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Abstract53

Magnetic resonance spectroscopy (MRS) measures the two most common in-54

hibitory and excitatory neurotransmitters, GABA and glutamate, in the human55

brain. However, the role of MRS-derived GABA and glutamate signals in relation56

to system-level neural signaling and behavior is not fully understood. In this study,57

we investigated levels of GABA and glutamate in the visual cortex of healthy human58

participants (both genders) in three functional states with increasing visual input.59

Compared to a baseline state of eyes closed, GABA levels decreased after opening60

the eyes in darkness and Glx levels remained stable during eyes open but increased61

with visual stimulation. In relevant states, GABA and Glx correlated with ampli-62

tude of fMRI signal fluctuations. Furthermore, visual discriminatory performance63

correlated with the level of GABA, but not Glx. Our study suggests that differences64

in brain states can be detected through the contrasting dynamics of GABA and Glx,65

which has implications in interpreting MRS measurements.66
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Significance statement67

GABA and glutamate are the two most abundant neurotransmitters in human68

brain. Their interaction, known as inhibitory-excitatory balance, plays crucial role69

in establishing spontaneous and stimulus-driven brain activity. Yet, the relation-70

ship between MRS-derived levels of both metabolites and fMRI is still a matter71

of dispute. In this work, we study GABA and glutamate in three states of vi-72

sual processing and in relation to fMRI and visual discriminatory performance in73

healthy people. We found that states of visual processing can be detected through74

the contrasting dynamics of GABA and glutamate and their correlation with fMRI75

signals. We also demonstrated that GABA but not glutamate in the visual system76

predicts visual performance. Our results provide insights into MRS-derived GABA77

and glutamate measurements.78
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Introduction79

Magnetic resonance spectroscopy (MRS) is a valuable method to non-invasively study the80

brain’s neurochemical architecture. Recent developments in the field have given rise to81

spectral editing methods (edited MRS), which have enabled simultaneous quantification82

of the two most important inhibitory and excitatory neurotransmitters: γ-aminobutyric83

acid (GABA) and glutamate. While imbalances in neurotransmitter concentrations have84

been detected with edited MRS in patients suffering psychiatric disorders (Taylor, 2014),85

the significance of MRS-derived GABA and glutamate levels for maintaining normal brain86

function is still not fully understood.87

Early work suggested that the edited MRS signals from a brain region acquired in a88

state of rest capture baseline neurometabolite levels that relate to the amplitude of neu-89

ral activation in the same area while carrying out a task. Most of these studies focused90

on the visual system (Mangia et al., 2007; Schaller et al., 2013; Bednař́ık et al., 2015).91

Reports consistently found that resting glutamate levels in the occipital cortex positively92

correlated with the blood-oxygen level dependent (BOLD) signal amplitude of fMRI dur-93

ing a checkerboard stimulation (Bednař́ık et al., 2015; Ip et al., 2017). For GABA, the94

findings have thus far been less consistent. While some studies found a negative re-95

lationship between baseline GABA in the occipital cortex and BOLD signal amplitude96

during checkerboard stimulation (Muthukumaraswamy et al., 2009; Donahue et al., 2010;97

Bednař́ık et al., 2015), others did not detect such association (Apšvalka et al., 2015;98

Harris et al., 2015). Several studies also investigated the MRS signal in relation to99

task-related changes in magnetoencephalography (MEG) recordings. While Muthuku-100

maraswamy et al. (2009) found a positive relationship between GABA levels and the101

gamma oscillation frequency in the occipital cortex, a recent study including 50 partici-102
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pants failed to replicate this result (Cousijn et al., 2014). These inconsistencies suggest103

that the relationship of GABA and glutamate levels to other measures of neuronal sig-104

naling remains unclear.105

Functional MRS (fMRS) tracks the dynamics of neurometabolite concentrations across106

brain states (Schaller et al., 2013; Apšvalka et al., 2015). In a typical fMRS framework,107

spectra acquired in the resting state are compared with corresponding signals collected108

while a task is performed. In their pioneering work, Mangia et al. (2007) identified an109

increase in glutamate and a decrease in lactate and aspartate concentrations in the occip-110

ital cortex as a result of visual stimulation. Likewise, other groups observed an increase111

in the glutamate concentration in the visual system when presenting a flickering checker-112

board (Mangia et al., 2007, Schaller et al., 2013, Bednař́ık et al., 2015). On the other hand,113

findings regarding dynamic changes in GABA levels during a task have been less consis-114

tent. Although Mekle et al. (2017) found a GABA concentration decrease in response115

to visual stimulation, others have failed to detect such fluctuations (Mangia et al., 2007;116

Schaller et al., 2013; Bednař́ık et al., 2015).117

The heterogeneous findings regarding MRS-derived neurotransmitter levels in relation118

to fMRI and MEG data might result from the fact that the two imaging modalities have119

thus far been obtained in non-corresponding conditions, i.e. comparing baseline MRS120

with task fMRI/MEG. Should MRS-derived neurotransmitter levels in the visual system121

exhibit complex dynamics across states, recording both signals in identical conditions122

would be crucial. Moreover, neurotransmitter levels in the visual system have so far only123

been studied in a limited range of possible functional states: while resting (defined as124

eyes open without receiving additional input) and during checkerboard stimulation. To125

the best of our knowledge, no study thus far has examined both neurotransmitters across126
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the full functional spectrum of the visual system’s states including eyes closed, eyes open127

and visual input processing.128

We therefore acquired fMRS of GABA and glutamate (here as Glx, a complex of129

glutamate and glutamine) as well as fMRI data in three relevant states of the visual130

system: eyes closed (CLOSED), eyes open in darkness (openDARK) and eyes open with131

visual checkerboard stimulation (openSTIM). Finally, we determined whether individual132

neurotransmitter levels in early visual regions reflect visual discrimination performance133

by carrying out two psychophysical paradigms: an orientation discrimination task and134

an attentional capture task as a control condition.135

Materials and Methods136

Participants and experimental design137

Fifty-five healthy volunteers (Mage=27.3, SD=2.94, 30 males) took part in the study138

after providing written informed consent. The main study cohort (N=30, Mage=26.9,139

SD=2.65, 18 males) participated in both neuroimaging and behavioral testing. For this140

group, neuroimaging experiment consisted of MRS and fMRI blocks of three conditions:141

CLOSED, openDARK and openSTIM. MRS and fMRI data were acquired in the same142

session on a 3T Biograph mMR system (Siemens, Erlangen, Germany) using a vendor143

supplied 12-channel phase-array head coil for receive and the body coil for transmit.144

In the CLOSED condition participants lay down with their eyes closed without falling145

asleep and were asked immediately after finishing this session whether they stayed awake.146

In the openDARK state they kept their eyes open in a dark scanner room and during the147

openSTIM condition they were looking at a flickering checkerboard presentation. Results148
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of the neuroimaging experiment were replicated after merging the data of the main cohort149

with an independent sample collected earlier as a part of another study, referred to as150

replication cohort (N=25, Mage=27.4, SD=3.14, 12 males). This group performed MRS151

and fMRI blocks in two conditions: CLOSED and openDARK, without taking part in152

behavioral testing.153

The neuroimaging data were collected at the Faculty of Medicine of the Technical154

University of Munich. The behavioral data were recorded on a separate day and were155

collected at the Department of Experimental Psychology of the Ludwig-Maximilians-156

Universität München. The experimental protocols were approved by the ethical review157

board of the Faculty of Medicine of the Technical University of Munich and of the Faculty158

of Psychology and Education of the Ludwig-Maximilians-Universität München.159

MR image acquisition160

High resolution structural imaging161

In the beginning of MR protocol, a magnetization prepared rapid acquisition gradient echo162

(MP-RAGE) T1-weighted anatomical image was acquired using the following parameters:163

TR/TE = 2300/2.98 ms, flip angle = 9°, 160 slices covering the whole brain with gap =164

0.5 mm, FoV = 256×256 mm2, matrix size = 256×256, slice thickness = 1 mm, resulting165

voxel size = 1.0×1.0×1.0 mm3, with a total scan time of 5 minutes and 3 seconds.166

MRS167

MRS data in the CLOSED and openDARK conditions were collected as steady-state168

resting sessions with a duration equal to the length of the pulse sequence (8 minutes and169

40 seconds for WIP #795 and 6 minutes and 30 seconds for WIP #715) for both main170
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and replication study cohorts. In the openSTIM condition (performed only by the main171

study cohort), interleaved blocks of task and rest (30-seconds long) were presented over a172

length of the pulse sequence, i.e. 8 minutes and 40 seconds (see Checkerboard stimulation173

for further details). All blocks were acquired in counterbalanced order.174

MRS was acquired using the MEGA-PRESS pulse sequence provided by Siemens. The175

data of main cohort was collected using the WIP #795 package and for the replication176

cohort WIP #715 package was used. No significant differences in MRS parameters were177

found between the two subgroups, see Table 1. A 25×25×25 mm3 MRS voxel was planned178

in the sagittal plane of the MPRAGE and in the axial and coronal planes of the localizer179

image. The voxel was centered within the visual cortex along the midline and rotated180

appropriately to avoid lipid signal contamination from the skull. The voxel placement is181

depicted in Figure 1 A. Both WIP sequences shared the following acquisition parameters:182

256 single averages (i.e. 128 edit-ON and 128 edit-OFF scans); bandwidth = 1200 Hz;183

editing J-refocusing pulses irradiated at 1.9 ppm (edit-on) and 7.5 ppm (edit-off). The184

following parameters were unique for the WIP #795 sequence: TR/TE = 2000/68 ms;185

2048 data points; acquisition time 8 minutes and 40 seconds. Unique WIP #715 param-186

eters were: TR/TE = 1500/68 ms; 512 data points; acquisition time 6 minutes and 30187

seconds. MRS data were acquired before EPI sequences in order to avoid gradient-induced188

frequency drifts previously described by Harris et al. (2014).189

fMRI190

fMRI resting-state data in the CLOSED and openDARK conditions were collected for191

both main and replication study cohorts while the task-related openSTIM condition was192

performed only by the main study cohort. All blocks were acquired in counterbalanced193

order.194
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Resting-state fMRI. In the resting-state fMRI paradigm, 360 volumes of EPI images195

(T2*-weighted echo-planar-imaging) were acquired in interleaved fashion. Acquisition196

parameters were as follows: TR/TE = 2000/30 ms; flip angle = 90°; 35 slices aligned197

along the anterior commissure/posterior commissure line and covering the whole brain;198

FoV = 192×192 mm2; matrix size = 64×64 voxels; slice thickness = 3 mm; resulting voxel199

size 3.0×3.0×3.0 mm3, 4 dummy scans. The fMRI session lasted 12 minutes and 6 seconds200

and included one block of the CLOSED and one block of the openDARK condition.201

Task-related fMRI. The task-related fMRI sequence, referred to as openSTIM con-202

dition, employed the same fMRI pulse sequence parameters as the resting-state session203

except for number of volumes. It consisted of 10 interleaved blocks of task and rest,204

with a block length of 30 seconds. In total, 300 volumes were acquired in a scan time205

of 10 minutes and 6 seconds. For detailed description of the stimulation paradigm see206

Checkerboard stimulation.207

Checkerboard stimulation208

During the openSTIM condition of MRS and fMRI acquisitions in the main study cohort,209

a checkerboard stimulation was presented to the participants. In a task block, a full-210

screen size black-and-white flickering checkerboard was displayed with a flicker frequency211

of 8 Hz. During a rest block, a black fixation cross on a white background was presented.212

Before each run, participants were instructed to focus and pay attention to either the213

flickering checkerboard or the cross. Stimulation was presented on a BOLD Screen 32214

MR Safe Display (Cambridge Research Systems, Cambridge, UK) with a resolution of215

1920x1080 and a frame rate of 120 Hz. The screen was placed in the back of the scanner’s216

bore. Participants viewed the presentation on a mirror installed on the coil.217
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Behavioral experiments218

The behavioral data consisted of two experiments: an orientation discrimination task219

testing early visual processing and an attentional capture task as a control condition. We220

employed these tasks in order to relate GABA and glutamate signals in the early visual221

cortex to the processing accuracy of simple visual stimuli while controlling for attentional222

modulation (Fockert et al., 2004). Throughout the testing, participants were required223

to have normal or corrected-to-normal vision. All except two volunteers from the main224

cohort took part in the behavioral experiments.225

Orientation discrimination experiment226

Apparatus. The gaze position was recorded using an EyeLink 1000 Desktop Mount (SR227

Research, Osgoode, Ontario, Canada) at a sampling rate of 1 kHz. Participants’ head228

movements were minimized using a chin and forehead rest. The experiment was controlled229

by an Apple iMac Intel Core i5 computer (Cupertino, CA, USA). The experimental soft-230

ware was implemented in MATLAB (MathWorks, Natick, MA, USA, RRID:SCR 001622),231

using the Psychophysics (Brainard, 1997; Pelli, 1997, RRID:SCR 002881) and EyeLink (Johns232

et al., 2007, RRID:SCR 009602) toolboxes. Stimuli were presented at a viewing distance233

of 60 cm on a 21” gamma-linearized SONY GDM-F500R CRT screen (Tokyo, Japan)234

with a spatial resolution of 1024x768 pixels and a vertical refresh rate of 120 Hz.235

Procedure. The orientation discrimination design was adapted from Edden and Muthuku-236

maraswamy et al. (2009) and modified according to Hanning et al. (2017). Subjects ini-237

tially fixated at a central black fixation dot (0 cd/m2, 0.15° radius) on a gray background238

(30 cd/m2), see Figure 3 A and Movie 1. Once a stable fixation was detected within239

a 2.0° radius around the fixation dot, a flickering Gabor/Noise-stream appeared at the240
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fixation. The stimulus was composed of interleaved sequences of vertically oriented Gabor241

patches (frequency 2.5 cpd; random phase; 100% contrast; standard deviation of Gaussian242

envelope 1.1°; mean luminance 30 cd/m2) and Gaussian pixel noise patches (0.22°-width243

pixels ranging from white (1) to black (0); the same Gaussian envelope as for the Gabors),244

alternating every 25 ms. After 400–800 ms, this stream contained a discrimination Gabor245

patch rotated clockwise or counter-clockwise. Following the constant stimuli method, tilt246

angles (nine linearly spaced angles from 1° to 17°) were varied randomly across trials. Af-247

ter 25 ms, the Gabor patch was masked by another noise patch. The Gabor/Noise-stream248

disappeared after 200 ms, and participants indicated via button press in a non-speeded249

manner whether the discrimination Gabor was tilted clockwise or counter-clockwise. They250

received a negative feedback sound for incorrect responses. After one practice block, each251

participant performed seven blocks of 35 trials. We controlled online for broken fixation252

(not within 2.0° from the fixation dot) and repeated erroneous trials in random order253

at the end of each block.254

Attentional capture experiment255

Stimuli and Design. The attentional capture paradigm, adapted from Theeuwees (1992),256

was implemented in the Open Sesame software version 3.1.6b1 (Mathôt et al., 2012),257

modified and run on an Intel computer. The visual display comprised of 8 circular258

(1.4° in diameter) or rectangular geometrical stimuli (100 px). Yellow (97.6 cd/m2) and259

blue (12.3 cd/m2) shapes were displayed on a black background (1.24 cd/m2). In each260

trial, one stimulus represented a unique shape (e.g. seven circular, one rectangular). The261

target, a white line segment (111 cd/m2, 75 px), was presented inside a unique shape with262

either a vertical or horizontal orientation (with possible options: 0° or 90°). Other line263

segments inside non-target figures were tilted either to the right or the left (possible orien-264
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tations: 30°, 60°, 120°, 150°) and distributed randomly on the display. In distractor-absent265

trials, all shapes were presented in the same color (for example: seven circular shapes and266

one rectangular shape, all blue). In distractor-present trials, one of the blue circles was267

replaced with a yellow circle. Participants were asked to indicate the orientation of the268

line segment in the unique shape. The experiment consisted of 7 blocks of 20 trials each269

(140 trials in total). A chin rest was used to stabilize the observer’s head at a distance270

of 55 cm from the monitor.271

Procedure. After receiving written and oral instructions on the experimental proce-272

dure, the experiment was started with a block of practice session (20 trials) to familiarize273

participants with the task. Next, the remaining six experimental blocks were performed.274

At the beginning of each trial, a black fixation dot at the center of the screen was pre-275

sented for 500 ms. The stimuli display was presented subsequently and remained displayed276

for 3000 ms. Subjects were instructed to respond as quickly and as accurately as pos-277

sible, and to indicate the line orientation in the unique shape as vertical or horizontal.278

After an erroneous response, a red dot was presented at the location of the fixation dot279

for 500 ms.280

Data analysis281

MRS282

MEGA-PRESS spectra were analyzed using the Gannet 2.0 software (Edden et al., 2014,283

RRID:SCR 016049). Preprocessing steps included: frequency and phase correction in the284

time domain, 3 Hz exponential line broadening, and fitting of the choline and creatine285

signals. After subtracting OFF from ON acquisitions, a single GABA+ peak at 3 ppm286
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(GABA peak with a contribution from macromolecule signals) and a double Glx peak287

at 3.75 ppm were separately fitted using a five-parameter Gaussian model. Levels of288

GABA+ and Glx were calculated from the respective model peak areas, and normalized289

by the area of the creatine peak model.290

Next, the quality control of all acquisitions was performed. In the main study cohort291

(N=30), from ninety spectra acquired in three conditions, four were excluded because292

either GABA or Glx could not be fit. One additional spectrum was excluded as it was293

qualified as noisy (by visual inspection) and it exceeded 3 standard deviations from the294

group mean in the Glx FWHM parameter. In the replication cohort (N=25), three com-295

plete datasets were excluded (six out of fifty spectra) because either GABA or Glx could296

not be fit. Further analyses performed on the two subgroups revealed that no further297

datasets exceeded 3 standard deviations from the group mean in any of the following pa-298

rameters: GABA+, Glx or Cr fit error, GABA+ full width at half maximum (FWHM),299

and Glx FWHM. Plots depicting quality control parameters of all acquisitions can be300

found in Figure 4.301

The “edit-off” spectra were analyzed with the LCModel version 6.3-1 (Provencher, 1993,302

RRID:SCR 014455). A simulated basis set was provided by the software developer and303

included following metabolites: alanine, aspartate, creatine (Cr), phosphocreatine (PCr),304

GABA, glucose, glutamate, glutamine, glycerophosphocholine (GPC), phosphocholine305

(PCh), glutathione, myo-inositol (Ins), lactate, N-acetylaspartate (NAA), N-acetylaspartylglutamate306

(NAAG), scyllo-inositol and taurine. Ratios of metabolites to total creatine signal (Cr+PCr)307

were calculated. Spectra with peak fitting errors (Cramer-Rao lower bounds) exceed-308

ing 20% were removed from further analysis and the concentration of standard neuro-309

metabolites was assessed between conditions: Ins, total phosphocholine (GPC+PCh) and310
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total N-acetylaspartate (NAA+NAAG).311

fMRI312

fMRI data were processed using the DPARSF tool (RRID:SCR 002372) and SPM8 (RRID:SCR 007037)313

functions (Wellcome Trust Center for Neuroimaging, University College London, www.fil.ion.ucl.ac.uk/sp314

(Chao-Gan and Yu-Feng, 2010; Song et al., 2011), all implemented in MATLAB. Prepro-315

cessing included the following steps: slice timing correction, realignment, and reorienta-316

tion. Participants did not exhibit significant head movements as none of them exceeded317

more than 3 mm of maximal translation and 3 degrees of maximal rotation of overall es-318

timated head motion during the course of the experiment. After the coregistration of the319

structural image to the functional mean volume, the structural volume was segmented,320

and the mean white matter and CSF signals were regressed from the functional signal.321

Amplitude of low frequency fluctuations (ALFF) in resting-state CLOSED and322

openDARK conditions. The preprocessed fMRI data were smoothed with a 4-mm323

Gaussian kernel, linearly detrended, and kept in the subjects’ native space without nor-324

malization. The signal time series from each voxel in the frequency range of 0.01-0.1 Hz325

were transformed into the frequency domain. The square root of each frequency was cal-326

culated and averaged (Zang et al. 2007). Standardized Z-score ALFF maps were derived327

and used for later analyses. In order to extract the fMRI scores from the voxel of interest328

corresponding to the individually placed MRS voxel, a binary mask representing the MRS329

voxel was created with the Gannet 2.0 software. The matrix derived from the coregis-330

tration of the structural image to the mean functional volume was used to coregister the331

binary MRS voxel to the fMRI data space. The zALFF scores were extracted and aver-332

aged across the voxels of interest. The difference in zALFF between the CLOSED and333
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openDARK conditions was assessed using a two-tailed paired-samples t-test. Pearson334

product-moment correlation coefficients were computed between the individual zALFF335

scores and the MRS-derived GABA+ and Glx levels.336

BOLD signal change in openSTIM condition. After preprocessing, the structural337

and functional images were coregistered, normalized to MNI space and smoothed us-338

ing a 6 mm FWHM Gaussian kernel. To analyze statistical differences between blocks339

of task and rest conditions, 10 interleaved blocks of ON and OFF were modeled employing340

the SPM canonical haemodynamic response function with motion parameters added to341

the general linear model. A family-wise error correction was used (FWE: p<0.001 height,342

p<0.05 extent threshold) for the mass-univariate voxel-wise testing. The contrast of in-343

terest was defined as (betavisual – betarest). The contrast estimates were extracted from344

the individuals’ peak voxels located in the visual cortex and were later used for analysis.345

At this stage, one participant had to be excluded due to a lack of significant activa-346

tion clusters (FWE-corrected) in the visual cortex. Pearson product-moment correlation347

coefficients were computed between the contrast estimates and GABA+ and Glx levels.348

Orientation discrimination task349

By fitting cumulative Gaussian functions to each subject’s performance, the tilt angle350

corresponding to 75% correct performance in orientation discrimination was determined351

and averaged to 7.1° (SD=4.18°, min=2.14, max=17.03). The obtained discrimination352

thresholds were taken as a proxy of visual sensitivity and correlated with each participants’353

GABA+ and Glx levels using the Pearson product-moment correlation. Five participants354

were unable to discriminate any of the tilt angles above chance level (50% correct), most355

probably because they could not see the oriented Gabor patch that was presented very356
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briefly (25 ms) without extensive training. Their data were excluded from further analysis.357

Attentional capture task358

After excluding erroneous trials from the analysis, the mean reaction times (RT) and the359

accuracy of all trials were analyzed. Overall task response accuracy averaged to 94.0%.360

Error rates were equivalent for both: distractor-absent and -present conditions and com-361

prised of 15 erroneous trials. The mean RT of a distractor absent trial was 986 ms, and362

the mean RT of a distractor present trial was 1127 ms. A paired-samples one-tailed t-test363

was conducted to compare differences in response RTs between the distractor-present and364

distractor-absent trials and revealed a significant difference between the two conditions365

(t(27)=8.38, p=0.001). Pearson product-moment correlation coefficients were computed366

to assess the relationship between the mean reaction time values of distractor absent and367

distractor present trials in the attentional capture task and the neurotransmitter levels.368

Experimental Design and Statistical Analysis369

To assess the differences in metabolite concentrations between the three conditions, a370

hierarchical testing procedure was conducted. In the first step, ANOVA for repeated371

measurements was performed to test the global null hypothesis of equal means under372

all conditions on a significance level of 5%. If the global null hypothesis was rejected,373

pairwise comparisons of conditions were performed on an unadjusted level of significance.374

The difference in GABA+/Cr levels between the CLOSED and openDARK conditions375

found in main study cohort was reproduced in the replication cohort with the pairwise376

comparisons test.377

In addition to analyzing differences in metabolite levels between conditions, we also378
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assessed unspecific variations in MRS signals by controlling the following parameters:379

FWHM of GABA+ and Glx peaks (with ANOVAs), correlations between GABA and Glx380

levels (with the Pearson product-moment correlation coefficients) and the normality of381

the group data (with Shapiro-Wilk tests).382

Finally, individual MRS data were correlated with fMRI scores (ALFF and BOLD383

signal change) and behavioral scores in linear regression analyses.384

Results385

GABA levels decrease while Glx levels increase with increasing386

visual input387

We first investigated changes in neurotransmitter levels between the states of CLOSED,388

openDARK and openSTIM (N=25). We found a significant GABA+/Cr decrease from389

CLOSED (M=0.12, SD=0.02) to openDARK (M=0.10, SD=0.01) (ANOVA: F(2, 72)=4.77,390

p=0.013; post-hoc paired-samples two-tailed t-test: t(24)=-3.14, p=0.004) with no further391

change in openSTIM (post-hoc paired-samples two-tailed t-test: t(24)=-1.78, p=0.09),392

see Figure 1 C. Glx/Cr increased from CLOSED (M=0.10, SD=0.01) to openSTIM393

(M=0.11, SD=0.01) (ANOVA: F(2, 72)=6.76, p=0.003; post-hoc paired-samples two-394

tailed t-test: t(24)=4.03, p=0.0005) and shown a trend towards an increase in openDARK395

(post-hoc paired-samples two-tailed t-test: t(24)=2.16, p=0.04), see Figure 1 C. After396

including the data from the replication cohort (N=22), we reproduced the significant dif-397

ference in GABA+/Cr between CLOSED (M=0.12, SD=0.02) and openDARK (M=0.11,398

SD=0.01) (paired-samples one-tailed t-test on the replication cohort data: t(21)=-1.58,399

p=0.06; paired-samples one-tailed t-test on the data from both cohorts: t(47)=-3.37,400
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p=0.0007).401

In summary, GABA+ levels dropped from the CLOSED to openDARK state with402

no further change during the visual input processing in openSTIM, while Glx levels did403

not differ between the two baseline states of eyes CLOSED and openDARK (in darkness)404

but increased with visual input (openSTIM).405

Control analyses revealed no effects of the state of visual input on FWHM (GABA+)406

(F(2, 72)=1.13, p=0.33) or on FWHM (Glx) (F(2, 72)=0.61, p=0.54), see Table 3. Also,407

GABA+/Cr and Glx/Cr group results did not violate the normality of the distribution408

(group W-scores and p-values can be found in Table 4). Finally, GABA+/Cr and Glx/Cr409

did not correlate within conditions (r- and p-values can be found in Table 5).410

In summary, the control analyses revealed no changes in GABA+ and Glx linewidth411

stability nor in the normality of the distribution between conditions. Additionally, no sig-412

nificant correlation was found between the neurotransmitter levels across conditions, sug-413

gesting that the measurements of both signals are independent.414

Lastly, we tested for the specificity of the visual state changes on GABA+ and Glx415

levels by assessing other metabolite levels in the “edit-off” spectrum. The levels of416

Ins, GPC+PCh and NAA+NAAG did not differ between conditions (p<0.05), suggest-417

ing selective changes across states only for inhibitory and excitatory neurotransmitters.418

The averaged metabolite levels and detailed statistics can be found in Table 6.419

GABA levels correlate negatively with neural signaling only in420

openDARK421

In addition to edited MRS, we acquired fMRI data during identical states of visual input422

and calculated local neuronal activity with BOLD-signal amplitude during CLOSED/openDARK423
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(zALFF) and openSTIM (% signal changes). We tested for differences in the zALFF sig-424

nal averaged across the MRS voxel with a paired-sample two-tailed t-test and found425

no changes between CLOSED (M=0.69, SD=0.56) and openDARK (M=0.77, SD=0.39)426

(t(53)=1.01, p=0.31). Voxel distribution of zALFF scores in both states can be found427

in Figure 2 A. Further, a group analysis of BOLD-signal changes in openSTIM revealed a428

significant activation in the primary visual cortex when observing the flickering checker-429

board presentation compared to rest (p<0.05, FWE-corrected), see Figure 2 B and Ta-430

ble 7.431

We further found a significant negative correlation between GABA+/Cr and zALFF432

scores in openDARK (r=-0.35, n=48, p=0.013), but neither in CLOSED (r=0.12, n=51,433

p=0.41) nor in openSTIM (r=-0.28, n=28, p=0.14), see Figure 2 C and D.434

In summary, GABA+ levels only correlated with local neural signaling in openDARK435

but not in CLOSED or openSTIM.436

Glx levels correlate positively with neural activity in openSTIM437

Next, we investigated whether Glx levels correlated with the BOLD-signal amplitude438

in different states. The Glx/Cr concentration did not relate to zALFF scores in CLOSED439

(r=-0.01, n=51, p=0.93) or in openDARK (r=0.16, n=49, p=0.25). However, we found a440

significant positive correlation between Glx/Cr and BOLD contrast estimates in openSTIM441

(r=0.41, n=28, p=0.012), see Figure 2 C and D.442

In summary, Glx levels and fMRI task responses correlate during visual stimulation443

but not in states without visual input.444
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GABA levels correlate positively with visual sensitivity445

In a final step, we tested whether neurotransmitter levels in openSTIM related to the ef-446

ficiency of basic visual processes. The analyses revealed a significant negative correlation447

between orientation discrimination thresholds and GABA+/Cr in openSTIM (r=-0.54,448

n=23, p=0.008). That is, participants with a higher GABA concentration during visual449

stimulation were able to discriminate smaller tilt angles, which we take as an indica-450

tor of higher visual sensitivity. No such correlation was observed for Glx/Cr (r=0.08,451

n=23, p=0.72), see Figure 3 B. Neurotransmitter levels also did not correlate with the452

performance in the attentional capture task measured as mean reaction times of distrac-453

tor absent and distractor present trials (rGABA=0.24, n=27, p=0.28; rGlx=-0.17, n=27,454

p=0.44).455

In summary, GABA+, but not Glx levels during visual stimulation correlated with456

visual sensitivity in an orientation discrimination task. Neurotransmitter levels were not457

associated with cognitive modulation of visual processes.458

Discussion459

In this study, we investigated whether GABA+/Cr and Glx/Cr ratios in the occipi-460

tal cortex fluctuate with increasing visual input (openDARK and openSTIM) compared461

to an eyes-closed (CLOSED) condition. As expected, we found contrasting changes462

and different dynamics of both neurotransmitters. When opening the eyes in darkness,463

inhibitory GABA levels decreased and correlated negatively with the BOLD-signal am-464

plitude, with no further changes in openSTIM. Glutamate levels did not differ between465

CLOSED and openDARK but increased with checkerboard stimulation, where they pos-466

itively correlated with BOLD signal change. On the behavioral level, we found that467
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inhibitory but not excitatory neurotransmitter levels in the occipital cortex correlated468

with visual discrimination performance.469

GABA and Glx levels change with increasing visual input. Previous studies470

consistently identified upregulation of excitatory neurotransmitter levels during visual471

processing, while reports about GABA changes were less consistent. Mekle et al. (2017)472

found a 5% reduction of GABA concentration in the activated hemisphere during uni-473

lateral visual stimulation compared to eyes open. Others could not detect such alter-474

ations (Mangia et al., 2007; Schaller et al., 2013; Bednař́ık et al., 2015). Importantly,475

all these experiments compared levels of high visual input, i.e. presentation of a checker-476

board, with low visual input (usually eyes open in a bright scanner environment), but477

did not include an eyes-closed condition. In the current study, we explicitly contrasted478

high (openSTIM) and low (openDARK) visual input conditions with eyes-closed. This479

revealed a downregulation of GABA even before receiving visual stimulation. To the best480

of our knowledge, this is the first report to describe fluctuations in GABA levels induced481

solely by opening the eyes in the dark. Our results might explain the heterogeneous482

findings on GABA from prior studies, as these could have missed prominent changes483

of neurotransmitter levels when only comparing high versus low stimulation periods.484

While GABA levels decreased after opening the eyes in the dark, Glx increased485

in the openSTIM state. This result is in line with previous reports about the fluc-486

tuations in excitatory neurotransmitter levels during visual processing. Presentation487

of a flickering checkerboard in blocks of 1 to 10 minutes increased glutamate concentration488

by 2% to 4% (Mangia et al., 2007; Lin et al., 2012; Schaller et al., 2013; Bednař́ık et al., 2015;489

Ip et al., 2017). In our study Glx rises by 10% from CLOSED to openSTIM conditions, ex-490

ceeding glutamate level changes reported previously during visual stimulation (up to 4%).491
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Several aspects might explain this higher level of changes. First, we compared Glx levels492

between the state of no external input (CLOSED) and the condition of heavy visual load493

(openSTIM) while others have mainly investigated the differences between openDARK494

and openSTIM conditions. Second, we acquired the data with edited MEGA-PRESS495

sequence while others have often used PRESS or STEAM sequences with shorter TEs.496

Finally, we independently modeled GABA and Glx peaks using Gannet software while497

others have frequently applied the basis set of LCModel.498

In former studies, both prolonged visual stimulation and observation of more discrete499

visual stimuli were found to elevate levels of glutamate. Looking at abstract stimuli causes500

a stronger rise in the glutamate concentration in the lateral occipital cortex (LOC) than501

viewing objects (Lally et al., 2014). Observing novel stimuli, compared to those already502

seen, leads to a further increase of glutamate levels in the LOC by 11% to 13% (Apšvalka503

et al., 2015). Together with our data, these results suggest that occipital glutamate504

levels increase with the amount of ongoing bottom-up visual processing. In summary,505

our findings on diverging GABA and glutamate signal changes point to the importance506

of defining proper baseline conditions for both neurotransmitters.507

Neurotransmitter levels correlate with the BOLD signal. We found that, in cor-508

responding conditions, the levels of excitatory and inhibitory neurotransmitters related509

differently to local neuronal activity in the visual system, as measured with fMRI: GABA510

levels correlated negatively with the amplitude of BOLD signal fluctuations in the openDARK511

state, while Glx levels correlated positively with the BOLD signal change in the openSTIM512

state. Prior studies thus far have related baseline GABA (i.e. during eyes open in resting513

state) with BOLD signal changes during visual stimulation but not in identical conditions.514

While several studies found a negative correlation between resting GABA and BOLD sig-515
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nal change during stimulation (Muthukumaraswamy et al., 2009; Donahue et al., 2010;516

Bednař́ık et al., 2015), others failed to replicate such an association (Harris et al., 2015).517

Instead of relating MRS- and BOLD-signals across conditions, we therefore acquired both518

in identical brain states sequentially and in balanced order.519

One way to study spontaneous brain activity at rest is to evaluate ALFF scores –520

a spectral property of the BOLD signal computed in the low frequency range (Zang et al., 2007;521

Zuo et al., 2010). Interactions between neurotransmitter levels and ALFF have thus far522

not been investigated. Our findings demonstrate that higher levels of GABA in openDARK523

correlate with a reduced BOLD signal amplitude in the occipital cortex across subjects.524

This suggests that the local neural activity in the visual system as captured by fMRI525

is indeed reduced by increased GABA levels. In summary, our results highlight the im-526

portance of studying MRS- and BOLD-relationships during identical functional states527

rather than across different conditions.528

Acquired in the state of receiving strong visual input, Glx levels in the occipital cor-529

tex positively correlated with BOLD signal changes. Similar relationships were reported530

in previous studies. Recently, Ip et al. (2017) simultaneously acquired MRS and BOLD531

signals while stimulating the visual system with a flickering checkerboard. They found532

a significant positive correlation between the time courses of the two measures, suggesting533

that visual input triggers both a positive BOLD response as well as higher levels of glu-534

tamate. However, they did not find such a relationship between resting glutamate levels535

(measured in CLOSED) and BOLD signal change during stimulation. Likewise, in an536

experiment by Bednař́ık et al. (2015), consecutively acquired MRS- and BOLD-signals537

correlated positively in a visual stimulation condition. Together, these results suggest538

that higher excitatory neurotransmitter levels predict stronger changes in neural activity539
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in a visual task. It also confirms our observation that both GABA and Glx levels relate540

to BOLD signal change rather during identical states than across conditions.541

GABA levels correlate with behavioral outcomes. Finally, we found that the542

levels of GABA but not Glx correlated with participants’ individual psychophysiological543

performance. High levels of GABA during visual processing was associated with bet-544

ter behavioral performance in a demanding visual discrimination task. Local GABA,545

however, did not relate to behavioral performance in a more complex control task that546

employs attentional modulation. This suggests that GABA in the visual system shapes547

the precision of early visual processing capacity. In the task, the relevant orientation548

signal (the clockwise or counterclockwise tilted Gabor) was embedded in a stream of al-549

ternating visual noise patches and presented for only 25 ms. Higher local GABA might550

therefore help to tune the reactiveness to the target stimulus or, in general, decrease the551

reactivity of the visual system to irrelevant input. Other studies found that higher rest-552

ing GABA concentration in the occipital cortex was associated with better orientation553

discrimination performance (Edden and Muthukumaraswamy et al., 2009) and facilitated554

the suppression of orientation-specific features (Yoon et al., 2010). The essential role of555

GABAergic signaling in establishing selectivity of the visual system to certain features was556

also demonstrated in animal studies: blocking GABA receptors in a cat’s visual system557

with the antagonist Gabazine increased its responsiveness to visual stimulation by 300%558

but decreased the selectivity for stimulus orientation and direction (Katzner et al., 2011).559

In humans, similar evidence for an effect of GABA on behavioral performance was ob-560

served in the motor system: Puts et al. (2011) found that higher GABA levels in the561

sensorimotor cortex associate with higher scores in a tactile frequency discrimination562

task. Together, these results indicate that local GABAergic inhibition regulates the fine563
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tuning of a functional system to improve the behavioral outcome.564

Limitations of edited MRS measurements. The signal differences we observed565

in GABA and Glx levels between conditions might have been caused by unspecific changes566

in spectral parameters. In order to exclude those effects, we evaluated the parameters567

of all acquisitions. We found no alterations in the width (FWHM) of either spectra568

between conditions, and GABA and Glx signals did not correlate with each other. Fur-569

thermore, the change in the metabolite concentration was specific for the two molecules570

of interest, as other metabolites did not fluctuate between conditions. Consequently,571

our control analyses suggest that MRS independently captures both neurotransmitters572

and that changes were related to physiological differences across brain states.573

The GABA+ levels quantified in our edited MRS experiment also contain additional574

macromolecule (MM) components (Mullins et al., 2014). In this study, however, it is575

not a major confounder, as we compare GABA+ levels across different functional states576

of the visual system. MM signals should be stable between conditions; therefore, we can577

attribute GABA+ fluctuations to GABA level changes. The physiological interpretation578

of found GABA decrease exceeds the scope of this study. Edited MRS is not capable of sep-579

arating extra- and intrasynaptic GABA pools and rather reflects a bulk GABA cellular580

signal than synaptic GABA activity (Rae 2014; Stagg et al., 2014). Therefore, whether581

the fluctuations we observed depict alterations in inhibitory transmission remains unclear582

and needs further research. Lastly, the Glx signals we report represent mixed concentra-583

tions of glutamate (Glu) and glutamine (Gln). As showed recently by Sanaei et al. (2018),584

Glu and Gln can be reliably quantified from GABA-edited MEGA-PRESS acquisitions.585

Since the Glx signals acquired in the occipital cortex represent a ratio of Glu/Gln between586

2.53 to 3.42 (González et al., 2013; Sanaei et al., 2018), we can conclude that the Glx587
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levels primarily reflect glutamatergic processes.588
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Figure and table legends694

Figure 1. MRS measurements and results. (A) MRS voxel placement in the occip-695

ital cortex in the sagittal and axial planes. (B) Representative fits of the GABA+696

and Glx peaks in the edited MEGA-PRESS spectrum. (C) Creatine-normalized697

levels of metabolites in the visual cortex in CLOSED, openDARK, and openSTIM.698

Left panel represents changes of GABA+/Cr and Glx/Cr between conditions in in-699

dividual subjects; the colored lines depict �5% differences in metabolite-to-creatine700

ratios coherent with the statistically significant results on the group level, gray701

solid lines: �5% difference in the opposite direction and weaker change is depicted702

as gray dotted lines. Right panel illustrates box plots of relative metabolite levels703

for each group. Statistically significant differences are marked with ** (p<0.01 corr)704

and *** (p <0.001 corr).705

Figure 2. Local neural activity and Cr-normalized metabolite levels. (A) Re-706

gional distribution of zALFF scores in CLOSED and openDARK states. ALFF707

is calculated as the sum of amplitudes in the power spectrum of BOLD signal be-708

tween the frequency of 0.01 and 0.1 Hz. For further analysis, zALFF signal was709

averaged across the MRS voxel in the occipital cortex. (B) Task-related BOLD sig-710

nal changes in openSTIM. Areas with significant fMRI activation when observing the711

flickering checkerboard presentation compared to the rest condition (p<0.05, FWE-712

corrected) are depicted. The main cluster is located in the primary visual cortex.713

(C) Relationship between zALFF scores, GABA+/Cr and Glx/Cr in CLOSED and714

openDARK. GABA+/Cr correlates negatively with zALFF (p=0.013) in openDARK.715

(D) Relationship between BOLD%, GABA+/Cr and Glx/Cr in openSTIM. Glx/Cr cor-716

relates positively (p=0.012) with BOLD signal change.717
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Figure 3. Orientation discrimination task. (A) Sequence of events in the course718

of each trial (see also Movie 1). (B) Negative correlation between GABA+/Cr in719

openSTIM and orientation discrimination thresholds in Gabor tilt angles. Note that720

a smaller discrimination threshold corresponds to better performance, i.e. higher721

visual sensitivity.722

Figure 4. Plots depicting single subjects’ parameters used to assess the quality723

of MRS data. (A) Boxplots representing all parameters of interest. (B) Scatterplot724

representing Cr fit error values. (C) Scatterplot representing GABA+ fit error val-725

ues. (D) Scatterplot representing Glx fit error values. (E) Scatterplot representing726

GABA+ FWHM; (F) scatterplot representing Glx FWHM.727

Table 1. Comparison between WIP #715 and WIP #795: group averaged GABA+/Cr728

concentrations and GABA+ FWHM scores in the CLOSED and openDARK con-729

ditions. Unpaired two-sample t-test results are shown in the last column.730

Table 2. Group averaged GABA+/Cr and Glx/Cr ratios in CLOSED, openDARK and731

openSTIM derived from edited MEGA-PRESS acquisition and analyzed with Gan-732

net. Standard deviation values are given in brackets.733

Table 3. Group averaged FWHM scores of GABA+ and Glx peaks in CLOSED, openDARK734

and openSTIM. Standard deviation values are given in brackets.735

Table 4. Shapiro test results of GABA+/Cr and Glx/Cr in CLOSED, openDARK and736

openSTIM. W-scores and p-values are depicted for each separate group of interest.737

Table 5. Correlation coefficients between GABA+/Cr and Glx/Cr in CLOSED, openDARK738

and openSTIM; p-values are given in brackets.739
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Table 6. Group averaged metabolites levels in the ”edit-off” spectrum in the CLOSED,740

openDARK and openSTIM conditions. Standard deviation values are given in brack-741

ets. A one-way between subjects ANOVA scores comparing metabolite levels in three742

conditions are shown in the last column.743

Table 7. fMRI group results corrected with family-wise error at p<0.05 level. Only744

clusters larger than 100 voxels were included. Anatomical regions, MNI coordinates745

of local maxima, T-values and cluster sizes (in voxels) are depicted.746

Movie 1. Sequence of events in the course of each trial of the orientation discrimination747

task.748

Tables749

Group WIP #715 WIP #795 t-value (df=48)

GABA+/Cr in CLOSED 0.116 (SD=0.015) 0.115 (SD=0.015) 0.21 (p=0.83)

GABA+/Cr in openDARK 0.110 (SD=0.011) 0.107 (SD=0.017) 0.77 (p=0.44)

GABA+ FWHM in CLOSED 18.85 (SD=1.93) 18.52 (SD=2.16) 0.57 (p=0.57)

GABA+ FWHM in openDARK 18.04 (SD=1.45) 18.27 (SD=2.26) 0.41 (p=0.68)

Table 1
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GABA+/Cr group averages

Group CLOSED (SD) openDARK (SD) openSTIM (SD)

Main cohort (N=25) 0.115 (0.016) 0.103 (0.012) 0.107 (0.012)

Both cohorts (n=47) 0.115 (0.015) 0.106 (0.012) —

Glx/Cr group averages

Group CLOSED (SD) openDARK (SD) openSTIM (SD)

Main cohort (n=25) 0.100 (0.0099) 0.105 (0.0112) 0.110 (0.0111)

Both cohorts (n=47) 0.094 (0.013) 0.096 (0.015) —

Table 2

GABA+ FWHM

Group CLOSED (SD) openDARK (SD) openSTIM (SD)

Main cohort (n=25) 18.43 (2.20) 18.04 (2.25) 19.01 (2.18)

Both cohorts (n=47) 18.63 (2.06) 18.04 (1.90) —

Glx FWHM

Group CLOSED (SD) openDARK (SD) openSTIM (SD)

Main cohort (n=25) 15.16 (2.54) 14.66 (1.16) 14.87 (1.36)

Both cohorts (n=47) 14.85 (2.18) 14.54 (1.22) —

Table 3
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Shapiro test results for GABA+/Cr group averages: W-scores and p-values

Group CLOSED openDARK openSTIM

Main cohort (n=25) 0.9561, p=0.34 0.9611, p=0.44 0.9689, p=0.62

Both cohorts (n=47) 0.9701, p=0.27 0.9763, p=0.45 —

Shapiro test results for Glx/Cr group averages: W-scores and p-values

Group CLOSED openDARK openSTIM

Main cohort (n=25) 0.9603, p=0.41 0.9556, p=0.33 0.9668, p=0.57

Both cohorts (n=47) 0.9709, p=0.29 0.9877, p=0.89 —

Table 4

Pearson correlation coefficients and p-values

Group CLOSED openDARK openSTIM

Main cohort (n=25) -0.392 (p=0.054) -0.133 (p=0.53) -0.106 (p=0.61)

Both cohorts (n=47) -0.110 (p=0.46) -0.152 (p=0.31) —

Table 5

Metabolite concentrations in the “edit-off” spectrum.

Metabolite (/Cr+PCr) CLOSED (SD) openDARK (SD) openSTIM (SD) ANOVA F(2,81)

Ins 0.76 (0.076) 0.76 (0.078) 0.73 (0.069) F=0.09, p=0.92

GPC+PCh 0.15 (0.013) 0.15 (0.014) 0.14 (0.011) F=0.03, p=0.98

NAA+NAAG 1.68 (0.101) 1.68 (0.099) 1.71 (0.086) F=0.04, p=0.96

Table 6



38

BOLD signal change results

Anatomical region MNI coordinates (x y z) T-value Cluster size

Primary visual cortex -22 -98 6 15.41 9845

-22 -90 8 15.01

-14 -96 -2 14.69

Primary motor cortex -44 -10 56 10.50 725

-58 -10 44 9.03

Primary sensory cortex 40 -26 46 9.39 1858

58 2 40 9.33

60 -14 46 8.77

Table 7










