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Abstract

The insula has been identified as a key region involved in interoceptive awareness. Whilst imaging 

studies have investigated the neural activation patterns in this region involved in intero- and 

exteroceptive awareness, the underlying biochemical mechanisms still remain unclear.

In order to investigate these, a well-established fMRI task targeting interoceptive awareness 

(heartbeat counting) and exteroceptive awareness (tone counting) was combined with magnetic 

resonance spectroscopy (MRS). Controlling for physiological noise, neural activity in the insula 

during intero- and exteroceptive awareness was confirmed in an independent data sample using 

the same fMRI design.

Focussing on MRS values from the left insula and combining them with neural activity during 

intero- and exteroceptive awareness in the same healthy individuals, we demonstrated that GABA 

concentration in a region highly involved in interoceptive processing is correlated with neural 

responses to interoceptive stimuli, as opposed to exteroceptive stimuli. In addition, both GABA 

and interoceptive signal changes in the insula predicted the degree of depressed affect, as 

measured by the Beck Hopelessness Scale. On the one hand, the association between GABA 

concentration and neural activity during interoceptive awareness provides novel insight into the 

biochemical underpinnings of insula function and interoception. On the other, through the 

additional association of both GABA and neural activity during interoception with depressed 

affect, these data also bear potentially important implications for psychiatric disorders like 

depression and anxiety, where GABAergic deficits, altered insula function and abnormal affect 

coincide.
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1. Introduction

A growing body of research has suggested that the insula cortex integrates the processing of 

various stimulus types (Craig, 2009). This includes stimuli that originate from both 

internally and externally to the body. Processing of such stimuli has been located within the 

insula and has been suggested to underlie our ability to be aware of our internal states 

(Craig, 2002), termed interoceptive awareness (IA). Imaging studies in humans of the insula 

have provided details of task-specific subdivisions within the region (Chang et al., 2012; 

Simmons et al., 2012), highlighting, for example, distinctions between the anterior and 

posterior insula (Farb et al., 2012). In addition, functional connectivity analyses have been 

used to identify networks of regions in the brain that have patterns of spontaneous activity 

that are correlated with that in the insula (Cauda et al., 2011; Deen et al., 2011). What 

remains unclear, however, is the neurochemistry that underlies task-induced activity in the 

insula in humans.

Studies regarding regions of the brain other than the insula have revealed links between 

task-evoked neural responses and a number of different neurotransmitters in humans. 

Concentrations of GABA (γ-aminobutyric acid) – the main inhibitory transmitter in the 

brain – in the visual cortex have been shown in a number of studies to be correlated with 

both the amplitude of the BOLD response to visual stimuli and with the particular dynamic 

properties of this response (i.e., the latency and width) (Muthukumaraswamy et al., 2009, 

2012; Donahue et al., 2010). Similarly, GABA concentrations in the medial prefrontal 

cortex (mPFC) also correlate with BOLD responses to stimuli (Northoff et al., 2007). At the 

same time, concentrations of glutamate – the primary excitatory transmitter – as measured in 

areas of the anterior cingulate have been shown to correlate with task-induced activity 

changes in multiple other brain regions during different tasks (Duncan et al., 2011; 

Falkenberg et al., 2012). Taken together, these prior results suggest that GABA and 

glutamate concentrations may be related to IA-related responses in the insula.

Under a prominent theory of emotions that views them as arising, in part, from bodily states, 

IA is linked closely to affective experience (Lamm and Singer, 2010). Support for this link 

comes from a growing body of research, including studies that show an anatomical overlap 

in the insula between emotional and interoceptive processing (Kelly et al., 2012; Zaki et al., 

2012; Terasawa et al., 2013) and work that demonstrates a correlation between quality of 

emotional experience and bodily awareness (Wiens, 2005; Herbert et al., 2007; Pollatos, 

Gramann, et al., 2007; Dunn et al., 2010). The link between IA activity in the insula and 

emotional experience suggests a role for the region in mood disorders, such as major 

depressive disorder (MDD), that are characterised by negative affect. Such an involvement 

of the insula in depression is supported by findings of altered functional responses in the 

region (Liotti et al., 2002; Paulus and Stein, 2010), as well as structural changes 

(Sprengelmeyer et al., 2011) and deficits in IA (Terhaar et al., 2012). In addition to such 

changes, MDD is associated with altered GABAergic and glutamatergic function in multiple 
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brain regions (Alcaro et al., 2010; Zhao et al., 2012), whilst drugs acting on these systems 

have an antidepressant effect (Möhler, 2012; Sanacora et al., 2012). These combined factors 

suggest that IA in the insula may be related to depressive symptoms of negative affect and 

that this association is related to glutamate or GABA in the region. This remains to be 

investigated, however.

Based on these combined strands of IA, insula neurochemistry, and the relation between the 

insula and depressive symptoms, we examined whether the concentrations of GABA or 

glutamate and glutamine (Glu + Gln = Glx) can be related to neural activity in the insula 

during IA and to depressed affect. A well-established paradigm for functional magnetic 

resonance imaging (fMRI) was used (Wiebking et al., 2010, 2012), that consisted of a target 

task to induce IA (heartbeat counting), a closely matched control task to induce 

exteroceptive awareness (EA, tone counting), and fixation periods. In a separate session, 

measures of GABA and Glx concentrations from a voxel located in the target region, the left 

insula, were obtained in the same healthy participants using magnetic resonance 

spectroscopy (MRS). A comparison voxel was placed in the mPFC. It was hypothesised that 

BOLD responses in the insula would be correlated with GABA concentrations in the same 

region and that these responses would be further correlated with depressed affect, as 

measured using the Beck Hopelessness scale (BHS) (Beck et al., 1974).

2. Methods

2.1 Participants

Twenty-eight right-handed healthy participants (10 females, mean age 22.37 years ± 3.77 

SD, 18-34 years) underwent fMRI and 27 out of this group participated in MRS scanning 

(10 females, 22.37 ± 3.85 years, days between scans 3.7 ± 2.7). All participants had a Beck 

Depression Inventory (Beck et al., 1996) score ≤ 4 and were questioned about psychiatric, 

neurological, or other diseases. Participants were recruited from the McGill University 

(Montréal) student body and the local community. The study was approved by the local 

ethics committee. All participants gave their written informed consent and were financially 

compensated.

Four participants were excluded due to anatomical abnormalities or motion artefacts (≥ 2 

mm), culminating in 24 datasets for fMRI analysis (n = 24 participants, 9 females, 22.71 ± 

3.95 years). Quality control of the MRS data (i.e., only results with Cramer-Rao lower 

bounds (CRLB) ≤ 20% were included in the analyses) resulted in the following analysis 

groups: GABA/NAA: n = 15 in the insula (5 females, 23.13 ± 4.45 years), n = 9 in the 

mPFC (4 females, 21.11 ± 2.98 years); Glx/NAA: n = 14 in the insula (4 females, 23.29 ± 

4.58 years), n = 18 in the mPFC (9 females, 22.33 ± 3.51 years).

2.2 fMRI task

A well-established fMRI design for investigating intero- and exteroceptive awareness was 

used in the study, based on a paradigm introduced by Critchley and Pollatos (Critchley et al., 

2004; Pollatos, Schandry, et al., 2007; Wiebking et al., 2010). This consists of three 

independent conditions presented in pseudo-randomised order for 6-10 seconds each. These 
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were: a task for internal awareness (IA); a task for external awareness (EA); and fixation 

periods.

Immediately before the scan, participants had a practice session. Following a standardized 

protocol, which included the presentation of predefined task instructions, participants were 

carefully instructed and familiarized with the task. In order to limit cognitive processes other 

than intero- or exteroception, simple visual stimuli were used to indicate the task type. In 

case of IA, a dark coloured heart on a light background was presented and indicated onset 

and duration of the task. As long as the task type indicator was visible on the screen, 

participants were asked to silently count their own heartbeat. Any kind of manipulation, 

such as holding their breath or evaluating their pulse at the radial artery, was not allowed. 

This was monitored by visual inspection from the control room. Attempts to control the 

breathing rate were monitored using the breathing belt of the Siemens Physiological 

Monitoring Unit (PMU). Participants were thoroughly instructed to concentrate on their 

body and their heartbeat as well as possible. The number of counted heartbeats was reported 

via a visual scale (3.5 s). Here, participants moved the indicator on the scale to the labelled 

position that represented the number of beats they counted.

In case of EA, a symbol of a dark coloured musical note - of the same size as the heart 

symbol - was presented on the same light background. During such tasks individuals silently 

counted the number of tones played through headphones attached to the scanner. 

Participants reported the number of counted heartbeats or tones after each trial using a visual 

analogue scale (3.5 s).

In order to make the difficulty of the IA and the EA tasks comparable, tones were presented 

at an individually determined volume. To ensure equivalent difficulty of both tasks, 

participants were instructed to adjust the volume of the tone to the same perception 

difficulty level as that of counting their own heartbeat. This was done at the beginning of the 

scan (i.e., with the scanner acquiring images to also account for scanner noise) using right 

and left button presses, corresponding to increases or decreases in volume. To illustrate, 

where the heartbeat counting was more difficult, an individual would lower the volume of 

the external tone in order make that aspect of the task equally difficult to the heartbeat 

counting. This was explained to the participants before the scan and they also practiced this 

procedure beforehand.

To control for habituation effects (i.e., counting the own heartbeat becoming easier over 

time), the same interactive enquiry was presented a second time in the middle of the scan. 

Here, individuals had another possibility to readjust the volume of the tone and hence to 

balance the level of difficulty between the internal and external stimuli.

The numbers of counted tones and counted heartbeats, both of which were present 

continuously, were compared to the actual number of played tones and recorded heartbeats, 

respectively. The latter was measured using the Siemens PMU. In addition, the presentation 

frequency of the tones was adapted to correspond to each subject's pulse-rate, which was 

read off from the online value of the PMU. The onset time of the tones was jittered by 200 

ms to avoid habituation.
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Fixation periods were indicated by a dark cross (of the same size and colour as the IA and 

EA symbols) on a light background. Participants were instructed to relax and minimise any 

cognitive work during these period.

The paradigm was executed on a computer running the software package “Presentation” 

(Neurobehavioral Systems, http://www.neurobs.com). Visual stimuli were projected via an 

LCD projector onto a screen visible through a mirror mounted on the headcoil.

2.3 Heartbeat acquisition and analysis

Pulse oximetry data were recorded using the Siemens Physiological Monitoring Unit 

(PMU). This wireless recording device was clipped to the index finger of the participant. It 

was aligned to the magnetic field to minimise distortion effects. Participants were instructed 

to avoid moving their hand. A total of 17 complete pulse-rate data sets were acquired. Due 

to technical problems such as interrupted recordings of the PMU transmission, seven of 

these data sets were excluded.

Each condition was presented 36 times in total. The first trial of each condition was 

excluded due to novelty effects. Similarly, heartbeats at the transition between trials were 

excluded (defined as being within 300 ms of trail transition). Consequently, the total mean 

error of 35 IA conditions (total error between recorded number of heartbeats and subjective 

reports of counted heartbeats per IA condition) and 35 EA conditions (total error between 

played number of tones and subjective reports of counted tones per EA condition) was 

calculated per participant and compared using a paired t-test (two-tailed).

2.4 fMRI acquisition and analysis

Functional scans were acquired on a 3-Tesla whole body MRI system (Siemens Trio, 

Erlangen, Germany), using a body transmit and 32-channel receive headcoil at the MNI 

(McGill University, Montréal, Canada). The settings were as follows: 47 T2*-weighted echo 

planar images per volume with BOLD contrast; alignment at 30° off the AC-PC plane in an 

odd-even interleaved acquisition order; FoV: 205 × 205 mm2; spatial resolution: 3.2 × 3.2 × 

3.2 mm3; TE = 25 ms; TR = 2270 ms; flip angle = 90°. Data were recorded in one scanning 

session containing 580 volumes per participant. A high resolution T1-structural 3D image 

was also acquired. In addition to record the breathing rate by using the breathing belt of the 

PMU, pulse oximetry data were recorded using a wireless recording device that was clipped 

to the index finger of the participant.

The fMRI data from 24 subjects were pre-processed and statistically analysed using the 

general linear model approach in SPM8 (http://www.fil.ion.ucl.ac.uk) and MATLAB 7.11 

(The Mathworks Inc., Natick, MA, USA). All functional images were slice time corrected 

with reference to the first acquired slice, corrected for motion artefacts by realignment to the 

mean image, and spatially normalized to the SPM standard T1-template (Ashburner and 

Friston, 1999). The normalization parameters were generated by warping the coregistered 

anatomical image to the MNI T1-template and applying these parameters to all functional 

images. Images were resampled to 2 × 2 × 2 mm3, smoothed with an isotropic 6 mm full-
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width half-maximum (FWHM) Gaussian kernel. The time-series fMRI data were filtered 

using a high pass filter (threshold 128 s).

Since structured noise still remains in the fMRI data after traditional steps of pre-processing, 

an independent component analysis (ICA) was applied to denoise the data and hence 

improve the sensitivity and specificity of the results. Using Probabilistic Independent 

Component Analysis (Beckmann and Smith, 2004), which is implemented in the MELODIC 

toolbox in the FSL Software Library, http://www.fmrib.ox.ac.uk/fsl/) (Smith et al., 2004; 

Woolrich et al., 2009), a group ICA was performed on the pre-processed fMRI data, which 

were temporally concatenated across subjects. Two independent raters (CW, NWD) visually 

inspected 40 components and classified them as noise or signals of interest, according to a 

detailed description of an operationalized denoising procedure (Kelly et al., 2010). In 

particular, components were considered as noise when they showed a ring-like pattern in the 

periphery of the brain and tightly clustered areas in the frontal regions (McKeown et al., 

1998), clusters with a location in the white matter/CSF or an association with blood vessels 

(Sui et al., 2009; Zou et al., 2009), spotted patterns diffusely spread over the brain, and time 

courses showing a saw-tooth pattern or spikes (McKeown et al., 1998). Components were 

independently identified as noise and removed from the original fMRI data through linear 

regression.

IA and EA conditions (i.e., a task for internal awareness (IA); a task for external awareness 

(EA)), were included in the SPM model as separate events, as were their feedback phases. 

The statistical model for each subject was created by convolving trial onsets with a 

canonical haemodynamic response function (Friston et al., 1998). Moreover, the six 

movement parameters (movement in x, y, and z direction plus rotation on three axes), which 

were calculated during the realignment step in SPM (as described above), were included in 

the SPM model as additional nuisance variables, resulting in a total of nine regressors. 

Regionally specific condition effects were tested by employing linear contrasts for each 

subject and different conditions. The resulting contrast images were submitted to a second 

level random-effects analysis. Here, a one-sample t-test was used on images obtained for 

each subject's volume set and different conditions (e.g., IA > EA).

The Marseille Region of Interest Toolbox software package (MarsBaR, (Brett et al., 2002), 

http://www.sourceforge.net/projects/marsbar) was used to extract time courses from the 

insula and mPFC MRS voxels. The maximum of the time course of the estimated event for a 

single condition (values for IA and EA) was calculated by MarsBaR, divided by the mean 

signal across the time course of the whole session and multiplied by 100. This value, the 

percent signal change, represents an individual value for each subject and each condition 

within a certain ROI. Percent signal changes were controlled for possible outliers and 

entered into SPSS 17.0 (SPSS inc., Chicago, IL). As described in the MarsBar 

documentation, mean values are commonly less than 0.1 percent. Signal changes for each 

condition were extracted from both MRS voxels and correlated with GABA/NAA and BHS 

scores. The proportion of grey matter in each MRS voxel was calculated using the FSL 

FAST tool (http://fsl.fmrib.ox.ac.uk/) and included as a control variable in all analysis 

regarding MRS values.
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In order to provide further detail as to where in particular within the MRS voxels correlating 

signal changes are located, as well as to identify any correlating regions outside of the MRS 

voxels, the IA-specific contrast (IA vs. implicit baseline) was used in second-level 

correlation analyses in SPM. Here, the individual biochemical measures for each MRS 

voxel, as well as scores from the BHS, were entered as regressors, using the proportion of 

grey matter as regressor of no interest in all calculations.

The anatomical localization of significant results was assessed with reference to the standard 

stereotactic atlas by superimposition of the SPM maps on a standard brain template provided 

by MRIcron (Chris Rorden, www.mricro.com). The contrast [IA > EA] was corrected by a 

false discovery rate (voxel P FDR ≤ 0.02, k > 25). Results of the regression analysis were 

small volume corrected by the respective MRS voxel. Significant clusters were corrected by 

familywise error correction (FWE) (Suppl. table 2) using a voxel-wise cut-off of P ≤ 0.005, 

uncorrected. Reported peaks for the whole brain regression, using GABA/NAA from the left 

insula as a regressor, were restricted to (cluster P FWE ≤ 0.06) and assigned to the most 

probable brain area by using the SPM Anatomy Toolbox (Eickhoff et al., 2007) and the 

WFU pickatlas (Maldjian et al., 2003, 2004).

Functional MRI results were confirmed by using an independent set of data, in line with 

proposed good practice (Kriegeskorte et al., 2009; Poldrack and Mumford, 2009; Vul et al., 

2009). Both MRS voxels were applied to another independent sample of 30 healthy 

participants. Data were acquired at the Department of Neurology, Otto-von-Guericke 

University Magdeburg, Germany. Participants in both studies performed the same tasks (IA, 

EA, Fix), and were instructed by the same researcher (CW). Functional measurements of 

this independent data set were performed on an identical 3-Tesla whole body MRI system 

(Siemens Trio, Erlangen, Germany). Although headcoils differed across studies (an 8-

channel headcoil compared to a 32-channel headcoil), research has been shown that fMRI 

results across different imaging sites are very well comparable, even when comparing across 

different headcoils and scanner machines (see for example Casey et al., 1998; Zou et al., 

2005; Gountouna et al., 2010; Kaza et al., 2011). The independent data were acquired with 

the following settings: thirty-two T2*-weighted echo planar images per volume with BOLD 

contrast; alignment parallel to the AC- PC plane in an odd–even interleaved acquisition 

order; FoV: 224 × 224 mm2; spatial resolution: 3.5 × 3.5 × 4 mm3; TE = 30 ms; TR = 2.000 

ms; flip angle = 80°. A total of 1.160 volumes were recorded for each of the 30 healthy 

subjects. These data were processed in the exact same way (including ICA denoising) as the 

main data set. This was a reanalysis of a data set presented previously (Wiebking et al., 

2011).

2.5 MRS acquisition and analysis

Single voxel edited 1H MR spectra were acquired using MEGA-PRESS (Mescher et al., 

1998; Marjanska et al., 2007) on a 3-Tesla MRI system (Siemens Trio, Erlangen, Germany) 

equipped with a 12-channel headcoil at the University of Montréal. Utilizing a high 

resolution T1-image (MPRAGE; FOV = 205 × 205 mm2; spatial resolution = 1 × 1 × 1 

mm3; TE = 3.02 ms; TR = 2000ms; flip angle = 5°), voxels were placed in the left insula and 

the mPFC. In order to achieve consistent volume of interest (VOI) positioning, placement 
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was done by the same investigator for all subjects according to easily identifiable anatomical 

landmarks: left insula voxels (23 × 48 × 27 mm3) were aligned with the line of the insula 

cortex in an anterior-posterior direction with the most anterior edge of the VOI aligned to 

the anterior limit of the insula; mPFC voxels (48 × 21 × 21 mm3) were placed anterior to the 

genu of the corpus callosum, parallel to the AC-PC plane.

First- and second-order shim terms were adjusted using FAST(EST)MAP (Gruetter and 

Tkác, 2000). MRS data were acquired using a MEGA-PRESS sequence (Mescher et al., 

1998) with double-banded pulses used to simultaneously suppress water signal and edit the 

γ–CH2 resonance of GABA at 3 ppm. Additional water suppression using variable power 

with optimized relaxation delays (VAPOR) and outer volume suppression (OVS) techniques 

(Tkác et al., 1999) was optimized for the human 3–T system and incorporated prior to 

MEGA-PRESS. The final spectra were obtained by subtracting the signals from alternate 

scans with the selective double-banded pulse applied at 4.7 ppm and 7.5 ppm (‘EDIT OFF’) 

and the selective double-banded pulse applied at 1.9 ppm and 4.7 ppm (‘EDIT ON’). 

MEGA-PRESS data were acquired in four interleaved blocks of 32 (‘EDIT OFF’, ‘EDIT 

ON’) scans each with frequency drift correction between each block. Free induction decays 

(FIDs) were stored separately in memory for individual frequency and phase correction 

using the tCr signal at 3.03 ppm, as well as correction for residual eddy-current using 

unsuppressed water signal obtained from the same voxel.

Difference spectra were analyzed with LCModel 6.2-1A (Provencher, 1993, 2001) using the 

basis set which included an experimentally measured metabolite-nulled macromolecular 

spectrum (average from 10 participants) and experimentally measured spectra from 100 mM 

phantoms of NAA, creatine, GABA, Glu, and Gln with pH adjusted to 7.2 and at 37°C. The 

LCModel fitting was performed over the spectral range from 0.5-4.0 ppm. No baseline 

correction, zero-filling, or apodization functions were applied to the in vivo data prior to 

LCModel analysis. The usage of a subtraction spectrum with MEGA-PRESS entails 

imprecise acquisition of a creatine peak. Hence, metabolite of interest concentrations were 

used in subsequent steps as a ratio to NAA (see also Stagg, Bachtiar, et al., 2011).

Only results with the Cramer-Rao lower bounds (CRLB) ≤ 20% were included in the 

analysis. Concentrations with CRLB > 20% were classified as not detected. Individual 

spectra acquired in the insula voxel are shown in Supplementary figure 2. LCModel 

metabolite concentrations, CRLB values, and correlation coefficients between Glu/Gln are 

given in Suppl. table 1A.

3. Results

For the investigation of a relationship between IA neural activity and GABA/NAA in the 

insula, a well-established fMRI paradigm was applied (Critchley et al., 2004; Wiebking et 

al., 2010). Task difficulty effects between intero- and exteroceptive awareness (IA and EA) 

were excluded by showing no differences between the total mean error of IA (mean ± SD: 

1.3 ± 0.56) and EA (1.1 ± 0.66) condition (T: 1.1, df: 16, P = 0.3, two-tailed) counts.

Firstly, the whole brain contrast [IA > EA] was overlayed with the MRS insula voxel to 

illustrate regional specific activity in the insula during IA (Figure 1A). Next, BOLD 
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responses in the insula MRS voxel were explored (Figure 1B). As shown in Figure 1B, IA 

induced significantly higher positive BOLD responses in the insula when compared to EA 

(P ≤ 0.001) (Suppl. table 1B). To support these results of higher positive BOLD responses 

during IA compared to EA, both MRS voxels were also applied to an independent data 

sample that used the same fMRI paradigm and image preprocessing (Kriegeskorte et al., 

2009; Poldrack and Mumford, 2009; Vul et al., 2009). The signal changes of the 

independent data sample confirmed the differences between conditions in the left insula 

voxel (Figure 1C & Suppl. table 1B). In contrast, activity patterns in the mPFC MRS voxel 

(Suppl. figure 1A) showed task induced negative BOLD responses during both conditions 

(Suppl. figure 1B & Suppl. table 1B). No significant differences between IA and EA were 

seen in this region, a pattern that was confirmed in the independent data sample (Suppl. 

figure 1C & Suppl. table 1B).

Having demonstrated that both IA and EA induce reliable BOLD responses in the insula, 

neurochemical correlates of these conditions were investigated. Individual neurotransmitter 

concentrations (quantified in relation to NAA, see Suppl. table 1A for details) were 

correlated with IA- and EA-related BOLD responses derived from the MRS voxel. Since the 

proportion of grey matter in the MRS insula voxel was included as a control variable, 

correlation graphs show the residuals of signal changes and GABA/NAA. GABA/NAA 

values showed a significant positive correlation with neural activity during IA in the left 

insula (Figure 1D, Suppl. table 2A & 2B). No relationship was observed in the insula when 

comparing GABA/NAA to EA (Table 1), nor when comparing the IA-specific contrast with 

other MRS values (Glx/NAA, Glu/NAA, Gln/NAA) (see Suppl. table 2A). A positive 

relationship between GABA/NAA and glutamate was observed in both MRS voxels (as 

detailed in Table 1). Using the neurotransmitter concentrations of the insula as regressors in 

the IA-specific contrast, the anatomical location of the positive relation between 

GABA/NAA and IA within the insula MRS voxel was further specified (Figure 1E). At the 

same time, voxel-wise regressions in the mPFC MRS voxel revealed an exclusive negative 

relationship between GABA/NAA and EA (Suppl. figure 1D & Suppl. table 2B). 

Calculations using the extracted BOLD responses of EA in the mPFC MRS voxel showed 

no specific relation to GABA/NAA or other biochemical values (Table 1B).

Finally, considering a probable involvement of the insula in depressed affect, GABA/NAA 

was correlated with scores of the Beck Hopelessness Scale (BHS), a behavioural measure 

for depressed affect. This revealed a negative relationship between BHS and GABA/NAA 

(Figure 2A & Table 1A). Signal changes of the insula MRS voxel were then correlated with 

BHS (controlled for the amount of grey matter in the MRS voxel), which showed a 

significant negative relationship (Figure 2B & Table 1A). EA showed no association to BHS 

in the insula (Table 1A). Signal changes for IA and EA showed a significant differential 

association to BHS, as revealed by using a paired t-test for r-values according to Williams 

(Williams, 1959; Steiger, 1980) (T = -2.46, df = 12, P < 0.05, two-tailed). As described 

above, the individual measures for BHS were also entered into a second-level correlation 

analysis in SPM to provide further anatomical detail for MRS voxel correlations (Suppl. 

table 2B & Figure 2C in purple). Overlaying both IA voxel-wise regressions (i.e., the 
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positive IA × GABA/NAA result (as in Figure 1E) and the negative IA × BHS result) 

showed a shared region in the middle of the left insula (Figure 2C in white).

The inter-relationship between insula GABA/NAA concentrations, IA related signal 

changes, and depressed affect is illustrated in Figure 3. In addition, the mPFC showed a 

positive voxel-wise regression between IA and BHS (Suppl. figure 1E & Suppl. table 2B). 

Estimated signal changes of the mPFC MRS voxel showed no relation between IA and BHS. 

Instead, BHS was positively correlated with mPFC Glx/NAA (Table 1B).

4. Discussion

The BOLD responses seen in the main MRS voxel in the left insula and the comparison 

MRS voxel in the mPFC are in accordance with previous studies. In detail, IA induced 

significantly higher positive BOLD responses in the insula when compared to EA. This is a 

well-documented neural response (e.g., Critchley et al., 2004; Pollatos, Schandry, et al., 

2007; Zaki et al., 2012) and can be confirmed in the present study by another independent 

data sample, which underlines the reliability of the heartbeat monitoring task used here. In 

contrast, the mPFC voxel showed task induced negative BOLD responses during both 

conditions. As part of the default-mode network, this finding conforms with studies 

investigating effects of external stimuli along this network (Raichle, 2009), as well as with a 

previous exploratory fMRI study of IA (Wiebking et al., 2011). Again, this finding can be 

confirmed here by another independent fMRI study that used the same paradigm.

Combining fMRI with biochemical measures derived from MRS imaging, we investigated a 

possible influence of GABA/NAA (and Glx/NAA) on IA-related activity in the insula. This 

region is highly involved in these processes and hence likely to be influenced by one of the 

common inhibitory (GABA) or excitatory (glutamate) neurotransmitters. Taking BOLD 

responses from the insula MRS voxel, it was shown that IA was positively correlated with 

GABA/NAA values. This relationship was also confirmed using GABA/NAA values in a 

voxel-wise regression with IA. Since the insula is not a region of pure internal awareness, 

but rather a structure that can be seen to link external representations of the outside world 

with the body's internal state (Farb, Segal, and Anderson 2012), extracting neural signals 

from the whole insula MRS voxel increases the variation of the signals and leads to a weaker 

differentiation between them. Yet, results concerning both GABA/NAA and BHS scores in 

combination with IA reveal a distinct association. This leads to the assumption that future 

studies, having the possibility of more advanced spectroscopy imaging methods, may 

investigate subregions of the insula like the anterior parts, which might be expected to show 

an even stronger association between IA and GABA/NAA as well as BHS. No correlation 

was seen between GABA/NAA values and EA-related signal changes, nor was there any 

correlation between IA or EA signal changes and insula glutamatergic measures (i.e., Glx/

NAA, Glu/NAA, or Gln/NAA).

In the mPFC, a negative correlation was seen between GABA/NAA values and the EA 

contrast. No other correlations were seen in this region. This result corresponds well with 

prior results suggesting a closer link between GABAA receptor availability and EA rather 

than IA in cortical midline structures (Wiebking et al., 2012). In addition, it is in line with a 
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previously described negative correlation between GABA concentrations and signal changes 

in the mPFC evoked by an external stimulus (Northoff et al., 2007). Both MRS voxels show 

a positive relationship between GABA/NAA and glutamate, which is in line with previous 

findings in the motor cortex (Stagg et al., 2009; Stagg, Bachtiar, et al., 2011; Stagg, 

Bestmann, et al., 2011).

The positive correlation between GABA/NAA values and insula IA-related signal changes 

contrasts with the negative correlation seen in studies of the visual cortex (Donahue et al., 

2010; Muthukumaraswamy et al., 2012). A tentative potential explanation for this is that the 

task used here involves the shifting of attention between competing stimuli (the heartbeat 

and the tone) whereas the tasks used in the visual cortex studies only involve a single 

stimulus that is switched on and off. With competing stimuli, it has been suggested that 

GABAergic inhibition is involved in suppressing activity related to the distractor stimulus, 

promoting target stimulus activity (Sumner et al., 2010). In the present case it can be 

hypothesized that EA activity may be being suppressed by GABAergic inhibition, 

promoting IA-related activity. More work is required to test such a hypothesis, however. 

Also to be noted is the lack of correlations between regional signal changes and 

glutamatergic measures. This does, however, fit with previous glutamate imaging studies 

where correlations are mostly seen between glutamate concentrations and signal changes in 

regions other than that in which glutamate is measured (Duncan et al., 2011; Falkenberg et 

al., 2012). This suggests that MRS measures of glutamate are more related to inter-regional 

effects than to signal changes within regions.

Previous studies have suggested that relationships between activity and GABA 

concentrations may be regionally specific (i.e., that, in general, concentrations in one region 

are unrelated to activity in another) (Sumner et al., 2010). The current results fit with this 

view in two respects. Firstly, GABA/NAA values in the left insula and mPFC were not 

correlated with each other (r = -0.37, P = 0.47, n = 6). Similarly, GABA/NAA 

concentrations in one region do not correlate with signal changes in the other (insula 

GABA/NAA vs mPFC: IA − r = -0.14, P = 0.63; EA − r = 0.09, P = 0.74; n = 15; mPFC 

GABA/NAA vs insula: IA − r = -0.32, P = 0.40; EA − r = -0.41, P = 0.27; n = 9). Secondly, 

GABA/NAA concentrations were correlated with opposing conditions in the two regions 

studied – IA in the insula and EA in the mPFC – further suggesting specificity in each 

region.

The findings of the present study represent evidence for a relationship between GABAergic 

tone and possible functional activity during IA in the insula. In depressed subjects both of 

these factors have been shown to be disrupted. On the one hand a GABAergic deficit in 

depressed patients has been reported (Croarkin et al., 2011; Möhler, 2012), whilst on the 

other deficits in IA on the neural and behavioural level have been reported (Paulus and 

Stein, 2010; Grimm et al., 2011; Terhaar et al., 2012). We thus considered a probable 

involvement of the insula in depressed affect by, firstly, correlating insula GABA/NAA 

values with scores from the Beck Hopelessness Scale (BHS). This revealed a negative 

relationship between GABA/NAA and depressed affect. Signal changes in the insula for the 

IA condition also correlated negatively with BHS, whilst the mPFC showed a positive 

relationship between BHS and IA. The overall pattern of relationships fits well with the 
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evidence of GABAergic and IA deficits in depression, demonstrating that even in non-

clinical subjects, a consistent relationship between the three measured factors can be seen. 

This interaction between neurochemistry, interoception, and depressive symptoms presents a 

promising line of research for future studies in depressed patients.

A number of limitations of this study should be noted. Firstly, heartbeat perception was used 

as the IA task; repetition with different forms of interoception, such as breath monitoring 

(Farb et al., 2012), should also be investigated to underline the role of GABA/NAA in the 

insula during interoceptive processing. Secondly, a more direct involvement of the right 

insula in interoception has been proposed (Craig, 2002, 2009). As the left insula was used in 

the current study, it may be useful to repeat the experiment using MRS from the right insula 

to support the current findings and underline the role of the insula in interoception. Along 

similar lines, the anterior part of the insula has been proposed to be more involved in the 

processing of internal stimuli (Craig, 2009; Lamm and Singer, 2010; Price and Drevets, 

2012); we were, however, only able to acquire MRS data from the whole insula due to 

technical limitations. With improvements in MRS techniques, future studies might aim to 

investigate in more detail regional differences in neurochemistry across the insula 

subregions. Although the same quality threshold was applied to both MRS regions (CRB ≤ 

20%), there is also the possibility that the slight difference in size between the insula and 

mPFC voxels may have influenced the results. Hence, future studies need to apply same 

sized MRS voxels. In addition, it may be interesting in future studies to acquire MRS data 

from a comparison voxel in a region such as the dorsolateral prefrontal cortex, since this 

region is involved in processing of external awareness, which elicits positive BOLD 

responses (Siegle et al., 2007; Grimm et al., 2008).

Finally, one might criticize that the measurements of fMRI and MRS did not, for logistical 

reasons, take place on the same day. Although several studies have shown reasonable 

reliability over time of MRS measures (Geurts et al., 2004; O'Gorman et al., 2011), 

repetition of the current results with data acquired at the same time is required.

In conclusion, this study demonstrates that GABA/NAA concentration in the left insula is 

particularly associated with neural activity during interoceptive awareness, as compared to 

exteroceptive awareness. Moreover, both GABA/NAA and neural activity during 

interoceptive awareness are related to measures of depressed affect. The findings thus 

support a triangular relationship between GABA/NAA, depressed affect and interoceptive 

processing in the left insula. This may have implications for psychiatric disorders, such as 

depression, in which alterations to all three aspects of this triangle – GABA levels, IA-

related activity, and depressed affect – can be observed.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Whole brain contrast [IA > EA] (voxel P FDR ≤ 0.02) and placement of the left insula 

MRS voxel (green).

B) Extracted signal changes from the insula MRS voxel. Bars show BOLD responses (mean 

± SEM, n = 15 participants) for IA (red) and EA (yellow) (see also Suppl. table 1B). Paired 

t-tests (two-tailed) show significant differences between the conditions (** P ≤ 0.001).

C) The region of the insula MRS voxel was applied to an independent data sample (n = 30 

healthy participants) that used the same fMRI paradigm (see also Suppl. table 1B). Paired t-

tests (two-tailed) between IA (red) and EA (yellow) confirm results seen in B (** P ≤ 

0.001). D) The scatter plot shows residuals for the BOLD responses of IA in the MRS insula 

voxel (r = 0.58, * P ≤ 0.05) as well as GABA/NAA following grey matter correction (see 

also Table 1A). Signal changes for EA show no association to GABA/NAA.

E) Voxel-wise regressions within the MRS voxel (red, cluster P FWE ≤ 0.01) (see also 

Suppl. table 2A) identify the anatomical region within the MRS voxel showing a positive 

relationship between IA and GABA/NAA. The amount of grey matter in the MRS voxel was 

included as regressor of no interest.
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Figure 2. 
A) The left scatter plot (in purple) shows a negative relationship between residuals for BHS 

and GABA/NAA in the left insula (r = -0.62, * P ≤ 0.05, n = 15) (see also Table 1A), 

controlling for grey matter volume.

B) The right scatter plot (in red) shows residuals for the BOLD responses of IA in the MRS 

insula voxel correlated with BHS (r = 0.58, * P ≤ 0.05) (see also Table 1A). Signal changes 

for EA show no association to BHS.

C) Voxel-wise regressions show in cyan the positive regression IA × GABA/NAA (as in 

Figure 1E, cluster P FWE ≤ 0.01), in purple the negative regression IA × BHS (cluster P 

FWE ≤ 0.001) (Suppl. table 2A), and in white the overlap between these. All regressions 

included the amount of grey matter as control variable.
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Figure 3. 
Overview showing the inter-relationship between the neurochemical level by GABA/NAA 

concentration, the neural level by signal changes for interoception, and the behavioral level 

of depression as assessed by the Beck Hopelessness Scale.
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