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Proton magnetic resonance spectroscopy (1H-MRS) is a noninvasive imaging technique that 

measures the concentration of metabolites in defined areas of the human brain in vivo. The 

underlying structure of natural metabolism-emotion relationships is unknown. Further, there is a 

wide range of between-person differences in metabolite concentration in healthy individuals, but 

the significance of this variation for understanding emotion in healthy humans is unclear. Here we 

investigated the relationship of two emotional constructs, agency and flexibility, with the 

metabolites glutamate and glutamine (Glx), N-acetylaspartate (tNAA), choline (Cho), creatine 

(tCr), and myo-inositol (Ins) in the right dorsal anterior cingulate cortex (dACC) in medically and 

psychiatrically healthy volunteers (N = 20, 9 female; mean age = 22.8 years, SD = 3.40). The 

dACC was selected because this region is an integrative hub involved in multiple brain networks of 

emotion, cognition and behavior. Emotional traits were assessed using the Multidimensional 

Personality Questionnaire Brief Form (MPQ-BF), an empirically derived self-report instrument 

with an orthogonal factor structure. Phenotypes evaluated were positive and negative agency 

(MPQ-BF Social Potency, Aggression), emotional and behavioral flexibility (MPQ-BF 

Absorption, Control-reversed), and positive and negative affect (MPQ-BF Social Closeness; Stress 

Reaction, Alienation). The resting concentration of tNAA in the dACC was robustly positively 

correlated with Absorption (r = +0.56, unadjusted p = .005), moderately positively correlated with 

Social Potency (r = +0.42, unadjusted p = .03), and robustly negatively correlated with Aggression 

(r = −0.59, unadjusted p = .003). Absorption and Aggression accounted for substantial variance in 

tNAA (R2 = 0.31, 0.35; combined R2 = 0.50), and survived correction for multiple comparisons 

(Holm-Bonferroni adjusted p = .032, 0.021, respectively). dACC Glx and Cho had modest 

relationships with behavioral flexibility and social affiliation that did not survive this multiple 

correction, providing effect sizes for future work. Principal Component Analysis (PCA) revealed a 

three-factor orthogonal solution indicating specific relationships between: 1) Glx and behavioral 

engagement; 2) Cho and affiliative bonding; and 3) tNAA and a novel dimension that we term 

neuroaffective reserves. Our results inform the neurobiology of agency and flexibility and lay the 

groundwork for understanding mechanisms of natural emotion using 1H-MRS.

Keywords

Trait emotion; Personality; Single voxel proton magnetic spectroscopy; Dorsal anterior cingulate; 
tNAA; Neurotypical adult volunteers

1. Introduction

Health is the “state of complete physical, mental and social well-being and not merely the 

absence of disease ” (WHO, 1946, rev 2006). Emotional human health is shaped by agency 

and flexibility. Agency is the ability to shape one’s own choices and to take decisive action 

in the world (Depue and Collins, 1999; Patrick et al., 2002; Tellegen, 1982). Flexibility is 

the ability to fluidly respond to events as they occur (Depue and White, 2015; Patrick et al., 

2002; Tellegen, 1982). Both abilities contribute to the emotional traits that shape affective 

experience (Depue and White, 2015; Patrick et al., 2002; Tellegen, 1982). Diminution or 

loss of agency and flexibility contribute to functional impairment that characterize injury, 

and medical and psychiatric disease including addiction (Dellu-Hagedorn et al., 2018; Istin 

et al., 2017; Markarian et al., 2010). Understanding the neural foundations of human agency 
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and flexibility thus has the potential to improve well-being across life and to illuminate the 

biological basis of the wide range of individual differences in these traits.

Proton magnetic resonance spectroscopy (1H-MRS) is a method that noninvasively and 

quantitatively evaluates brain metabolites. This method provides information on compounds 

in the brain that are ubiquitous and occur at mM concentrations, such as N-acetylaspartate 

(tNAA), glutamatergic compounds (Glx), choline (Cho), myoinositol (Ins) and creatine 

(tCr). Studies to date have associated these compounds with neuronal integrity (tNAA), 

glutamatergic activity (Glx), bioenergetics (tCr), cell membrane turnover (Cho), intracellular 

catecholamine signaling (Ins), and acetylcholine production (Cho) (Cohen et al., 2010; 

Fonnum, 1984; Kekelidze et al., 2001; Rae, 2014; Wallimann et al., 1992).

Several lines of data suggest that these metabolites may also shape the magnitude and scope 

of agency and flexibility in humans. The first evidence comes from cognitive neuroscience, 

where tNAA in frontal, temporal, occipitoparietal, cingulate and supraventricular cortex 

relates to cognitive fluidity. In healthy adults, tNAA in these regions is positively related 

with cognitive performance, attention, executive function, working memory, processing 

speed, cognitive creativity, divergent thinking and general and fluid intelligence (Jung et al., 

2009, 2013, 1999b; Nikolaidis et al., 2017; Paul et al., 2016). These findings indicate a 

relationship between tNAA and fluid cognition (Patel et al., 2014), and raise the possibility 

of a relationship with other aspects of fluidity, such as the flexibility of emotion and 

behavior.

The second line of evidence comes from clinical neuroscience. Alterations in tNAA, tCr, Ins, 

Cho and Glx accompany dysregulation and recovery of agency and flexibility. Loss of 

behavioral flexibility occurs in drug and alcohol dependence, bipolar mania and obsessive-

compulsive disorder (Dellu-Hagedorn et al., 2018; Istin et al., 2017; Markarian et al., 2010). 

These conditions involve reductions in tNAA in frontal and medial brain regions (Chang et 

al., 2003; Croarkin et al., 2015; Haselhorst et al., 2002; Jang et al., 2006; Nordahl et al., 

2002; Reneman et al., 2002; Reynolds and Reynolds, 2011; Salo et al., 2007; Schuff et al., 

2008; Sung et al., 2013, 2007; Winsberg et al., 2000). Select reductions are also observed in 

tCr, Cho, Ins, and Glx (Birur et al., 2017; Ende et al., 2006; Ernst et al., 2000; Salo et al., 

2007; Sekine et al., 2002). Glx and Cho change dynamically in early drug abstinence, with 

acute reductions in Glx and elevations in Cho (Ernst and Chang, 2008; Nordahl et al., 2005; 

Salo et al., 2007). Loss of emotional flexibility characterizes major depressive disorder 

(MDD) and post-traumatic stress disorder (Cao et al., 2019; Piao et al., 2017). These 

conditions are correlated with reduced tNAA and Ins in frontal and limbic regions (Rae, 

2014; Reynolds and Reynolds, 2011; Schuff et al., 2008; Venkatraman et al., 2009). 

Substantive loss of agency also occurs in stroke, neurodegenerative disease and Alzheimer’s 

disease (Harezlak et al., 2011). Here reductions in tNAA are thought to reflect glutamate-

related excitotoxicity and lesion-induced patient apathy, with conjoined improvements in 

tNAA, apathy and recovery of function in the period following acute stroke (Dong et al., 

2009; Glodzik-Sobanska et al., 2005; Lau and Tymianski, 2010; Yeh et al., 2018). Effective 

treatment of mood disorders also changes brain metabolites. The serotonin reuptake 

inhibitor citalopram, the mood stabilizer lamotrigine and electroconvulsive therapy 

normalize tNAA in the prefrontal cortex, ACC, left amygdala and frontal white matter 
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(Croarkin et al., 2015; Jang et al., 2006; Michael et al., 2003). Short-term oral creatine 

monohydrate increases frontal lobe tCr and improves SSRI-resistant depression (Kondo et 

al., 2016). Taken together, these data indicate alterations in metabolites, agency and 

flexibility in the progression, recovery and treatment of brain disease.

The third lines of evidence come from affective neuroscience, where 1H-MRS was assessed 

alongside validated measures of emotion. These studies involve healthy volunteers and most 

often focus on state and trait anxiety, with more limited investigation of incentive emotion, 

positive affect, impulsivity, alexithymia and emotional intelligence (Colic et al., 2016; Ende, 

2015; Gallinat et al., 2007; Grachev and Apkarian, 2000; Grimm et al., 2012; Hoerst et al., 

2010; Jung et al., 2002; Kim et al., 2009; Modi et al., 2014; Timoshanko et al., 2014; White 

et al., 2018). Affective studies often focus on the anterior cingulate, amygdala and frontal 

cortex. In these regions Glx and tCr appear to rise with incentive motivation, positive affect 

and behavioral activation (Ende, 2015; Hoerst et al., 2010; White et al., 2018). There is a 

positive relationship of tNAA with the ability to identify and name emotion, and a positive 

relationship of Ins with anxiety (Colic et al., 2016; Grachev and Apkarian, 2000; Howells et 

al., 2015; Modi et al., 2014). The situation is less clear with higher-order measures such as 

impulsivity, neuroticism and extraversion, with mixed to null relationships observed with 

Glx, Cho, NAA, and tCr (Grachev and Apkarian, 2000; Grimm et al., 2012; Hoerst et al., 

2010; Kim et al., 2009; Modi et al., 2014; Ryman et al., 2011). Overall the data suggest a 

complex pattern of relationships between emotion and metabolites which differ by level of 

analysis. Higher-order traits reflect multiple lower-order traits, which in turn can have 

disparate associations with brain metabolites (Depue and White, 2015; White, 2017). As 

such, 1H-MRS investigation of lower-order traits such as agency and flexibility may provide 

crucial information on the metabolic mechanisms of emotion and health.

In this study we used 1H-MRS to investigate the neurobiology of agency and flexibility in 

well individuals. Effects were evaluated in medically and psychiatrically healthy young adult 

volunteers (N = 20; age = 22.8 ± 3.40).1H-MRS data were acquired in the right dorsal 

anterior cingulate after a three-hour period of rest in each participant (dACC; voxel location 

in Fig. 1; experimental design in Suppl. Figure S1). The right dACC was selected because it 

is a neocortical hub that connects the default mode, frontoparietal control, cingulo-opercular, 

and salience networks that mediate behavioral activation, agentic positive emotion, salience 

and attention monitoring (Barrett and Satpute, 2013). Trait emotion was assessed using the 

MPQ-BF, an empirically derived self-report instrument (Patrick et al., 2002). Positive and 

negative aspects of agency were evaluated using the MPQ-BF scales of Social Potency and 

Aggression. Emotional and behavioral flexibility were evaluated using the MPQ-BF scales 

of Absorption and Control. Valenced emotion was evaluated using three additional MPQ-BF 

scales to address specificity and discriminant validity (details in Table 1).

Our overall goal was to understand the relationship between 1H-MRS metabolites and 

natural traits of agency and flexibility in healthy volunteers. There were several hypotheses. 

dACC tNAA was expected to rise with emotional fluidity (MPQ-BF Absorption), given 

positive findings with cognitive fluidity (Nikolaidis et al., 2017; Paul et al., 2016). In 

contrast, dACC tNAA was expected to fall with negative agency (MPQ-BF Aggression), 

given inverse findings with clinical aggression (Basoglu et al., 2008; Critchley et al., 2000). 
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dACC Glx was expected to rise with positive agency (MPQ-BF Social Potency) and 

behavioral flexibility (MPQ-BF Control-reversed), given positive findings with positive 

affect and impulsivity (Hoerst et al., 2010; White et al., 2018). Cho was expected to rise with 

positive and negative agency (MPQ-BF Social Potency, Aggression) given findings of Cho 

with traits of both positive and negative affect (Jung et al., 2002; Ryman et al., 2011; 

Timoshanko et al., 2014).

2. Methods

2.1. Study design

Medically and psychiatrically healthy young adult volunteers gave informed consent and 

underwent 1H-MRS and emotion assessment as a part of a larger parent study that addressed 

drug effects on 1H-MRS metabolites (White et al., 2018). The present paper reports on 

relationships between emotional traits and metabolites evaluated on the placebo day. Timing 

of the test session is available in Supplemental Figure S1, with 1H-MRS conducted 

following a three hour period of rest in a standardized environment (White et al., 2018). The 

present data have not been previously reported and are relevant to normal, between-person 

differences in 1H-MRS metabolites in the dACC.

2.2. Recruitment

Participants were medically and psychiatrically healthy as determined by a clinical 

interview, structured psychiatric interview, self-report questionnaire, drug and alcohol 

testing, medical exam and EKG. Exclusion and inclusion criteria have been published 

(White et al., 2018) and excluded: those younger than 18 or older than 35; those with BMI 

below 18 or over 30; left-handedness; less than a high school education/GED; lack of 

fluency in English; any chronic medical condition; abnormal EKG; any current or past Axis 

I psychiatric disorder; smoking more than 5 cigarettes per week; and in females, current or 

intended pregnancy or lactation. Exclusion of drug and alcohol dependence, head trauma 

and psychiatric disease avoids potential confounds in metabolites due to neurodegeneration 

and neurotoxicity (Dong et al., 2009; Ende et al., 2006; Lau and Tymianski, 2010; Tunc-

Skarka et al., 2015). The study was approved by the Institutional Review Board for research 

with human subjects at Brown University and the Memorial Hospital of Rhode Island in 

accordance with the Code of Federal Regulations (Title 45, Part 46) “Protection of Human 

Subjects” adopted by the National Institutes of Health and the Office for Protection from 

Research Risks. The study was conducted ethically in accordance with the Helsinki 

Declaration of 1964 (revised 2013).Written informed consent was obtained from all 

participants.

2.3. Participants

Twenty-six healthy right-handed individuals participated; of these twenty had high quality 

MRS data available for analysis with trait emotion (N = 20; data exclusions in 

Methods).Participants were 18–28 years of age (mean = 22.8 years, SD = 3.40, N = 20). 

There were roughly equal numbers of males and females (11 males, 9 females).Racial 

composition was 60% White, 20% Asian, 5% African American, 5% American Indian or 

Alaskan Native, and 10% Multiracial/Other. Ethnicity was 79% non-Hispanic and 21% 
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Latino/Hispanic. Overall the sample was well educated, with 10% reporting a high school 

diploma, the majority (60%) reporting some college education and 30% reporting a 

bachelor’s degree or beyond.

2.4. Procedures

Trait emotion was assessed at the psychological screening session at the Laboratory of 

Affective Neuroscience at Brown University, with 1H-MRS spectra acquired at the Brown 

University Magnetic Resonance Facility (MRF). Digital breath analysis and urine toxicology 

screening confirmed participants were alcohol and drug free prior to neuroimaging. 

Participants were in verbal contact with the experimenter at all times during the experiment 

(White et al., 2018).

2.5. Structural imaging

A Siemens 3T TIM Trio system (Siemens Medical Solutions, New York, NY) was used for 

MR data collection. Whole-brain T1-weighted images (MPRAGE sequence) were acquired 

in the sagittal plane at the beginning of the MRI session (resolution = 1 mm × 1 mm × 1 

mm; TR = 1900 ms; TI = 900 ms, TE = 2.98 ms; TI = 900 ms; flip angle = 9°; FOV = 256 × 

256). The structural T1 images were processed using SPM12 (Ashburner and Friston, 2005), 

and Gannet Coregister was used to reconstruct the voxel (Edden et al., 2014; Harris et al., 

2015).

2.6. Magnetic resonance spectroscopy

Spectra were acquired in the dACC using single voxel, point-resolved spectroscopy 

(PRESS). The voxel measured 15 × 15 × 10 mm (10 mm in SI direction) and was placed on 

the T1-weighted anatomical image using the three plane reconstructions. The voxel was 

placed on the right dACC immediately anterior and parallel to the corpus callosum (see Fig. 

1 A).On sagittal view, the midline slice where the corpus callosum was most distinct was 

selected and the voxel was placed anterior and superior to the corpus callosum. The voxel 

was rotated to be tangential to the corpus callosum. In coronal, sagittal and axial views, the 

voxel was aligned anterior and parallel to the corpus callosum such that the posterior edge of 

the voxel was in line with the horns of the lateral ventricles. In coronal view, the voxel was 

right lateralized to capture innervation from the salience network (Grayson et al., 2014) and 

to minimize CSF contamination from the longitudinal fissure. Voxel placement was 

confirmed by posthoc voxel reconstruction in subject specific anatomical space. 

Reconstructed MRS voxels were checked to confirm agreement with voxel placement 

protocol for individual anatomy, according to the subject specific anatomical landmarks 

(described above).During the MRS sessions standard first-order auto shimming was 

implemented, line width checked and shimming manually adjusted to minimize the free 

water line width. Prior to acquisition of spectral data, non-water suppressed datasets were 

obtained to provide for eddy current compensation and to provide a water reference. 

Acquisition parameters were TR = 3000 ms, TE = 30 ms, with 128 averages taken for a total 

acquisition time of 6 m 24 s for water-suppressed data.

Spectra were processed and metabolites quantified using LCModel, using a basis set 

provided by the LCModel author (Provencher, 1993).Data were compensated for differential 
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T1 effects according to individual metabolite T1 values at 3 Tesla (Ethofer et al., 2003; 

Mlynarik et al., 2001; Traber et al., 2004). All of the data received zero- and first-order 

phase correction as part of the regular LCModel process, done automatically by LCModel 

with no user intervention. Only metabolites with Cramer-Rao lower bound (CRLB) ≤ 20% 

were evaluated. Example spectra using this procedure are in Fig. 1B.

Quality control was implemented in four steps.(1) Using co-registration tools from the 

Gannet analysis package (Harris et al., 2015), voxels were reconstructed in each anatomical 

scan and segmented using SPM12 (Ashburner and Friston, 2005), a common method that 

allows for quantification of the proportion of white matter, gray matter and CSF in the voxel. 

Data were corrected for partial volume effects per established methods (Brandt et al., 2016; 

Larsen et al., 2016; Maltezos et al., 2014).(2) All MRS spectra and voxel reconstruction 

output were visually inspected for quality by an MRS data acquisition and analysis expert. 

(3) Data for individual metabolites were excluded where the CRLB exceeded 20% SD. (4) 

Metabolite data were evaluated for outliers, defined as a value more than 2.5 SD away from 

the mean (see Patel et al., 2014). These procedures indicated that the majority of the data 

were of high quality: from a total of 26 acquired scans, three scans were excluded for lack of 

water reference files, one scan was excluded for issues with voxel reconstruction, and two 

scans were excluded for having low proportion of gray matter (< 0.60) in the voxel. No data 

were excluded for exceeding the CRLB threshold and there were no outliers. Thus, MRS 

scans from twenty participants were available for statistical analysis (N = 20).

2.7. 1H-MRS measures

Metabolites reliably assessed by 1H-MRS include tNAA, a combined measure of N-acetyl-

aspartate (NAA) and N-acetylaspartyl-glutamate (NAAG); Glx, a composite measure of Glu 

and Gln; Cho, a measure of choline-containing compounds glycerophosphocholine and 

phosphocholine; tCr, a combined measure of creatine and phosphocreatine; and Ins, a 

measure of myo-inositol. Reliability for these metabolites using a PRESS acquisition at 3T 

is well established (Baker et al., 2008; Geurts et al., 2004; Provencher, 1993).Glx was 

selected in favor of Glu given its prevalence in the literature. Each metabolite was quantified 

relative to water in institutional units (i.u.) per standard practice (Zhu and Barker, 

2011).Ratio-based measures were considered but decided against to avoid interpretive 

confounds should multiple metabolites relate to emotional traits (Haga et al., 2009; Li et al., 

2003; Rae, 2014).Metabolites were corrected for partial volume effects using the formula 

[*1/(1- fCSF)], where fCSF is the voxel volume fraction of cerebrospinal fluid (determined 

using SPM segmentation of the reconstructed voxel as described above) therefore providing 

a measure of metabolite concentration in total tissue within the voxel (per methods of 

(Ashburner and Friston, 2005; Brandt et al., 2016; Edden et al., 2014; Harris et al., 2015; 

Larsen et al., 2016; Maltezos et al., 2014)). These procedures are in keeping with our prior 

work and published guidelines for analytic rigor in human MRS (Patel et al., 2014; White et 

al., 2018).

2.8. Trait emotion measures

Emotional traits were evaluated by self-reports on the Multidimensional Personality 

Questionnaire Brief Form (MPQ-BF) (Patrick et al., 2002). The MPQ-BF has eleven 
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primary (lower-order) orthogonal scales developed through an iterative empirical process 

(Patrick et al., 2002; Tellegen, 1982). Each primary scale is affectively unipolar and 

measures the relative presence (versus absence) of a specific emotional trait. Low scores 

thus indicate a relative absence of a given trait, whereas high scores indicate the strong 

presence of the trait. Self-reports on the MPQ-BF have excellent validity and reliability 

(Patrick et al., 2002).Responses on primary scales are independent to modestly correlated, 

correlating 0.0 to ±.4 in healthy volunteers (Tellegen, 1982). The MPQ-BF thus allows for 

the dissociation of multiple aspects of natural emotion using a dimensional approach in 

healthy young adults. Constructs and measures are in Table 1.

Positive agency was evaluated by scores on the MPQ-BF Social Potency scale, which 

measures the frequency and intensity of agentic engagement with positive incentive stimuli. 

High scores on Social Potency indicate a high level of positive agency in the face of positive 

incentive stimuli, whereas low scores indicate low motivation to engage with and lower 

positive agentic emotion to these cues.

The negative component of agency includes a willingness to act in ways that can have an 

adverse impact on others. Negative agency was evaluated by the MPQ-BF Aggression scale, 

which measures the propensity toward negative agentic affective states and interpersonal 

aggression. High scores on Aggression indicate a proclivity toward negatively valenced 

agentic engagement, whereas low scores indicate a capacity to resist or be resilient to 

negative agentic emotion.

Emotional flexibility was evaluated by the MPQ-BF Absorption scale, which measures the 

capacity for immersive emotion. High scores on Absorption indicate easily inducible, 

immersive subjective emotional responses to a broad range of eliciting stimuli. Low scores 

in contrast indicate a less inducible immersive emotional response, a narrower range of 

eliciting stimuli, and a narrower range of experienced emotion. The trait thus provides a 

measure of the fluidity and dynamic range of emotion.

Behavioral flexibility was evaluated by reversed scores on the MPQ-BF Control scale, 

calculated as [Control multiplied by (−1)].High scores on Control-reversed indicate a 

preference for spontaneity, while low scores indicate a preference for planfulness (Patrick et 

al., 2002).

Given the commingling of positive and negative emotion in the primary measures of agency, 

valenced emotion without an agentic component was also assessed. Non-agentic positive 

emotion was evaluated by the MPQ-BF Social Closeness scale, a measure of affiliative 

extraversion that is related to but distinct from positive agency (Grodin and White, 2015). 

Non-agentic negative emotion was evaluated by the MPQ-BF Stress Reaction and Alienation 

scales. These scales measure ruminative distress and interpersonal alienation, respectively, 

which are related to but distinct from aggression (Patrick et al., 2002; Tellegen, 1982; White 

and Depue, 1999). These primary scales measure valenced emotion without an agentic 

component, which is relevant to specificity and discriminant validity.

Responses on the MPQ-BF were evaluated for data quality using the Invalidity scale, which 

identifies invalid patterns of responding on the instrument due to invariant responses, true/
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false response bias, inconsistent responses, or social desirability response patterns (Patrick et 

al., 2002). All participants had valid scores on the MPQ-BF.

2.9. Statistical analysis

2.9.1. Descriptive analyses—Descriptive statistics were computed for all measures. 

The relationship of CSF-corrected metabolites was evaluated using a bivariate correlation 

approach in order to provide information on relationship of metabolites in the dACC at rest 

(two-tailed). The relationship of trait emotion measures was also evaluated using a bivariate 

correlation approach (two-tailed) in order to provide information on the interrelationship of 

agency, flexibility and valenced emotion. These analyses provide basic information about 

the distribution of the independent and dependent measures.

2.9.2. Relationships with trait emotion—Bivariate correlations were conducted to 

determine relationships between neurometabolites and trait emotion. A priori hypotheses 

were evaluated one-tailed given directional hypotheses with each metabolite 

(above).Discriminant tests were evaluated two-tailed to provide information on specificity 

and discriminant validity. Follow-up partial correlations were conducted for findings with 

multiple predictors, in order to determine the extent to which emotion-metabolite 

relationships were independent. Effect sizes were estimated for significant findings using the 

guidelines of Cohen (Cohen, 1988, 1992). Pearson correlations of 0.1 were interpreted as 

small effects, 0.3 interpreted as medium effects, and 0.5 interpreted as large effects. Overall 

variance explained for each metabolite was estimated by R2, with R2 calculated as the 

square of the correlation coefficient (r2) for individual relationships, and R2 calculated by 

linear regression for multiple relationships (Cohen, 1988, 1992). Last, a principal component 

analysis (PCA) was conducted to provide exploratory information on biologically coherent 

domains of metabolites and natural emotion. The PCA analysis was restricted to measures 

that were found to be significant in the primary analysis in order to evaluate the structure of 

relationships between significant predictors and dACC metabolites. PCA factors with 

eigenvalues greater than or equal to 1.0 were selected and interpreted based on items with 

factor loadings greater than 0.35.A varimax rotation was utilized to provide orthogonal 

information on neurometabolic function and trait emotion. The label provided to each 

principal component is qualitative based on the first author’s expertise in the neurobiology 

of emotion.

2.9.3. Type I and type II error—We selected the stepwise Holm-Bonferroni correction 

procedure to minimize Type I error (Holm, 1979). The Holm-Bonferroni sequential 

correction, while assuming the independence of tests, does so in stepwise fashion which is 

uniformly more powerful than the original Bonferroni method and, unlike the original, 

provides for the specific estimation and fixation of Type I error for the family of tests 

conducted (i.e., family-wise error is fixed at a predetermined alpha, usually but not always 

0.05; see (Aickin and Gensler, 1996). The Holm-Bonferroni sequential procedure was 

applied to all emotion tests for each metabolite. Each MRS outcome was thus treated as its 

own family of tests, with correction for all seven traits evaluated as a conservative correction 

for multiple testing (four primary and three discriminant measures).Findings were ordered in 

descending order of effect magnitude (i.e., in ascending p-value order) and the Holm-
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Bonferroni adjusted alpha was applied in sequential fashion, using the formula α* = α/(n-
rank + 1), with adjusted alpha criteria of 0.0071, 0.00833, 0.01, 0.0125, 0.0166, 0.025 and 

0.05 applied to findings of rank 1 through 7, respectively. This approach provides for greater 

ability to detect effects and more rigorous control of family-wise error compared to 

alternative procedures (Aickin and Gensler, 1996).

Type II error was minimized using a two-pronged approach. Unadjusted and adjusted p-
values were calculated for all findings. The unadjusted p-values provide an estimation of 

effect size and relationships in the absence of correction for multiple comparisons, providing 

first-line protection against Type II error. Findings for which unadjusted p-values indicated a 

relationship at an alpha of 0.05, but for which adjusted p-values were not significant at a 

family-wise error alpha of 0.05, were designated as preliminary in nature. These results 

provide preliminary data and effect size estimates for future work. This two-pronged 

approach protects against Type II error, which can have substantial adverse impact on 

scientific progress (Amrhein et al., 2019).

2.9.4. Statistical power—Power analyses for bivariate correlations were conducted in 

G*Power 3.1 using an alpha of 0.05 (Cohen, 1988; Faul et al., 2009). The final sample of 20 

had high power (1-β = 0.8) to detect large correlations (r ≥ 0.53) and low power (1-β ≤ 0.42) 

to detect small to medium correlations (r ≤ 0.33).

3. Results

3.1. Descriptive statistics

3.1.1. 1H-MRS metabolites—Means and standard deviations for CSF-corrected 

metabolite concentrations in the dACC voxel and LCModel fit characteristics (CRLBs) are 

in Table 2.CRLBs for individual metabolites (means and SD in Table 2), full width half 

maximum value (mean ± SD = 0.06 ± 0.02), and signal-to-noise ratio (mean ± SD = 17.90 ± 

3.13) were within the bounds of standards for high quality data collected using single-voxel 

spectroscopy (Provencher, 1993).Segmentation procedures indicated a mean ± SD tissue 

fraction of 0.71 ± 0.04 gray matter, 0.10 ± 0.05 white matter, and 0.18 ± 0.03 CSF within the 

voxel. Metabolites did not show evidence of CSF dependence (data not shown).

Relationship of metabolites are in Suppl. Table S1. The CSF-corrected concentration of 

tNAA was unrelated to other metabolites (all r < |.24|, all p >.05, n.s.). In contrast Glx, Cho, 

tCr and Ins were strongly interrelated (Glx and tCr r = 0.76, p <.01; Glx and Cho r = 0.59, p 
<.01; Glx and Ins r = 0.48, p <.05; Cho and tCr r = 0.58, p <.01; Cho and Ins r = 0.65, p 
<.01; tCr and Ins r = 0.72, p <.01). These patterns indicate the independence of tNAA from 

other metabolites at rest in healthy volunteers, and the association of CSF-corrected 

estimates of Glx, Cho, tCr and Ins.

3.1.2. Trait emotion—Means and standard deviations for trait emotion are in Table 

2.Scores ranged from the 29th to the 71st percentile, and the overall mean was centered on 

the 51st percentile (Suppl. Table S2), similar to published norms (Patrick et al., 2002). There 

were no sex differences (p ≥.06).Overall there were several patterns (Suppl. Table 

S3).Participants’ scores on the measures of Social Potency and Aggression were unrelated, 
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indicating the independence of positive and negative agency in the present sample (r = 

−0.13, n.s.).Participants’ scores on Absorption and Control-reversed were also unrelated, 

indicating the independence of emotional and behavioral fluidity (r = 0.05, n.s.). In addition, 

the measures of agency were generally unrelated to the measures of flexibility (i.e., 

Absorption and Social Potency r = 0.14, n.s.; Absorption and Aggression r = −0.32, n.s.; 

Control-reversed and Aggression r = −0.09, n.s.), with the exception of a positive relation 

between the measures of behavioral flexibility and positive agency (Control-reversed and 

Social Potency r = +0.51, p <.05). This finding is consistent with the larger positive 

relationship of impulsivity and extraversion (Depue and Collins, 1999).Agency and 

flexibility were unrelated to valenced non-agentic emotion (i.e., measures included for 

purposes of discriminant validity; see Suppl. Table S3). The above findings indicate that 

participants’ responses on the MPQ-BF measures of agency, flexibility and valenced 

emotion were largely uncorrelated, providing orthogonal assessment of each emotional 

domain suitable for analysis with 1H-MRS metabolites.

3.2. Tests of relationships

3.2.1. tNAA and trait emotion—Relationships between 1H-MRS metabolites and trait 

emotion are in Table 3. There was a strong positive relationship between dACC tNAA and 

MPQ-BF Absorption (r = + 0.56, unadjusted p = .005; Table 3).As seen in Fig. 2-A, tNAA 

concentration in the dACC increased in participants with higher Absorption compared to 

those with lower trait scores. The large effect explained 31% of the variance in tNAA (R2 = 

0.31) and was significant after Holm-Bonferroni correction (Holm adjusted p = .0324; 

family-wise α = 0.05).Second, tNAA in the dACC was modestly positively related with 

MPQ-BF Social Potency, r = + 0.42, unadjusted p =.03, R2 = 0.17, Table 3. As seen in Fig. 

2-B, tNAA concentration increased in individuals with higher Social Potency compared to 

those with lower trait scores. The finding did not survive Holm-Bonferroni correction (Holm 

adjusted p =.167; family-wise α = 0.05), and is considered a preliminary result. Third, there 

was a strong negative correlation between dACC tNAA and MPQ-BF Aggression (r = −0.59, 

unadjusted p =.003; Table 3). As seen in Fig. 2-C, tNAA concentration in the dACC was 

reduced in participants with higher Aggression scores compared to those with lower trait 

scores. This large effect explained 35% of the variance in tNAA (R2 = 0.35) and was 

significant after Holm-Bonferroni correction (Holm adjusted p =.0210; family-wise α= 

0.05). Partial correlations indicated that Absorption, Social Potency, and Aggression were 

independently related to tNAA (partial r’s = |.42 to 0.60|; p’s = 0.038 to 0.004; see Suppl. 

Results). In contrast measures of non-agentic valenced emotion were unrelated to tNAA 

(Table 3). The regression model with two predictors (Absorption, Aggression) was 

significant, F(2,19) = 8.50, p = .003, with an R2 of 0.500. The model with three predictors 

(Absorption, Social Potency, Aggression) was also significant, F(3,19) = 7.80, p =.002, with 

an R2 of 0.594. Together these findings indicate Absorption, Social Potency and Aggression 

explained 50 – 59% of the variance in tNAA in the dACC, a large effect.

3.2.2. Glx and trait emotion—The resting concentration of Glx in the dACC was 

modestly positively correlated with behavioral flexibility (MPQ-BF Control-reversed), r = 

+0.41, unadjusted p = .04, R2 = 0.17 (Table 3). As seen in Fig. 3, Glx was increased in 

participants with higher Control-reversed scores compared to those with lower trait scores. 
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This medium-sized effect did not survive correction using the Holm-Bonferroni sequential 

method (Holm adjusted p =.258; family-wise α = 0.05), and is considered preliminary. 

Control-reversed explained 17% of the variance in Glx, a medium effect.

3.2.3. Cho and trait emotion—The resting concentration of Cho in the dACC was 

modestly correlated with several traits. These effects did not survive correction using the 

Holm-Bonferroni sequential method and are considered preliminary. First, there was a 

negative relationship between Cho and MPQ-BF Absorption (r = −0.51, R2 = 0.26, 

uncorrected p =.01; Holm adjusted p =.07, family-wise α = 0.05; Table 3). As seen in Fig. 4-

A, dACC Cho was reduced in individuals with higher Absorption compared to those with 

lower trait scores, a large effect. Second, there was a positive relationship between dACC 

Cho and MPQ-BF Control-reversed (r = +0.37, R2 = 0.14, uncorrected p =.05; Holm 

adjusted p =.27, family-wise α = 0.05, Table 3). As seen in Fig. 4-B, dACC Cho increased in 

individuals with higher behavioral flexibility (Control-reversed) compared to individuals 

with lower trait scores, a medium effect. Third, Cho was positively associated with MPQ-BF 

Social Closeness (r = +0.46, R2 = 0.21, p =.02; Holm adjusted p =.26, family-wise α = 0.05; 

Table 3), a measure of affiliative extraversion. As seen in Fig. 4-C, dACC Cho increased in 

participants with higher Social Closeness compared to those with lower scores, a medium 

effect. Partial correlations indicated that MPQ-BF Absorption, Control-reversed, and Social 

Closeness were each independently related to Cho (partial r’s = |.41 to 0.57|; p’s = 0.043 to 

0.005). The regression model with three predictors was significant, F (3,19) = 7.15, p =.003, 

with an R2 of 0.573. The traits explained 57% of the total variance in Cho, a large effect.

3.2.4. tCr, Ins and trait emotion—tCr and Ins in the dACC were not associated with 

any trait measure (agency and flexibility: all r < |.36|, all unadjusted p >.06, n.s.; 

discriminant measures: all r < |.35|, all unadjusted p >.06, n.s.; Holm adjusted p-values > 
0.4388, family-wise α = 0.05).

3.3. Principal component analysis

The exploratory PCA analysis assessed the overall structure of emotion and 1H-MRS 

metabolites. Findings indicated that neurometabolites and emotion aggregated into three 

orthogonal components (Table 4). Component 1 involved high and specific loadings from 

tNAA, MPQ-BF Absorption, and MPQ-BF Aggression (0.87, 0.80, −0.71), and a moderate 

loading from MPQ-BF Social Potency (0.39). This factor appears to represent a novel 

endogenous neural infrastructure which we term neuroaffective reserves. Measures loading 

on this factor reflect differences in emotional fluidity and dynamic range of emotion 

(Absorption), positive agency (Social Potency) and the resilience to negative agency (low 

Aggression). Component 2 involved high factor loadings from MPQ-BF Control-reversed, 

Glx and Cho (0.88, 0.74, and 0.62, respectively), and a moderate loading from MPQ-BF 

Social Potency (0.45). This factor represents a dimension of behavioral engagement, as these 

measures reflect differences in the breadth, frequency and variety of approach behavior 

(Table 4). Component 3 involved high loadings from MPQ-BF Social Closeness, MPQ-BF 

Social Potency and Cho (0.94, 0.50, and 0.48, respectively). This factor represents a 

dimension of affiliation, as these measures reflect differences in the extent, frequency and 

depth of social relationships and interactions (Table 4). The three-factor solution explained 
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72.7% of the variance in 1H-MRS metabolites and trait emotion, with 30.7% of the variance 

explained by Component 1, 28.4% of the variance explained by Component 2, and 13.6% of 

the variance explained by Component 3.Metabolite-emotion relationships thus coalesced 

into three orthogonal, underlying dimensions of (1) tNAA-related neuroaffective reserves, 

(2) Glx-related behavioral engagement, and (3) Cho-related affiliative bonding.

4. Discussion

There are three sets of 1H-MRS findings. First the level of tNAA in the dACC is indicative 

of a novel, underlying dimension of neuroaffective reserves, which involves emotional 

fluidity, positive agency and resilience to negative agency. The tNAA effects are large in 

size, survive correction for multiple comparisons, and represent the largest and most robust 

relationships identified in the present sample. Two additional, modest effects were 

considered preliminary, as they were significant at an uncorrected p-value of 0.05, but did 

not survive the correction for multiple comparisons. These effects included the modest 

positive relationship of Glx and behavioral engagement, which involves positive agency and 

behavioral flexibility, and the modest positive relationship of Cho and affiliation, which 

involves positive agency and social warmth. Our findings provide the first evidence in 

healthy humans that N-acetylated compounds (NAA, NAAG), glutamatergic compounds 

(Glx) and cholinergic compounds (Cho) in the dACC relate to natural traits of agency and 

flexibility. Below we discuss candidate mechanisms and brain-behavior relationships 

involved in each phenotype.

4.1. tNAA-related neuroaffective reserves

4.1.1. Phenomenology—Our primary findings indicate that in healthy individuals 

tNAA reflects a supple, agile emotional system capable of responding creatively to a wide 

range of stimuli. The magnitude of tNAA effects were large in size (Fig. 2, Tables 3 and 4) 

and on par with the largest results with tNAA in cognitive neuroscience, which range from 

0.01 to approximately 0.6 in healthy volunteers (Patel et al., 2014). The concentration of 

tNAA was unrelated to all other metabolites evaluated, indicating that tNAA provides 

unique information about neural structure and function relevant to emotional health. These 

tNAA-emotion relationships may reflect shared underlying processes of creativity, divergent 

thinking and capacity for mental-emotional engagement. For example, immersive emotional 

responses require sustained and intensive engagement with low-intensity emotionally-

relevant cues, in contrast with perceptual filtering, which occurs early in the processing 

stream and circumvents attentional and emotional capture. Similarly, resilience to negative 

agency requires creative and sustained engagement with aversive negative stimuli in order to 

achieve conflict resolution. This response is in contrast with reflexive aggression, which is a 

rapid reaction that disregards negative outcomes. Positive agency in turn requires creative, 

sustained engagement with positive stimuli, in contrast with apathy and disengagement. This 

phenomenological overlap likely contributes to the aggregation of qualities observed within 

tNAA-related neuroaffective reserves (Table 4).

4.1.2. Supporting processes—Creative, prolonged engagement with low-intensity 

cues likely requires the sustained coordination of activity across multiple networks 
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combined with a low threshold for perception, experience and action. These processes may 

contribute differently to tNAA-related neuroaffective reserves. For instance, high tNAA in 

the dACC may enable a greater sensitivity to low-intensity cues, a lower threshold for 

generation of responses, a greater capacity for integration and synthesis of new information, 

and/or a greater temporal resonance of internally-generated states. Such processes would 

facilitate both immersive emotion and positive agentic engagement with subtle, low-intensity 

cues. High tNAA may confer capacity for emotional problem-solving, a more robust 

reservoir of respect for self and others, and/or an improved ability to identify creative 

solutions to interpersonal issues. These processes would minimize the likelihood of 

engaging in confrontations that are exploitive, demeaning or violate personal boundaries, 

facilitating low aggression. tNAA may also facilitate the capacity to detect and respond to 

incentive cues with positive affect and volitional action, supporting positive agency and 

resilience to negative agency.

4.1.3. Neural mechanisms of neuroaffective reserves—Based on the literature 

and the present results, we propose a working model of the neural infrastructure underlying 

neuroaffective reserves in healthy individuals (Fig. 5). These reserves could involve at least 

three sets of neural mechanisms: (1) NAA contributions to functional activity, which 

facilitates the capacity to respond to low-intensity cues; (2) NAAG modulation of 

monoamines, ACh and GABA, which facilitates low thresholds for perception, experience 

and action; and (3) NAAG potentiation of local glucose availability, which improves the 

continuity and depth of recurrent neural processing. Evidence for each mechanism is 

discussed in turn.

(1)NAA facilitates functional capacity and activity through its close relationship with 

mitochondrial energy metabolism (Baslow et al., 2007; Clark, 1998).NAA also changes 

dynamically with neurostimulation, while sedative drugs reduce tNAA, Glx, and Cho 

(Baslow et al., 2016; Castellano et al., 2012; Gomez et al., 2012; Landim et al., 2016; Zhang 

et al., 2009). In this view tNAA-related facilitation of functional activity would increase 

one’s responsiveness to low-intensity cues, thereby facilitating immersive emotion and 

positive agency (Fig. 5).

(2)NAAG modulates monoamines, GABA and acetylcholine (Baslow, 2003, 2010; 

Malomouzh et al., 2005; Moffett et al., 2007). In our model, NAAG, the second component 

of tNAA, shapes emotion through its modulation of monoamines, GABA and acetylcholine. 

The relationship of these neuromodulators, peptides and neurotransmitters to emotion are 

well-established. Dopamine contributes to agentic extraversion, serotonin contributes to 

behavioral control, norepinephrine contributes to negative affective traits, GABA contributes 

to behavioral impulsivity, and acetylcholine shapes emotional learning (Boy et al., 2011; 

Coccaro et al., 2015; Depue and Collins, 1999; Ende, 2015; Likhtik and Johansen, 2019; 

White and Depue, 1999). These compounds also affect thresholds for perception, 

experience, learning and action (Depue and White, 2015). This pathway is thus positioned to 

directly affect the capacity for immersive emotion, positive agency and resilience to 

aggression in healthy adults (Fig. 5).

White et al. Page 14

Neuroimage. Author manuscript; available in PMC 2021 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3)NAAG impacts glucose delivery to active neurons. This effect is immediate, local, highly 

scalable and reflects an mGluR3 agonist effect in active neurons and surrounding astrocytes 

(Baslow et al., 2005). Targeted glucose delivery to active neurons supports the temporal 

capacity for neural activation (Baslow et al., 2005). In recursive neural networks a given 

neuron can receive input from any other neuron within the network, with both current input 

and the ongoing state of the network shaping overall network activity (Barak, 2017). This 

property allows activity to be propagated in cycles of continuous stimulation, providing a 

neural mechanism for phenomena such as empathy that unfold over time (Barak, 2017; 

Decety, 2011; Kriegeskorte and Golan, 2019). Targeted glucose delivery to active neurons 

should support the duration, efficiency and extent of recurrent neural processing, thereby 

facilitating the continuity, depth and complexity of emotional responses (Fig. 5).

4.1.4. Clinical implications—The tNAA phenotypes described here may have utility in 

understanding and intervening in bipolar mania, depression, OCD, PTSD, HIV, diabetes, 

obesity, neurodegenerative disease, stroke and Alzheimer’s disease (Clark, 1998; Croarkin et 

al., 2015; Glodzik-Sobanska et al., 2005; Jang et al., 2006; Michael et al., 2003). In these 

conditions acute or chronic alterations in tNAA coincide with clinically relevant changes in 

agency and flexibility during disease progression, recovery and treatment. Phenotypes 

identified here may have particular relevance in the prodromal phase, where diagnoses are 

most challenging, and interventions are likely to have maximal impact.

4.2. Additional metabolite-emotion relationships

Our findings identify several potential phenotypes for Glx and Cho. These findings were less 

robust than findings with tNAA, are significant at an uncorrected p-value of 0.05 (N = 20) 

and provide information on directionality of modest effects to guide future progress.

4.2.1. Preliminary association of Glx with behavioral engagement—Glx 

concentrations increased modestly with higher ratings of behavioral flexibility (MPQ-BF 

Control-reversed) and behavioral engagement (PCA Factor 2). This association is consistent 

with prior work indicating a positive association of impulsivity, extraversion and behavioral 

activation (Quilty et al., 2014). The evidence that Glu rises with impulsivity has recently 

been reviewed and confirmed in a comprehensive meta-analysis (Ende, 2015). Our data 

provide further evidence that Glx may relate to positive agency and behavioral approach. 

The present Glx findings are consistent with more widely established dopaminergic 

mechanisms that shape mood, behavior and incentive motivation. For instance, agentic 

extraversion predicts the behavioral, neuroendocrine, and mood responses to 

psychostimulant drugs that affect dopamine (Depue and Collins, 1999; Depue and Fu, 2013; 

Depue et al., 1994; Depue and White, 2015; Morrone et al., 2000; White, 2017; White et al., 

2007, 2006). Dopamine agonists increase Glx synthesis, reduce catabolism and increase Glx 

in the dACC (Sherman and Mott, 1985; White et al., 2018). In contrast, sedative drugs 

acutely reduce levels of Glx and Glu (Zhang et al., 2009). Dopaminergic facilitation of Glx 

may thus contribute to the positive relationship observed here with Glx and behavioral 

engagement.
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4.2.2. Preliminary association of Cho with affiliation—Cho levels were modestly 

related to multiple aspects of trait emotion (behavioral flexibility, social warmth, emotional 

fluidity and positive agency, r = |.37| to |.51|; Table 3) that aggregated as a dimension of 

affiliation (Table 4). The positive loadings of Cho on affiliation, behavioral flexibility, and 

positive agency (PCA Components 2 and 3) are consistent with the positive association of 

Cho with emotional intelligence (Timoshanko et al., 2014). Affiliation may relate to in vivo 

characteristics for which Cho provides a stable marker, such as membrane integrity, and/or 

other biochemical compounds for which Cho is a precursor, such as acetylcholine (Jung et 

al., 1999a; Rae, 2014). The negative loading of Cho on tNAA-related emotional fluidity 

(PCA Component 1) is consistent with the inhibition of tonic acetylcholine release by 

NAAG, the inverse relationship of Cho with flexibility during learning, and the facilitation 

of aversive emotional learning by acetylcholine (Bell et al., 2018; Likhtik and Johansen, 

2019; Malomouzh et al., 2005). In clinical studies Cho is often interpreted as a marker of 

membrane health and is decreased in neuroinflammatory conditions, such as HIV (Cohen et 

al., 2010; Harezlak et al., 2011). The present findings suggest Cho may serve as a marker for 

high quality social support in healthy individuals, with functional consequences modulated 

by tNAA during active learning.

4.3. Brain markers, mechanisms and individual differences

Brain markers of emotion reside at the intersection of biological mechanisms, natural 

variation and observable phenotypes. Our findings speak to all three points and indicate that: 

(a) naturally occurring between-person variation in dACC tNAA in healthy adults is 

biologically meaningful; (b) this variation in tNAA is substantively related to individual 

differences in trait emotion; and (c) tNAA is involved temporally or causally with the basic 

functions of agency and flexibility in well individuals. Our findings also bring into relief a 

larger conceptual issue concerning brain markers. Formally, metabolite levels require a 

sufficient range of variation to serve as a brain marker of health-related outcomes. Relevant 

outcomes must in turn be observable, measurable and have a sufficient range of variation in 

the population of interest. Thus, a given metabolite may play an essential role in the healthy 

human brain yet would provide a poor marker of wellness in the absence of these criteria. 

Natural differences in tNAA in the dACC observed here overcome these issues and may 

provide a meaningful marker of wellness in young adults. Preliminary data indicate Glx and 

Cho may have additional promise.

4.4. Relationships amongst metabolites

Relationships among metabolites in the dACC were instructive. tNAA was unrelated to all 

other metabolites (all r < |.24|, all p >.05, n.s.), highlighting the potentially unique role of 

tNAA in emotional health. In contrast Glx, Cho, tCr and Ins were moderately to strongly 

interrelated (r’s from 0.48 to 0.76, all p <.05). This interdependence may reflect estimation 

of metabolites from a single common spectrum. Alternately, interdependence may reflect 

one or more biological processes affecting Glx, Cho, tCr and Ins at rest. These relationships 

and their biological interdependencies represent an important avenue for future 

neurometabolic work in healthy and clinical samples.
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4.5. Strengths, limitations and future work

Strengths of the study include evaluation of 1H-MRS neurometabolites in a racially and 

ethnically diverse sample of young adults. Participants were medically and psychiatrically 

healthy and free of drugs and alcohol as determined by medical exam, clinical interview and 

drug and alcohol testing. Participant responses were similar to national norms, with good 

representation of the middle of the distribution of scores on each trait. Agency and flexibility 

were evaluated in each participant using separate measures. Valenced emotion was assessed 

to provide information on specificity and discriminant validity. The emotion measures used 

have a known genetic component (heritability estimates h2 of 0.44 to 0.54) and low to near-

zero correlations with fluid and crystallized cognition (Ackerman and Heggestad, 1997; 

Tellegen et al., 1988).Our analytic strategy is consistent with rigorous procedures to ensure 

MRS data quality. There were also several limitations. As 1H-MRS was conducted solely in 

the dACC, the study does not provide information on other brain regions. Future studies 

using a longitudinal design will inform directionality, particularly in youth in whom these 

systems are still developing (Silveri et al., 2013). Techniques such as MEGA-PRESS and 

field strengths such as 7 T that discriminate Glu, Gln, NAA and NAAG are warranted 

(Wijtenburg et al., 2013). The interrelationship of Glx, Cho, tCr and Ins within the dACC 

may reflect biological processes. 1H-MRS investigation of FDA-approved catecholamine, 

GABA and mGluR3 agonists alongside the concurrent assessment of emotion can provide 

important information on mechanisms.

5. Conclusions

In summary, three of the most abundant neurometabolites in the human brain - tNAA, Glx, 

and Cho - relate to basic traits of agency and flexibility in healthy young adults. tNAA 

relates strongly to an endogenous phenotype of neuroaffective reserves, which reflects the 

separate capabilities of flexible and immersive emotional experience, positive agency and 

resilience to negative agency. This newly identified phenotype may reflect an intrinsic neural 

infrastructure supporting emotional health. Additional preliminary phenotypes included Glx-

related behavioral approach and Cho-related affiliation. Neurometabolites in the dACC are 

thus moderately to substantially related to natural emotion in healthy adults, representing 

signal rather than noise in this population. Our findings indicate that tNAA should be 

interpreted in a fashion that goes beyond its typical description as a marker of neuronal 

integrity to reflect its more fundamental role in neurons, networks and emotional 

phenotypes. We conclude that tNAA, Glx and Cho in the dACC relate to fundamental 

aspects of agency, flexibility and neuroaffective resources in healthy young adults.
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Fig. 1. MRS voxel and example spectra.
(A) Voxel placement in dorsal anterior cingulate cortex (dACC). Left: axial; middle: sagittal; 

right: coronal views, respectively. Images are in radiological orientation (L = R). (B) 
Example MRS spectra with labeled peaks. The solid red curve overlay is the fitted spectrum 

from LCModel, and the raw data shown in light gray. Labeled peaks: Cr = creatine; Ins = 

myo-inositol; Cho = choline; Glx = glutamate and glutamine; NAA = N-acetyl-aspartate.
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Fig. 2. tNAA relates to emotional flexibility and resilience to aggression.
(A) tNAA in the dACC is strongly positively related to scores on trait Absorption, r = + 

0.56, unadjusted p =.005, R2 = 0.31. The finding is large in size and survived correction 

using the Holm-Bonferroni sequential method (Holm adjusted p = .0324; family-wise α = 

0.05). (B) tNAA in the dACC is positively related to scores on trait Social Potency, r = + 

0.42, unadjusted p = .03, R2 = 0.17. The finding did not survive correction using the Holm-

Bonferroni sequential method (Holm adjusted p = .167; family-wise α = 0.05), and thus is 

considered preliminary. (C) tNAA in the dACC is strongly negatively related to trait scores 

on trait Aggression, r = − 0.59, unadjusted p =.003, R2 = 0.35. The finding is large in size 

and survived correction using the Holm-Bonferroni sequential method (Holm adjusted p 
= .0210; family-wise α = 0.05).

tNAA = total N-acetyl-aspartate and N-acetylaspartylglutamate, corrected for partial volume 

effects. dACC = dorsal anterior cingulate; voxel size was 15 × 15 × 10 mm (10 mm in SI 
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direction; see Methods for details). Personality was evaluated using the Multidimensional 

Personality Questionnaire Brief Form (MPQ-BF). gray shading is 95% confidence interval.

N = 20 participants with 1 H MRS data meeting quality control criteria; see Methods section 

for details.
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Fig. 3. Glx and behavioral flexibility.
Glx in the dACC is positively related to scores on trait Control-reversed, r = +0.41, 

unadjusted p = .04, R2 = 0.17. The finding did not survive correction using the Holm-

Bonferroni sequential method (Holm adjusted p = .258), and thus is considered preliminary. 

The finding provides evidence of a medium sized relationship between dACC Glx and 

behavioral flexibility in healthy adults. Glx = Glx complex, corrected for partial volume 

effects.dACC = dorsal anterior cingulate; voxel size was 15 × 15 × 10 mm (10 mm in SI 

direction; see Methods for details). Personality was evaluated using the Multidimensional 

Personality Questionnaire Brief Form (MPQ-BF).gray shading is 95% confidence interval. 
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N = 20 participants with 1 H MRS data meeting quality control criteria; see Methods section 

for details.
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Fig. 4. Cho and multiple domains of emotion.
(A) Cho in the dACC is strongly negatively related to scores on trait Absorption, r = −0.51, 

unadjusted p = .01, R2 = 0.26. (B) Cho in the dACC is positively related to scores on trait 

Control-reversed, r = + 0.37, unadjusted p = .05, R2 = 0.14. (C) Cho in the dACC is also 

positively related to trait scores on trait Social Closeness, r = + 0.46, unadjusted p = .02, R2 

= 0.21.Cho = choline containing compounds, corrected for partial volume effects. The 

findings did not survive correction using the Holm-Bonferroni sequential method (Holm 

adjusted p = .0723, 0.2703, and 0.2611 respectively; family-wise α = 0.05), and thus are 

considered preliminary. The findings indicate a medium sized relationship between dACC 

Cho and multiple domains of emotion in healthy adults.dACC = dorsal anterior cingulate; 

voxel size was 15 × 15 × 10 mm (10 mm in SI direction; see Methods for 
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details).Personality was evaluated using the Multidimensional Personality Questionnaire 

Brief Form (MPQ-BF). Grey shading is 95% confidence interval. N = 20 participants with 1 

H MRS data meeting quality control criteria; see Methods for details.
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Fig. 5. 
A Working Model of tNAA-related Neuroaffective Reserves in Healthy Adults Level of 

analysis is indicated by labels on the left. Items in bold were evaluated empirically in the 

study using 1H-MRS, self-reports (SR) of emotion, and PCA analysis. Ovals indicate 

processes at the cellular level. Rhomboids indicate processes at the network level. Solid 

arrows indicate relationships with substantial evidentiary basis in the literature. Dashed 

arrows indicate hypothesized relationships.
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Table 2

Descriptive statistics.

Mean ± SD CRLB

Metabolites

 tNAA 8.32 ± 0.78 3.30 ± 0.80

 Glx 13.13 ± 1.42 4.75 ± 1.89

 Cho 1.83 ± 0.18 3.10 ± 0.79

 tCr 6.42 ± 0.43 2.60 ± 0.60

 Ins 4.84 ± 0.52 4.40 ± 1.90

Trait Measures

Flexibility

 Absorption 6.5 ± 3.0

 Control-reversed −8.7 ± 3.0

Agency

 Social Potency 6.9 ± 3.3

 Aggression 1.6 ± 1.1

Discriminant Validity

 Social Closeness 9.1 ± 2.9

 Stress Reaction 4.4 ± 4.1

 Alienation 1.3 ± 2.0

Top rows are descriptive statistics for CSF-corrected metabolite levels in instsitutional units (i.u.). N = 20; see Methods for data quality and 
exclusions. Leftmost column indicates mean ± standard deviation for CSF-corrected metabolite concentrations in the dACC voxel. Rightmost 
column indicates mean and standard deviations for CRLB = Cramer-Rao lower bound for each metabolite. tNAA = total N -acetyl-aspartate and N-
acetylaspartyl-glutamic acid. Glx = Glx complex. Cho = choline-containing compounds. tCr = total creatine and phosphocreatine. Ins = myo-
inositol. Lower rows are d escriptive statistics for self-reports of trait emotion on the Multidimensional Personality Questionnaire Brief Form 
(MPQ-BF). Measures of Flexibility: Absorption, a measure of the flexibility of emotional engagement. Control-reversed, a measure of the 
flexibility and spontaneity of behavior. Measures of Agency: Social Potency, a measure of positively valenced agentic emotion. Aggression, a 
measure of negatively valenced agentic emotion. Measures included for Discriminant Validity: Social Closeness, a measure of affiliative 
extraversion which is distinct from Social Potency. Stress Reaction, a measure of ruminative distress, which is distinct from Aggression. Alienation, 
a measure of internal feelings of interpersonal alienation, also distinct from Aggression. N = 20 healthy young adults, see Methods for details.
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Table 3

Metabolic correlates.

Trait Measures tNAA Glx Cho

Flexibility

 Absorption .56***⧫ −0.15 −0.51**

 Control-reversed −0.06 .41* .37*

Agency

 Social Potency .42* .17 .24

 Aggression −0.59***⧫ −0.19 .12

Discriminant Measures

 Social Closeness .22 .26 .46*

 Stress Reaction −0.12 −0.35 −0.34

 Alienation .17 −0.26 −0.15

Relationship between trait measures of agency and flexibility and CSF-corrected metabolite concentrations in the dACC voxel. N = 20, see 
Methods for details. All metabolites are partial volume corrected. Pearson correlations are presented. Glx = Glx complex. tNAA = total N-acetyl-
aspartate and N-acetylaspartyl-glutamic acid. Cho = choline-containing compounds. Trait measures of emotion on the Multidimensional 
Personality Questionnaire Brief Form (MPQ-BF). Flexibility was assessed by Absorption: a measure of emotional range and capacity for emotional 
engagement across a wide range of internal and external stimuli; and Control-reversed: a measure of the preference for spontaneous over planned 
activities. Agency was assessed by Social Potency: a measure of agentic positive emotion; Aggression: a measure of agentic negative emotion. 
Discriminant Measures : Three measures of valenced emotion provide information on discriminant validity. Non-agentic positive emotion was 
evaluated by the Social Closeness scale, a measure of affiliation and social warmth, which is distinct from Social Potency (Grodin and White, 
2015). Non-agentic negative emotion was evaluated by the Stress Reaction scale, a measure of ruminative distress, which is distinct from 
Aggression; and the Alienation scale, a measure of internal feelings of interpersonal alienation, also distinct from Aggression (see Suppl. Table S1 
and S2). Correlations between 0.3 and 0.5 represent medium-sized effects; correlations greater than or equal to 0.5 represent large-sized effects.

***
unadjusted p ≤ 0.005,

**
unadjusted p = .01,

*
unadjusted p ≤ 0.05.Preliminary results (adjusted p <.05) are in italics.

⧫
Effects significant after correction for multiple comparisons (Holm-Bonferroni sequential adjusted α criterion = 0.0071, 0.0083) are in bold.
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