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Abstract: Animal and transcranial magnetic stimulation motors have evoked potential studies
suggesting that the currently used transcranial direct current stimulation (tDCS) intensities produce
measurable physiological changes. However, the validity, mechanisms, and general efficacy of
this stimulation modality are currently being scrutinized. The purpose of this pilot study was to
investigate the effects of dorsolateral prefrontal cortex tDCS on cerebral blood flow. A sample of three
people with multiple sclerosis underwent two blocks of five randomly assigned tDCS intensities
(1, 2, 3, 4 mA, and sham; 5 min each) and [15 O]water positron emission tomography imaging. The
relative regional (i.e., areas under the electrodes) and global cerebral blood flow were calculated. The
results revealed no notable differences in regional or global cerebral blood flow from the different
tDCS intensities. Thus, 5 min of tDCS at 1, 2, 3, and 4 mA did not result in immediate changes in
cerebral blood flow. To achieve sufficient magnitudes of intracranial electrical fields without direct
peripheral side effects, novel methods may be required.
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1. Introduction
Multiple sclerosis (MS) is a chronic central nervous system disease that affects approximately
2.3 million people worldwide [1]. Because some MS symptoms (e.g., neuropathic pain) are
treatment-resistant [2], practical and inexpensive adjunctive therapies, like transcranial direct current
stimulation (tDCS), are of high interest. Despite promising findings in tDCS studies in people with
multiple sclerosis (PwMS) [3–5] (see [6] for a review), the validity and utility of tDCS is under scrutiny.
For example, a critical review [7] did not support the idea that tDCS has a reliable neurophysiological
effect beyond motor evoked potential (MEP) amplitude modulation. Though MEP amplitude appears
to be sensitive to tDCS modulation, other reliable transcranial magnetic stimulation (TMS) measures
that rely on similar neural mechanisms (e.g., short interval intracortical inhibition (SICI), intracortical
facilitation (ICF), and cortical silent period (cSP)) have all shown no tDCS effect. Questions concerning
the mechanistic foundations and general efficacy of this stimulation modality are on the rise.
Animal studies have suggested that the intensities that are typically employed in human research
are sufficient to produce measurable physiological changes [8]. Unfortunately, findings from animal
models, especially in vitro approaches, may have poor applicability to human studies. Thus, a vital
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concern is that tDCS may not induce a sufficient current in the cortex to have a measurable effect on
neural function—at least not for the commonly used stimulation intensities (≤2 mA). Therefore, it is
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A battery-operated tDCS device (Soterix Medical Inc., New York, NY, USA) administered the
stimulation. A previous study indicated that 5 min of tDCS over the primary motor cortex (M1) was
sufficient to induce significant increases in MEP amplitude and that the effects of the stimulation
returned to baseline after 10 min [16], and another study indicated significant blood flow changes
from 4 min of motor cortex stimulation [17]. Thus, the tDCS parameters in this study included 5 min
of stimulation at each intensity, each separated by ≥10 min, to avoid stimulation carry-over effects;
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FL_OFC_LOG_r = right lateral orbital gyrus.

4. Discussion
There are several possible explanations for this finding: (1) tDCS may not induce a sufficient
current in the cortex to have a measurable effect on neural function. Vöröslakos et al. [18] suggested
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that a 1 V/m minimum voltage gradient was required for measurable online stimulation effects on
neuronal spiking or membrane potentials in a rat model. To achieve 1 V/m at the cortex, the current
applied at the scalp may need to be as high as 4–6 mA; however, the 4 mA that was used in this study
did not elicit any CBF changes. (2) Only a small fraction of the transcranial current may reach the brain.
One study [18] in rodents and human cadavers demonstrated that >75% of applied current is lost at the
scalp, subcutaneous tissue, and muscle. These tissues serve as an effective shunt, resulting in at least a
50% reduction of current intensity. In addition, the serial resistance of the skull further reduces the
current flow by 10%–25%, depending on skull thickness [18]. (3) Inter-individual variability in tDCS,
with approximately 50% of people having poor or absent responses [19], may have biased our results.
(4) Previous neuroimaging studies on the neurophysiological effects of tDCS detected immediate effects
of tDCS on CBF by using [15 O]water PET [17,20]. However, these studies targeted M1 during a motor
task, and diverse tDCS effects on different brain regions cannot be excluded. (5) Stimulating nerves on
the scalp could also send signals to the brain or influence circulation, and/or other non-neuronal cells
may react to the induced electrical fields and gradually alter brain function. Lastly, (6) the significant
findings reported in the tDCS literature have assumed to have reflected one or more of a number of
factors including placebo effects, influences from peripheral nerve stimulation, poor experimental
designs, low statistical power, or inappropriate control conditions or analyses.
The sample size of this pilot study was small, and more subjects are recommended to confirm
or refute these results. However, the study design, which included 12 injections that encompassed
all conditions in duplicate, provided robust and remarkably consistent information, both between
conditions and between subjects. Additionally, given that PET studies are costly and exposing the fewest
subjects as possible to radiation is a major consideration [21], collecting images from additional subjects
when there were no evident effects in these three PwMS was not justified. Furthermore, one of the
purposes of reports like the present study is to encourage discussion and highlight the need to confirm
the mechanistic effects of tDCS with neuroimaging (e.g., [15 O]water PET, [18 F]-fluorodeoxyglucose PET,
functional magnetic resonance imaging (fMRI), and arterial spin labelling (ASL)). It should also be
mentioned that multiple interventions over short periods might have complex and non-linear effects
on the brain. Thus, any effect (or lack of effect) should to be interpreted with caution. Additionally, the
absence of immediate tDCS effects on the cortex does not preclude longer-term effects. Furthermore,
these findings were in a sample of PwMS, and different effects in healthy or patient populations
cannot be excluded. Finally, this is a growing field for research, and a comprehensive understanding
of how tDCS modulates the cortex is necessary. In humans, physiological changes associated with
tDCS at different intensities and durations can be assessed with a variety of different neuroimaging
methods (e.g., PET, fMRI, and ASL). All of these techniques have their limitations, but [15 O]water PET
is considered to be the most “direct” measurement of cerebral blood flow. Thus, routinely combining
neuroimaging with tDCS will help provide the necessary evidence that tDCS can affect neural function
in humans.
5. Conclusions
In conclusion, we have demonstrated that 5 min of dlPFC tDCS at 1, 2, 3, or 4 mA did not result in
immediate changes in CBF in PwMS. Thus, to achieve sufficient magnitudes of intracranial electrical
fields without direct peripheral side effects, novel methods may be required.
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