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Abstract
Magnetic resonance spectroscopy (MRS) is a non-invasive technique that contributes to the elucidation of brain biochemistry. 
13C MRS enables the detection of specific neurochemicals and their neuroenergetic correlation with neuronal function. The 
synergistic outcome of 13C MRS and the infusion of 13C-labeled substrates provide an understanding of neurometabolism 
and the role of glutamate/gamma-aminobutyric acid (GABA) neurotransmission in diseases, such as Alzheimer’s disease, 
schizophrenia, and bipolar disorder. Moreover, 13C MRS provides a window into the altered flux rate of different pathways, 
including the tricarboxylic acid cycle (TCA) and the glutamate/glutamine/GABA cycle, in health and in various diseases. 
Notably, the metabolic flux rate of the TCA cycle often decreases in neurodegenerative diseases. Additionally, 13C MRS 
can be used to investigate several psychiatric and neurological disorders as it directly reflects the real-time production and 
alterations of key brain metabolites. This review aims to highlight the chronology, the technological advancements, and the 
applications of 13C MRS in various brain diseases.

Keywords Brain · Carbon-13 · Magnetic resonance spectroscopy · Methodology development · Metabolic flux · Brain 
diseases

Introduction

Magnetic Resonance Spectroscopy (MRS) is a non-inva-
sive method widely used for the characterization of tissue 
and the determination of biological processes in the body 
[1, 2]. Since its first observation in the 1980s, in vivo MRS 
of the brain has developed rapidly [3], using different MRS-
active nuclei like 1H, 31P, 19F, 23Na, and 13C. Initially, pro-
ton (1H) and phosphorus (31P) MRS were intensively used 
to detect the concentrations of several metabolites such 

as choline, N-acetyl aspartate (NAA), creatine, inorganic 
phosphate, phosphodiesters etc. Apart from this, cerebral 
pH and concentrations of different neurotransmitters were 
also detected [4]. 13C MRS has developed about 30 years 
ago and since then it has provided more convenient diag-
nostic information as compared to 1H, 31P, etc. [5]. The 
uniqueness of 13C MRS is its distinctive chemical specific-
ity, permitting detection and quantification of metabolites 
that were not monitored by more conventional radiochemi-
cal techniques like positron emission tomography (PET) 
[6, 7]. Even though PET can provide critical information 
regarding regional cerebral glucose uptake after infusion of 
radiolabelled tracer [8, 9], the exact mechanism pertaining 
to dynamic glucose metabolism remains to be fully eluci-
dated [8–11]. In such situations, 13C MRS can provide novel 
insights about neurochemical profiles, macromolecular inter-
actions, and dynamic brain glucose metabolism [12]. This 
will in turn aid us in gaining a better understanding of the 
etiopathology of various neurological disorders and conse-
quently develop novel therapies.

Even though the most widely used noninvasive technique 
to measure neurochemicals is 1H MRS [2, 13] there are 
major drawbacks like low dispersion of signals and narrow 
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chemical shift range (0–5 ppm) as well as the inability to 
detect flux rates of different metabolic pathways in vivo. 
In contrast, 13C MRS has been designed as a noninvasive 
method for estimating glutamate (Glu) neurotransmission 
and cell-specific neuroenergetics in humans. It provides 
complementary and early diagnostic information despite its 
low abundance (1.1%) and low gyromagnetic ratio (Fig. 1a 
and 2) [5]. To address the problem of poor 13C signal inten-
sity due to low gyromagnetic ratio and less abundant NMR 
active 13C nuclei, advanced coils (dual tuned) are available 
(Fig. 1b). 1H MRS detects Glu and glutamine (Gln) peaks 
as an overlapped peak and the combined concentration 
of the two neurometabolites is referred to as Glx. On the 
other hand, 13C MRS discretely identifies these Glu, and 
Gln peaks, and the concentration of both has been unam-
biguously reported in various neurological diseases [14–16] 
(Fig. 3). Additionally, 13C MRS detects diverse metabolic 
pathways in vivo upon the infusion of labeled substrates [5, 
16, 17]. Large 13C chemical shift dispersion (> 200 ppm) and 
distinctive chemical specificity make it an ideal technique 
to identify neurometabolites without any ambiguity [6, 7]. 
The pulse sequence for 13C MRS studies involves the use of 
nuclear Overhauser effect (NOE) and subsequent broadband 
decoupling (1H channel) during 13C signal acquisition. This 

helps immensely to improve the 13C signal coming from 
low abundant neurotransmitters [18]. With the availability 
of high-field MR scanners, sensitive 13C coil, and advanced 
MR pulse sequence, 13C MRS can be applied extensively 
in clinical settings [1]. The chemical shift values for some 
biologically relevant compounds can be found in Table 1.   

13C-labeled substrates (e.g., [1, 6-13C]-glucose, [2-13C]-
acetate) are used as tracers for measuring the continuous 
labeling of downstream metabolic products like [4-13C]-
Glu and [4-13C]-Gln. Such studies have helped to establish 
the relationship between neuronal and other activities and 
also the modulation of neuroenergetics [19]. This further 
provides detailed insights into the glial/neuronal metabolic 
compartmentation—an important factor for neurotransmitter 
synthesis and recycling [5]. 13C MRS has enabled study-
ing in vivo cell-specific brain metabolism [20], especially 
in tumors [16], chronic hepatic encephalopathy (CHE) [14], 
Alzheimer’s disease (AD) [15], and major depressive disor-
ders (MDD) [21]. 13C MRS is used to investigate the modu-
lation of Glu neurotransmission, TCA cycle, glycolysis, pen-
tose phosphate pathway, and N-acetyl aspartate synthesis.

In this review, we briefly discuss the 13C MRS technique 
and their current applications in neuroscience research. 
This review presents the chronology, the technological 

Fig. 1  a Comparison between 
the splitting of energy levels 
of 1H, 31P, and 13C nuclei. 
In the presence of an exter-
nal magnetic field  (B0), the 
energy levels split into α 
and β states. The difference 
between α and β depends on 
the magnetic moment (µ) 
[µ(1H) >  > µ(31P) > µ(13C)], 
resulting in the highest sensitiv-
ity for 1H MRS, followed by 31P 
MRS, and finally 13C MRS (I, 
spin; γ, gyromagnetic ratio ( �

I
) 

MHz/T). Proportionality has 
been maintained considering the 
magnetic moment of the three 
nuclei in the figure. b Picture 
of 3 T Prisma MRI scanner 
(at NBRC) attached with dual 
tuned head coil from RAPID 
Corporation. The Tx/Rx 13C 
coil is internally connected with 
multinuclear amplifier
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advancements, and the applications of 13C MRS in various 
brain diseases. Outcomes from several studies are discussed 
to corroborate 13C MRS methods and its possible applica-
tions in the study and diagnosis of neurological diseases. We 
have used PubMed, Google Scholar, and Web of Science 
to extract relevant articles from the year 1955 to 2021 for 
manuscript preparation.

Technological advancements of 13C MRS

13C MRS was initially applied to measure the distribution 
of 13C metabolites from the abdominal region, head, calf 
muscle, and muscle glycogen levels in humans [22, 23]. The 
technological development of 13C MRS technique and the 
associated hardware and processing software advancements 
have immensely improved the spatio-temporal resolution of 
spectral data [6]. This makes 13C MRS a unique method to 
study neurotransmission and neuroenergetics noninvasively 
(Fig. 4) [24].

An initial study using 13C MRS for the detection of 
neurometabolites employed a 1.5 T whole-body scanner 
[25]. Radiofrequency (RF) coils in 13C MRS spectros-
copy, however, pose a significant challenge due to the 
lower resonance frequency of 13C nuclei. It is being used 
in the presence of existing 1H coils for decoupling and 
NOE purposes. The broadband stochastic decoupling and 
WALTZ-8 pulse sequence are generally used for effective 
decoupling to generate improved signal-to-noise (SNR) 
ratio. The development of Image Selected In vivo Spec-
troscopy technique imparts better field homogeneity [26, 

27], whereas upgraded WALTZ-16 decoupling pulse per-
mits operations with much lower RF power [28]. Higher 
magnetic field strength scanners and gradient coils ease 
the detection of narrow (2–3  Hz) natural abundance 
signals from metabolites, including Glu, Myo-inositol, 
Gln, and N-acetyl-aspartate [29]. Pulse sequence PRo-
ton Excited Carbon-13 Image SElected in vivo Localized 
spectroscopy (PRECISELY) provides the acquisition of 
naturally abundant brain glucose signals [30]. Quadrature 
hybrid coils made of two distinct RF channels efficiently 
separate 1H (169 MHz) and 13C (42.5 MHz) frequencies 
using a 4 T scanner. Heteronuclear Single Quantum Coher-
ence (HQSC) resolves amide peaks without any ambigu-
ity [31]. This enables multi-volume 1H–13C correlation 
spectroscopy to be used even on a whole-body scanner 
with 1H sensitivity and superior metabolite resolution via 
13C chemical shift.

Progression in coil design leads to the creation of a 
quadrature transmit/receive head-coil optimized for 13C 
MR sensitivity [32]. Recent advancements in low-power 
broadband proton stochastic decoupling pulse have ena-
bled the use of a 7 T scanner for human studies [33]. This 
has greatly aided in the evaluation of the occipital cortex. 
The technological development of coils for better SNR 
has also become an active area of research to improve the 
quality of data for maintaining specific RF absorption rate 
(SAR) restriction [34]. Moreover, we previously developed 
a signal-processing user-friendly package KALPANA 
that can be used to provide standardized quantitation of 

Fig. 2  Chemical shift val-
ues of 13C MRS (red) and 
1H MRS (blue) of the major 
neurotransmitters and neuro-
metabolites: glutamate, GABA, 
and glutamine for 1H and 13C 
MRS: Glu(4CH2) δH-2.33 and 
2.35; δ13C-34.2, Gln(4CH2) 
δH-2.43 and 2.45; δ13C-31.7, 
GABA(4CH2) δH -2.28; δ13C-
40.2 ppm. Hence, due to the 
crowding of 1H signals and peak 
overlapping, Glu and Gln peaks 
are referred as mixed Glx, while 
the metabolites are distinguish-
able at C4 position as evident 
from the 13C MRS spectra
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neurometabolites for identifying diagnostic biomarkers 
(1H, 31P, 19F, 13C, etc.) [35].

Physics Underlying 13C MRS

The low gyromagnetic ratio and natural abundance of 13C 
nuclei makes it difficult to obtain good signal intensity dur-
ing a routine 13C MRS experiment. Additionally, heteronu-
clear coupling between 1H–13C (1JCH = 125–145 Hz) must 
be removed to obtain increased sensitivity of the 13C MR 
measurement. To mitigate this problem, signal enhance-
ment strategies must be employed. Usually, decoupling of 
1H-13C scalar bonds is performed. Here, radio frequency 
power transmitted at the 1H frequency during 13C recep-
tion leads to decoupling of the 1H-13C bond and leads to a 

simplified spectral pattern and an increase in the carboxylic/
amide 13C signals by a factor of 4 [33, 36]. This is because 
of the integrated impacts of proton decoupling and NOE. 
13C MRS utilizes average transmit power and decoupling 
power of less than 3.6 W and 35 W, respectively. Utilizing 
the spectrum without decoupling and NOE, the peak ampli-
tude of aspartate C1 (Asp1, 175.0 ppm) was escalated by a 
component of 2.3 when NOE was on, and by a component of 
5.3 when decoupling and NOE both were on. Proton decou-
pling resolved the resonances of aspartate C1 (175.0 ppm) 
and glutamine C1 (Gln1, 174.8 ppm) as well as glutamine 
C5 (Glu5, 178.5 ppm) and aspartate C4 (Asp4, 178.3 ppm) 
[33]. The effect disappears as soon as the decoupling pulse 
is turned off; hence, decoupling irradiation must remain on 
during the acquisition. Two commonly employed decoupling 

Fig. 3  Representative 1H, 31P, 
and 13C MRS spectra from the 
brain. a 1H MRS spectra show-
ing the obtained Glu and Gln 
resonances that are non-separa-
ble and referred as a combined 
peak of Glu + Gln (Glx) due to 
the proximity and overlapping 
of peaks, b 31P spectra detecting 
metabolites containing various 
phosphate moiety, and c 13C 
MRS spectra depicting unam-
biguous chemical shift 13C posi-
tions of GABA, Glu, and Gln at 
their labeled 4-CH2 moiety after 
intravenous infusion of [1-13C] 
glucose into a human subject. 
1H and 31P MRS spectra have 
been acquired from the brain 
of a healthy adult using a 3 T 
(Philips at NBRC) scanner 
in a and b. 13C MRS spectra  
reproduced with permission 
from the publisher [56], in c and 
voxel placements for the figures 
were performed for illustration 
purpose only
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Table 1  13C MRS chemical 
shift values of biologically 
relevant compounds. Table has 
been adapted from [142]

Compound Carbon atoms

C1 C2 C3 C4 C5 C6

Acetate 182.6 24.5
Alanine 176.6 51.5 17.1
Aspartate 175.1 53.2 37.4 178.4
Bicarbonate 161.0
Citrate 179.7 46.8 76.0 182.3 46.8 179.7
Creatine 175.4 37.8 158.0 54.7
GABA 182.3 35.2 24.6 40.2
Glycerol 63.1 72.8 63.1
β-hydroxybutyrate 181.2 47.6 66.8 22.9
Glucose ɑ 92.7 72.1 73.5 70.4 72.1 61.4
Glucose β 96.6 79.9 76.5 70.4 76.5 61.4
Glutamate 175.3 55.6 27.8 34.2 182.0
Glutamine 174.8 55.1 27.1 31.7 178.5
Glycine 173.3 42.5
Glycogen 100.5 74.0 78.1 72.1 61.4
Myo-inositol 73.3 73.1 73.3 71.9 75.1 71.9
Lactate 183.3 69.3 21.0
Malate 182.1 71.7 43.9 180.9
NAA 179.7 54.0 40.3 179.7 174.3 22.8
Succinate 183.4 35.3 35.3 183.4
Taurine 48.4 36.2

Fig. 4  Chronology of develop-
ment pertaining to 13C MRS 
technique in human studies. 
Since 2016, clinical studies have 
mainly utilized the technique 
of hyperpolarized 13C MRS to 
probe into diseases like cancer
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methods are continuous wave (CW) decoupling and broad-
band decoupling. There is a concurrent linear increase in the 
SAR with the duration of decoupling [37]. Due to the longer 
T1 relaxation time of 13C nuclei, a longer time is needed 
to conduct a 13C MRS experiment. This further increases 
the SAR load during an experiment due to the elongated 
time. International consortiums like the US Food and Drug 
Administration (FDA) and the International Electrotechnical 
Commission (IEC) have devised parameters to keep SAR 
levels within an acceptable range without causing harm to 
the subjects during a proton-decoupled 13C MRS experi-
ment. Developing RF pulses with better power and ampli-
tude has since been an active area of research to keep up 
with the advent of high field clinical magnets [18, 37–39]. 
This will help in maintaining the SAR value below RF safety 
thresholds. An in-depth analysis of this, however, is beyond 
the scope of this review.

In order to minimize the contamination from the extrac-
ranial triglycerol resonance, spatial localization of the 13C 
signal is crucial [40]. It also guarantees a certain propor-
tion of anatomical specificity. Unfortunately, the huge 
chemical shift scattering of 13C resonance leads to locali-
zation errors. The chemical shift displacement artefact 
(CSDA) is suggested to be proportional to difference in 
the carrier frequency and it is inversely proportional to 
spectral bandwidth. CSDA are much larger for 13C MRS 
localization procedures than for 1H MRS. CSDAs are most 
troublesome with single voxel spectra at higher magnetic 
fields and decreasing gradient strength. Additionally, they 
also depend on bandwidth i.e., the narrower the band-
width, the more contamination is observed. The popular 
solution is to employ stronger imaging gradients and larger 

bandwidth RF pulses [41]. Contamination from extracra-
nial lipids hampers the utilization of 1H MRSI. There are 
a few accepted and emerging techniques for extracranial 
lipid suppression involving: (a) outer volume suppression 
(OVS) by saturating skull region with multi-slice excita-
tion pulses; (b) cubical inner volume selection (IVS) which 
is based on STEAM, PRESS, etc.; (c) localization based 
on RF shimming; (d) T1-based nulling; (e) crusher coils 
[42]. Most of these methods are established on inversion 
recovery or spatially or spectrally selective excitation 
of the lipid signal which is followed by dephasing [43]. 
Recently, post-processing-based methods are gaining pop-
ularity because any additional RF pulses in the sequence 
are absent [42].

Cerebral Glucose Metabolism

Glucose enters the brain via GLUT1 receptors. In neurons, 
it is oxidized to pyruvate by glycolysis [37]. Pyruvate is 
either converted to lactate or undergoes decarboxylation. 
Decarboxylation incorporates pyruvate into tricarboxylic 
acid cycle (TCA), where it condenses irreversibly with 
oxaloacetate (OAA) to form citrate, which is further 
metabolized to α-ketoglutarate (ɑ-KG). α-KG continues 
in the TCA cycle while a fraction of it gets transaminated 
to Glu (Fig. 5). The rate of α-KG/Glu exchange can be 
detected by 13C MRS to investigate mitochondrial altera-
tion [37, 44]. In a clinical study with AD patients, loss of 
13C labelling in C4 of glutamate indicated an impaired 
TCA cycle. The relation between mitochondrial dys-
function and neurodegenerative diseases may provide a 

Fig. 5  Substrate entry and neu-
rotransmitter cycle. Description 
of the entry and metabolism of 
glucose, lactose, and acetate 
in neurons and astroglial cells. 
Glucose and lactate are incor-
porated into neuronal and glial 
TCA cycle by the enzyme pyru-
vate dehydrogenase. Acetate 
is exclusively metabolized in 
astroglia. Following glutamate 
neurotransmission, excess glu-
tamate in the synapse is taken 
up by astroglial Glu transporters 
and converted to Gln by glu-
tamine synthetase. Gln is fur-
ther synthesized in astroglia by 
either Glu/Gln cycle or de novo 
from pyruvate by PC. 13C MRS 
helps in measuring the rates of 
these pathways by infusing 13C 
labelled substrates. The figure 
is  reproduced with permission 
from the publisher [24]
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mechanistic link between such diseases and their psychi-
atric symptoms [5, 24].

Metabolism of 13C Enriched Substrates

13C MRS contributes to the understanding of cerebral 
metabolism and its correlation to neuronal activity by detect-
ing metabolites labeled with 13C-enriched substrates [24, 
45–47]. This provides insight into the dynamic labeling and 
flux of various metabolic pathways, such as glycolysis, gly-
cogenolysis, pentose phosphate pathway (PPP), gluconeo-
genesis, TCA cycle, and Glu-Gln/GABA cycle [47].

Glucose: [1-13C]-glucose and [1, 6-13C2]-glucose are 
widely used in in vivo 13C MRS studies. The incorporation 
of labels from [1-13C]-glucose into [4-13C]-Glu often reflects 
the neuronal glycolytic pathway and TCA cycle [45, 46]. 
In one study, the flux of the cerebral TCA cycle was meas-
ured in rat brains using 13C isotope [48]. 13C-labeled glucose 
undergoes glycolysis in the brain, wherein the label is trans-
ferred to [3-13C] pyruvate, which further participates in TCA 
cycle. In the first turn of the cycle, α-KG4 picks up the label, 
which is further picked up by and passed on to subsequent 
substrates (viz.  Glu4) via enzyme-mediated fast exchange. 
Studies have reported this flow of labels after 10–15-min 
infusion time (Fig. 6). Labeling patterns depend on the time 
course of the infusion of labeled substrates. With greater 
infusion times, more isotopomers get labeled in the succeed-
ing steps of the cycle [46]. [2-13C]-glucose can also be used 
to measure metabolic fluxes and provides additional sensitiv-
ity in measuring the flow of 13C isotope through anaplerosis 
of Glu and astroglial TCA cycle. It leads to the enrichment 
of the astroglial pool of [3-13C] Glu/Gln. [5-13C] Glu/Gln 
labeling occurs by the action of pyruvate dehydrogenase. 

However, the C5 label is often lost in  CO2 evolution and 
only the C3-labelled pool of Glu/Gln accumulates, which 
is a direct measure of the anaplerotic rate of the astroglial 
TCA cycle [46].

Acetate: Studies suggest that acetate is exclusively metab-
olized in astroglia [46, 49]. As a substrate, [1, 2-13C]-acetate 
or [2-13C]-acetate is selectively transported in the astrocytes, 
and a small astroglial Glu pool (ranging 0.5–1.0 mM) is 
initially labeled. Subsequently, 13C-labeled compound is 
transported from a large astroglial [4-13C]-Gln pool to large 
neuronal Glu pool via the Glu/Gln cycle [46, 49, 50]. The 
co-infusion of glucose and acetate conducted in humans and 
rats has led to the measurement of both astroglial and neu-
ronal metabolism through 13C–13C isotopomer resonances 
[5, 51]. Additionally, β-hydroxybutyrate and lactate have 
been used for infusion studies [52, 53]. β-hydroxybutyrate 
has proven to be a major substrate during prolonged fasting 
or when a person follows a ketogenic diet, and its metabo-
lism pattern follows closely that of glucose [54].

13C MRS is performed by administering labeled sub-
strates or in natural abundance state. Labeled glucose is 
administered orally or intravenously to enrich the labeling 
pattern of metabolites and measure corresponding enzy-
matic fluxes and concentrations of several metabolites [55]. 
The labeling patterns of orally administered and IV-infused 
enriched glucose have been compared previously [56]. At 
isotopic steady state, spectra showed more scattering in case 
of orally administered glucose as compared to IV-infused 
glucose (Fig. 7). The labeling pattern after the infusion of 
13C-enriched substrates is also mentioned (Fig. 8). 

Fig. 6  Localized 13C MRS spec-
tra acquired from the occipital–
parietal lobe of a healthy subject 
using a 4 T scanner after the 
infusion of a [1-13C] glucose, 
b [3-13C] lactate, and c [2-13C] 
acetate. Spectra are scaled to 
NAA C3. The highest fractional 
enrichment of substrates was 
obtained after the infusion of 
labeled glucose as precursor. 
For glucose or lactate as labeled 
precursors, the label can be seen 
accumulating mostly in Glu C4. 
Acetate preferentially labels 
Gln C4, as it is preferentially 
metabolized in astrocytes. Fig-
ure  reproduced with permission 
from the publisher [24]
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Fig. 7  Difference in spectra after oral and IV administration of 
labeled glucose. Spectra obtained from a healthy subject at natural 
abundance and after administering 13C-labeled glucose (oral and infu-
sion). Major metabolites, including Gln, Glu, GABA, and myo-inosi-
tol, have been detected. a Spectra acquired after oral administration. 
Presence of major metabolites is illustrated. However, the peaks of mI 

were absent. b Spectra after the infusion of [1-13C] glucose intrave-
nously. The peaks of mI are clearly distinguished. c Naturally abun-
dant peaks without the substrate intake. The peak heights are highly 
diminished. Figure  reproduced with permission from the publisher 
[56]

Fig. 8  Labeling pattern after the 
infusion of 13C-enriched sub-
strates. The sequential transfer 
of 13C isotope can be noticed as 
the metabolic pathways ensue 
(α-KG α-ketoglutarate; GABA 
γ-aminobutyric acid; GAD 
Glutamic acid decarboxylase; 
PAG Phosphate-activated 
glutaminase; GS Glutamine 
synthetase). Figure  reproduced 
with permission from the pub-
lisher [49]
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Neurotransmitter Cycling and Neuroenergetics

The brain delimits many metabolic pathways and perturba-
tions that can lead to neurodegenerative or neuropsychiatric 
disorders. Glu/Gln cycle is a regulator that helps understand 
neuronal energy metabolism. Derived from Glu, GABA 
also provides information regarding neurometabolism, and 
both cycles can be studied by 13C MRS to detect neuronal 
metabolism and its correlation with neuroenergetics [57]. 
This helps compare neuronal and glial metabolism and 
establish the link between neuroenergetics and neurotrans-
mitter cycling [24].

Glutamate–Glutamine Cycle and Its Linkage 
to Neuroenergetics

Glu is the major excitatory neurotransmitter released into 
the synapse by exocytosis from synaptic vesicles [58]. The 
excess Glu enters astrocytes to undergo either TCA cycle or 
the conversion to Gln by glutamine synthetase. In neurons, 
Gln is metabolized by phosphate-activated glutaminase back 
to Glu.

The presence of Glu/Gln cycle has been validated by 
studies depicting the localization of glutamine synthetase 
to the astrocytes and phosphate-activated glutaminase 
in the neurons [45, 47]. An early in vivo 13C MRS study 
measured the rates of total Glu/Gln cycling  (Vcyc (tot)) and 
neuronal glucose oxidation  (CMRglc (ox) n) [59]. Perturba-
tions in these flux rates can be measured in different brain 
regions, including the hippocampus/dorsolateral pre-frontal 
cortex in AD, dementia, etc., to provide the impact of these 
diseases in affected anatomical locations. The relationship 
between neurotransmitter cycling and neuroenergetics can 
also be analyzed using electrophysiological techniques. In 
one study, cortical activity was modulated using carbon-fiber 
electrodes, and measurements of  Vcyc(tot) and  CMRglc(ox)n 
were conducted on anesthetized rats at different levels of 
electrical activity [24, 57, 59, 60]. This demonstrated that 
for every round of the neurotransmitter cycle, one molecule 
of glucose is oxidized [57].

GABA–Glu Cycle and Its Linkage to Neuroenergetics

GABA is the major inhibitory neurotransmitter present in 
the brain. GABA is a resultant of Glu metabolism and acts 
synergistically with Glu to maintain the excitatory–inhibi-
tory homeostasis in the brain [61, 62]. Alterations in GABA 
and/or Glu can induce neurological disorders. One 13C 
nuclear magnetic resonance (NMR) study on rats reported 
that the transfer of labels by GABA catabolism to  Gln4 is 
not distinct from direct labeling by neuronal  Glu4 in Glu/
Gln cycle [62]. The importance of GABAergic role in cer-
ebral metabolism has been described by NMR studies [62]. 

One study evaluated the correlation of mitochondrial TCA 
cycle and neurotransmitter cycle fluxes with glutamatergic, 
GABAergic neurons, and astroglia in brain regions, includ-
ing the cerebral cortex and hippocampus, of young and aged 
mice using 1H–[13C]–NMR spectroscopy in combination 
with timely infusion of 13C-labeled glucose and acetate. The 
researchers reported a decrease in the excitatory–inhibitory 
neurotransmitter activity associated with GABAergic and 
glutamatergic neurons. This decrease was reported to be 
qualitatively associated with cognitive decline in aged mice 
[63].

Metabolic Modeling

The application of 13C MRS using selective 13C-enrichment 
pattern aids qualitative and quantitative studies on meta-
bolic compartmentation and fluxes. Quantitative informa-
tion regarding the concentration of specific metabolites is 
usually obtained through metabolic modeling. Metabolic 
models are computationally constructed using mathemati-
cal tools and algorithms to express the 13C-labeling pattern 
of detected metabolites as a function of metabolic fluxes. 
Usually, multi-compartment models are used to quantify 
metabolic fluxes [64].

The simplest model is the one-compartment model. It 
takes into consideration only neurons to quantify flux rates 
from metabolic pathways. Metabolic modeling is usually 
performed after the administration of enriched substrates. It 
is essential to calculate isotopic enrichment, without which 
the rate of labeling cannot be properly derived [65].

Usually, an assumption of metabolic steady state is made 
on the basis of biochemical homeostasis of physiological 
systems. At such instances, the influx and efflux of metabo-
lites resulting in the transfer of labels following mass con-
servation can be represented as follows (for two pools) [47]:

In this case,  V1 represents the rate of one pool,  V2 the 
rate of another pool, and C is the resultant of the two pools 
consumed at rate  V3 (in µmol/g/min). Since total influx is 
considered equal to total efflux,

The isotope balance equation can be written as:

where  Ck
*,  Ai

*, and  Bj
* represent labeled products. Meta-

bolic modeling for dynamic labeling allows the quantifica-
tion of absolute flux from metabolic pathways with higher 
reliability. Depending upon the type of metabolic modeling 
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approach, differential equations can be constructed on the 
basis software, such as MATLAB. Monte–Carlo simulations 
can be performed to analyze the robustness and reliability 
of the model.

Cerebral Metabolic Compartmentation

Preliminary experiments regarding metabolic compartmen-
tation in the brain involve injecting 13C-Glu into the external 
occipital protuberance of Sprague–Dawley rats [66]. Several 
15 N and 13C tracer studies depict that Gln is more highly 
labeled than its metabolic precursor Glu, and two separate 
pools of Glu and Gln were discovered [47, 49]. Technologi-
cal advancements in MRS have enabled in situ analysis of 
metabolic fluxes in the brain concerning different metabolic 
pathways [67, 68]. Studies on both human [25, 30, 67, 69] 
and animal brains [49, 50, 70–72] have reported cerebral 
metabolic compartmentation using 13C-enriched substrates. 
The most popular models to calculate flux rates are two- and 
three-compartment models. In the two-compartment model, 
neurons and glia are considered separately, whereas, in the 
three-compartment model, neurons are subdivided into 
glutamatergic and GABAergic neurons to account for the 
flux rate of GABA–Glu–Gln cycle. Infusion of enriched 
substrates quantifies the rates of neuronal TCA cycle, glial 

TCA cycle, PC flux, and glutamatergic and GABAergic neu-
rotransmission simultaneously through metabolic modeling 
approaches (as shown in Fig. 9) [47, 62, 73].

The figure depicts the transfer of labels after the infusion 
of [1-13C]-glucose and [2-13C]-acetate after only the first 
turn of TCA cycle. Using 13C MRS, the cerebral metabolic 
rate can be calculated from various metabolic fluxes follow-
ing the flow of labels using mathematical modeling. Figure 
is adapted with permission from the publisher [136]

13C MRS in Clinical Setting

The technique of 13C MRS has been applied in many clinical 
studies to probe neurochemical alterations as well metabolic 
abnormalities that arise in different brain diseases. Some 
applications of 13C MRS for different clinical conditions 
are briefly discussed in this section to illustrate the state-of-
the-art utility of the modality in clinical settings. In a study 
assessing metabolic flux in a glioma patient using 13C MRS, 
lactate production was observed to be higher in the tumor 
tissue as compared to surrounding normal tissue from the 
occipital cortex [16]. Furthermore, in another study in six 
patients with chronic hepatic encephalopathy, cerebral Gln 
concentration was found to be increased while Glu levels 
decreased [14]. In a study measuring cerebral metabolism 

Fig. 9  A three-compartment 
model depicting important 
enzymatic fluxes and metabolic 
compartmentation in cerebral 
metabolism
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in five patients with epilepsy, spectra were acquired from the 
occipital lobe of patients and changes in levels of glutamine 
synthesis were observed [74]. Ornithine transcarbamylase 
(OTC) is an enzyme that plays a major role in ammonia 
clearance from the blood. Its deficiency leads to toxic levels 
of ammonia accumulation. The cerebral glutamate turnover 
was assessed in six patients with partial OTC deficiency. 
The glutamate turnover was seen to be significantly reduced 
in such patients [75]. Many similar studies have been con-
ducted in other neurological diseases like Alzheimer’s dis-
ease, bipolar disorder, and depression which are described 
in the following section. In recent years, hyperpolarized 13C 
MRS is used frequently to investigate tumor progression and 
metabolism in cancer patients [76].

Applications of 3C MRS

13C MRS (natural abundance or after 13C labelled infusion) 
is used for noninvasive evaluation of brain metabolism [77]. 
Altered brain metabolism is implicated in several neurologi-
cal diseases, such as in CHE [14], brain tumors [16], AD 
[15], and MDD [21]. Studies conducted using 1H MRS have 
reported altered concentrations of GABA, Glu, NAA, and 
Gln in various psychiatric and neurological diseases, such as 
depression [78], epilepsy [79], liver cirrhosis [80], and neu-
rodegenerative disorders [81]. However, measuring diverse 
metabolic pathways is absolutely vital as it can reveal fun-
damental changes occurring in the metabolic pathways and 
enzymes [20]. 13C MRS has been identified as a powerful 
tool for detecting alterations in neuroenergetics for several 
classes of neurological and neuropsychiatric conditions 
(Fig. 10). An astonishing observation from in vivo 13C MRS 

is that in case of orthotopic breast cancer, glycolysis serves 
as a potential metabolic marker of malignant transforma-
tion [82].

Bipolar Disorder and Schizophrenia

Bipolar disorder (BPD) causes excessive mood swings, and 
its progression can be attributed to genetic and environmen-
tal factors, including substance abuse and smoking [83–86]. 
Neuroenergetics and synaptic dysfunction have been impli-
cated in BPD and SCZ, causing impaired neurodevelopment 
[84, 86]. Excessive Glu concentration in the synapse can 
lead to neuro-excitotoxicity [83, 87], which is a potential risk 
factor for the progression of BPD and SCZ. Patients with 
BPD have reported increased Glx levels [88], changes in 
NAA and phosphocreatine concentration, decrease in inter-
cellular pH [89, 90], and elevated lactate signals localized 
to the caudate, anterior cingulate cortex, and frontal–sub-
cortical [91]. 13C MRS studies on BPD patients can help 
to observe discrete changes in Glu levels and neurotransmit-
ter flux rates as well as to detect aberrant metabolism, which 
will likely open new avenues of therapeutic development.

Schizophrenia is a psychiatric disorder manifested 
by negative, positive, and/or cognitive symptoms [92]. 
Dopamine deficiency plays a critical role in aggravating 
negative symptoms and cognitive impairments in patients 
with SCZ [86]. Glu-mediated excitotoxicity is implicated 
in both preclinical models and clinical studies of SCZ 
[61]. One study reported an increase in Gln/Glu ratio dur-
ing early onset of SCZ and decrease in the same during 
chronic stages [93]. Along with the unambiguous detec-
tion of Glu and Gln, 13C MRS effectively distinguishes 

Fig. 10  Classification of dif-
ferent brain disorders, which 
are studied by 13C MRS. 
Psychiatric, neurodegenerative, 
and general brain diseases are 
depicted. From existing litera-
ture, the brain region affected 
for the different diseases are 
also mentioned: Bipolar disor-
der [88]; Schizophrenia [137]; 
Major Depressive Disorder 
[21]; Amyotrophic Lateral Scle-
rosis [138]; Parkinson’s disease 
[139]; Alzheimer’s disease 
[139]; Type 1 diabetes [140]; 
Brain tumors [16]; Multiple 
sclerosis [141]
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between intercellular and extracellular Glu pools [61]. 
This may help to develop treatment methods for patients 
with negative SCZ symptoms, including apathy, speech 
impairment, avolition [94–96], and several cognitive defi-
cits [97].

Depression

Depression is a disabling mental disorder characterized 
by persistent negative thoughts about oneself along with 
the feeling of anhedonia (reduced pleasure in daily activi-
ties) [98, 99]. Neuroimaging techniques, including MRI, 
PET, and single-photon emission computerized tomog-
raphy, are used to identify several neurological regions 
involved in the progression of MDD, especially the pre-
frontal cortex prone to impaired metabolism and atrophy 
of the amygdala, thalamus, and hippocampi [100].

In the pathogenesis of MDD, mitochondrial dysfunc-
tion in both glutamatergic and GABAergic neurons plays 
a critical role. Thus, 13C MRS can be employed to detect 
alterations in neuroenergetics [21, 101, 102]. 1H and 13C 
spectra obtained from the occipital cortex, after the infu-
sion of [1-13C] glucose and  VTCA(n) were relatively lower 
in the depression cohort compared to healthy controls. A 
significant reduction (≈ 26%) in the energy production 
of glutamatergic neurons was observed in the patients, 
although no difference was reported in the rates of Glu/
Gln/GABA cycle fluxes.

Treatment for depression is targeted at the develop-
ment of rapid-acting antidepressants [103]. Ketamine is 
a rapid-acting antidepressant with psychomimetic effect. 
Ketamine has been posited to have different mechanisms 
of action, the most prominent one being a competitive 
agonist of glutamatergic N-methyl-D-aspartate receptor 
[104]. It has also been theorized to act on the mTOR 
complex 1 pathway [105, 106]. mTOR is a protein kinase 
active in neurogenesis and circuit formation. Pre-clinical 
studies using rats have shown that the administration of 
sub-threshold dose of α-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid receptors (AMPAR) agonist 
Cx546 enhances the antidepressant effect of ketamine in 
forced-swim test. This indicates that ketamine potentially 
acts on AMPAR receptors and other downstream mecha-
nisms to mitigate the symptoms of depression [107]. The 
mechanism of action of ketamine in the prefrontal cortex 
of healthy controls and depressed patients has been stud-
ied [108]. Ketamine administration exhibited an increase 
in the prefrontal cortex Glu/Gln cycle compared to those 
who were administered a placebo. Thus, developing novel 
drugs for redressing the biological causes of depression is 
vital to address the growing global burden of MDD [109].

Alzheimer’s Disease

AD is a neurodegenerative disorder that affects memory 
and cognition [110]. Existing literature highlights various 
potential mechanisms of AD pathophysiology, including the 
cholinergic hypothesis [111], the amyloid hypothesis [112], 
the tau propagation hypothesis [113], the mitochondrial dys-
function, and the oxidative stress hypothesis [114]. Studies 
involving FDG–PET have demonstrated a reduction in rest-
ing-state brain glucose metabolism with an increase in the 
disease severity, especially in the primary cortical regions 
[115]. One study revealed that the ratio of enrichment  Glu2/
Glu4 between 60 and 100 min of infusion for patients with 
AD was 0.53 ± 0.11, whereas that for healthy controls was 
0.76 ± 0.13, suggesting disruptive neuronal TCA cycle and 
reduced Glu neurotransmission [15]. After the infusion of 
[1-13C]-glucose and [2-13C]-acetate in young healthy adult 
controls and old healthy group, flux rates were calculated. 
 VTCA(n) was observed to be 0.53 ± 0.03 μmol/g/min for the 
young adults as compared to 0.38 ± 0.04 μmol/g/min for 
the older subjects [116]. A decrease in NAA levels and 
the rate of GABA/Glu/Gln cycle by nearly 10% and 30%, 
respectively, were ultimately reported in the older subjects. 
However, the rate of astroglial TCA cycle was reported to 
be elevated [116]. As per MRI based findings of the occipi-
tal lobe, the rates were independent of age-related tissue 
loss. The increase in astroglial TCA cycle was attributed to 
neuronal impairment in the older subjects. Thus, it can be 
concluded that calculating the rate of glial TCA cycle after 
infusion of labeled acetate serves as a novel biomarker for 
prognostication of AD.

Brain Tumor

Brain tumors are attributed to the accumulation of muta-
tions. [117]. Studies involving 1H MRS have reportedly 
observed reduced NAA and increased Cho peaks in patients 
with brain tumors [118, 119]. This is in accordance with a 
study demonstrating the metabolism of brain tumor in situ 
using 13C MRS [120]. Assessing lactate production kinetics 
is key to investigating the capacity of glucose metabolism in 
tumor progression and therapy feedback [16]. In this context, 
13C MRS is the only noninvasive in vivo method for lactate 
flux evaluation [121].

Chronic Hepatic Encephalopathy (CHE)

Studies involving 1H MRS have revealed elevation and 
reduction in Gln and myo-inositol levels, respectively, in 
patients with CHE [122–124]. In studies involving 31P 
MRS, a similar trend was reported along with the reduction 
in cerebral nucleoside triphosphate, phosphocreatine, and 
inorganic phosphate levels [125]. 13C MRS-oriented studies 
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have revealed the role of Glu in CHE [14], wherein patients 
exhibited reduction in C2 Glu formation after being infused 
with [1-13C]-labeled glucose. Along with this, reduced 
myo-inositol and elevated Gln levels were detected, which 
were also observed in 1H MRS studies. Glu reduction was 
progressive with an  increasing level of disease severity 
[Fig. 11(C)].

Hyperpolarized 13C MRS

Hyperpolarized (HP) 13C MRS is a relatively new method 
designed to increase the polarization of nuclear spin of 13C 
to levels >  105 using low temperature, high magnetic field, 
and dynamic nuclear polarization (DNP) [126]. This tech-
nique has improved temporal resolution and rendered spatial 
resolution of 8-mL voxel volume, such that tissue metabo-
lism can be imaged within clinically relevant timeframe 
[127]. DNP polarizes nuclear spins in the solid state, which 
is eventually dissolved in an appropriate solvent to obtain a 
liquid sample containing HP nuclear spins [126]. Moreover, 
effective polarization and subsequent signal enhancement in 

HP, 13C MRS help eliminate the disadvantages associated 
with 1H and conventional 13C MRS (Fig. 12).

The longitudinal relaxation time (T1) is indicative of the 
time taken by magnetization to go back to the original posi-
tion after application of the  180O pulse. [1-13C]-pyruvate is 
majorly used due to its longer T1 relaxation time of nearly 
60 s in solution at 3 T [128]. Injection of HP [1-13C]-pyru-
vate has proven beneficial to detect the metabolic flux of 
TCA cycle by following the labeling patterns of [1-13C]-
lactate (by lactate dehydrogenase), [1-13C]-alanine (by ala-
nine aminotransferase), and sometimes, [1-13C]-bicarbonate 
(by pyruvate dehydrogenase) [129]. The entry of [1-13C]-
pyruvate is restricted by the blood–brain barrier (BBB) and 
makes it a rate-limiting factor. A lipophilic analogue [1-13C]-
ethyl-pyruvate reportedly enhances transport across the 
BBB, subsequently hydrolyzing into pyruvate [127]. Other 
studies have shown the efficacy of different tracers, such 
as [1-13C]-lactate, [1-13C]-Gln, and ketoisocaproic acid, to 
probe and interpret cancer-associated metabolic reprogram-
ming [130–132]. In the very first study, the conversion of 
HP pyruvate to HP lactate was measured in patients with 
glioblastoma, wherein HP lactate production was noticeably 

Fig. 11  Spectra from brain tumor and chronic hepatic encephalopathy 
in patients and controls a 13C MR spectra of the tumor and contralat-
eral voxel from a patient with malignant glioma showing baseline 
measurements (lower spectra) and last-hour measurements (upper 
spectra): (i) Spectra from the voxel placed at tumor indicating eleva-
tion in the lactate peak after [1-13C]-glucose infusion. Resonance of 
this peak is absent in the voxel placed at normal tissue. (ii) Spectra 
from the contra-lateral voxel taken as control depicting several reso-
nances of metabolic products of glucose. b Natural abundance 13C 
spectra in CHE patient and control: (i) Natural abundance 13C MRS 
of the most severe CHE patient showing altered peaks of various 
metabolites including Glu, Gln, and myo-inositol (mI). mI peak is 

completely depleted; Gln is splendidly increased; and Glu is slightly 
reduced. (ii) Natural abundance 13C MRS of a control, where mI is 
easily identified along with other metabolites (Glu and Gln). c Spec-
tra from one control and four CHE patients with increased disease 
severity as observed after the infusion of [1-13C] glucose. (i) 13C label 
accumulation in control indicating the different metabolite peaks, 
including Glu, Gln, Asp, and NAA. (ii–v) Spectra from four patients 
depicting continuous depletion of Glu  C2 labeling as the disease 
severity increases from patient B to patient E. NAA  C2 or aspartate 
 C2 is barely observed in CHE as they are noticed in the control. Glu: 
Glutamate; Gln: Glutamine; Asp: Aspartate; NAA: N-Acetyl aspar-
tate. Image  reproduced with permission from publisher [14, 16]
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high [133]. Apart from the brain, HP 13C MRS has been 
implemented in prostate and breast cancers [134, 135].

Conclusion and Future Prospects

MRS is a noninvasive diagnostic modality with potential 
immense applications in clinical studies. 1H and 31P MRS 
techniques are used to detect metabolites, such as choline, 
NAA, creatine, inorganic phosphate, phosphodiesters, and 
ATP-like energy metabolites. Moreover, cerebral pH and 
concentrations of different neurotransmitters, including 
Gln, Glu, and GABA, are detected in clinical settings [4]. 
13C MRS noninvasively measures both neuronal and glial 
metabolism as well as Glu and GABA neurotransmission. 
Apart from glucose, 13C MRS has further delineated the 
role of other substrates, such as lactate, acetate, and ketone 
bodies, in cerebral neuroenergetics in healthy and diseased 
conditions. Although 13C MRS has drawbacks of low sensi-
tivity, decoupling-associated heat generation, and substan-
tial technical costs, it has been gaining precedence due to 
its ability to track information regarding the etiology and 
pathophysiology of several psychiatric and neurodegenera-
tive diseases.

With major technological advancements, such as B0 
shimming, broadband decoupling–nuclear Overhauser 
effect (NOE), and HP 13C MRS, 13C MRS technology is 
rapidly evolving. It has potential therapeutic and clini-
cal applications as it qualitatively surpasses other tech-
niques, such as invasive FDG–PET. Additionally, unam-
biguous quantitation of neurometabolites and the rate of 
different metabolic fluxes in diseased conditions can be 

determining factors in the differential diagnosis of vari-
ous neurological diseases. Research on pulse sequences, 
dual-tuned coils, contrast agents, test–retest, reliabil-
ity, and feasibility experiments can all contribute to the 
development of in vivo 13C MRS in human research. In 
addition, the coil design and signal acquisition methods 
need to be thoroughly examined for their application in 
various brain environments to identify the etiology and 
direct cause of diseases. We propose that in the future, X 
nuclei (23Na, 33S, 35Cl, 39 K, 17O, 25 Mg, 27Al, and 67Zn) be 
investigated for the purpose of discovering biomarkers for 
early diagnosis and treatment of many neurological disor-
ders. This is a focused area of research in our laboratory 
where 13C MRS techniques will be employed to identify 
biomarkers for Alzheimer’s disease and neuropsychiatric 
disorders.
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