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Abstract

Background—Proton magnetic resonance spectroscopy (1H-MRS) studies have consistently 

found abnormal brain concentrations of N-acetylaspartate (NAA) and glutamate in individuals 

with alcohol use disorders (AUD) relative to light drinkers. However, most such studies have 

focused on individuals in treatment for severe alcohol dependence and few studies have 

investigated associations between neurochemical concentrations and recent alcohol consumption. 

The present study focused on associations between recent drinking and prefrontal neurometabolite 

concentrations in non-severe, non-treatment seeking individuals with AUD.

Methods—Nineteen treatment naïve alcohol-dependent individuals aged 21–40 completed a 1H-

MRS scan. Single-voxel 1H-MRS spectra were acquired in dorsal anterior cingulate (dACC) using 

a Two-dimensional J-resolved Point Resolved Spectroscopy (2D J-PRESS) sequence. 

Associations between recent heavy drinking, assessed using the Timeline FollowBack, and dACC 

metabolite concentrations were estimated via regression controlling for within-voxel tissue 

composition.

Results—Participants provided a negative breathalyzer reading and reported between 1 and 5 

days (M = 2.45, SD = 1.23) since their last drink. Number of heavy drinking days in the 14 days 

preceding the scan (M = 4.84, SD = 3.32) was significantly inversely associated with both 

glutamate/water (β = −0.63, t(17) = −3.37, p = 0.004) and NAA/water concentrations (β = −0.59, 

t(17) = −2.98, p = 0.008).

Conclusions—The present study extends the literature by demonstrating inverse associations 

between recent heavy drinking and dACC glutamate and NAA concentrations in a sample of non-

severe, non-treatment seeking individuals with AD. These findings may support the hypothesis 
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that amount of recent alcohol consumption may account for differences in neuronal metabolism, 

even in non-severe, non-treatment seeking alcoholics.
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cingulate

INTRODUCTION

Human postmortem studies have demonstrated that chronic alcohol use disorders are 

associated with a variety of neuropathologies, including neuronal and/or glial loss in a 

variety of brain regions (e.g., dorsolateral prefrontal cortex, orbital frontal cortex, 

hypothalamus, cerebellum, and hippocampus) and white matter loss in primarily frontal 

brain regions (de la Monte and Kril, 2014). A number of hypothesized mechanisms for these 

neuropathologies have been explored, including oxidative stress that occurs during alcohol 

intoxication (Crews and Nixon, 2009) and glutamate-mediated excitotoxicity that occurs 

during withdrawal from alcohol (Becker, 1998), as well as nutritional deficiencies, 

deficiencies in brain derived neurotrophic factors, and hepatic disease (Durazzo and 

Meyerhoff, 2007).

For the past 20 years, researchers have used proton magnetic resonance spectroscopy (1H-

MRS), a neuroimaging technique that allows for the in vivo detection of neurochemical 

abnormalities that may reflect or even precede observed changes in gross morphology, to 

probe the neurophysiological consequences of chronic alcohol use disorders in humans. 

Most such studies have focused on individuals in inpatient or outpatient treatment for 

alcohol dependence (AD) and have traditionally found that such individuals have 

abnormally low levels of N-acetylaspartate (NAA), a purported marker of neuronal integrity, 

in frontal lobes and cerebellum; other notable findings include decreased cerebellar choline-

containing metabolites and increased thalamic myo-inositol relative to non-AD individuals 

(Meyerhoff et al., 2013). A number of studies have further demonstrated that many of these 

neurochemical abnormalities at least partially normalize with prolonged abstinence (Ende et 

al., 2005).

Recent advances in 1H-MRS have allowed for more accurate measurement of 

neurometabolites involved in excitatory and inhibitory neurotransmission, including 

glutamate, glutamine, and ɣ-Aminobutyric acid (GABA). Brain glutamate levels are tightly 

coupled with both glutamine and GABA concentrations via the glutamate/GABA-glutamine 

cycle; glutamine, synthesized in astrocytes from glutamate, acts as a precursor for both 

glutamate and GABA (Bak et al., 2006). 1H-MRS investigations of anterior cingulate 

glutamate in AD have produced seemingly conflicting results, with reports of increased (Lee 

et al., 2007), decreased (Thoma et al., 2011), and equivalent glutamate levels among AD 

relative to non-AD individuals (Bauer et al., 2013, Yeo et al., 2013). However, when 

independent cross-sectional 1H-MRS investigations of glutamate in AD are sorted by time 

since participants’ last drink, the literature as a whole supports that brain glutamate levels in 

individuals with AD are abnormally low during active drinking (e.g., < 24 hours from last 
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alcohol consumption; (Ende et al., 2013)), abnormally high during acute withdrawal (e.g., 

48–72 hours from last alcohol consumption; (Hermann et al., 2012)), and abnormally low 

once again one-week from last alcohol consumption (Mon et al., 2012). Additional research 

suggests that ACC glutamate levels may normalize approximately 2–5 weeks from last 

alcohol consumption (Hermann et al., 2012, Mon et al., 2012). 1H-MRS studies of GABA 

and glutamine in AD have been relatively rare because measurement of GABA and 

glutamine is more technically challenging relative to glutamate. Nonetheless, while some 

research has supported decreased GABA (Behar et al., 1999) and increased glutamine 

(Thoma et al., 2011) in individuals with AD, other studies have failed to replicate these 

findings (Mason et al., 2006, Mon et al., 2012). These studies most often investigated 

individuals who were either in treatment or in recovery and as such had relatively severe and 

chronic alcohol dependence, and often did not control well for recency of drinking, length of 

abstinence, alcohol withdrawal status or medication treatment.

The present study sought to address previous studies’ shortcomings in several ways. First, 

whereas most studies have investigated differences in neurometabolite concentrations 

between individuals with and without AD, the present study focused on associations 

between recent drinking (i.e., number of heavy drinking days in the past 14 days) and 

neurometabolite concentrations. Second, unlike most 1H-MRS studies of AD, the present 

study focused on non-severe, non-treatment-seeking individuals with AD, allowing us to 

determine whether associations between heavy drinking and frontal neurometabolite 

concentrations reported in individuals being treated for severe AD generalize to this less 

severe, untreated population.

METHOD

Participants

Participants were 19 non-treatment-seeking individuals aged 21–40 meeting DSM-IV 

criteria for current Alcohol Dependence (AD), including criterion 3 and/or 4 “loss of control 

over drinking” or “the inability to cut-down or stop drinking,” recruited from the 

community. Exclusion criteria included current DSM-IV Axis I diagnoses except Nicotine 

Dependence, past-month use of any other psychoactive substance or medication except 

nicotine and marijuana (by verbal report), past-week use of marijuana (by verbal report), 

positive urine drug screen for any psychoactive substance (including marijuana), history of 

severe alcohol withdrawal (seizure, delirium tremens, need for inpatient or outpatient 

detoxification), and current alcohol withdrawal symptoms (i.e., Clinical Institute Withdrawal 

Assessment of Alcohol Scale, Revised [CIWA-Ar; (Sullivan et al., 1989)] > 3). Additional 

MRI-related exclusion criteria included presence of non-MRI safe objects in the body, 

claustrophobia, history of traumatic brain injury, or pregnancy.

Procedure

Demographic and diagnostic (via the Structured Clinical Interview for DSM-IV; (First, 

1998)) information, along with the Alcohol Dependence Scale (Skinner and Horn, 1984), 

was collected during the baseline assessment of a previous study that participants completed 

4–6 weeks prior to their participation in the current study. For the current study, participants 
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were administered a breathalyzer, urine drug screen, pregnancy test (females), and Time-

Line Follow-Back interview on the day of the scan.

Following these procedures, participants completed the 1H-MRS scan. Total scan time was 

approximately 30 minutes in a Siemens 3.0T Trio MR scanner with actively shielded 

magnet, high-performance gradients (45 mT/m, 200T/m-sec), and a 32-channel head coil. A 

structural scan was taken for 1H-MRS voxel placement and tissue segmentation (TR/

TE=1900/2.26ms; FOV=256mm2; flip angle=9°; spatial resolution=1.0 × 1.0 × 1.0 mm). 

The 1H-MRS voxel was placed in the dorsal anterior cingulate cortex (dACC) on midsagittal 

T1-weighted images, posterior and superior to the genu of the corpus callosum, with the 

ventral edge of the voxel aligned with the dorsal edge of the callosum (Hermann et al., 

2012). A voxel size of 2.5 × 2.5 × 3 cm was selected to ensure adequate signal to noise 

properties. Following placement of six outer-volume suppression bands ≥ 1 cm away from 

the voxel faces and auto-shimming, single-voxel water-suppressed 1H-MRS spectra were 

acquired using a Two-dimensional J-resolved Point Resolved Spectroscopy (2D J-PRESS) 

sequence: TR/TE=2400/31–229ms; ∆TE=2ms; 4 signal averages per TE step with online 

averaging; 2D spectral width=2000×500 Hz; 2D matrix size=2048×100; total acquisition 

time=13:28 min (Prescot and Renshaw, 2013); water unsuppressed 2D 1H-MRS data were 

also acquired from the ACC voxel with 2 signal averages recorded for each TE step (total 

acquisition time=3:28 min). A 2D J-PRESS sequence was employed because it provides 

improved quantification of glutamate, glutamine, and GABA by separating all uncoupled 

and scalar spin-spin J-coupled metabolite resonances across a 2D spectral surface.

Analytic Plan

Skull stripping and whole brain tissue-type segmentation were performed on MP-RAGE 

images using the FSL BET and FAST tools (Smith et al., 2004). In-house MATLAB 

functions were used to extract the 3D volume corresponding to the positioned MRS voxel to 

obtain within-voxel gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) 

tissue content for each subject. Eddy currents and residual water were removed using in-

house MATLAB functions. Subsequently, the ProFit algorithm was applied using software-

supplied 2D basis sets (which contain 19 metabolites total; as detailed in (Schulte and 

Boesiger, 2006)). Prior to Fourier transformation, the raw 2D matrix was zero-filled. 

Cramer-Rao Lower Bound (CRLB) values, which reflect the uncertainty of estimated model 

parameters, were provided by the ProFit software. Estimated metabolite peak areas were 

normalized to the unsuppressed water signal. Finally, metabolite/water ratios were corrected 

for within-voxel CSF fraction (Prescot and Renshaw, 2013).

Metabolite/water ratios for 7 neurometabolites: glutamate, glutamine, GABA, NAA, 

choline-containing metabolites (“choline”), creatine-containing metabolites (“creatine”), and 

myo-inositol, were entered as dependent variables in separate regression models (i.e., one 

metabolite per regression model), with number of heavy drinking days in the 14 days 

preceding the scan and within-voxel gray matter tissue fraction, expressed as the ratio of 

gray matter to brain matter (i.e., GM + WM), entered as predictors (the latter to adjust 

coefficients for individual differences in within-voxel tissue composition). Number of heavy 

drinking days, where a heavy drinking day is defined as ≥ 4 drinks/day for women and ≥ 5 
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drinks/day for men, over the preceding 14 days was chosen to represent recent drinking in 

the present study because it captures both frequency and quantity of alcohol use and most 

accurately represents the binge-like pattern of alcohol consumption characteristic of our 

young, non-treatment seeking population of interest (NIAAA, 2006); a relatively brief recall 

window (i.e., 14 days) was selected to represent recent drinking as research has 

demonstrated that assessments covering longer intervals (e.g., 30 days) may have reduced 

accuracy (Hoeppner et al., 2010). An alpha level of p < 0.05 was adopted across regression 

models.

A thorough confounder analysis was not possible given our small sample size. However, we 

identified a number of potential confounders based on past research including smoking 

status, age, gender, days since last drink, and CSF tissue fraction and calculated bivariate 

correlations between each of these variables and metabolite/water ratios for the 7 estimated 

neurometabolites. Any variables associated with a given metabolite with p ≤ 0.10 were 

evaluated as additional predictors in the regression model for that metabolite to test whether 

inclusion of the potential confounder altered model results.

RESULTS

See Table 1 for demographic and alcohol use characteristics of the sample. Average within-

voxel gray matter tissue fraction, expressed as the ratio of gray matter to brain matter (i.e., 

gray matter + white matter), was 61.06% (SD = 2.05%). CRLBs for metabolite 

concentration estimates were < 20%, supporting their reliability, with the exception of one 

participant with a CRLB of 21.58% for glutamine. This participant’s glutamine/water 

concentration estimate was proximal to the sample mean (i.e., Z = −1.27) and removing this 

participant from the sample did not alter results; as such they were retained for analysis.

See Table 2 for regression model results. Gray matter to brain matter proportion was not 

significantly associated with metabolite concentrations in any of the regression models 

(Mean p = 0.70) and was therefore removed from all final models. As detailed in Table 1, 

number of heavy drinking days in the preceding 14 days was significantly inversely 

associated with glutamate/water (β = −0.63, t(17) = −3.37, p = 0.004) and NAA/water 

concentrations (β = −0.59, t(17) = −2.98, p = 0.008), but was not significantly associated 

with other neurometabolite concentrations. See Figure 1 for bivariate scatterplots between 

number of heavy drinking days and a) glutamate/water and b) NAA/water. Bivariate 

associations between metabolite concentrations and potential confounders (i.e., smoking 

status, age, gender, days since last drink, and CSF tissue fraction) were small (see Table 3), 

with p’s > 0.10, with the exception of CSF fraction and GABA (r = 0.44, p = 0.06) and 

smoking status and glutamine (t[17], p = 0.005); specifically, smokers (M = 0.64 × 10−5) 

had lower glutamine/water concentrations relative to non-smokers (M = 0.85 × 10−5). 

Including smoking status in the regression model for glutamine did not render number of 

heavy drinking days a significant predictor of glutamine/water (p = 0.39), but smoking status 

itself significantly predicted glutamine/water levels (β = −0.63, t(15) = −3.25, p = 0.005). 

When CSF fraction was added to the regression model for GABA, neither number of heavy 

drinking days (p = 0.43) nor CSF fraction (β = 0.43, t(16) = 1.92, p = 0.07) significantly 

predicted GABA/water levels.
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DISCUSSION

The present study provided support for inverse associations between recent heavy drinking 

and dorsal anterior cingulate cortex glutamate and NAA concentrations in non-severe, non-

treatment seeking individuals with AD; specifically, more heavy drinking days in the 2 

weeks preceding the scan was significantly associated with lower dACC concentrations of 

both glutamate and NAA. These findings are both consistent with and significantly extend 

past reported findings using 1H-MRS in AD individuals.

First, over the past 20 years, consistent support has been found for reductions in brain (e.g., 

frontal, thalamic, cerebellar) NAA in individuals with AD. Although most 1H-MRS studies 

of alcoholism have focused on treatment-seeking individuals, the few existing studies that 

have investigated treatment-naïve individuals have also found significant reductions in NAA 

relative to light drinkers. For example, Meyerhoff and colleagues (2004) found that 

treatment naïve heavy drinkers (many of whom had AD) demonstrated significantly less 

NAA in frontal white matter relative to light drinkers (Meyerhoff et al., 2004). They also 

found that estimated number of lifetime drinks was significantly inversely associated with 

brainstem NAA. The present study extends this literature by demonstrating a significant 

negative correlation between dACC NAA and recent heavy drinking in treatment-naïve 

individuals with AD. This finding may reflect the disrupting influence of recent alcohol 

consumption on neuronal metabolism in individuals with AD (Baslow et al., 2002).

Second, due in part to advances in MR technology (e.g., increased field strength), a number 

of more recent 1H-MRS investigations have focused on glutamatergic dysfunction in 

individuals with AD. As detailed earlier, taken as a whole, this literature suggests that the 

direction and magnitude of observed glutamate disturbance in AD depends on time since 

participants’ last drink as well as whether participants are experiencing alcohol withdrawal. 

Although little research has examined brain glutamate concentrations in active drinking 

individuals with AD, Ende and colleagues (2013) recently found that glutamate levels in 

frontal white matter were significantly lower in heavy drinkers reporting a loss of control 

over their drinking relative to both light and heavy drinkers not experiencing loss of control 

over drinking (Ende et al., 2013). In contrast, the present study demonstrated a significant 

inverse association between dACC glutamate and recent heavy drinking in non-treatment-

seeking individuals with AD. Although these findings are not completely overlapping, and 

cannot be directly compared due to a number of methodological differences between the two 

studies including brain region of interest, both findings are consistent with the adaptations in 

glutamatergic neurotransmission that occur following active, chronic heavy drinking 

(Spanagel and Kiefer, 2008).

It is perhaps unsurprising that the same direction of significant association was found 

between recent heavy drinking and both NAA and glutamate in the present study given that 

NAA is found in highest concentrations in pyramidal glutamatergic neurons (Urenjak et al., 

1993). As noted by Mon and colleagues (2012), who similarly found abnormally low levels 

of both ACC NAA and glutamate in individuals with AD, relative to controls, after 

approximately 9 days of abstinence, reductions in both ACC NAA and glutamate may 

reflect a general, alcohol-related neurometabolic/bioenergetic disturbance in that brain 
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region (Mon et al., 2012). Although intriguing, more research is needed to support or refute 

this interpretation of the data.

The results of the present study should be interpreted in light of several limitations. First, the 

study included a relatively small sample of AD participants. Results should therefore be 

considered tentative until replicated in a larger sample. Second, the recent heavy drinking 

variable relied entirely on subjective self-report; supplementation of subjective drinking data 

with objective biomarkers of recent alcohol consumption would strengthen confidence in 

our findings. Third, the present analytic methods available for our 2D J-PRESS 1H-MRS 

sequence did not allow for separation of co-edited macromolecules (e.g., proteins) from the 

observed GABA signal, making the observed lack of significant association between heavy 

drinking and GABA more difficult to interpret. Fourth, given that we did not acquire data 

from brain regions other than dACC, we cannot comment on the regional specificity of our 

findings. Finally, because assessment for the present study was limited and the sample was 

selected to be homogeneous on a number of key alcohol diagnostic and drinking variables, 

we were not able to evaluate correlations between metabolite concentrations and additional 

clinically meaningful variables. For example, although we did not find support for 

association between number of days since last drink and metabolite concentrations, this lack 

of association was most likely due to restriction of range on the former variable (i.e., 11 of 

19 participants reported drinking 2 days prior to the scan).

These limitations notwithstanding, the present study extends the literature by demonstrating 

inverse associations between recent heavy drinking and dACC glutamate and NAA 

concentrations in a sample of relatively young and less severe, non-treatment-seeking 

individuals with AD. These findings may support the hypothesis that active heavy drinking 

disrupts neuronal metabolism. Further studies should examine the impact of these findings 

on other related alcohol issues, like cognitive ability and change, craving, prognosis for 

further drinking and alcohol use disorder criteria, as well as predicting medication or other 

treatment interventions.
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Figure 1. 
Sample ACC voxel location (right) and raw (top) and fitted (bottom) two-dimensional j-

resolved 1H-MRS spectra analyzed using Prior Knowledge Fitting (ProFit). Colored 

horizontal bars represent approximate primary spectral locations of Glu, GABA, and Gln. 

Gln=glutamine, Glu=glutamate, GABA=gamma-aminobutyric acid, NAA=n-acetyl 

aspartate, Cre=creatine, Cho=choline.
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Figure 2. 
Scatterplots, with linear regression line added, for the associations between number of heavy 

drinking days and dACC Glutamate/water (left) and NAA/water (right).
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Table 1

Demographic and alcohol use characteristics of the sample (N=19)

Variable No. (%) of participants /
Mean

Standard Deviation

Gender (male) 14 (73.7%)

Smoking Status (non-smoker) 13 (68.4%)

Race (Caucasian) 17 (89.5%)

Age 26.68 6.40

Alcohol Dependence Scale 9.79 4.72

# Heavy drinking days (past 14) 4.84 3.32

Drinks per drinking day 7.38 3.45

Days since last drink 2.53 1.22
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Table 2

Results from regression models with the number of Heavy Drinking Days (# HDD) associated with dorsal 

anterior cingulate neurometabolite concentrations.

Metabolite/water # HDD R2

β p

N-acetylaspartate −0.59 0.008 0.34

Glutamate −0.63 0.004 0.40

GABA −0.20 0.404 0.04

Glutamine 0.11 0.666 0.01

Choline −0.33 0.166 0.11

Creatine −0.42 0.077 0.17

Myo-Inositol −0.24 0.317 0.06

Note: Significant associations are bolded.
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