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Repetitive transcranial magnetic stimulation (rTMS) induces
varieties of behavioral effects ranging from cognitive domains
to FDA-approved treatments for migraine and depression. Despite
these exciting applications, open questions remain about
rTMS mechanisms. Through studies that combine TMS with other
measures (neuroimaging, electroencephalogram, etc.), we have
gained a better understanding of how rTMS influences brain
activity; however, these findings leave gaps in our knowledge
of the neurochemical underpinnings of how rTMS affects
behavior. Neurochemical and related metabolic fluctuations
covary with cognitive and disease states and may inform
variations in treatment outcome. Investigating the influence of
rTMS on metabolism provides the potential to use metabolite
concentrations as predictors of TMS response given that rTMS is
designed to change behavior via neural effects.
Magnetic resonance spectroscopy (MRS) is one non-invasive

tool that can further add to the mechanistic understanding
of rTMS. MRS identifies molecular concentrations of metabolites
in vivo. In conjunction with TMS, the functional changes
associated with perturbation of neurotransmitter receptors
can be validated with measurement of the metabolites
themselves [1]. A recent study in depressed adolescents found
that the glutamate/glutamine ratio, representing the brain’s
primary excitatory neurotransmitter, was increased in the
anterior cingulate cortex and DLPFC after rTMS treatment and
was associated with clinical improvement up to 6 months post
treatment [2]. Nevertheless, MRS has several limitations: MRS
acquisition is lengthy, collected one voxel at a time, and has
low signal-to-noise ratios for glutamate at lower magnetic field
strengths [1].
One new approach adding specificity in resolving the glutamate

signal is glutamate-weighted chemical exchange saturation
transfer or “gluCEST”. GluCEST measures the exchange of
glutamate amine with water rather than directly measuring the
metabolite as in MRS. This change in measurement gives gluCEST
greater spatial resolution and sensitivity than MRS and other
amine imaging paradigms such as positron emission topography
with a glutamate tracer [3, 4]. In a new study by Cember et al.
gluCEST was used in conjunction with continuous theta burst
stimulation (cTBS, a putative inhibitory form of rTMS) to visualize
local and off-target glutamatergic changes after stimulation to the
primary motor cortex (M1). As hypothesized, glutamate was found
to be less concentrated in ipsilateral M1 after active cTBS in

comparison to sham [5]. This result represents a validation of
previously observed cTBS effects on other imaging and physio-
logical signals. gluCEST, albeit promising, is not without short-
comings. gluCEST is not specific to glutamate, with only ~70% of
the signal representing glutamate concentration [4]. Additionally,
gluCEST cannot differentiate between extracellular and intracel-
lular glutamate, and due to pH differences between environments
it may overweight extracellular pH in comparison to their actual
concentrations [5].
Nevertheless, both MRS and gluCEST provide valuable new

evidence for how neuromodulatory rTMS induces biochemical
changes. Future work could benefit from collecting additional data
within studies such as electrophysical and functional imaging data
to increase our understanding of how rTMS generates behavioral
changes via the brain. By continuing to investigate TMS with these
methods, we will learn more about rTMS mechanisms of action
towards increasing the scope of its use and the precision of its
application.
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