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Abstract
Chronic insomnia is one of the most prevalent central nervous system disorders. It is char-

acterized by increased arousal levels, however, the neurobiological causes and correlates

of hyperarousal in insomnia remain to be further determined. In the current study, mag-

netic resonance spectroscopy was used in the morning and evening in a well-character-

ized sample of 20 primary insomnia patients (12 females; 8 males; 42.7 ± 13.4 years) and

20 healthy good sleepers (12 females; 8 males; 44.1 ± 10.6 years). The most important

inhibitory and excitatory neurotransmitters of the central nervous system, γ-aminobutyric

acid (GABA) and glutamate/glutamine (Glx), were assessed in the anterior cingulate cor-

tex (ACC) and dorsolateral prefrontal cortex (DLPFC). The primary hypothesis, a diurnal

effect on GABA levels in patients with insomnia, could not be confirmed. Moreover, the

current results did not support previous findings of altered GABA levels in individuals with

insomnia. Exploratory analyses, however, suggested that GABA levels in the ACC may

be positively associated with habitual sleep duration, and, thus, reduced GABA levels

may be a trait marker of objective sleep disturbances. Moreover, there was a significant

GROUP x MEASUREMENT TIME interaction effect on Glx in the DLPFC with increasing

Glx levels across the day in the patients but not in the control group. Therefore, Glx levels

may reflect hyperarousal at bedtime in those with insomnia. Future confirmatory studies

should include larger sample sizes to investigate brain metabolites in different subgroups

of insomnia.

Introduction
Chronic insomnia, one of the most prevalent mental disorders, is characterized by difficulties
in initiating or maintaining sleep and is associated with clinically significant distress or
impairment of daytime functioning [1]. The prevalence of the disorder is approximately 6% of
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the population in western industrialized countries [2]. Chronic insomnia has a negative impact
on quality of life [3], and is associated with cognitive impairments [4]. Furthermore, afflicted
individuals have a substantially increased risk to develop psychiatric [5,6,7], and cardiovascular
disorders [8,9,10,11]. Consequently, chronic insomnia leads to a substantial increase in health
care use, work disability and absenteeism, and, thus, to significant direct and indirect costs
[12,13,14].

Despite the negative personal, public health and socio-economic impact of chronic insom-
nia, its neurobiological causes and consequences are poorly understood [15]. Several lines of
evidence suggest that γ-aminobutyric acid (GABA), the most important inhibitory neuro-
transmitter of the central nervous system, is involved in the development and/or maintenance
of insomnia. First, the crucial role of GABAergic neurotransmission for the initiation and
maintenance of sleep has been clearly demonstrated in animal research [16]. Moreover, in
humans, agonists at the benzodiazepine receptor are approved for the treatment of insomnia,
and are the most widely used drugs for this condition [17]. While tolerance and dependence
are important side effects of these substances, there is little doubt that benzodiazepine recep-
tor agonists improve sleep continuity in insomnia patients undergoing short-term treatment
[18,19].

Last, and maybe most importantly, in vivo measures using magnetic resonance spectros-
copy (MRS) suggest that cortical GABA levels are altered in patients with insomnia. MRS is a
noninvasive method to assess concentrations of various metabolites in the human brain,
including GABA, and the composite measure of glutamate and glutamine (Glx), which reflects
the activity of the most important excitatory neurotransmitter system. Winkelman et al. [20]
used MRS to investigate 16 patients with insomnia and 16 healthy control participants, and
reported almost 30% lower GABA levels in the patients group in a large voxel encompassing
subcortical, temporal, parietal, and occipital areas (effect size Cohen's d = 0.8). In a follow-up
study, the same research group investigated 20 patients with insomnia and 20 healthy controls
with improved methodology. In addition to replicating their previous results, lower GABA
levels in the patients group were specifically localized in the anterior cingulate cortex (ACC;
Cohen's d = 0.8) and occipital cortex (Cohen's d = 1.4), but not in the thalamus [21]. The find-
ing of reduced GABA levels in the central nervous system of patients with insomnia is also in
line with the assumption that the disorder is characterized by increased physiological arousal
levels [22]. However, there is also conflicting evidence. Morgan et al. [23] reported increased
occipital GABA levels in a group of 16 insomnia patients in comparison with 17 healthy good
sleepers.

A critical difference between the studies by the Winkelman group [20,21] and the study by
Morgan et al. [23] is the timing of the MRS measurements. While Winkelman et al. [20] and
Plante et al. [21] acquired MRS data in the morning, Morgan et al. [23] performed the spectro-
scopic investigation 2–3 hours before bedtime in the evening. Therefore, it has been hypothe-
sized that there may be diurnal effects on GABA levels in insomnia patients [24]. To further
clarify this issue, the current study was designed to investigate morning and evening levels of
GABA+ (which includes contributions from macromolecules) in a well-characterized sample
of 20 patients with insomnia and 20 healthy controls. As preliminary work at the Department
of Radiology of the University Medical Center Freiburg showed high test-retest reliability for
the assessment of GABA+ levels in the ACC and dorsolateral prefrontal cortex (DLPFC) using
a MEGA-PRESS sequence (Mescher-Garwood point-resolved spectroscopy sequence [25]) in a
single subject, the current study focused on these specific brain areas. In addition to this main
focus of the study, Glx levels were investigated in an exploratory manner as another potential
marker of hyperarousal in insomnia.
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Materials and Methods

Participants
In the current study, 20 patients meeting diagnostic criteria for primary insomnia (PI), accord-
ing to DSM-IV-TR [26], and 20 healthy control participants were investigated. Inclusion crite-
ria were the insomnia diagnosis in the patients group as well as an age between 18 and 65
years in all participants. Group matching was done for age and sex. Insomnia patients were
referred to our clinic by their primary care provider or medical specialist; healthy controls were
recruited through local advertisements. Resting-state functional connectivity data of the sample
has been published elsewhere [27]. Six PI patients, all non-remitters to cognitive-behavioral
therapy for insomnia, and 19 healthy controls have already participated in previous neuroim-
aging studies of our research group [28,29,30,31]. For screening purposes, a semi-standardized
psychiatric and sleep-related interview was conducted in all participants by an experienced
psychiatrist to rule out any lifetime history of psychiatric disorder, or (additional) sleep disor-
der. In addition, all participants underwent a standard physical examination, including electro-
cardiogram, electroencephalogram (EEG) and routine blood test (blood cell count, liver, renal
and thyroid function) to exclude those with serious medical conditions. Furthermore, two
nights of polysomnography (PSG) were used in all participants to exclude additional sleep dis-
orders. All participants were free of any psychoactive medication at least 2 weeks prior to
enrollment and during the duration of the study, and were required to refrain from alcohol,
caffeine and daytime naps during the recording days.

The study was conducted in accordance with the Declaration of Helsinki. The study proto-
col was approved by the Institutional Review Board of the University Medical Center Freiburg.
All participants gave their informed written consent prior to inclusion in the study.

Procedure
After the screening procedure and two nights of PSG, the MRS investigations were scheduled
between 8:00–9:00 AM and 10:00–11:00 PM at the Department of Radiology of the University
Medical Center Freiburg. In each participant, morning and evening MRS measurements were
performed on the same day. Of note, for logistic reasons—mainly scanner availability and
schedules of participants—the MRS measurements were carried out up to several months after
PSG recordings. Psychometric assessment was carried out before the evening MRS session.

Polysomnography
All participants underwent two consecutive nights of standard PSG sleep monitoring in the
sleep laboratory. Sleep was recorded for eight hours from ‘lights out’ (10 to 11 PM) until ‘lights
on’ (6 to 7 AM) and was scored visually by experienced raters according to standard criteria
[32]. All patients were screened for apneas and periodic leg movements by monitoring abdomi-
nal and thoracic effort, nasal airflow, oxymetry, and bilateral tibialis anterior EMG. Sleep record-
ings were evaluated for the following parameters of sleep continuity: total sleep time (TST); sleep
onset latency (SOL; time from lights out to the first epoch of stage 2 sleep); wake after sleep
onset (WASO) defined as difference between sleep period time (SPT; time from sleep onset to
final awakening) and TST; and arousal index. Sleep architecture parameters were amounts of
stages 1, 2, slow wave sleep (SWS) and rapid eye movement sleep (REM) as percentage of SPT.

Psychometric assessment
All study participants were asked to complete the Insomnia Severity Index (ISI) [33], the Pitts-
burgh Sleep Quality Index (PSQI) [34], the brief version of the Dysfunctional Beliefs and
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Attitudes about Sleep Scale (DBAS-16) [35], the Glasgow Sleep Effort Scale (GSES) [36], the
Pre-Sleep Arousal Scale (PSAS) [37], the Epworth Sleepiness Scale (ESS) [38], the Morning-
ness-Eveningness Questionnaire (MEQ) [39], the Beck Depression Inventory (BDI) [40], and
the trait subscale of the State-Trait Anxiety Inventory (STAI) [41].

MRS data acquisition and preprocessing
MRS measurements were performed on a 3 Tesla MRI scanner (Magnetom TIM-Trio, Sie-
mens, Erlangen, Germany) using a 32-channel head-coil. First, for accurate MRS voxel posi-
tioning, T1 data were acquired using an MPRAGE sequence (TR 2.2 s; TE 2.6 ms; 160 sagittal
slices of 256 × 256 voxels, 1.0 × 1.0 × 1.0 mm³; [42]). All scans were inspected for the absence
of pathological findings by a neurologist under the supervision of a board-certified neuroradi-
ologist. MRS voxels in the ACC (size: 25 × 25 × 18 mm3) and the left DLPFC (size: 25 × 25 ×
25 mm3) were positioned such that they covered as much gray matter and as little white matter
and cerebrospinal fluid as possible (see Fig 1). To avoid strong contamination of the spectra
with subcutaneous lipid signal, a safety margin of a few mm was left between the voxel and the
skull.

MRS was acquired with the MEGA-PRESS sequence (TE = 68 ms; TR = 1.5 s; 512 averages;
measurement time: 13 min per scan). After each MEGA-PRESS scan, a water reference PRESS
spectrum was acquired, using the same parameters as for the MEGA-PRESS scan without
water suppression (exception: 16 instead of 512 averages). Preparation before the scan included
automatic shimming up to second order and was amended by manual shimming to optimize
the spectral line width. In total, a single voxel measurement required approximately 20–25
min. Thus, the whole session had a duration of approximately 60 min including MPRAGE
image acquisition.

The acquired spectra were fitted and quantified with LCModel [43,44], using numerically
simulated basis spectra for the major detectable brain metabolites. The GABA+/NAA concen-
tration ratio was determined from the difference editing spectra while the concentration of
all other metabolites was quantified in the unedited spectra of the MEGA-PRESS sequence.
Metabolite concentrations were only included in the statistical analysis when their Cramér-Rao
lower bounds in the fit were below 20% [45]. This resulted in the exclusion of 3 participants for
the analysis of GABA+ in the ACC (2 PI patients, 1 healthy control), 12 participants for the
analysis of GABA+ in the DLPFC (5 PI patients, 7 healthy controls), 2 participants for the anal-
ysis of Glx in the ACC (2 PI patients), and 2 participants for the analysis of Glx in the DLPFC
(2 PI patients). For both GABA+ and Glx, the ratio to creatine (Cr) was calculated for further
analysis, which is a standard procedure in clinically oriented MRS research aiming at removing
the effects of inter-scan signal intensity variations [46]. Metabolite concentration ratios (GABA
+/Cr and Glx/Cr) were corrected for relaxation effects using T1 and T2 relaxation constants of
GABA, Glx and Cr obtained from literature [47,48,49,50]. It should be noted that the measured
GABA concentration is the sum of several contributions (free GABA, GABA moiety of homo-
carnosine, and macromolecular resonances of lysine and arginine at 3.0 ppm, which are co-
edited by the MEGA-PRESS sequence) and is therefore referred to as GABA+ [51].

Statistical analysis
Group differences in demographic and polysomnographic data were investigated using two-
sample t-tests and chi-squared tests. Pearson correlations between morning and evening mea-
sures of GABA+/Cr and Glx/Cr were calculated to assess the short-term stability of these mea-
sures. Age- and sex-controlled two-way ANOVAs were used to investigate the impact of
GROUP, MEASUREMENT TIME and the GROUP x MEASUREMENT TIME interaction on
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GABA+/Cr and Glx/Cr levels. Of note, the two-way ANOVA with GABA+/Cr as dependent
variable was the primary analysis of this study. The other analyses should be regarded as
exploratory. In addition, age- and sex-controlled multiple linear regression analyses were car-
ried out for both groups combined to explore the relationship between GABA+/Cr or Glx/Cr
with the following sleep-related variables: polysomnographically determined TST, SOL, SWS
%, and REM %, ISI scores, PSQI scores, and MEQ scores. The level of significance was set at
p< 0.05 (two-tailed) for all analyses.

Results

Sample characteristics
Demographic characteristics and psychometric data of the study sample are presented in
Table 1. The groups did not differ significantly in sex distribution, age or body mass index
(BMI). The PI patients had significantly higher scores on the ISI, PSQI, DBAS-16, GSES, PSAS,
and the trait subscale of the STAI. Furthermore, BDI scores were increased in PI patients, and
the group difference was reduced to a statistical trend when excluding the two sleep-related
questions from the BDI (PI patients: 4.6 ± 3.6, good sleeper controls: 2.5 ± 3.2, t = -2.00,
p = 0.052). No significant group differences were found for MEQ and ESS scores. Two insom-
nia patients suffered from sleep-onset insomnia, 9 from sleep-maintenance insomnia, and 9
from mixed insomnia. The average duration of primary insomnia was 9.4 ± 10.0 years.

Polysomnography
Polysomnographic data are presented in Table 2. In both nights, PI patients had a significantly
lower total sleep time and sleep efficiency compared to healthy controls. Additionally, PI
patients had a significantly increased SOL andWASO in the first night and a significantly
decreased SWS % in the second night.

Fig 1. Voxel localization in the ACC (top), and the right DLPFC (bottom) for one participant.

doi:10.1371/journal.pone.0156771.g001
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Magnetic Resonance Spectroscopy
Fig 2 shows representative unedited as well as difference-edited spectra acquired from one
healthy control participant in the ACC and DLPFC. While the unedited spectra are dominated
by the large singlet resonances of NAA, Cr and choline, the difference editing spectra show
resonances of NAA, GABA+, Glx and lipids. The NAA resonance appears in the difference
editing spectra since it is directly affected by the frequency-selective editing pulse irradiated at
1.9 ppm. GABA+, Glx and lipids resonances were edited (GABA+) or co-edited (Glx, lipids)
through J-coupling to a resonance affected by this editing pulse. The unedited DLPFC spectra
show larger lipid contamination in the spectral region between 0.9 and 2.0 ppm than the ACC
spectra since the DLPFC voxel was located close to the skull. Average linewidths of 4.9 Hz and
5.5 Hz were determined by LCModel for the ACC and DLPFC spectra, respectively. The
slightly better shim in the ACC measurements is mainly due to the larger DLPFC voxel size.
The larger number of DLPFC measurements that had to be excluded for the GABA+ analysis
can be explained with the larger linewidths and stronger lipid contamination compared to the
ACC measurements.

GABA+
Fig 3 shows the GABA+/Cr concentration ratios as measured with MRS for the PI patients and
healthy controls.

There was a significant positive correlation between morning and evening GABA+/Cr levels
in the ACC (r[35] = 0.34; p = 0.041), but not in the DLPFC (r[26] = 0.19; p = 0.335). Age- and
sex-controlled ANOVAs did not reveal any significant main (GROUP; MEASUREMENT
TIME) or interaction effects (GROUP x MEASUREMENT TIME) on GABA+/Cr levels in the
ACC or DLPFC (see Fig 3).

Exploratory age- and sex-controlled linear regression analyses revealed a significant positive
association between GABA+/Cr levels in the ACC and TST of the second sleep laboratory
night (t[31] = 2.28; p = 0.030). Apart from this finding, there were no significant main effects

Table 1. Description of the study population (means ± standard deviations).

PI patients healthy controls t/χ² p

Sex [M/F] 8/12 8/12 0.00 1.000

Age [years] 42.7 ± 13.4 44.1 ± 10.6 -0.37 0.716

BMI [kg/m²] 24.5 ± 3.8 23.4 ± 3.3 0.97 0.339

ISI 12.8 ± 3.1 1.6 ± 1.9 13.62 <0.001

PSQI 10.0 ± 3.5 2.6 ± 1.8 8.32 <0.001

DBAS-16 4.5 ± 1.4 2.0 ± 1.2 6.41 <0.001

GSES 5.5 ± 2.6 1.0 ± 1.2 6.88 <0.001

PSAS—cognitive 19.2 ± 6.8 10.6 ± 2.6 5.30 <0.001

PSAS—somatic 11.5 ± 3.2 9.1 ± 1.3 3.04 0.005

ESS 8.0 ± 4.3 5.6 ± 3.3 1.97 0.057

MEQ 54.9 ± 12.9 58.6 ± 7.9 -1.12 0.272

BDI 6.5 ± 3.9 3.1 ± 3.6 2.88 0.006

STAI—trait 38.5 ± 8.6 29.3 ± 4.4 4.16 <0.001

PI: primary insomnia; BMI: body mass index; ISI: Insomnia Severity Scale; PSQI: Pittsburgh Sleep Quality Index; DBAS: Dysfunctional Beliefs and

Attitudes about Sleep Scale; GSES: Glasgow Sleep Effort Scale; PSAS: Pre-Sleep Arousal Scale; ESS: Epworth Sleepiness Scale; MEQ: Morningness-

Eveningness Questionnaire; BDI: Beck Depression Inventory; STAI: State-Trait Anxiety Inventory.

doi:10.1371/journal.pone.0156771.t001
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of the sleep-related variables or interaction effects between the sleep-related variables and
MEASUREMENT TIME on GABA+/Cr levels (see Table 3). Importantly, one finding on a
p< 0.05 level is close to chance level in this series of 22 exploratory analyses. Age and sex did
not have a significant impact on the GABA+/Cr ratios in any of the ANOVAs or linear regres-
sion analyses.

Glutamate / glutamine
Fig 4 shows the Glx/Cr concentration ratios as measured with MRS for the PI patients and
healthy controls. Glx levels were positively correlated across measurement times in the DLPFC
(r[36] = 0.68; p< 0.001), but not in the ACC (r[36] = 0.21; p = 0.217). Exploratory age- and
sex-controlled ANOVAs did not reveal any significant main effects (GROUP; MEASURE-
MENT TIME) on Glx/Cr levels in the ACC or DLPFC, however, there was a significant
GROUP x MEASUREMENT TIME interaction effect on Glx/Cr in the DLPFC (t[36] = 2.35;
p = 0.024). Fig 4 shows that the source of the interaction effect was an increasing Glx/Cr level
in the patients group across the day which was not found in the control group.

Exploratory age- and sex-controlled linear regression analyses revealed significant interac-
tion effects for ISI x MEASUREMENT TIME (t[36] = 3.11; p = 0.004) and PSQI x MEASURE-
MENT TIME (t[36] = 2.46; p = 0.019) on Glx/Cr levels in the DLPFC, but no other significant
main or interaction effects. The significant interaction effects were equivalent to the GROUP x
MEASUREMENT TIME interaction effect, i.e. increasing Glx/Cr levels across the day were
only evident in those with high ISI/PSQI scores. Age had a significant negative effect on the

Table 2. Polysomnographic data (means ± standard deviations).

First night: PI patients healthy controls t p

Total sleep time [min] 348.2 ± 78.7 397.9 ± 47.0 -2.38 0.023

Sleep efficiency [%] 72.7 ± 16.6 82.8 ± 9.7 -2.30 0.027

Sleep onset latency [min] 30.2 ± 23.9 16.2 ± 13.8 2.23 0.032

WASO [min] 97.0 ± 60.6 61.1 ± 39.0 2.19 0.035

Arousal index / TST [h-1] 18.4 ± 7.4 18.0 ± 7.5 0.20 0.846

AHI [h-1] 0.3 ± 0.6 0.5 ± 0.7 -0.89 0.379

PLMS arousal index [h-1] 0.6 ± 0.9 0.4 ± 0.8 0.60 0.553

Stage 1 [% SPT] 9.2 ± 3.3 10.7 ± 4.9 -1.19 0.242

Stage 2 [% SPT] 49.8 ±9.7 51.4 ± 9.6 -0.53 0.602

SWS [% SPT] 5.1 ± 5.8 7.4 ± 6.1 -1.21 0.233

REM [% SPT] 13.6 ± 6.2 17.0 ± 4.0 -2.01 0.052

Second night: PI patients healthy controls t p

Total sleep time [min] 399.7 ± 32.1 422.7 ± 19.0 -2.68 0.011

Sleep efficiency [%] 83.4 ± 6.7 87.8 ± 3.9 -2.42 0.021

Sleep onset latency [min] 17.9 ± 14.8 13.3 ± 7.9 1.20 0.238

WASO [min] 49.1 ± 24.6 43.4 ± 17.2 0.83 0.411

Arousal index / TST [h-1] 15.9 ± 8.1 13.8 ± 4.6 0.96 0.343

Stage 1 [% SPT] 8.4 ± 3.9 7.9 ± 4.1 0.38 0.704

Stage 2 [% SPT] 55.1 ± 7.3 53.7 ± 6.3 0.65 0.517

SWS [% SPT] 6.0 ± 6.0 10.2 ± 6.4 -2.10 0.043

REM [% SPT] 19.5 ± 4.9 18.9 ± 4.2 0.43 0.666

PI: primary insomnia; WASO: wake after sleep onset; TST: total sleep time; AHI: apnea hypopnea index; PLMS: periodic leg movements during sleep;

SPT: sleep period time; SWS: slow wave sleep; REM: rapid eye movement sleep.

doi:10.1371/journal.pone.0156771.t002
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Glx/Cr ratios in both the ACC and DLPFC (p< 0.01 in all ANOVAs and linear regression
analyses). Sex did not have a significant impact on the Glx/Cr ratios in any of the analyses.

Discussion
This is the first study in patients with chronic insomnia investigating brain metabolites with
MRS both in the morning and evening. Our primary hypothesis, a diurnal effect on GABA
+ levels in patients with insomnia, could not be confirmed. Moreover, the results do not sup-
port that altered GABA+ levels are a key characteristic of insomnia. Exploratory analyses, how-
ever, suggest that GABA+ levels may be positively associated with habitual sleep duration and
Glx levels may reflect increasing arousal levels across the day in those with insomnia.

The hypothesis of diurnal effects on GABA+ levels in patients with insomnia appeared to be
a plausible explanation for the inconsistent findings of previous studies [20,21,23]. However,
this hypothesis has never been directly investigated before, and can be quite confidently
rejected in light of the current results. In both groups, GABA+ levels were relatively stable

Fig 2. Unedited and difference-edited spectra from the ACC (a, b) and the DLPFC (c, d) of one healthy control participant, as fitted
with LCModel: the fitted spectrum (red line), the fitted baseline, and the fit residue (top) are shown.

doi:10.1371/journal.pone.0156771.g002
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across the day which supports previous data on the high reproducibility of this measure in
healthy individuals [52,53,54]. As a direct consequence of the presented data, future studies
should investigate alternative explanations for the discrepancies in the literature including a
more detailed assessment of the effects of sample composition and voxel positioning on GABA
levels in insomnia [24].

Fig 3. GABA+/Cr concentration ratios in the ACC (left) and DLPFC (right) sorted by group andmeasurement time. There were no significant main
(GROUP; MEASUREMENT TIME) or interaction effects (GROUP x MEASUREMENT TIME). For each group and measurement time, means (standard
deviations) are presented at the bottom of the figure. GABA+: free GABA, GABAmoiety of homocarnosine, and macromolecular resonances of lysine and
arginine at 3.0 ppm; Cr: creatine; DLPFC: dorsolateral prefrontal cortex; PI: primary insomnia; am: ante meridiem; HC: healthy controls; pm: post
meridiem.

doi:10.1371/journal.pone.0156771.g003

Table 3. Results from the analysis of the relationship between polysomnographic parameters and GABA+/Cr in the ACC and DLPFC.

GABA+/Cr in the ACC GABA+/Cr in the DLPFC

β t p β t p

TST (1. Night) 6.6 x 10−5 0.34 0.738 3.3 x 10−5 0.14 0.887

TST (2. Night) 1.1 x 10−3 2.28 0.030 2.2 x 10−4 0.34 0.738

SOL (1. Night) 1.8 x 10−4 0.28 0.782 -4.2 x 10−4 -0.56 0.578

SOL (2. Night) -7.9 x 10−4 -0.65 0.521 -1.6 x 10−4 -0.13 0.897

SWS (1. Night) 1.2 x 10−3 0.37 0.711 -8.6 x 10−4 -0.29 0.777

SWS (2. Night) 1.4 x 10−3 0.60 0.551 2.5 x 10−4 0.09 0.927

REM (1. Night) 5.9 x 10−4 0.24 0.816 1.3 x 10−4 0.05 0.964

REM (2. Night) 4.7 x 10−3 1.51 0.140 -5.0 x 10−4 -0.14 0.894

ISI -1.9 x 10−3 -0.86 0.397 3.0 x 10−4 0.11 0.914

PSQI -3.1 x 10−3 -1.05 0.301 1.9 x 10−3 0.57 0.573

MEQ 9.1 x 10−4 0.68 0.499 5.2 x 10−4 0.30 0.769

GABA+: free GABA, GABA moiety of homocarnosine, and macromolecular resonances of lysine and arginine at 3.0 ppm; Cr: creatine; ACC: anterior

cingulate cortex; DLPFC: dorsolateral prefrontal cortex; β: regression coefficients; TST: total sleep time; SOL: sleep onset latency; SWS: slow wave sleep;

REM: rapid eye movement sleep; ISI: Insomnia Severity Index; PSQI: Pittsburgh Sleep Quality Index; MEQ: Morningness-Eveningness Questionnaire.

doi:10.1371/journal.pone.0156771.t003
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Unfortunately, with respect to the investigation of group differences in GABA+ levels, the
current study adds to the inconsistent picture emerging from neuroimaging studies in insom-
nia [15,55]. Unlike previous studies [20,21,23], there were no significant differences between
patients with insomnia and healthy controls. Similar to the arguments presented above, dis-
crepancies in sample composition and in the specific methods for MRS data collection and
metabolite quantification across studies may explain these results. While it is obvious that
these factors need to be further investigated, it should also be noted that the current study was
powered to detect medium effect sizes for the interaction effects GROUP x MEASUREMENT
TIME in the repeated measurement analyses. This, however, results in a rather low power for
the between-subject analyses, which, unfortunately, has been identified as a ubiquitous limita-
tion in neuroscience [56]. In addition, newly discovered effects often provide inflated effect
sizes compared to true effect sizes [57]. Thus, future studies in this field should include larger
sample sizes to estimate the association between insomnia and GABA levels with reasonable
accuracy. In addition, larger sample sizes may allow for the investigation of sub-groups of
insomnia. Of note, given the current sample size as well as observed standard deviations and
correlations between repeated measures, effect sizes of f = 0.39 (ACC) and f = 0.42 (DLPFC)
could have been detected at an alpha level of p< 0.05 with a power of 80% for the between-
subjects factor GROUP in the ANOVA models for GABA+/Cr. This corresponds to absolute
between-group differences of 0.069 for both the ACC and DLPFC. For the within-between
interaction (GROUP x MEASUREMENT TIME), effect sizes of f = 0.27 (ACC) and f = 0.35
(DLPFC) could have been detected at an alpha level of p< 0.05 with a power of 80%.

Exploratory data analysis revealed a significant positive association between GABA+ levels
in the ACC and the total sleep time of the second sleep laboratory night, which is in line with
the inhibitory capacity of the GABA system. If this finding turns out to be true, GABA is rather
a measure of objective than subjective sleep disturbance giving further support to models pos-
tulating that objective sleep disturbances are more closely connected to neurobiological

Fig 4. Glx/Cr concentration ratios in the ACC (left) and DLPFC (right) sorted by group andmeasurement time. There was a significant interaction
effect GROUP x MEASUREMENT TIME on Glx/Cr levels in the DLPFC (t[36] = 2.35; p = 0.024). For each group and measurement time, means
(standard deviations) are presented at the bottom of the figure. Glx: glutamate and glutamine; Cr: creatine; DLPFC: dorsolateral prefrontal cortex; PI:
primary insomnia; am: ante meridiem; HC: healthy controls; pm: post meridiem.

doi:10.1371/journal.pone.0156771.g004
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findings than subjective sleep disturbances [58]. Further exploratory analyses suggest that Glx,
the composite measure of glutamate and glutamine, and thus a marker of the most important
excitatory neurotransmitter system, is an indicator of increased arousal levels at bedtime in
patients with chronic insomnia. This is in line with the vast literature on hyperarousal in
insomnia [22], and the observation that some arousal markers are specifically increased at bed-
time or during sleep, e.g. blood pressure [59], or heart rate [60]. The finding of increased Glx
levels in the evening in patients with insomnia complements with two previous MRS studies.
Meyerhoff et al. [61] found that ISI scores were positively correlated with evening Glx levels in
a sample of patients with posttraumatic stress disorder, and Plante et al. [21] did not report sig-
nificant group differences between patients with insomnia and healthy controls in an MRS
study that included measurements in the morning. However, while the significant findings
concerning Glx and the association between GABA+ and TST have some plausibility, both
need replication before drawing firm conclusions as we did not correct the exploratory analyses
for multiple testing.

From a methodological point of view, the established MEGA-PRESS method was used for
GABA detection. Relaxation correction was performed to ensure comparability of our data
with other data obtained with different methods at different field strengths. While MEGA--
PRESS is the most widely used method for GABAMRS, other techniques such as short echo
time single voxel MRS without J-editing [62] and 2D J-resolved spectroscopic imaging [20]
have also been applied. The average GABA+/Cr levels measured in this study were comparably
high which may be attributed to macromolecule contamination [51]. This contamination can
be avoided by using editing pulses with smaller bandwidths, which are, however, not compati-
ble with the standard MEGA-PRESS sequence. Near et al. used a dedicated MEGA-SPECIAL
sequence for GABA editing with and without macromolecule suppression and showed that
macromolecular signal accounts for 46% of the GABA concentration measured with MEGA-
PRESS [63]. Furthermore, to date, most MEGA-PRESS studies have been performed without
T2 relaxation correction. This is mainly due to the fact that the T2 constant of GABA has only
recently been measured in vivo. Using T2Cr = 154 ms and T2GABA = 88 ms [48] for relaxation
correction of MEGA-PRESS data acquired with an echo time of 68 ms further increases GABA
+/Cr levels by 40%. Data exclusion was performed based on the CRLBs determined in the
LCModel fit. It should be noted that the CRLBs are inversely proportional to the signal-to-
noise ratio. This can results in an exclusion bias for low concentrations and can therefore
reduce observed differences between groups. However, the number of excluded datasets was
about the same for PI patients and healthy controls.

Several limitations of the current investigation have to be acknowledged. First, as the study
had a cross-sectional design, conclusions about causality can not be drawn. Therefore, the
direction of the putative associations from the exploratory analyses remains unclear. Second, in
comparison to previously published studies on GABA levels in insomnia [20,21,23] our sample
had a comparably low insomnia severity which may have rendered group differences non-sig-
nificant. Third, the diurnal stability of GABA+/Cr levels in the current study was somewhat
lower than previously reported [54] which may indicate higher error variance in the current
data. Fourth, the relative timing of MRS measurements and PSG recordings was not standard-
ized with MRS measurements being carried out up to several months after the PSG recordings.
Fifth, we did not control for GABA changes across the menstrual cycle in women [64]. How-
ever, Bartlett tests of homogeneity of variances did not suggest increased variances in GABA
+/Cr levels in women compared to men (please refer to the original data deposited to the Uni-
versity Library of the University of Freiburg database). Sixth, although none of our participants
suffered from a substance dependence disorder, the results of the current study may have been
subtly affected by substance discontinuation as all participants were required to refrain from
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alcohol and caffeine during the recording days. Last, it should be noted that a large number of
participants (12) had to be excluded from the analyses of GABA+ in the DLPFC because the
Cramér-Rao lower bounds were at least 20%. Thus, statistical power of these analyses is consid-
erably reduced compared to the other analyses.

In summary, our study suggests that diurnal effects on GABA+ levels in patients with
insomnia do not explain the inconsistent findings in the literature. In addition, exploratory
findings of a positive association between GABA+ and TST of the second sleep laboratory
night as well as the finding of increased Glx levels in patients in insomnia in the evening war-
rant further investigation.

Author Contributions
Conceived and designed the experiments: KS TL. Performed the experiments: KS WR CB TL.
Analyzed the data: KS WR BF TL. Contributed reagents/materials/analysis tools: KS BF DR JH
TL. Wrote the paper: KS WR CN BF CB DR JH TL.

References
1. Morin CM, Drake C, Harvey AG, Krystal AD, Manber R, Riemann D, et al. Insomnia Disorder. Nat Rev

Dis Primers. In press.

2. Ohayon MM. Epidemiology of insomnia: what we know and what we still need to learn. Sleep Med Rev.
2002; 6: 97–111. PMID: 12531146

3. Kyle SD, Morgan K, Espie CA. Insomnia and health-related quality of life. Sleep Med Rev. 2010; 14:
69–82. doi: 10.1016/j.smrv.2009.07.004 PMID: 19962922

4. Fortier-Brochu E, Beaulieu-Bonneau S, Ivers H, Morin CM. Insomnia and daytime cognitive perfor-
mance: a meta-analysis. Sleep Med Rev. 2012; 16: 83–94. doi: 10.1016/j.smrv.2011.03.008 PMID:
21636297

5. Baglioni C, Battagliese G, Feige B, Spiegelhalder K, Nissen C, Voderholzer U, et al. Insomnia as a pre-
dictor of depression: a meta-analytic evaluation of longitudinal epidemiological studies. J Affect Disord.
2011; 135: 10–19. doi: 10.1016/j.jad.2011.01.011 PMID: 21300408

6. Spiegelhalder K, RegenW, Nanovska S, Baglioni C, Riemann D. Comorbid sleep disorders in neuro-
psychiatric disorders across the life cycle. Curr Psychiatry Rep. 2013; 15: 364. doi: 10.1007/s11920-
013-0364-5 PMID: 23636987

7. Johann A, Baglioni C, Hertenstein E, Riemann D, Spiegelhalder K. Prevention of mental disorders
through cognitive behavioral therapy for insomnia. Somnologie. 2015; 19: 88–92.

8. Sofi F, Cesari F, Casini A, Macchi C, Abbate R, Gensini GF. Insomnia and risk of cardiovascular dis-
ease: a meta-analysis. Eur J Prev Cardiol. 2014; 21: 57–64. doi: 10.1177/2047487312460020 PMID:
22942213

9. Laugsand LE, Vatten LJ, Platou C, Janszky I. Insomnia and the risk of acute myocardial infarction: a
population study. Circulation. 2011; 124: 2073–2081. doi: 10.1161/CIRCULATIONAHA.111.025858
PMID: 22025601

10. Laugsand LE, Strand LB, Platou C, Vatten LJ, Janszky I. Insomnia and the risk of incident heart failure:
a population study. Eur Heart J. 2014; 35: 1382–1393. doi: 10.1093/eurheartj/eht019 PMID: 23462728

11. Spiegelhalder K, Johann A, Hertenstein E, Baglioni C, Riemann D. Die Prävention körperlicher Erkran-
kungen durch eine Behandlung von Insomnien [The prevention of somatic disorders through insomnia
treatment]. Somnologie. 2015; 19: 93–97.

12. Kucharczyk ER, Morgan K, Hall AP. The occupational impact of sleep quality and insomnia symptoms.
Sleep Med Rev. 2012; 16: 547–559. doi: 10.1016/j.smrv.2012.01.005 PMID: 22401983

13. Shahly V, Berglund PA, Coulouvrat C, Fitzgerald T, Hajak G, Roth T, et al. The associations of insom-
nia with costly workplace accidents and errors: results from the America Insomnia Survey. Arch Gen
Psychiatry. 2012; 69: 1054–1063. doi: 10.1001/archgenpsychiatry.2011.2188 PMID: 23026955

14. Léger D, Bayon V. Societal costs of insomnia. Sleep Med Rev. 2010; 14: 379–389. doi: 10.1016/j.smrv.
2010.01.003 PMID: 20359916

15. Riemann D, Nissen C, Palagini L, Otte A, Perlis ML, Spiegelhalder K. The neurobiology, investigation,
and treatment of chronic insomnia. Lancet Neurol. 2015; 14: 547–558. doi: 10.1016/S1474-4422(15)
00021-6 PMID: 25895933

Magnetic Resonance Spectroscopy in Insomnia

PLOS ONE | DOI:10.1371/journal.pone.0156771 June 10, 2016 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12531146
http://dx.doi.org/10.1016/j.smrv.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19962922
http://dx.doi.org/10.1016/j.smrv.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21636297
http://dx.doi.org/10.1016/j.jad.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21300408
http://dx.doi.org/10.1007/s11920-013-0364-5
http://dx.doi.org/10.1007/s11920-013-0364-5
http://www.ncbi.nlm.nih.gov/pubmed/23636987
http://dx.doi.org/10.1177/2047487312460020
http://www.ncbi.nlm.nih.gov/pubmed/22942213
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.025858
http://www.ncbi.nlm.nih.gov/pubmed/22025601
http://dx.doi.org/10.1093/eurheartj/eht019
http://www.ncbi.nlm.nih.gov/pubmed/23462728
http://dx.doi.org/10.1016/j.smrv.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/22401983
http://dx.doi.org/10.1001/archgenpsychiatry.2011.2188
http://www.ncbi.nlm.nih.gov/pubmed/23026955
http://dx.doi.org/10.1016/j.smrv.2010.01.003
http://dx.doi.org/10.1016/j.smrv.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20359916
http://dx.doi.org/10.1016/S1474-4422(15)00021-6
http://dx.doi.org/10.1016/S1474-4422(15)00021-6
http://www.ncbi.nlm.nih.gov/pubmed/25895933


16. Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and circadian rhythms. Nature. 2005;
437: 1257–1263. PMID: 16251950

17. Bertisch SM, Herzig SJ, Winkelman JW, Buettner C. National use of prescription medications for
insomnia: NHANES 1999–2010. Sleep. 2014; 37: 343–349. doi: 10.5665/sleep.3410 PMID: 24497662

18. Huedo-Medina TB, Kirsch I, Middlemass J, Klonizakis M, Siriwardena AN. Effectiveness of non-benzo-
diazepine hypnotics in treatment of adult insomnia: meta-analysis of data submitted to the Food and
Drug Administration. BMJ. 2012; 345: e8343. doi: 10.1136/bmj.e8343 PMID: 23248080

19. Glass J, Lanctot KL, Herrmann N, Sproule BA, Busto UE. Sedative hypnotics in older people with
insomnia: meta-analysis of risks and benefits. BMJ. 2005; 331: 1169. PMID: 16284208

20. Winkelman JW, Buxton OM, Jensen JE, Benson KL, O'Connor SP, WangW, et al. Reduced brain
GABA in primary insomnia: preliminary data from 4T proton magnetic resonance spectroscopy (1H-
MRS). Sleep. 2008; 31: 1499–1506. PMID: 19014069

21. Plante DT, Jensen JE, Schoerning L, Winkelman JW. Reduced γ-aminobutyric acid in occipital and
anterior cingulate cortices in primary insomnia: a link to major depressive disorder? Neuropsychophar-
macology. 2012; 37: 1548–1557. doi: 10.1038/npp.2012.4 PMID: 22318195

22. Riemann D, Spiegelhalder K, Feige B, Voderholzer U, Berger M, Perlis M, et al. The hyperarousal
model of insomnia: a review of the concept and its evidence. Sleep Med Rev. 2010; 14: 19–31. doi: 10.
1016/j.smrv.2009.04.002 PMID: 19481481

23. Morgan PT, Pace-Schott EF, Mason GF, Forselius E, Fasula M, Valentine GW, et al. Cortical GABA
levels in primary insomnia. Sleep. 2012; 35: 807–814. doi: 10.5665/sleep.1880 PMID: 22654200

24. Plante DT, Jensen JE, Winkelman JW. The role of GABA in primary insomnia. Sleep. 2012; 35: 741–
742. doi: 10.5665/sleep.1854 PMID: 22654187

25. Mescher M, Merkle H, Kirsch J, GarwoodM, Gruetter R. Simultaneous in vivo spectral edifting and
water suppression. NMR Biomed. 1998; 11: 266–272. PMID: 9802468

26. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders DSM-IV-TR
Fourth Edition (Text Revision). 4th ed. Washington, DC: American Psychiatric Publishing; 2000.

27. RegenW, Kyle SD, Nissen C, Feige B, Baglioni C, Hennig J, et al. Objective sleep disturbances are
associated with greater waking resting-state connectivity between the retrosplenial cortex/ hippocam-
pus and various nodes of the default mode network. J Psychiatry Neurosci. In press.

28. Baglioni C, Spiegelhalder K, RegenW, Feige B, Nissen C, Lombardo C, et al. Insomnia disorder is
associated with increased amygdala reactivity to insomnia-related stimuli. Sleep. 2014; 37: 1907–
1917. doi: 10.5665/sleep.4240 PMID: 25325493

29. Reinhard MA, RegenW, Baglioni C, Nissen C, Feige B, Hennig J, et al. The relationship between brain
morphology and polysomnography in healthy good sleepers. PLoS One. 2014; 9: e109336. doi: 10.
1371/journal.pone.0109336 PMID: 25275322

30. Spiegelhalder K, RegenW, Baglioni C, Klöppel S, Abdulkadir A, Hennig J, et al. Insomnia Does Not
Appear to be AssociatedWith Substantial Structural Brain Changes. Sleep. 2013; 36: 731–737. doi:
10.5665/sleep.2638 PMID: 23633756

31. Spiegelhalder K, RegenW, PremM, Baglioni C, Nissen C, Feige B, et al. Reduced internal capsule
white matter integrity in primary insomnia. Hum Brain Mapp. 2014; 35: 3431–3438. PMID: 25050429

32. American Academy of Sleep Medicine. The AASMManual for the Scoring of Sleep and Associated
Events: Rules, Terminology and Technical Specifications. Westchester: AASM; 2007.

33. Bastien CH, Vallières A, Morin CM. Validation of the Insomnia Severity Index as an outcomemeasure
for insomnia research. Sleep Med. 2001; 2: 297–307. PMID: 11438246

34. Buysse DJ, Reynolds CF III, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality Index: A
New Instrument for Psychiatric Practice and Research. Psychiatry Res. 1989; 28: 193–213. PMID:
2748771

35. Morin CM, Vallières A, Ivers H. Dysfunctional beliefs and attitudes about sleep (DBAS): validation of a
brief version (DBAS-16). Sleep. 2007; 30: 1547–1554. PMID: 18041487

36. Broomfield NM, Espie CA. Towards a valid, reliable measure of sleep effort. J Sleep Res. 2005; 14:
401–407. PMID: 16364141

37. Nicassio PM, Mendlowitz DR, Fussell JJ, Petras L. The phenomenology of the pre-sleep state: the
development of the pre-sleep arousal scale. Behav Res Ther. 1985; 23: 263–271. PMID: 4004706

38. Johns MW. A newmethod for measuring daytime sleepiness: the Epworth sleepiness scale. Sleep.
1991; 14: 540–545. PMID: 1798888

39. Horne JA, Östberg O. A self-assessment questionnaire to determine morningness-eveningness in
human circadian rhythms. Int J Chronobiol. 1976; 4: 97–110. PMID: 1027738

40. Beck AT, Steer RA. Beck Depression Inventory. San Antonio: The Psychological Corporation; 1987.

Magnetic Resonance Spectroscopy in Insomnia

PLOS ONE | DOI:10.1371/journal.pone.0156771 June 10, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16251950
http://dx.doi.org/10.5665/sleep.3410
http://www.ncbi.nlm.nih.gov/pubmed/24497662
http://dx.doi.org/10.1136/bmj.e8343
http://www.ncbi.nlm.nih.gov/pubmed/23248080
http://www.ncbi.nlm.nih.gov/pubmed/16284208
http://www.ncbi.nlm.nih.gov/pubmed/19014069
http://dx.doi.org/10.1038/npp.2012.4
http://www.ncbi.nlm.nih.gov/pubmed/22318195
http://dx.doi.org/10.1016/j.smrv.2009.04.002
http://dx.doi.org/10.1016/j.smrv.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19481481
http://dx.doi.org/10.5665/sleep.1880
http://www.ncbi.nlm.nih.gov/pubmed/22654200
http://dx.doi.org/10.5665/sleep.1854
http://www.ncbi.nlm.nih.gov/pubmed/22654187
http://www.ncbi.nlm.nih.gov/pubmed/9802468
http://dx.doi.org/10.5665/sleep.4240
http://www.ncbi.nlm.nih.gov/pubmed/25325493
http://dx.doi.org/10.1371/journal.pone.0109336
http://dx.doi.org/10.1371/journal.pone.0109336
http://www.ncbi.nlm.nih.gov/pubmed/25275322
http://dx.doi.org/10.5665/sleep.2638
http://www.ncbi.nlm.nih.gov/pubmed/23633756
http://www.ncbi.nlm.nih.gov/pubmed/25050429
http://www.ncbi.nlm.nih.gov/pubmed/11438246
http://www.ncbi.nlm.nih.gov/pubmed/2748771
http://www.ncbi.nlm.nih.gov/pubmed/18041487
http://www.ncbi.nlm.nih.gov/pubmed/16364141
http://www.ncbi.nlm.nih.gov/pubmed/4004706
http://www.ncbi.nlm.nih.gov/pubmed/1798888
http://www.ncbi.nlm.nih.gov/pubmed/1027738


41. Spielberger CD, Gorsuch RL, Lushene R, Vogg PR, Jacobs GA. Manual for the state-trait anxiety
inventory. Palo Alto: Consulting Psychologists Press; 1983.

42. Mugler Brookeman JR. Three-dimensional magnetization-prepared rapid gradient-echo imaging (3D
MP RAGE). Magn Reson Med. 1990; 15: 152–157. PMID: 2374495

43. Provencher SW. Estimation of metabolite concentrations from localized in vivo proton NMR spectra.
Magn Reson Med. 1993; 30: 672–679. PMID: 8139448

44. Provencher SW. Automatic quantification of localized in vivo 1H spectra with LCModel. NMR Biomed.
2001; 14: 260–264. PMID: 11410943

45. Cavassila S, Deval S, Huegen C, van Ormondt D, Graveron-Demilly D. Cramér-Rao bounds: an evalu-
ation tool for quantitation. NMR Biomed. 2001; 14: 278–283. PMID: 11410946

46. Bogner W, Gruber S, Doelken M, Stadlbauer A, Ganslandt O, Boettcher U, et al. In vivo quantification
of intracerebral GABA by single-voxel (1)H-MRS-How reproducible are the results? Eur J Radiol. 2010;
73: 526–531. doi: 10.1016/j.ejrad.2009.01.014 PMID: 19201120

47. Mlynárik V, Gruber S, Moser E. Proton T (1) and T (2) relaxation times of human brain metabolites at 3
Tesla. NMR Biomed. 2001; 14: 325–331. PMID: 11477653

48. Edden RA, Intrapiromkul J, Zhu H, Cheng Y, Barker PB. Measuring T2 in vivo with J-difference editing:
application to GABA at 3 Tesla. J Magn Reson Imaging. 2012; 35: 229–234. doi: 10.1002/jmri.22865
PMID: 22045601

49. Ganji SK, Banerjee A, Patel AM, Zhao YD, Dimitrov IE, Browning JD, et al. T2 measurement of J-cou-
pled metabolites in the human brain at 3T. NMR Biomed. 2012; 25: 523–529. doi: 10.1002/nbm.1767
PMID: 21845738

50. Puts NA, Barker PB, Edden RA. Measuring the longitudinal relaxation time of GABA in vivo at 3 Tesla.
J Magn Reson Imaging. 2013; 37: 999–1003. doi: 10.1002/jmri.23817 PMID: 23001644

51. Bhattacharyya PK. Macromolecules contamination in GABA editing using MEGA-PRESS should be
properly accounted for. Neuroimage. 2014; 84: 1111–1112. doi: 10.1016/j.neuroimage.2013.08.050
PMID: 24004693

52. Long Z, Dyke JP, Ma R, Huang CC, Louis ED, Dydak U. Reproducibility and effect of tissue composition
on cerebellar γ-aminobutyric acid (GABA) MRS in an elderly population. NMR Biomed. 2015; 28:
1315–1323. doi: 10.1002/nbm.3381 PMID: 26314380

53. Near J, Ho YC, Sandberg K, Kumaragamage C, Blicher JU. Long-term reproducibility of GABAmag-
netic resonance spectroscopy. Neuroimage. 2014; 99: 191–196. doi: 10.1016/j.neuroimage.2014.05.
059 PMID: 24875142

54. Evans CJ, McGonigle DJ, Edden RA. Diurnal stability of gamma-aminobutyric acid concentration in
visual and sensorimotor cortex. J Magn Reson Imaging. 2010; 31: 204–209. doi: 10.1002/jmri.21996
PMID: 20027589

55. Spiegelhalder K, RegenW, Baglioni C, Nissen C, Riemann D, Kyle SD. Neuroimaging insights into
insomnia. Curr Neurol Neurosci Rep. 2015; 15: 9. doi: 10.1007/s11910-015-0527-3 PMID: 25687698

56. Button KS, Ioannidis JP, Mokrysz C, Bosek BA, Flint J, Robinson ES, et al. Power failure: why small
sample size undermines the reliability of neuroscience. Nat Rev Neurosci. 2013; 14: 365–376. doi: 10.
1038/nrn3475 PMID: 23571845

57. Ioannidis JP. Why most discovered true associations are inflated. Epidemiology. 2008; 19: 640–648.
doi: 10.1097/EDE.0b013e31818131e7 PMID: 18633328

58. Vgontzas AN, Fernandez-Mendoza J, Liao D, Bixler EO. Insomnia with objective short sleep duration:
the most biologically severe phenotype of the disorder. Sleep Med Rev. 2013; 17: 241–254. doi: 10.
1016/j.smrv.2012.09.005 PMID: 23419741

59. Lanfranchi PA, Pennestri MH, Fradette L, Dumont M, Morin CM, Montplaisir J. Nighttime blood pres-
sure in normotensive subjects with chronic insomnia: implications for cardiovascular risk. Sleep. 2009;
32: 760–766. PMID: 19544752

60. Spiegelhalder K, Fuchs L, Ladwig J, Kyle SD, Nissen C, Voderholzer U, et al. Heart rate and heart rate
variability in subjectively reported insomnia. J Sleep Res. 2011; 20: 137–145. doi: 10.1111/j.1365-
2869.2010.00863.x PMID: 20626615

61. Meyerhoff DJ, Mon A, Metzler T, Neylan TC. Cortical gamma-aminobutyric acid and glutamate in post-
traumatic stress disorder and their relationships to self-reported sleep quality. Sleep. 2014; 37: 893–
900. doi: 10.5665/sleep.3654 PMID: 24790267

62. Near J, Andersson J, Maron E, Mekle R, Gruetter R, Cowen P, et al. Unedited in vivo detection and
quantification of γ-aminobutyric acid in the occipital cortex using short-TE MRS at 3 T. NMR Biomed.
2013; 26: 1353–1362. doi: 10.1002/nbm.2960 PMID: 23696182

Magnetic Resonance Spectroscopy in Insomnia

PLOS ONE | DOI:10.1371/journal.pone.0156771 June 10, 2016 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/2374495
http://www.ncbi.nlm.nih.gov/pubmed/8139448
http://www.ncbi.nlm.nih.gov/pubmed/11410943
http://www.ncbi.nlm.nih.gov/pubmed/11410946
http://dx.doi.org/10.1016/j.ejrad.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19201120
http://www.ncbi.nlm.nih.gov/pubmed/11477653
http://dx.doi.org/10.1002/jmri.22865
http://www.ncbi.nlm.nih.gov/pubmed/22045601
http://dx.doi.org/10.1002/nbm.1767
http://www.ncbi.nlm.nih.gov/pubmed/21845738
http://dx.doi.org/10.1002/jmri.23817
http://www.ncbi.nlm.nih.gov/pubmed/23001644
http://dx.doi.org/10.1016/j.neuroimage.2013.08.050
http://www.ncbi.nlm.nih.gov/pubmed/24004693
http://dx.doi.org/10.1002/nbm.3381
http://www.ncbi.nlm.nih.gov/pubmed/26314380
http://dx.doi.org/10.1016/j.neuroimage.2014.05.059
http://dx.doi.org/10.1016/j.neuroimage.2014.05.059
http://www.ncbi.nlm.nih.gov/pubmed/24875142
http://dx.doi.org/10.1002/jmri.21996
http://www.ncbi.nlm.nih.gov/pubmed/20027589
http://dx.doi.org/10.1007/s11910-015-0527-3
http://www.ncbi.nlm.nih.gov/pubmed/25687698
http://dx.doi.org/10.1038/nrn3475
http://dx.doi.org/10.1038/nrn3475
http://www.ncbi.nlm.nih.gov/pubmed/23571845
http://dx.doi.org/10.1097/EDE.0b013e31818131e7
http://www.ncbi.nlm.nih.gov/pubmed/18633328
http://dx.doi.org/10.1016/j.smrv.2012.09.005
http://dx.doi.org/10.1016/j.smrv.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23419741
http://www.ncbi.nlm.nih.gov/pubmed/19544752
http://dx.doi.org/10.1111/j.1365-2869.2010.00863.x
http://dx.doi.org/10.1111/j.1365-2869.2010.00863.x
http://www.ncbi.nlm.nih.gov/pubmed/20626615
http://dx.doi.org/10.5665/sleep.3654
http://www.ncbi.nlm.nih.gov/pubmed/24790267
http://dx.doi.org/10.1002/nbm.2960
http://www.ncbi.nlm.nih.gov/pubmed/23696182


63. Near J, Simpson R, Cowen P, Jezzard P. Efficient γ-aminobutyric acid editing at 3T without macromole-
cule contamination: MEGA-SPECIAL. NMR Biomed. 2011; 24: 1277–1285. doi: 10.1002/nbm.1688
PMID: 21387450

64. De Bondt R, De Belder F, Vanhevel F, Jacquemyn Y, Parizel PM. Prefrontal GABA concentration
changes in women—influence of menstrual cycle phase, hormonal contraceptive use, and correlation
with premenstrual symptoms. Brain Res. 2015; 1597: 129–138. doi: 10.1016/j.brainres.2014.11.051
PMID: 25481417

Magnetic Resonance Spectroscopy in Insomnia

PLOS ONE | DOI:10.1371/journal.pone.0156771 June 10, 2016 15 / 15

http://dx.doi.org/10.1002/nbm.1688
http://www.ncbi.nlm.nih.gov/pubmed/21387450
http://dx.doi.org/10.1016/j.brainres.2014.11.051
http://www.ncbi.nlm.nih.gov/pubmed/25481417

