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Abstract

Over 200 in vivo magnetic resonance spectroscopy (MRS) studies of substance use and related 

disorders (SUD) were published this past decade. The large majority of this work used proton 

(1H)-MRS to characterize effects of acute and chronic exposures to drugs of abuse on human brain 

metabolites including N-acetylaspartate, choline-containing metabolites, creatine plus 

phosphocreatine, glutamate, and GABA. Some studies used phosphorus (31P)-MRS to quantify 

biomarkers of cerebral metabolism including phosphocreatine and adenosine triphosphate. A few 

studies used carbon (13C)-MRS to quantify intermediary metabolism. This Mini-review discusses 

select studies that illustrate how MRS can complement neurocircuitry research including by use of 

multimodal imaging strategies that combine MRS with functional MRI (fMRI) and/or diffusion 

tensor imaging (DTI). Additionally, magnetic resonance spectroscopic imaging (MRSI), which 

enables simultaneous multivoxel MRS acquisitions, can be used to better understand and interpret 

whole-brain functional or structural connectivity data. The review discusses some limitations in 

MRS methodology and then highlights important knowledge gaps and areas for potential future 

investigation, including the use of 1H- and 31P-MRS to quantify cerebral metabolism, oxidative 

stress, inflammation, and brain temperature, all of which are associated with SUD and all of which 

can influence neurocircuitry and behavior.

1. Introduction

Magnetic resonance spectroscopy (MRS) is a family of MRI-based methods that provides 

chemical and physiological information about the brain and other tissues using magnetic 

resonance imaging (MRI) scanners. Generally, the same scanners are used to acquire in vivo 
MRS, MRI, and functional MRI (fMRI) scans, although scan protocols differ for each of 

these modalities and specialized equipment, e.g., transmit and receive coils, are used to 

acquire some types of MRS data. Because MRS is noninvasive and does not use ionizing 

radiation, it is well-suited for conducting in vivo studies, including prospective studies. 

Because the same scan protocols can be used in animals and in humans, MRS, like other 

MRI modalities, is an excellent translational research tool. MRS studies constitute only a 
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small proportion of the total number of magnetic resonance studies of substance use 

disorders (SUD) but still comprise a large body of research. Accordingly, since Minireviews 

are limited to 60 references, we are not able to discuss every SUD MRS paper. Instead, we 

focus on select in vivo MRS studies conducted since 2010 that illustrate recent progress 

(Current Landscape), and, to resonate with the theme of this special issue (Pharmacology in 

the Age of Circuit Neuroscience), we highlight how MRS methods can be used as part of a 

multimodal imaging approach to complement SUD neurocircuitry research. Then, we 

discuss some limitations of current methodology, untapped potential of MRS relevant to 

SUD research, and we end by discussing where the field could head (Summary and Potential 

Future Directions).

2. Current Landscape

Our literature search of SUD-related in vivo MRS studies between 2010 and July 21, 2020 

captured 202 unique publications. To document the breadth and depth of recent work, we 

stratified these papers by abused substance and we list them in an annotated bibliography in 

online Supplementary Materials. We provide figures that illustrate study distribution by 

abused substance, scanner magnetic field strength, and species (Supplementary Figures 

S1-3). The large majority of these studies (94%) used proton (1H)-MRS, which quantifies 

metabolites including N-acetylaspartate, glutamate, GABA, glutamine, glutathione, choline-

containing metabolites (Cho), and myo-inositol. Ten studies (5%) used phosphorus (31P)-

MRS, which can measure bioenergetic metabolites including adenosine triphosphate (ATP) 

and phosphocreatine (PCr), metabolic flux by measuring activity of creatine kinase (CK), as 

well as physiological parameters such as pH, magnesium concentration, and the redox ratio, 

a biomarker of oxidative stress. Three studies (1.4%) used carbon (13C)-MRS, which is 

capable of quantifying intermediary metabolism including flux through neurotransmitter and 

bioenergetic pools of glutamate, but technically is very challenging. The MRS signal 

intensities of 31P and 13C-containing metabolites are only about 7 and 2%, respectively, of 

the 1H signal intensity, meaning that at any given magnetic field strength, 31P- or 13C-MRS 

measurements require longer acquisition times or larger voxel sizes than 1H-MRS scans to 

obtain comparable signal-to-noise ratios. Low sensitivity can be partly overcome by 

scanning at higher magnetic field strengths, as illustrated in Figure 1.

A key limitation of MRS is that it is relatively insensitive when compared to imaging 

techniques such as positron emission tomography; MRS can only detect metabolites present 

at relatively high concentrations (high μM range and above) in relatively large tissue 

volumes (termed voxels). Thus, MRS cannot be used, for example, to quantify synaptic or 

extracellular glutamate levels, which are tightly maintained below the neurotoxic (low μM) 

range in generally healthy brain (Moussawi et al., 2011). Also, despite some laudable 

attempts, it is not yet possible to accurately quantify MRS metabolites in certain brain areas 

relevant to SUD such as the nucleus accumbens (NAc), due to its small volume in humans 

(<0.8 cm3 in each hemisphere (Baumann et al., 1999), obviously much smaller in animals) 

and its irregular shape. These structural features do not conform to cubic MRS voxel shapes 

or volumes that can be obtained using practical scan times at currently available magnetic 

field strengths. This means that metabolite signals from adjacent regions contribute to, and 

in many cases dominate, “nucleus accumbens” MRS metabolite measures. Similar concerns 
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pertain to MRS studies of hippocampus. That being said, glutamate, GABA, glutathione, 

PCr, and ATP are detectible in many brain areas with MRS and past and present SUD 

studies report abnormalities for all of these metabolites. Because excellent reviews on MRS 

methods (e.g., Zhu and Barker, 2011) and findings in SUD and their relevance to 

neurocircuitry exist, (Licata and Renshaw, 2010, Hellem et al., 2015a, Moeller et al., 2016), 

we direct readers to such reviews, which discuss technical issues or describe SUD literature 

published before 2010.

2. A role for MRS in circuit neuroscience

Most MRS research has utilized scan protocols that acquire data from single voxels. Such 

acquisitions provide snapshot information about the biochemical environment in specific 

brain regions and have been profitably employed to document metabolite alterations that 

result from long-term drug exposure, the progression of psychiatric disease states -- 

including SUD, or the effects of abused substances or medication treatment, etc. (see below; 

reviewed by Licata and Renshaw, 2010). However, the growing interest in circuit-based 

analyses of brain processes has encouraged the use of MRS together with other magnetic 

resonance-based imaging modalities in the same subjects. Such multimodal approaches can 

provide a more detailed analysis of the relationships between biochemical activity in specific 

brain regions and functional and/or structural connectivity either locally, or with other brain 

regions of interest. Further, MRS combined with functional or structural modalities, such as 

fMRI or diffusion tensor imaging (DTI), yields complementary information about brain 

function or white matter integrity, respectively, which may be related to neuronal or axonal 

health or density in specific regions (Hao et al., 2013).

MRS/fMRI.

Of particular interest to the field of SUD has been the application of MRS in combination 

with fMRI. Current theories of addiction suggest that long-term drug use induces disruptions 

to the balance of glutamate and GABA within corticostriatal circuits that serve to maintain 

drug taking behavior and the propensity for relapse (Koob and Volkow, 2010). The 

observation that glutamatergic alterations reported in drug users, as detected by MRS, 

overlapped with many of the brain regions identified as having disrupted fMRI functional 

connectivity, led to the hypothesis that glutamate may be an important mechanism that 

drives alterations in functional connectivity or neural responses to drug-related stimuli 

(Moeller et al., 2016). Multimodal MRS/fMRI methods are well-suited for interrogating 

relationships between changes in glutamate or GABA and functional connectivity of key 

circuits related to addiction. Recent studies utilizing combined MRS/fMRI methods to 

investigate various phases of the addiction process, primarily in marijuana or nicotine users, 

have begun to support this hypothesis. For example, acute THC administration has been 

shown to increase striatal glutamate concentration and resting-state functional connectivity 

(rsFC) between striatal and cortical regions (Mason et al, 2019). In heavy marijuana users, 

glutamate in the dorsal anterior cingulate (dACC) was found to predict resting state 

connectivity between dACC and NAc (Newman et al., 2019). In tobacco smokers, dACC 

glutamate appears to be related to changes in dACC rsFC during acute deprivation 

(Abulseoud et al., 2020), as well as to reactivity to smoking cues (Janes et al., 2016), 
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suggesting that this relationship may predict relapse vulnerability. In line with this 

suggestion, a previous study found that treatment with the FDA-approved smoking-cessation 

aid, varenicline, decreased dACC glutamate + glutamine levels and attenuated fMRI changes 

during performance of a Stroop color-naming task (Wheelock et al., 2014). While the 

mechanisms that underlie these effects remain unclear, these results suggest that novel 

medications may be developed that target glutamatergic and connectivity pathways relevant 

for drug-induced disruptions in behavioral or cognitive processes.

Although the glutamate/fMRI relationship has been most broadly studied in marijuana and 

nicotine users, both modalities also have been applied to the study of other SUD. For 

example, the dACC glutamine/glutamate ratio, which may reflect increased glutamate 

turnover, was found to be elevated in long-term anabolic androgenic steroid (AAS) users 

relative to matched control subjects (Kaufman et al., 2015). In the same subjects, right 

amygdala rsFC with the dACC also was found to be disrupted in AAS users, an effect which 

may be related to observed deficits in their cognitive function (Kaufman et al., 2015). Taken 

together, the above examples, in which fMRI and MRS were conducted in the same subjects, 

highlight the potential utility of MRS/fMRI in understanding the progression of the 

addiction process (initiation, maintenance, relapse) with several substances of abuse and 

suggest that the information gained by using a multimodal approach may help to identify 

biomarkers that could be used to predict efficacy of candidate medications.

MRS/DTI.

Several lines of evidence point to alterations in brain structure that increase the propensity 

for developing problems with substance abuse or are the result of neurotoxicity associated 

with long-term drug use (Acheson et al., 2014; Ersche et al., 2012; Battistella et al., 2014; 

Kaufman et al., 2015). Such anatomical abnormalities reported using DTI or volumetric 

measurements may be related to cognitive deficits often reported in SUD patients. The DTI 

parameter fractional anisotropy (FA), for example, is often used as an index of white matter 

integrity. FA can provide important information about whether changes in functional 

connectivity between two (or more) regions is related to changes in microstructural 

connectivity, e.g., axonal health or myelination, within a specific tract. When coupled with 

MRS, metabolites thought to reflect cellular and axonal health, cellular membrane 

breakdown, and energy metabolism such as NAA, Cho, creatine plus phosphocreatine, ATP, 

or PCr, can be quantified within the same tract (or voxel). The combination of DTI and MRS 

then can provide unique insights about the cellular mechanisms that may be responsible for 

the development or breakdown of neural circuitry. Such combined analyses can be 

particularly useful in the context of longitudinal designs to track the progression of disease 

states such as neurodegeneration in methamphetamine or MDMA users (Liu et al., 2011a; 

Lin et al., 2015), to assess the impact of drug use during sensitive periods on subsequent 

development (Acheson et al., 2014), or to determine the effects of polydrug use on brain 

macrostructure and neuronal integrity (Durazzo et al., 2013).

MRS as a circuit-based approach.

The above sections focused on employing MRS with other magnetic resonance imaging 

modalities to enhance our understanding of neural circuitry related to SUD. A less widely-
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used MRS technique termed magnetic resonance spectroscopic imaging (MRSI), also known 

as chemical shift imaging (CSI), simultaneously acquires scans from multiple voxels in two 

or three dimensions, yielding data that are well-suited for complementing whole-brain fMRI 

neurocircuitry research. MRSI was used in only 12% of SUD studies published this past 

decade. Importantly, MRSI methods enable retrospective spatial shifting of voxels after 

scans are completed so voxels can be optimally positioned with respect to anatomical 

regions of interest, a feature not available with standard single-voxel MRS. Figure 1 (left 

panel) shows an example of 31P-MRS MRSI data we acquired from a squirrel monkey at 4 

Tesla (unpublished data). Although the spatial resolution of this acquisition is low (2 cm3), 

better spatial (and spectral) resolution can be obtained at higher magnetic field strengths, for 

example in the 31P-MRS single voxel spectrum (0.22 cm3) also obtained from a squirrel 

monkey at 9.4 Tesla (Figure 1, right panel). MRSI, particularly when acquired on higher 

magnetic field systems that enable use of voxels approaching the size of key brain nuclei, 

offers additional opportunities to complement and extend fMRI and DTI data by 

simultaneously assessing the neurochemical environment in multiple regions and neural 

circuits.

3. Current Limitations of MRS: Glutamate and GABA: what is detected and 

what does it reflect?

Given the seminal roles played by glutamate and GABA in brain function, it is important to 

appreciate what information MRS measurements of these substances can, and can’t provide, 

and which MRS methods are optimal for quantifying these substances. This is important 

because MRS methods used to date in SUD research often have been inadequate for 

quantifying glutamate. The most widely-used protocol, Point-resolved Spectroscopy 

(PRESS), is unable to fully separate glutamate from glutamine, GABA, or other overlapping 

metabolite resonances at magnetic field strengths of less than 7 Tesla (Godlewska et al., 

2017). This problem is amplified by the fact that glutamate, glutamine, and GABA are 

present in interdependent biochemical pathways (Laake et al., 1992; Walls et al., 2015; Chen 

et al., 2019). Thus, changes in any one of these metabolites could affect levels or changes of 

other metabolites, confounding their quantification. This means that the combined resonance 

of glutamate, GABA, and glutamine (often termed Glx) detected with standard Point 

Resolved Spectroscopy (PRESS) MRS at 3 Tesla, the most widely-used magnetic field 

strength (Supplement Figure S3), only indirectly reflects glutamate. Glx measurements have 

been widely reported in SUD studies this past decade, sometimes have been misrepresented 

as glutamate, and make up more than two-thirds of SUD MRS studies reporting on 

glutamate. MRS methods that better separate glutamate from overlapping resonances 

include a multi-echo time-averaged variation of the PRESS MRS sequence (Hurd et al., 

2004) and 2-dimensional J-resolved PRESS (e.g., Janes et al, 2016), and are increasingly 

being used. MEGA-PRESS now is widely used to quantify GABA (Mikkelsen et al., 2017). 

Use of higher magnetic field scanners also helps reduce the resonance overlap problem by 

increasing spectral (chemical shift) resolution (Godlewska et al., 2017).

Even when Glu or GABA are quantified with 1H-MRS, their signals are derived from 

multiple tissue compartments (intracellular (neuronal and glial), extracellular, synaptic) and 
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pathways (neurotransmission, metabolism), meaning that glutamate and GABA signals do 

not simply represent neurotransmitter available for neurotransmission. In this regard, 

neuronal glutamate compartmentalized within synaptic vesicles is highly concentrated 

(~50-100 mM) and constitutes up to 30% of total brain glutamate (Laake et al., 1992), but 

vesicular glutamate is not optimally-detected with standard 1H-MRS. This is because 

vesicular glutamate is spatially-confined and diffuses minimally within ~35-40 nm-diameter 

synaptic vesicles (Qu et al., 2009), resulting in an attenuated 1H-MRS signal. Diffusion-

weighted 1H-MRS can detect glutamate and other metabolites in small tissue compartments 

(Chen et al., 2019) and this methodology may ultimately help to better quantify glutamate 

and other metabolites involved in neurotransmission.

4. Untapped Potential of MRS in SUD

Bioenergetics and oxidative stress

The primary means to produce energy required for brain function is mitochondrial oxidative 

phosphorylation and mitochondria are estimated to be the source of 90% of reactive oxygen 

species (ROS) that induce oxidative stress (Balaban et al., 2005). Thus, brain energy 

production and oxidative stress go hand in hand. ROS must be buffered by endogenous 

antioxidant systems for normal mitochondrial and brain function (Cobley et al., 2018). Yet, 

most abused substances including alcohol, nicotine, marijuana, stimulants, opioids, and 

anabolic steroids, and their combinations, induce excess ROS and oxidative stress (Kaufman 

et al., 2019), which may contribute to metabolic abnormalities (Volkow et al., 2003). Excess 

ROS not only impair mitochondrial function but also alter activities of proteins relevant to 

SUDs including glutamate and dopamine transporters (Trotti et al., 1997; Park et al., 2002), 

which contain redox-sensitive molecular elements including thiol groups that maintain these 

proteins in optimal functional conformations. Excess oxidative stress also impairs function 

of creatine kinase (CK), a key metabolic enzyme (Eliuk et al., 2007). CK synthesizes the 

high energy phosphate storage metabolite phosphocreatine (PCr) when energy supply is high 

and catabolizes PCr to form ATP when energy demand is high (Schlattner et al., 2006). CK 

activity is very important in energy-demanding periods (e.g., during complex cognitive 

tasks) because CK synthesizes ATP at a rate that is nearly 6 times faster than de novo ATP 

synthesis via mitochondrial oxidative phosphorylation (Du et al., 2008). Excess oxidative 

stress also exerts broader effects that are just beginning to be appreciated, and it has been 

estimated that nearly 30% of the human proteome is redox-sensitive (Erdős et al., 2019). 

ROS can exert beneficial effects, e.g., by modifying N-methyl-D-aspartate (NMDA) receptor 

function to facilitate synaptic plasticity (Hidalgo et al., 2016) as well as deleterious effects 

when excess ROS are present (Go and Jones, 2013), including by impairing synaptic 

plasticity (Hidalgo et al., 2016). Accordingly, the ability to quantify brain bioenergetics and 

oxidative stress in SUD are critical and to date, understudied areas. Illustrative examples 

include studies reporting low frontal cortex PCr levels in adult methamphetamine-dependent 

subjects, whose PCr levels were inversely correlated with lifetime methamphetamine use 

(Sung et al., 2013). This same research group subsequently demonstrated that dietary 

creatine loading for 8 weeks increased frontal lobe PCr levels in methamphetamine-

dependent women with comorbid major depression, an effect that was associated with lower 

anxiety and depression levels (Hellem et al., 2015b). A 31P-MRS study of obese individuals 
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with eating-disorders found lower steady-state brain ATP and PCr levels and smaller brain 

ATP and PCr declines in response to transcranial direct current stimulation, indicative of 

both static and dynamic bioenergetic abnormalities (Jauch-Chara et al., 2015).

31P-MRS also can be used in vivo to quantify oxidized nicotinamide adenine dinucleotide 

(NAD+) and its reduced form (NADH) and to determine the NAD+/NADH (redox) ratio, a 

biomarker of oxidative stress (Kim et al., 2017). To date, the redox ratio has not been 

reported in SUD studies. However, several in vivo 1H-MRS studies have quantified another 

biomarker of oxidative stress, glutathione (GSH, in its reduced form), the most abundant 

endogenous small molecule antioxidant (Forman et al., 2009). Alcohol drinking and tobacco 

smoking were associated with GSH abnormalities in adolescents with bipolar disorder 

(Chitty et al., 2015). N-acetylcysteine (NAC) is a GSH precursor that when infused increases 

human brain GSH as measured with 1H-MRS (Holmay et al., 2013). A recent 1H-MRS 

study in opioid-dependent neonatal rats reported that NAC pretreatment prevented GSH 

depletion after naloxone-precipitated opioid withdrawal and attenuated withdrawal 

symptoms, suggesting an association between GSH depletion and withdrawal symptoms 

(Ward et al., 2020).

MRS studies of inflammation

Inflammation currently is a hot topic in psychiatry and neuroscience and 1H-MRS can be 

used to quantify several tissue metabolites linked to inflammation including myo-inositol, 

choline-containing compounds, creatine plus phosphocreatine, or lactate. However, these 

metabolites do not always reflect inflammation and thus are considered suboptimal 

biomarkers (Woodcock et al., 2019). GSH, which as noted above is a well-established 

biomarker of oxidative stress (Forman et al., 2009), also is depleted by inflammatory 

mediators including by lipopolysaccharide, tumor necrosis factor-1α (TNFα), and 

Interleukin-1β (IL-1β) (Noble et al., 2007; Gavillet et al., 2008). Involvement of GSH both 

in inflammation and oxidative stress is not surprising because both processes are 

interdependent, each catalyzes the other, and the inflammatory tissue response involves ROS 

production (Biswas, 2016). Accordingly, GSH measurements can reflect both inflammation 

and oxidative stress and its quantification (along with redox ratio measurements) could be 

very informative in SUD involving inflammation and/or oxidative stress, such as in opioid 

use disorder (Eisenstein, 2019; Kaufman et al., 2019; Ward et al., 2020).

MRS thermometry

The ability to quantify brain temperature in vivo in SUD research may be important because 

many psychoactive drugs, including cocaine, opioids, marijuana, methamphetamine, and 

MDMA, induce body and brain hyperthermia (Kiyatkin, 2019), which can have profound 

functional consequences. For example, hyperthermia depletes ATP and alters the function of 

glutamate transporters (Madl and Allen, 1995). An MRI contrast agent sensitive to 

temperature has been used in combination with 1H-MRS to show that MDMA increases 

brain temperature by 2-3°C in rats (Coman et al., 2015).

Brain and other tissue temperatures also can be quantified with 1H-MRS without using 

exogenous contrast agents, because as temperature changes, the 1H-MRS water resonance 
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position (chemical shift) changes while metabolite resonances do not (Zhu et al., 2008). 

Thus, relative positions (chemical shifts) between water and metabolite peaks can be 

quantified and used to determine tissue temperature with high resolution of about 0.1°C 

(Zhu et al., 2008). Importantly, water and metabolite peaks of relatively low signal-to-noise 

ratios are adequate for temperature quantification. This means that MRSI methods using 

smaller voxel sizes and/or shorter acquisition times could be applied for multivoxel 

temperature mapping at spatial resolutions approaching those used for functional 

connectivity assessments. This type of multimodal experiment has the potential to be very 

informative because hyperthermia alters local and long range connectivity of frontal lobe 

regions, as well as cognition (Han et al., 2018). Accordingly, temperature quantification may 

aid in the interpretation of functional connectivity assessments. Further, MRS thermometry 

data can be extracted retrospectively from existing MRS or MRSI datasets (e.g., 

Mintzopoulos et al., 2019) as long as water and metabolite data are available. Thus, 

published MRS studies relevant to SUD could be re-analyzed to quantify brain temperature 

effects of acute and chronic drug use. We are not aware of any studies to date using contrast-

free 1H-MRS thermometry methods in SUD research, making this area an open, and 

potentially-impactful area of future investigation, especially when paired with other types of 

MRI assessments.

5. Summary and Potential Future Directions

The past decade of SUD research using in vivo MRS methods has been very productive, 

yielding more than 200 publications. The vast majority of reports used single-voxel 1H-MRS 

methods to quantify metabolites including N-acetylaspartate, choline-containing 

compounds, myo-inositol, creatine, glutamate, glutamine, and GABA in adults. Only a small 

proportion of studies (9%) involved human infants, children, or adolescents although that 

percentage is likely to increase over the next few years as the Adolescent Brain and 

Cognitive Development (ABCD) study advances. This decade witnessed increased 

application of MRS as part of multimodal studies combining fMRI, DTI, and/or structural 

MRI assessments, but only 7% of all SUD MRS studies involved multimodal approaches. 

Yet, most of those studies illustrate that MRS integration with other MRI types produces 

valuable data that can deepen our understanding of SUD pathophysiology. Use of 

spectroscopic imaging (MRSI) methods and small voxel volumes on the order of brain 

regions and circuits could further complement and extend fMRI, DTI, and structural MRI 

findings. While few examples exist within the SUD literature pairing MRS with targeted 

brain stimulation techniques such as transcranial direct current stimulation (Jauch-Chara et 

al., 2015), MRS, when combined with brain stimulation types that can be directed at 

particular regions, circuits, or cell types (e.g., via optogenetic or chemogenetic stimulation), 

could be very informative. 1H-MRS methods such as contrast-free MRS thermometry, which 

have not yet been applied in SUD research, could be used in combination with MRS or 

MRSI to help interpret functional and structural connectivity studies, especially those 

involving substances that induce hyperthermia that could disrupt neural circuitry (Han et al., 

2018).

MRS methods evolution and dissemination, as well as the availability of higher magnetic 

field scanners, have improved quantification of glutamate and GABA. Broader use of 
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advanced 1H-MRS methods should help to clarify roles that glutamate and GABA play in 

SUD and its treatment, although the interpretation of glutamate and GABA findings will be 

limited by the inability of current 1H-MRS methods to selectively quantify these metabolites 

in different functional (e.g., neurotransmission or metabolic) pools.

Given that individuals with SUD experience brain metabolic abnormalities (Volkow et al., 

2003) and oxidative stress (Kaufman et al., 2019), 31P-MRS studies of static (e.g., ATP and 

PCr levels) and dynamic (e.g., CK flux) metabolism, as well as of the redox ratio, will help 

broaden and deepen our understanding of SUD pathophysiology. It is plausible that 

cognitive deficits commonly reported in SUDs result in part from impaired CK activity, 

which could substantially limit ATP availability during high energy-demand periods. Thus, 

MRS studies characterizing the effects of abused drugs on CK, which are completely lacking 

in human SUD research, have the potential to suggest novel strategies for medications 

development to attenuate cognitive deficits associated with drug use. Scanner manufacturers 

now are routinely offering the necessary hardware (headcoils) and software to acquire and 

analyze 31P-MRS data, which should enable more groups with MRI scanners to implement 
31P-MRS research programs. GSH quantification with 1H-MRS also is evolving (e.g., 

Mlynárik et al., 2006) and this could facilitate SUD research on oxidative stress and 

inflammation, both of which affect GSH levels.

As with other imaging specialties, there is increased interest in standardizing MRS protocols 

to reduce site-to-site variability, which can be considerable. For example, a multicenter 1H-

MRS study of the MEGA-PRESS scan sequence for GABA quantification reported that 

nearly 30% of the variance in GABA concentration was attributable to site and scanner 

(hardware and MRS pulse sequence) differences (Mikkelsen et al., 2017). This variability is 

large enough to reduce experimental rigor and reproducibility. Accordingly, MRS methods 

standardization efforts in the future are needed to help reduce potential confounds associated 

with methodologic variability.

The majority of MRS studies conducted during this period were on 3 Tesla MRI scanners. 

While use of this magnetic field strength is advantageous when multimodal MRS includes 

fMRI, higher magnetic field systems enable scans with better spatial and spectral resolution, 

which can improve MRS metabolite quantification. That being said, magnetic susceptibility 

artifacts in fMRI scans increase at higher magnetic field strengths and advances are 

necessary to enable multimodal MRS and fMRI studies at 7 Tesla and above. Fewer than 

17% of the published MRS studies in this period involved animals. Preclinical research 

offers a number of advantages for evaluating relationships between drug exposure and 

biochemistry, functional or structural neural circuitry, and behavior without the potential 

confounds of previous drug history and psychiatric comorbidities often associated with 

human research (e.g., Liu et al., 2011b). While preclinical MRS technically is challenging 

due to smaller brain sizes of laboratory animals, the growing availability of high magnetic 

field scanners presents exciting opportunities for preclinical researchers to implement MRS 

in SUD investigations. Accordingly, investments in higher magnetic field systems, while 

expensive, could substantially benefit human and nonhuman SUD research, and could help 

to advance early and later treatment development phases. In sum, there are abundant 

opportunities to fill knowledge gaps on the neurochemical and physiological consequence of 
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SUD using MRS methods. We anticipate a very exciting and informative next decade of 

MRS research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
31P-MRS scans in squirrel monkeys at 4 Tesla (Panels A-C) and 9.4 Tesla (Panel D). A: 

Sagittal MRI image showing MRSI slab (white box) location covering most of the brain. B: 

Axial MRI image showing the 8 x 8 MRSI voxel grid (red boxes) within the white MRSI 

slab in Panel A from which individual spectra can be extracted, including one from the 

yellow-highlighted box shown in Panel C. Note that voxels completely outside of the brain 

contain no spectra. C: Midbrain spectrum (2 cm3 volume) from the yellow voxel in Panel B 

with peak fits and fit residual (top trace). D: Single voxel 9.4 Tesla 31P-MRS putamen 

spectrum (0.22 cm3 volume, inset: coronal MRI with yellow voxel position) with superior 

spatial resolution versus 4 Tesla. Legend: A=anterior; P=posterior; L=left; R=right, 

S=superior, I=inferior; γ-, α-, β-ATP: adenosine-related peaks including ATP (β- 

resonance); NADH=nicotinamide adenine dinucleotide, reduced and oxidized (NAD+) 

forms; PCr= phosphocreatine; Pi=inorganic phosphate; PME, PDE and subresonances; 

phosphomono- and di-esters.
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