 2011; Scharnowski et al., 2012), and the auditory
cortex (Yoo et al., 2006; Haller et al., 2010). To date, real-time fMRI
remains the only method capable of providing neurofeedback from
spatially localized activity across the entire brain in the millimeter
range.
The potential of the individually speciﬁc SE fSVPS at high and
ultra-high magnetic ﬁelds to explore the sensitivity to the precise T2* measures is of particular interest as a new type of the
neurofeedback. Conventional single voxel proton MRS protocols
typically require high or ultra-high magnetic ﬁeld strengths, relatively large voxel sizes (∼2–10 cm3 ) as well as averaging over
many repetition times (TRs) to achieve the sufﬁcient spectra quality
of the low-concentrated metabolites. This leads to comparatively
long acquisition times, ranging from tens of seconds up to a few
minutes (Bartha et al., 2000; Zhu and Chen, 2001; Mangia et al.,
2006), which is suboptimal for real-time studies (Weiskopf et al.,
2003). Functional water proton 1 H MRS acquisition differs from
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conventional MRS metabolite quantiﬁcation, where the water peak
is suppressed by either hardware or software manipulations (Haase
et al., 1985; van der Veen et al., 2000), and can be adapted for realtime applications. To accomplish this, we selected the strongest
water peak in the unsuppressed water spectra (Koush et al., 2011)
and approximated T2* based on the free induction decay (FID) of
the unsuppressed water peak by optimized linear regression (OLR).
Our fSVPS acquisition protocol used a single voxel of 1 cm3 and
did not require averaging over multiple repetition times (TR = 1 s,
TE = 22 ms, acquisition window = 256 ms). We measured BOLD signal changes in the primary motor cortex (PMC) and visual cortex
(VC) at a high contrast-to-noise-ratio (CNR) and with sufﬁcient statistical power (Koush et al., 2011). Furthermore, we demonstrated
fSVPS feasibility to provide the real-time feedback signal from the
PMC. Our approach, however, required an additional functional run
to optimize the OLR approach.
For automatization of the real-time fSVPS, the choice of the
single peak parameterization is particularly important, because
high quantiﬁcation precision as well as fast and stable estimation are required. Several time and frequency domain MR spectral
quantiﬁcation methods have been developed (for a review see
Mierisova and Ala-Korpela, 2001; van den Boogaart et al., 1994).
The automated multi-component linear combination model spectral ﬁtting (LCModel), with the nearly model-free constrained
regularization method reliably estimates difﬁcult-to-distinguish
metabolite peaks, and remains the most common approach for
frequency domain spectral quantiﬁcation (Provencher, 2001). The
Levenberg–Marquardt non-linear least squares algorithm has been
successfully used to ﬁt complex spectra in the frequency domain,
and it has been shown to perform better than linear methods
(Mierisova and Ala-Korpela, 2001). It can be applied in the frequency domain for a set of ﬁtting functions; for example, lorentzian,
Gaussian or voigt (Marshall et al., 1997) line shapes. Mierisova and
Ala-Korpela suggested that single lorentzian line non-linear ﬁtting
is sufﬁcient for some applications, and can be applied if the water
spectrum is dominant and if preprocessing is used to compensate
for distortions in spectral line shapes. To compensate for these
adverse effects, additional frequency and phase correction procedures can be applied (Klose, 1990; Tkac and Gruetter, 2005; Posse
et al., 2007). Zhu and Chen (2001) suggested that the estimated
water peak height, width, and the integral under the peak shape
can be used as markers of different compartment contributions
to the BOLD signal changes in spin-echo functional water proton
MRS. However, increasing the number of components assigned to
the single peak can yield physiologically implausible quantiﬁcation
and result in poor sensitivity of the dominant lorentzian line to the
functional spectral changes (Singh et al., 1996).
We previously demonstrated the technical feasibility of the
real-time fSVPS at 7 T which required a spectroscopic localizer to
optimize the subsequent real-time run (OLR; Koush et al., 2011).
The main focus of the present research was to develop a fully automated approach for neurofeedback studies based on the directly
estimated, individual and localized T2* estimate using real-time
fSVPS, and to optimize its sensitivity to T2* signal changes. To
accomplish this, we investigated different water-peak estimation
procedures and quantiﬁed T2* signal changes in terms of different
spectral domain estimators, such as single peak width and height.
These more recent T2* estimation approaches were compared to
the more conventional OLR approach. Additionally, we performed
an approximate evaluation of the T2 dynamics in order to explore
the spin-echo differences using short TE protocols at high and ultrahigh magnetic ﬁelds. The compared approaches were validated
and evaluated at high (3 T) and ultra-high magnetic ﬁelds (7 T).
Using quantitative quality measures such as t-statistics, contrastto-noise ratio (CNR), and percent signal change (%), we compared
the quality of the feedback time courses and investigated if the

150

Y. Koush et al. / Journal of Neuroscience Methods 218 (2013) 148–160

fSVPS estimation differs between brain regions (i.e. PMC and VC).
A comparison with the well-established EPI is reasonable because
most neurofeedback studies target a single ROI only, because EPI
suffers from speciﬁc artifacts such as distortions or off-resonance
effects, and because the direct estimation of T2* may lead to better
speciﬁcity for the BOLD effect.
2. Methods
2.1. Data acquisition
fMRI and fSVPS data were acquired on a 3 T and a 7 T MR scanner (Siemens Medical Solutions, Erlangen, Germany). The scanners
were equipped with a 12-channel phased array and singlechannel quadrature head coil, respectively. Functional localizer
data were acquired with a single-shot gradient-echo T2*-weighted
EPI sequence with 300 repetitions (TR = 1000 ms, 16 slices volumes,
matrix size 64 × 64, voxel size = 3 mm × 3 mm × 3.75 mm, ﬂip angle
˛ = 77◦ , bandwidth 2.23 kHz/pixel, TE = 30 ms at 3 T, TE = 28 ms at
7 T). For comparability, parameters were kept equal except TE that
was slightly adapted to the shorter T2* at 7 T. Thresholded t-maps
were obtained from a 30-s activation and 30-s baseline block design
(details see below) for localization of the fSVPS voxels.
fSVPS data were acquired on the 3 T scanner using a spinecho single voxel PRESS sequence with 300 repetitions (TE/TR =
30/1000 ms, ﬂip angle ˛ = 90◦ /180◦ /180◦ , bandwidth = 1 kHz, acquisition duration = 512 ms). Average voxel sizes were 9.9 mm ×
11.6 mm × 10.5 mm for the motor condition and 10.7 mm ×
11.6 mm × 10.5 mm for the visual condition. The 7 T spectroscopy
protocol was slightly different, with TE/TR = 20/1000 ms, bandwidth = 2 kHz, acquisition duration = 256 ms, group average voxel
sizes 9.0 mm × 10.3 mm × 10.5 mm for the motor condition, and
9.4 mm × 11.1 mm × 10.5 mm for the visual condition. The parameters were chosen to obtain a robust T2* estimate and the BOLD
effect, but they were suboptimal for either of the acquisition methods, or ﬁeld strengths. The fSVPS T2* estimates were hardly affected
by the ﬂip angle for the transversal magnetization, because the
inversion pulses contribute to T1 saturation, the post-acquisition
delay time is long compared to T2 of the tissue, and T2* estimates

were calculated from the FID. For the fSVPS PRESS pulse sequence,
TE was selected as short as feasible for 3 and 7 T in order to reduce
T2 weighting and acquire early-echo data for precise T2* approximation. No water suppression was applied for the spectroscopy
protocols. The ﬁrst 10 acquisitions were discarded to avoid T1 saturation effects.
On both scanners, the real-time data export via local network
was organized as described in Koush et al. (2011). The fSVPS data
were exported online to a local PC and processed with custommade real-time software (Koush et al., 2012). In order to improve
the spectroscopic signal quality, we ﬁrst performed a manual calibration of the transmitter amplitude. The optimization of the
gradient shim currents was performed using ﬁrst the automated
Siemens “advanced” auto-shimming feature, followed by manual
adjustment of the shim currents. On the 3 T scanner, the visual
instructions and the feedback signal were shown to the participants via MR-compatible goggles (Resonance Technology Inc.,
Northridge, USA). On the 7 T scanner, they were projected onto an
MR-compatible screen.
2.2. Participants
Two different groups of 7 healthy volunteers each were scanned
on the 3 T scanner (4 male, 3 female, age 28 ± 7 years) and on the 7 T
scanner (6 male, 1 female, age 33 ± 9 years), respectively. All participants were right-handed according to a minimal score of 6 on the
Edinburgh Handedness Inventory (Oldﬁeld, 1971). Study protocols
were approved by the Ethics Committees of the Medical Faculty of
the RWTH Aachen University and of the University of Pennsylvania.
All participants gave written consent and were paid an allowance
at the end of their participation.
2.3. Experimental design
The primary motor cortex (PMC) and the visual cortex (VC)
are known to exhibit robust BOLD activation patterns and therefore were used to compare the sensitivity of the different data
acquisition and estimation methods (Fig. 1). First, PMC and VC
ROIs were functionally deﬁned using functional localizer runs

Fig. 1. Illustration of the selected ROIs. (A) PMC and VC ROIs are projected on sagittal (red) and coronal (green) planes for a typical participant. Dashed rectangles depict the
EPI acquisition volume applied for the functional navigator (yellow). (B) Based on the BOLD activation maps from the functional PMC localizer, the spectroscopy voxel (blue)
was selected across subsequent transverse EPI slices. EPI – echo-planar imaging, ROI – region of interest, PMC – primary motor cortex, VC – visual cortex. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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with subsequent statistical brain mapping (t-statistics). To localize
the right PMC ROI, the participants performed 5 blocks of ﬁnger
tapping with their left hand interleaved with 5 baseline blocks.
During baseline blocks the participants were asked to look at
the ﬁxation point. Each block lasted 30 s, resulting in 5 min total
run duration. The VC functional localizer paradigm had the same
timeline as the PMC localizer, but instead of ﬁnger tapping, we
presented a ﬂickering square checkerboard (100% contrast, 6 Hz
contrast reversal) covering the whole screen (∼25◦ × 30◦ visual
angle). Based on these functional localizers, we then deﬁned the
fSVPS single-voxel so that it covered the most active part of the
respective ROI (size approximately 1 cm × 1 cm × 1 cm; see Fig. 1B).
Once the fSVPS voxel was deﬁned, participants performed runs
that were identical to the functional localizer runs, but this time
using the fSVPS acquisition method. Finally, we provided real-time
feedback from the PMC using fSVPS. For this, participants were
instructed to adjust their ﬁnger tapping so that a green horizontal
bar (which represented their PMC ROI activity) would move up to
the level of a predeﬁned red horizontal target bar. During baseline
blocks, the red bar was close to the ﬁxation point; during regulation
blocks, the red bar was presented at the upper part of the screen
which corresponded to 100% of the dynamic normalization range
(for details see Koush et al., 2012). During feedback blocks, participants attempted to maximize the feedback of the PMC activity by
tapping their ﬁngers at different speeds or strengths.
2.4. Real-time feedback signal extraction and processing
The real-time fSVPS feedback signal was estimated in the time
domain as apparent T2* changes from the unsuppressed water
peak. The water peak was ﬁrst zero-frequency shifted, Gaussian ﬁltered, and phase-corrected (Klose, 1990; Tkac and Gruetter, 2005).
To allow for real-time fSVPS feedback, optimized linear regression
(OLR) of the logarithm of the free induction decay ln(|FID|) from
the single voxel was applied (Koush et al., 2011). The optimal linear regression length was estimated from the previously acquired
spectroscopic PMC functional run without feedback and then used
for the subsequent real-time run. Further details about the feedback signal processing can be found in Koush et al. (2011). Note,
that the ﬁrst fSVPS acquisition is not required for feedback signal
based on the proposed automated LNLCSF approach. However, for
comparison purposes we used the same experimental pipeline and
feedback signal estimation as for the OLR approach.
The feedback signal was extracted from spectroscopic data after
each FID acquisition. After the signal was extracted, we used a
custom-made toolbox to remove the feedback signal drifts, to
detect and correct spikes, to remove high frequency noise, and to
normalize the signal (Koush et al., 2012; the toolbox was extended
for spectroscopic information and is available on request from the
corresponding author). All computations were carried out on a
standard PC with Matlab 7.10 (The Mathworks, Natick, MA).
For the spectroscopy acquisitions, we did not take the participants’ head motion-induced variation into account. However, to
ensure that motion artifacts did not cause signiﬁcant signal distortions, we located relatively small ROIs within large active zones
of the PMC or VC. We controlled the participant head displacements
between the fSVPS experimental runs with intermediate EPI scans
which were acquired before and after the fSVPS runs and realigned
to the ROI template volume (<1 mm, SPM8).
2.5. Applied T2* estimation approaches
We compared three different T2* approximation approaches in
terms of their sensitivity to BOLD signal changes of the PMC and
VC time courses: (1) statistically optimized linear regression (OLR;
Koush et al., 2011); (2) automated single (dominant) lorentzian
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non-linear complex spectral ﬁt (LNLCSF; van den Boogaart et al.,
1994); and (3) back-transformed parameterization of the single
lorentzian line estimated in (2). All of these methods were evaluated in terms of the estimated absolute T2* measures induced
by the water peak dynamics, time series t-value, CNR, and the percent signal changes (%) of the experimental runs. The comparison
analysis was performed separately for the 3 T and the 7 T scanner.
Statistically optimized linear regression was applied to the
acquired free induction decay function (FID) in the time domain. In
the time domain, FID can be represented as a sum of exponentially
damped sinusoids. By assuming that the joint water is the dominating component in the acquired spectra, the natural logarithm of
the FID can be simpliﬁed:
ln(FID) = −

t
+ ln(Awater ) + iwater
T2∗water

(1)

with the T2* of the joint water signal changes, amplitude A, and
phase . OLR for individual regression lengths was applied to
approximate the experimental logarithmic curve for providing
a T2* estimate. Despite its simplicity, the proposed estimation
approach can provide reliable and robust estimates of the T2*
changes at ultra-high magnetic ﬁelds (Koush et al., 2011).
Automated single (dominant) lorentzian non-linear complex
spectral ﬁt was applied to the Fourier-transformed FID in the frequency domain. In the frequency domain, the mono-exponential
unsuppressed water peak is a lorentzian line F(w ) whose real part
is:
Re{F(w )} =

h2 I
h2

+ 4(w − )2

cos() +

2hI(w − )
h2 + 4(w − )2

sin()

(2)

with half lorentzian line width h, intensity I, phase angle  and resonance frequency . The imaginary part of the estimation function
F(w ) is similar to Eq. (2) with the sine and cosine terms reversed
(van den Boogaart et al., 1994). An automated single lorentzian nonlinear complex ﬁt was performed using the Levenberg–Marquardt
non-linear ﬁtting algorithm applied separately to the real and to
the imaginary parts of the complex spectra (van den Boogaart
et al., 1994). As raw spectra were ﬁltered using a Gaussian ﬁlter,
the estimation function was additionally weighted with the corresponding ﬁlter coefﬁcients. We derived T2* from the approximated
real part of the complex lorentzian line in the frequency domain
(T2* = 1/(·2·h)).
Subsequently, we applied the back-transformed parameterization of the single lorentzian line estimated with LNLCSF approach in
the frequency domain. To accomplish this, ﬁtted real and imaginary
data were combined and back-transformed into the time domain.
The resultant single-exponential signal was linearized by taking the
logarithm natural ln(|FID|) in order to approximate the T2* value in
the same way as for the OLR approach and to keep the same T2*
dimension. This constituted the T2* estimation by the LNLCSF in
combination with a subsequent time domain linear regression.
In order to evaluate alternatives to the OLR and LNLCSF spectral width estimates, we also included the water peak height as a
quantiﬁcation parameter. We also explored the multiple lorentzian
parameterizations to address the possible underﬁtting of additional
water peaks (Singh et al., 1996). The automated water peak parameterization was conﬁgured once for 3 T and for 7 T data.
2.6. Time courses’ quality measures
As quality measures, t-statistics, CNR, and percent signal change
(%) were calculated for all the acquired time courses. This allowed
for comparison of the acquisition methods and the feedback signal
estimation approaches at 3 and at 7 T. For the statistical analysis of the BOLD signal changes in the respective functional data,
we speciﬁed general linear models (GLM) with regressors for the
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experimental conditions, i.e. boxcar time series representing baseline and ﬁnger tapping/visual stimulation blocks convolved with
the canonical hemodynamic response function in SPM8 (Welcome
Trust Centre for Neuroimaging, UK). Each participant’s motion
parameters were included into the GLM as nuisance regressors.
Motion parameters for the spectroscopy acquisitions were not
available. To calculate the CNR we estimated the differences
between the signal means during baseline and activation conditions, as well as the residual variances. Percent signal changes were
calculated in an event-wise manner.
3. Results
As described above, we acquired fSVPS data at 3 T and at 7 T
from the PMC, from the VC, and from the PMC with feedback
(PMC NF) runs. The real-time calculation of the feedback signal
during the PMC NF runs was based on the OLR approach. For the
ofﬂine analysis, the data from all three conditions (PMC, VC, PMC
NF) were analyzed with the OLR as well as with an automated
estimation of T2* from the water peak using frequency and time
(back-transformed) domain LNLCSF.
3.1. Spectral quality and explicit T2* estimation based on the OLR
approach at 3 and at 7 T
In this section, we evaluated the spectra preprocessing steps,
and the feasibility of the OLR T2* estimation at 3 and at 7 T. The
water signal contains contributions from different tissue compartments within the single acquisition voxel that differ slightly in their
spectral representation. At 3 T, the water peaks appear free of distortions and have an almost symmetric shape (Fig. 2A), which can
be well-ﬁtted by a single lorentzian line. At 7 T, the water peaks are
often distorted due to eddy currents, poor shimming due to large
local ﬁeld inhomogeneities, etc. (Fig. 2B). Accordingly, the effects of
preprocessing were more noticeable in the 7 T acquisitions (Fig. 2B).
The group average of the OLR estimated time courses is shown
in Fig. 3. It shows that performance was highly consistent across
participants and ROIs.
The individual averages of the acquired time courses represent the variability in T2* values between participants as well as
between ROI time courses at 3 and at 7 T (Table 1). The mean T2* values reﬂected relatively high but still realistic values at 3 and rather
low values at 7 T. The between subject variance of T2* appeared
larger for the participants that were scanned on the 7 T scanner
compared to those on the 3 T scanner.
Percent signal changes during activation compared to baseline
revealed a high sensitivity of the fSVPS acquisition to the BOLD
signal changes at 3 T (%T2*PMC = 4.1 ± 1.6, %T2*PMC NF = 5.7 ± 2.5,
%T2*VC = 5.4 ± 1.4) as well as at 7 T (%T2*PMC = 4.5 ± 2.3,
%T2*PMC NF = 5.3 ± 2.0, %T2*VC = 3.5 ± 2.2). There is no signiﬁcant

Fig. 2. Examples of parameterized VC magnitude spectra at 3 T (A) and at 7 T (B).
Original spectra (black) were ﬁrst preprocessed (blue) using Gaussian ﬁlter, centerfrequency shift, eddy current compensation, and phase-correction. Subsequently,
the spectra were ﬁtted (red) with the automated LNLCSF approach. Fat peak and
water peak distortions, particularly in the 7 T spectrum, were successfully eliminated. VC – visual cortex, LNLCSF – lorentzian non-linear complex spectral ﬁt. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of the article.)

difference of the OLR estimated percent signal change between the
3 T and the 7 T data (paired one-tailed t-test, df = 20; t = 1.0, p > 0.2).
However CNR values reveal a signiﬁcantly higher BOLD sensitivity
of the 3 T as compared to the 7 T fSVPS (paired one-tailed t-test,
df = 20; t = 4.0, p < 0.001; Table 2).
The group average of the water peak line width was
approximately 3-times higher at 7 T (PMC: 23.7 ± 10.2 Hz, PMC
NF: 22.3 ± 12.5 Hz, VC: 19.8 ± 5.5 Hz) compared to 3 T (PMC:
6.0 ± 0.5 Hz, PMC NF: 5.9 ± 0.6 Hz, VC: 7.8 ± 1.3 Hz). The much
broader water peak at 7 T suggests that shimming conditions or

Table 1
Direct T2* measures in ms at 3 and at 7 T magnetic ﬁelds.
Subjecta

3T

7T

PMC

PMC NF

VC

PMC

PMC NF

VC

1
2
3
4
5
6
7

53.0 ± 0.7
44.4 ± 1.4
53.1 ± 1.2
53.5 ± 0.8
53.8 ± 1.4
55.2 ± 1.0
58.2 ± 0.8

51.3 ± 0.9
46.1 ± 2.1
57.2 ± 2.1
51.2 ± 1.1
62.7 ± 1.6
51.6 ± 1.5
58.6 ± 0.9

46.5 ± 1.5
43.1 ± 1.5
32.7 ± 0.9
34.2 ± 1.2
49.3 ± 1.1
46.2 ± 0.8
38.6 ± 1.2

8.3 ± 0.3
10.4 ± 0.4
18.4 ± 0.3
21.3 ± 0.7
9.9 ± 0.6
29.2 ± 0.9
14.9 ± 0.2

7.2 ± 0.4
21.7 ± 0.9
17.2 ± 0.2
27.5 ± 0.6
8.8 ± 0.5
22.3 ± 0.5
16.4 ± 0.4

12.0 ± 0.1
19.2 ± 0.3
30.7 ± 0.6
14.1 ± 0.2
16.9 ± 0.8
17.2 ± 0.6
12.7 ± 0.3

Group average

53.0 ± 4.2

54.1 ± 5.7

41.5 ± 6.5

16.1 ± 7.5

17.3 ± 7.3

17.5 ± 6.4

a

The group of participants was different at 3 T and at 7 T. The SD was estimated separately for each time course and then averaged across the participants. PMC – primary
motor cortex; PMC NF – primary motor cortex with feedback; VC – visual cortex.
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Fig. 3. Relative change of T2* in the fSVPS time courses at 3 and at 7 T based on OLR. Red lines show the average T2* signal change across participants for the PMC (A, D), the
PMC NF (B, E), and the VC (C, F) condition at 3 T (A, B, C) and at 7 T (D, E, F). The shaded blue area marks standard deviation (SD) across the group. The 7 T data generally show
comparable %T2* but larger SD. PMC – primary motor cortex, PMC NF – primary motor cortex with feedback, VC – visual cortex, SD – standard deviation. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

signal stability were not optimal despite the shimming procedures
applied at the ultra-high ﬁeld scanner.

the automated frequency domain LNLCSF approach, and the automated time domain LNLCSF approach. In artifact-free data, the
OLR and LNLCSF approaches should not result in signiﬁcant T2*
estimation differences. However, we observed such differences
because of nonlinearities that were present in the estimated signal
(Fig. 4).
Signiﬁcantly higher t-values were obtained at 3 T as compared
to 7 T (paired one-tailed t-test; PMC: t = 2.7, p < 0.02, df = 6; PMC NF:
t = 6.1, p < 0.001, df = 6; VC: t = 2.7, p < 0.02, df = 6; see also Table 3,
ﬁrst level activation threshold, p < 0.001).

3.2. Comparison of the T2* estimations
In this section, we evaluated an optimal water peak T2* estimate for real-time fSVPS studies which does not require additional
fSVPS optimization runs, but which can be conﬁgured once for
a given magnetic ﬁeld strength. To accomplish this, we compared our quantitative quality measures for the OLR approach,

Table 2
CNRs of the OLR-estimated time courses for each participant.
Session/Subjecta

1
2
3
4
5
6
7
Group average
a

3T

7T

PMC

PMC NF

VC

PMC

PMC NF

VC

2.7
2.6
3.6
3.3
3.3
2.4
4.1

2.7
3.3
5.3
4.7
3.2
2.5
3.6

3.4
4.9
2.8
1.4
2.5
3.3
4.4

1.5
0.6
2.2
5.4
2.8
1.0
1.9

1.7
2.7
2.6
4.9
1.1
1.8
2.2

0.9
1.6
0.9
2.0
2.8
3.4
1.9

3.1 ± 0.6

3.6 ± 1.0

3.2 ± 1.2

2.2 ± 1.6

2.4 ± 1.2

1.9 ± 0.9

The group of participants was different at 3 T and at 7 T. PMC – primary motor cortex; PMC NF – primary motor cortex with feedback; VC – visual cortex.
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Fig. 4. Comparison of quality measures for the estimated T2* time courses. T2* estimations based on the OLR (red bars), the automated frequency domain LNLCSF (green
bars), and the automated time domain LNLCSF (blue bars) were compared across the different ROIs for 3 T (A) and 7 T (B). In most cases, the OLR approach resulted in
higher t-statistics, CNR, and percent signal changes than the LNLCSF approaches. This was pronounced for the percent T2* change (%T2*) at 7 T (B). Error bars represent the
standard deviation. OLR – optimized linear regression, LNLCSF – lorentzian non-linear complex spectral ﬁt, PMC – primary motor cortex, PMC NF – primary motor cortex
with feedback, VC – visual cortex. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

Moreover, the OLR approach resulted in signiﬁcantly higher tvalues than the time domain LNLCSF approach for the PMC and
the PMC NF conditions (paired one-tailed t-test; PMC 3 T: t = 4.3,
p < 0.005, df = 6; PMC 7 T: t = 2.3, p < 0.05, df = 6; PMC NF 3 T: t = 3.7,
p < 0.005, df = 6; PMC NF 7 T: t = 3.0, p < 0.01, df = 6). Further, the time
domain LNLCSF approach resulted in signiﬁcantly higher t-values
than the frequency domain LNLCSF approach (paired one-tailed ttest; PMC 3 T: t = 2.5, p < 0.05, df = 6; PMC 7 T: t = 3.2, p < 0.01, df = 6;
PMC NF 3 T: t = 4.6, p < 0.005, df = 6; PMC NF 7 T: t = 2.2, p < 0.05,
df = 6). The frequency domain estimation of the T2* was computed from just the real part of the complex spectra leading to the
inferiority of this method. Interestingly, there were no signiﬁcant
differences between the three approaches for the VC time courses,
which indicates that the imaginary part of the complex spectral
width had less of an effect on the T2* estimate in the occipital
ROI (paired one-tailed t-test; 3 T: t = 0.2, p = 0.43, df = 6; 7 T: t = 0.8,
p = 0.24, df = 6).
CNRs provide an additional quality measure of the estimation
approaches. The pattern of results for the CNRs was the same as

obtained for the t-values (Fig. 4 second column; Table 4). For the
PMC and for the PMC NF time courses, the OLR approach resulted
in a higher CNR than the LNLCSF approaches (paired one-tailed ttest; PMC 3 T: t = 2.6, p < 0.05, df = 6, df = 6; PMC 7 T: t = 3.0, p < 0.01,
df = 6; PMC NF 3 T: t = 2.2, p < 0.05, df = 6; PMC NF 7 T: t = 1.7, p < 0.10,
df = 6). For the VC time courses, no signiﬁcant differences were
observed (paired one-tailed t-test; 3 T: t = 0.3, p = 0.40; 7 T: t = 0.3,
p = 0.39). Also, the CNR of the time domain LNLCSF T2* estimates
was signiﬁcantly higher than those of the frequency LNLCSF (paired
one-tailed t-test, df = 6) for the PMC (3 T: t = 2.8, p < 0.05, df = 6; 7 T:
t = 2.2, p < 0.05, df = 6), for the PMC NF (3 T: t = 2.5, p < 0.05; 7 T: t = 1.9,
p < 0.05), but was not signiﬁcant for the VC time courses (3 T: t = 0.6,
p = 0.28; 7 T: t = 0.7, p = 0.25).
Percent signal change is an estimate for effect size and showed
the same pattern of results as the statistical markers (Fig. 4 third
column; Table 5). The OLR approach resulted in higher percent signal changes than both LNLCSF approaches for all conditions (paired
one-tailed t-test, df = 6) at 3 T (PMC: t = 2.1, p < 0.05; PMC NF: t = 2.7,
p < 0.05; VC: t = 4.9, p < 0.02) and at 7 T (PMC: t = 4.0, p < 0.005; PMC

Table 3
t-values of the OLR, the frequency LNLCSF, and the time domain LNLCSF estimated T2* time courses (ﬁrst level activation statistics, p < 0.001).
Group averagea

OLR
Freq. domain LNLCSF
Time domain LNLCSF
a

3T

7T

PMC

PMC NF

VC

PMC

PMC NF

VC

32.6 ± 5.1
27.3 ± 6.1
28.8 ± 6.1

33.8 ± 9.0
27.3 ± 10.6
29.0 ± 10.9

30.6 ± 8.2
29.9 ± 7.1
29.8 ± 7.5

21.4 ± 12.5
14.8 ± 12.8
17.1 ± 12.9

22.4 ± 10.2
15.4 ± 7.5
17.1 ± 8.8

18.8 ± 8.2
18.6 ± 9.0
18.9 ± 9.1

The group of participants was different at 3 T and at 7 T. PMC – primary motor cortex; PMC NF – primary motor cortex with feedback; VC – visual cortex.
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Table 4
CNRs of the OLR, the frequency LNLCSF, and the time domain LNLCSF estimated T2* time courses.
Group averagea

OLR
Freq. domain LNLCSF
Time domain LNLCSF
a

3T

7T

PMC

PMC NF

VC

PMC

PMC NF

VC

3.1 ± 0.6
2.7 ± 0.7
2.8 ± 0.7

3.6 ± 1.0
3.0 ± 1.3
3.2 ± 1.4

3.2 ± 1.2
3.3 ± 1.2
3.3 ± 1.2

2.2 ± 1.6
1.5 ± 1.4
1.7 ± 1.4

2.4 ± 1.2
1.6 ± 0.9
1.8 ± 1.1

1.9 ± 0.9
2.0 ± 1.0
1.9 ± 1.0

The group of participants was different at 3 T and at 7 T. PMC – primary motor cortex; PMC NF – primary motor cortex with feedback; VC – visual cortex.

NF: t = 5.0, p < 0.005; VC: t = 4.1, p < 0.005). Time and frequency
domain LNLCSF approaches obtained comparable percent signal
changes.
Based on the OLR approach, the average narrowing of the line
width during activation was more than 3-times higher in the PMC,
and about 1.6 times higher in the VC at 7 T (PMC: 1.07 ± 0.80 Hz,
PMC NF: 1.25 ± 0.95 Hz, VC: 0.69 ± 0.44 Hz) compared to 3 T (PMC:
0.25 ± 0.12 Hz, PMC NF: 0.34 ± 0.17 Hz, VC: 0.43 ± 0.13 Hz).
To compare the reliability of OLR, frequency LNLSCF, and time
LNLCSF estimation, event related responses were estimated. The
individual time courses were normalized and averaged separately
for each condition (PMC, PMC NF, and VC) and for the 3 and the
7 T data. The event-related averages showed hardly any difference,
neither between the three estimation approaches, the 3 runs, nor
between the scanners (Fig. 5). The only difference we found was
an increased variance on the 7 T scanner. The estimation procedures therefore seemed to be unbiased but showed differences in
stability.
Generally, the water peak height does not provide an estimation of the absolute T2* values. Indeed, we found that the
estimated height of the water peak showed lower CNRs than
the water peak width CNRs at 3 T (CNRPMC = 2.6 ± 0.6, CNRPMC
NF = 2.8 ± 1.4, CNRVC = 3.5 ± 1.4) and at 7 T (CNRPMC = 1.3 ± 1.1,
CNRPMC NF = 1.3 ± 0.9, CNRVC = 2.2 ± 1.0).
The applied single-lorentzian LNLCSF estimation of the 7 T data
might have resulted in larger absolute T2* and lower %T2* values due to underﬁtting of additional peaks. In order to address
this bias, we explored the multiple lorentzian parameterization.
However, due to the variable shapes of the measured water peaks,
this analysis revealed inconsistent parameter estimates for most of
the time courses. The procedure often resulted in a mathematically
optimal but physiologically implausible parameterization. A solution for this problematic parameterization might be to improve the
spectroscopy acquisition quality rather than compensating nonlinearity with multiple parameter ﬁts.

differences (Fig. 6D–F; |FID| = |FID|activation − |FID|baseline ), which
reﬂected slower FID decay rate in the activation condition at 3 T
and additional I0 effects at 7 T. In order to assess the local sensitivity maxima more precisely, the differential curves were zero-phase
ﬁltered (Butterworth low-pass ﬁlter, Fc3T = 0.03 Hz, Fc7T = 0.02 Hz;
order = 5; bold curves in Fig. 6 D-F).
We estimated respective T2* sensitivity maxima of the |FID|
curves for the PMC (3 T: 1.7% at 30 ms; 7 T: 1.3% at 12 ms), for the
PMC NF (3 T: 2.2% at 30 ms; 7 T: 1.9% at 16 ms), and for the VC (3 T:
3.1% at 19 ms; 7 T: 2.3% at 10 ms) time courses (Fig. 6 D-F).
Given I0 measures, percent T2 changes (T2) can be approximated neglecting the T1 effect using T2 ∼ −TE/ln(I0 ). Note that
our T2 estimation is applied for a shorter than canonical spinecho TE used for T2 contrast and can be biased if the FID contains
multiple exponential components particularly in 7 T data. Group
averaged T2 was evaluated for the PMC (3 T: 0.10 ± 0.05%; 7 T:
0.09 ± 0.10%), the PMC NF (3 T: 0.11 ± 0.07%; 7 T: 0.08 ± 0.14%), and
the VC condition (3 T: 0.24 ± 0.09%; 7 T: 0.22 ± 0.18%). The T2 estimates were much smaller that T2* and did not differ between 3 T
and 7 T (paired, one-tailed t-test, t = 0.68, p = 0.46).
3.4. Computation time for real-time fSVPS
Average processing time was 4.6 ms for each spectrum using
the standard preprocessing operations as they were described
in Section 2 (Matlab 7.10, CPU Intel Core i7-2620M 2.7 GHz,
4 GB RAM). Preprocessed spectra and stable convergence of the
Levenberg–Marquardt non-linear ﬁtting algorithm made LNLCSF
feasible for automated and fast estimation of the single water peak
parameters. For the T2* estimation, the computational speed varied
slightly between the three different approaches: OLR 1 ms, frequency domain LNLCSF 9.5 ms, and time domain LNLCSF 10.3 ms.
There is an additional delay of <30 ms until the spectra ﬁle is
released from the scanner so that the spectra FID series from the
Siemens MRIR can be exported. Thereby feedback was given latest
50 ms after acquisition of the spectrum (TR = 1 s).

3.3. T2* and T2 BOLD dynamics evaluation
4. Discussion
Two parameters characterize a mono-exponential decay of
the FID. First, the decay rate of the FID is represented by T2*:
|FID| = I0 ·exp(−t/T2*); note that in our fSVPS pulse sequence, the
SE data acquisition starts at TE (Fig. 6; t = 0). Second, the initial amplitude I0 follows a T2/T1-contrast. The event related
group averages of the preprocessed |FID| for the 3 T and the 7 T
data are shown in Fig. 6A–C. We calculated the normalized |FID|

Single-voxel proton spectroscopy and applied T2* estimation
approaches can measure functional T2* changes in real-time at 3
and 7 T. Despite the unsatisfactory line-width at 7 T, OLR proved to
be the most robust approach in the both settings. However, LNLCSF
is more suited for real-time applications such as localized neurofeedback.

Table 5
% of the OLR, the frequency LNLCSF, and the time domain LNLCSF estimated T2* time courses.
Group averagea

OLR
Freq. domain LNLCSF
Time domain LNLCSF
a

3T

7T

PMC

PMC NF

VC

PMC

PMC NF

VC

4.1 ± 1.6
3.5 ± 1.3
3.4 ± 1.2

5.7 ± 2.5
4.3 ± 1.7
4.2 ± 1.3

5.4 ± 1.4
4.0 ± 1.3
4.0 ± 1.3

4.5 ± 2.3
1.4 ± 1.0
1.6 ± 1.2

5.3 ± 2.0
1.7 ± 0.9
1.7 ± 0.8

3.5 ± 2.2
1.9 ± 1.3
1.9 ± 1.3

The group of participants was different at 3 T and at 7 T. PMC – primary motor cortex; PMC NF – primary motor cortex with feedback; VC – visual cortex.
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Fig. 5. Event-related group averages of relative T2* change. A high consistency for averaged responses of the activation blocks were observed for PMC (A, D), PMC NF (B, E),
and VC (C, F) at 3 T (A, B, C) and 7 T (D, E, F). No bias emerged for the different ﬁtting procedures OLR (red), the automated frequency domain LNLCSF (green), and the automated
time domain LNLCSF (blue) T2* estimators; only slight differences in the SD. The event-related averages are highly similar between 3 T and 7 T. Only SDs differences are more
marked in the 7 T datasets. Vertical bars represent SD across the group at each time point. OLR – optimized linear regression, LNLCSF – lorentzian non-linear complex spectral
ﬁt, PMC – primary motor cortex, PMC NF – primary motor cortex with feedback, VC – visual cortex, SD – standard deviation. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of the article.)

4.1. Explicit T2* estimation at 3 T and at 7 T
Beneﬁts of the ultra-high magnetic ﬁeld for spectroscopy acquisitions were addressed elsewhere (e.g. Ugurbil et al., 2003; Tkac
et al., 2009), and the direct comparison between acquired 3 T and
7 T data was beyond the scopes of the present research. One of
our goals was to assess the potential beneﬁts of the individual
and precise T2* estimation (OLR approach) for real-time fSVPS
at high and ultra-high magnetic ﬁelds. We found that measured
T2* average values at 3 T (41.5–54.5 ms) and at 7 T (16.1–17.5 ms)
were similar to previous ﬁndings, i.e. approximately 40–60 ms at
3 T and 5–40 ms at 7 T (Table 1; Duong et al., 2003; Peters et al.,
2007; van der Zwaag et al., 2009). The choice of the voxel size
strongly affects fSVPS sensitivity and spatial speciﬁcity. For the
present study, we selected a relatively small voxel (0.7–1.7 cm3 ),
which provided sufﬁcient spectral quality for water proton fSVPS.
In our study the between-subject variance of T2* was greater at 7 T
than at 3 T. This was most probably due to the higher sensitivity
to artifacts and lower stability of the 7 T MR system. The changes
of line width induced by the BOLD effect were approximately
0.33 ± 0.15 Hz at 3 T and 0.97 ± 0.73 Hz at 7 T. This is somewhat
higher than in previous results, which found a line width of about

0.2–0.3 Hz at 4 T (Zhu and Chen, 2001). When comparing 3 T and
7 T, the line width increased approximately by the factor 3.9 in
the PMC and by the factor 1.6 in the VC. Compared to previous
studies, this is somewhat higher in the PMC, but it is in good
agreement with a factor 1.5 increase in the VC when comparing
4 T to 7 T (Tkac et al., 2009). Considering the larger absolute linewidth at 7 T, no gain in the relative change of line width, in T2*,
or in the FID signal was observed in our ultra-high ﬁeld measurements.
The t-statistics, CNRs and percent signal changes indicate that
real-time fSVPS is feasible at 3 and at 7 T (Fig. 4, Tables 2–4).
Both absolute values of the quality measures and their standard
deviations lie within a range that is suitable for real-time applications. Again, performance on the 3 T scanner was somewhat
better than on the 7 T scanner, i.e. higher t-values, higher CNRs,
and higher percent signal changes. Moreover, we found higher
between-subject variance of the event-related averages on the 7 T
scanner (Figs. 4 and 5). Also between ROIs and experimental conditions was the variance larger at 7 T. In a similar vein, the linear
regression lengths of the PMC and the PMC NF condition showed
high temporal variations only at 7 T (Koush et al., 2011). The variation of regressions lengths in the PMC and the PMC NF conditions
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Fig. 6. Preprocessed FIDs at 3 and 7 T normalized and averaged across the group. FID slopes were estimated per condition, i.e. separately for baselines (blue lines) and
activation blocks (red lines). Time courses of the PMC (A, D), the PMC NF (B, E) and the VC (C, F) condition were averaged across participants at 3 T (upper solid lines) and
7 T (lower dotted lines). To illustrate the BOLD effect sensitivity, the difference between the corresponding activation (red) and baseline (blue) curves is shown (D–F). The
sensitivity curves (D–F; dashed curves) were zero-phase ﬁltered (bold curves; Butterworth low-pass ﬁlter, Fc3T = 0.03 Hz, Fc7T = 0.02 Hz; order = 5). Note that the data from
the 7 T scanner showed a faster FID decay rate. Additionally, FID offsets and decay rates display the ROI speciﬁc differences between PMC and VC time courses (see also
Table 1). BOLD – blood oxygen level dependent, FID – free induction decay, OLR – optimized linear regression, LNLCSF – lorentzian non-linear complex spectral ﬁt, PMC –
primary motor cortex, PMC NF – primary motor cortex with feedback, VC – visual cortex. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)

differed from the VC condition, which exhibited much smaller temporal variations (Fig. 6). The ROI speciﬁc differences at 7 T were also
apparent when comparing |FID| decay rates and |FID| amplitudes at
time TE (Fig. 6D–F).
The differences between the results from the 3 T and the 7 T
scanner might be due to differences in the experimental setup
(e.g. different HF coils), larger local ﬁeld inhomogeneity (hence
larger width of the water peak and nonlinear spectral noisiness; see Fig. 2), temporal instabilities (Fig. 6), or they may arise
because the 7 T acquisitions were sensitive to a different component of the BOLD signal. Previous studies suggested that intra and
extravascular components contribute differently to the BOLD signal changes depending on the acquisition technique, the magnetic
ﬁeld strength, and the echo time (Zhu and Chen, 2001; Duong et al.,
2003; Ugurbil et al., 2003). This raises the possibility that using
a spin-echo fSVPS acquisition even at relatively short echo-times,
extra- and intravascular components from large vessels that normally contribute to the BOLD signal at 3 T are suppressed at 7 T.
Such effects have been observed for SE fMRI (Duong et al., 2003;
Ugurbil et al., 2003; Hulvershorn et al., 2005; Budde et al., 2013).

Thus, the FID amplitude was also modulated by the amplitude at
the beginning of the sampling (I0 ). In our data this was inﬂuenced
by T2 (and T1), however, the estimated T2 change (about 0.2%) was
much smaller than the change in T2* even at 7 T. Such a mixed
T2*/T2 effect might also contribute to the estimated parameter differences as well as the quality measure differences between 3 T and
7 T.
Nevertheless, the absolute change of the line width was 3-fold
higher at 7 T, thus demonstrating the potentially higher sensitivity.
This could be fully exploited when local ﬁeld homogeneities are
corrected, or by using smaller voxel sizes.
4.2. Comparison of the T2* estimations
In the present study, we compared three different approaches
that allow for a direct real-time T2* estimation: the OLR approach,
the automated frequency domain LNLCSF approach, and the automated time domain LNLCSF approach. The OLR approach permits
an evaluation of the T2* changes in real-time, and provides a reliable feedback signal at 3 and at 7 T (Koush et al., 2011). However,
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it requires an additional fSVPS localizer to obtain an optimal linear
regression length (Koush et al., 2011).
The automated time domain water peak LNLCSF approach
allows an individual, direct, and localized T2* approximation which
is suitable for real-time fSVPS neurofeedback. It does not require
a spectroscopy localizer and statistical optimizations which are
necessary for OLR. Further, LNLCSF requires minimal parameter
adjustment, and only needs to be conﬁgured once for a particular
magnetic ﬁeld strength and for a particular acquisition protocol.
This allows the experimenter to begin directly with the neurofeedback run and therefore considerably reduces the duration of
the experiment. Our results showed that the OLR and the LNLCSF
approach are both suitable for ﬁtting spectral data in real-time,
and that they both provide high quality feedback signals. For most
of the time courses at 3 T, the quantiﬁed t-values and the CNRs
were comparable between the OLR and the LNLCSF approaches
(Fig. 4; Tables 3–5). However, at 7 T the percent signal changes
that were estimated using the OLR approach were much higher
than those of the LNLCSF approach. This suggests that the LNLCSF
approach provides a mathematically feasible, but not always physiologically optimal parameterization which nevertheless results in
high CNRs and t-values (Fig. 4). We addressed this effect by applying
multiple lorentzian line parameterizations, but the results did not
improve (see also Singh et al., 1996; Mierisova and Ala-Korpela,
2001). Our spectroscopy data preprocessing steps allowed for a
high convergence rate of the nonlinear ﬁtting algorithm of less
than 10 ms at 3 and at 7 T. Due to the relatively small spectroscopy
data sample that was evaluated for each update of the feedback
signal (TR = 1 s), the processing time to derive the T2*-sensitive
feedback signal after the spectrum was acquired was less than
50 ms.
Overall, the automated time domain LNLCSF showed a performance comparable to that of the OLR at 3 T, and one that is
somewhat worse than the OLR at 7 T. Given the advantages of the
LNLCSF approach (no extra localizer spectroscopy run and minimum parameter adjustment), it nevertheless is a suitable method
for real-time fSVPS and can be further optimized for neurofeedback applications. The frequency domain LNLCSF can estimate T2*
directly, but the estimation precision suffers from the complex
value conversions (real and imaginary parts of the complex spectra were parameterized separately). However, the time domain
LNLCSF can assess T2* more explicitly, showed better statistics,
and requires only little additional computation time. Automated
LNLCSF parameterization provides multiple estimation parameters
such as the spectral height, width, and area of a given spectral peak.
For the present study, we only reported results from the water peak
spectral width estimate because it provides a direct and more precise estimate of T2*. However, spectral height led to a comparable
but slightly less sensitive estimation of the BOLD induced dynamics
at 3 T. At 7 T, the estimation sensitivity of spectral height was further reduced (results not shown). Additionally, we found that the
spectral parameterization resulted in higher CNRs and t-statistics
of the estimated T2* time courses (results not shown) compared
to those extracted from the raw spectral height or width (Zhu and
Chen, 2001).
4.3. Recent advances of fSVPS and MRS that can be beneﬁcial for
real-time functional MRS
Real-time fSVPS may allow for tissue-speciﬁc and metabolite
speciﬁc neurofeedback. However, due to the large (∼103 –105 )
concentration differences between water and metabolites, the
use of estimated metabolite peak parameters as a neurofeedback signal will require further optimization of the real-time
processing. Moreover, water peak parameterization can be potentially used to enhance the metabolites quantiﬁcation precision

accounting for an exact BOLD spectra shift (Mangia et al.,
2006).
Recent advances in MRS now make it possible to map metabolites with small voxel sizes of ∼1.5 cm3 with J-resolved techniques
(Posse et al., 2009; Jensen et al., 2009; Posse et al., 2007; Tsai
et al., 2007), which can be potentially used for metabolite based
functional neurofeedback. Furthermore, the J-resolved technique
allows a more accurate estimation of the targeted metabolites than
the classical PRESS (Bottomley, 1987) and MEGA-PRESS (Mescher
et al., 1998) techniques. However, limited SNR of these techniques
restricts their application to real-time spectroscopy and neurofeedback.
Other recent developments that could be used to increase the
MRS spectral quality in real-time studies deal with head-motion
artifacts. Recently developed navigator techniques with dynamic
frequency and shim corrections allow for the compensation of
head motions, thereby mitigating associated spectral distortions
(Keating and Ernst, 2012; Keating et al., 2010; Hess et al., 2011;
Zaitsev et al., 2010). In principle, this can also be adapted for use in
real-time.
4.4. Limitations
The current research explores only a limited set of parameters.
TE and TR were chosen in a pragmatic fashion. Improvements of
sensitivity due to a higher acquisition rate with fSVPS and at 7 T
were not taken into account. Therefore, the direct comparisons
between 3 and 7 T data should be considered with care. Given
that the movement related signal changes we observed with our
methods were similar to those usually obtained with conventional
fMRI (Weiskopf et al., 2004; Weiskopf, 2012), we suggest that our
method is as sensitive and thus as suitable for neurofeedback based
on mental tasks. Future research may address this comparison more
precisely. Because inclusion of early echo components has been
shown to be of beneﬁt for reducing noise sources of the BOLD contrast (e.g. Bright and Murphy, 2013; Buur et al., 2009), fSVPS with a
relatively short TE may achieve higher SNR, may be more selective
to BOLD changes, and may suppress other signal ﬂuctuations at a
short TE. Moreover, multi-echo EPI would have allowed for mapping of T2* values and a direct comparison with the single-voxel
spectroscopic data. Multi-echo EPI may also reduce EPI associated
artifacts (Weiskopf et al., 2005; Mathiak et al., 2002, 2004). Future
research may address this comparison among others to elucidate
partial volume effects.

5. Conclusions
We automatized the fSVPS-based approach for real-time functional BOLD studies at 3 and at 7 T magnetic ﬁelds. We investigated
different single water peak parameterization approaches for providing an automated, precise, reliable, and robust feedback signal.
However, in order to fully take advantage of ultra-high magnetic ﬁelds, improved ﬁeld homogeneity, stability, and reduced
voxel sizes are required. The stability and robustness of the
proposed parameterization was demonstrated with the BOLD
T2* estimates, and time courses quality measures at 3 and
7 T. The automated LNLCSF approach was suitable for real-time
applications.
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