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Background: Transcranial direct current stimulation (tDCS) is a safe and well-tolerated noninvasive technique
used for cortical excitability modulation. tDCS has been extensively investigated for its clinical applications;
however further understanding of its underlying in-vivo physiological mechanisms remains a fundamental focus
of current research.

Objectives: We investigated the simultaneous effects of tDCS on cerebral blood flow (CBF), venous blood
oxygenation (Yv) and cerebral metabolic rate of oxygen (CMRO3) using simultaneous MRI in healthy adults to
provide a reference frame for its neurobiological mechanisms.

Methods: Twenty-three healthy participants (age = 35.6 + 15.0 years old, 10 males) completed a simultaneous
tDCS-MRI session in a 3 T scanner fitted with a 64-channels head coil. A MR-compatible tDCS device was used to
acquire CBF, Yv and CMRO;, at three time points: pre-, during- and post- 15 minutes of 2.0 mA tDCS on left
anodal dorsolateral prefrontal cortex.

Results: During tDCS, CBF significantly increased (57.10 + 8.33 mL/100g/min) from baseline (53.67 + 7.75 mL/
100g/min; p < 0.0001) and remained elevated in post-tDCS (56.79 + 8.70 mL/100g/min). Venous blood
oxygenation levels measured in pre-tDCS (60.71 + 4.12 %) did not significantly change across the three time-
points. The resulting CMRO> significantly increased by 5.9 % during-tDCS (175.68 + 30.78 pumol/100g/min)
compared to pre-tDCS (165.84 + 25.32 umol/100g/min; p = 0.0015), maintaining increased levels in post-tDCS
(176.86 + 28.58 umol/100g/min).

Conclusions: tDCS has immediate effects on neuronal excitability, as measured by increased cerebral blood supply
and oxygen consumption supporting increased neuronal firing. These findings provide a standard range of CBF
and CMRO3 changes due to tDCS in healthy adults that may be incorporated in clinical studies to evaluate its
therapeutic potential.

1. Introduction

tDCS modulates cortical excitability of targeted brain regions by
applying weak electrical currents to alter transcranial polarization
(Bikson et al., 2016; Dedoncker et al., 2021; Nitsche et al., 2008). It has
been used as an alternative treatment in a wide range of clinical settings
for the management of neurological and psychiatric conditions. Prior
studies have demonstrated clinical and cognitive improvement using
tDCS in conditions including attention deficit hyperactivity disorder
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(ADHD) (Breitling et al., 2016; Prehn-Kristensen et al., 2014), stroke
(Khedr et al., 2013; O’Shea et al., 2014), Parkinson’s Disease (PD)
(Doruk et al., 2014; Ishikuro et al., 2018; Pereira et al., 2013), multiple
sclerosis (MS) (Chalah et al., 2017; Charvet et al., 2018a; Charvet et al.,
2018b) and others (Fiori et al., 2013; Fregni et al., 2021; Fregni et al.,
2020; Mrakic-Sposta et al., 2008; San-Juan et al., 2017; Soler et al.,
2010). Despite its positive clinical findings as a treatment approach,
establishing a frame of reference for the biophysiological underpinnings
of tDCS in healthy subjects remains of great importance.
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Recent developments in tDCS applied with simultaneous MRI (or
tDCS-MRI) can provide insights on the stimulation-induced effects and
more directly characterize the underlying neuronal response by maxi-
mizing its stimulation effects, which can fill the gap of knowledge
regarding whether and how externally applied tDCS modifies neuronal
activity and cerebral blood flow (CBF).

Prior studies have reported that tDCS increases CBF in both local
areas targeted by the stimulation and remote areas (Jamil et al., 2020;
Merzagora et al., 2010; Zheng et al., 2011), which is likely due to the
neurovascular coupling mechanism indicated on blood oxygenation
level dependent (BOLD) functional MRI (Ogawa et al., 1990). In addi-
tion, cerebral metabolic rate of oxygen (CMRO3) provides a direct and
objective measure of neural activation. By measuring global CMRO,
change from pre- to during-tDCS, one can quantify the amount of
neuronal response or neuronal reactivity (NR). In this study, we char-
acterized the simultaneous CMRO, changes due to tDCS using a T2-
relaxation-under-spin-tagging (TRUST) (Lu and Ge, 2008) MRI tech-
nique in healthy adults. Global CMRO; was quantified using the venous
blood oxygenation (Yv) as well as CBF obtained via phase contrast im-
aging (as previously described by Xu et al. (2009)). We hypothesized
that CBF and CMRO, would increase with tDCS, representing an in-
crease in neuronal activity. Investigating both simultaneous and im-
mediate post-tDCS effects using quantitative oxygen metabolic measures
makes this study, to the best of our knowledge, the first to provide a
standard of healthy neuronal reaction to tDCS. Comparisons with this
reference frame can therefore be used to investigate the potential ther-
apeutic effects of tDCS on clinical populations by observing changes in
global neuronal activity due to treatment.

2. Methods

This study was completed with IRB approval from NYU Langone
Health. Participants were recruited through the NYU Langone Health
Division of MS in the department of neurology as part of a larger clinical
study. Imaging was completed at the NYU Langone Health Center for
Biomedical Imaging in the department of radiology.

2.1. Participants

Thirty healthy participants were recruited to complete the simulta-
neous tDCS-MRI scan protocol in a single visit. All participants were
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screened and excluded if there was a history of head injury, neurological
disease, presence of implanted metal in the body or medical device (e.g.,
deep brain stimulator, vagus nerve stimulator) and any contraindica-
tions for MRI (e.g., pregnancy, extreme claustrophobia, irremovable
piercings, metallic-based tattoos) or tDCS (e.g., skin disorders or sensi-
tive skin under the electrode area). Three subjects were excluded from
further analysis due to partial data; two subjects were excluded due to
incidental finding of unexpected brain structural pathologies and two
more subjects due to suboptimal image quality. The final group size,
used for this report, was therefore of 23 healthy subjects (HC; age = 35.6
=+ 15.0 years old, 10 males).

2.2. Experimental design and data acquisition

Stimulation was delivered using a MRI-compatible tDCS device (1x1
tDCS Model 1300A Low-Intensity Stimulator, Soterix Medical Inc.) and
via two MRI-compatible conductive rubber electrodes inserted in a
saline-soaked sponge (5 x 5 cm), placed over the frontal lobe with the
anode on the left dorsolateral prefrontal cortex (F3, DLPFC) and the
cathode over the right DLPFC (F4; Fig. 1A), per protocol for the larger
clinical trial studying the effects of tDCS on fatigue and cognitive
functioning in participants with MS. The current intensity was set at 2.0
mA and was manually ramped-up and ramped-down in about 30
seconds.

MRI images were acquired in a 3 T MRI (Prisma, Siemens) fitted with
a 64-channels head coil. The experimental procedure consisted of
simultaneous tDCS inside the MRI and was divided in three main phases.
A ‘pre-tDCS’ phase, lasting about 20-30 minutes, during which no
stimulation was given to the subject and conventional FLAIR was ac-
quired for lesion detection and a time of flight (TOF) was acquired to be
used as a MR angiographic reference image to place phase-contrast (PC)
MRI. It was followed by a ‘during-tDCS’ phase lasting 15 minutes, during
which subjects received a tDCS at 2.0 mA and finally a ‘post-tDCS’ phase
lasting 15-20 minutes during which the tDCS device was turned off and
no stimulation was given to the subject. The scanning procedure is
represented in Fig. 1B. In each phase, the same PC-MRI for CBF and
TRUST sequence for Yv measurement were performed and repeated in
order to address the expected physiological effects from the stimulation.
To allow the stimulation to ramp-up and reach the target current in-
tensity, brain structural data was acquired at the beginning of the
‘during-tDCS’ phase using 3D T1 MPRAGE.

v ANODE .
Simultaneous tDCS-MRI Scan
5 Pre-tDCS Dufing tDCS Post-tDCS
i L= 1 | | 5
1 | 1
= TOF T1-MPRAGE PC-Flow (CBF)
= > / PC-Flow (CBF) PC-Flow (CBF) TRUST (Yv)
* TRUST (Yv) TRUST (Yv)
ON (2mA) OFF

A B

Fig. 1. (A) Left anodal dorsolateral prefrontal cortex electrode montage representation. (B) experimental design during which MRI image acquisition was obtained in
three sessions: before the stimulation (pre-tDCS), during 15 minutes 2.0 mA stimulation (during-tDCS) and right after turning off the stimulation (post-tDCS).
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Arterial blood flow was imaged using axial PC-MRI sequence (TR =
25 ms, TE = 8 ms, slice thickness = 5 mm, flip angle = 15°, FoV
=0.5x0.5x5mm) which encodes the velocity of the flowing spins in the
main neck arteries, above the carotid bifurcation. The positioning of the
PC scan was based on the TOF angiogram and the imaging slice was
perpendicular to each individual neck artery, bilateral carotid arteries
(ICAs) and bilateral vertebral arteries (VAs), with respect to the blood
flow to ensure flow quantification accuracy. The acquisition time of each
PC-MRI was 10 seconds. Velocity encoding (VENC) parameter was 60
cm/s for arterial flow, which is in the range of what commonly used
(60-100 cm/s) (Debbich et al., 2020; Mendieta et al., 2020; Rivera-
Rivera et al., 2021; Shin and Shin, 2020). The resulting phase and
magnitude PC-MRI images therefore represent a single timepoint mea-
surement from each of the three sessions (pre-, during- and post-tDCS).

TRUST MRI (Lu and Ge, 2008) was performed in a transverse plane
parallel to the anterio-posterior commissure line and going through the
lower superior sagittal sinus (just above the level of confluence of si-
nuses) for a global estimation of oxygen consumption. For each scan, the
sequence begins with a presaturation RF pulse to suppress the static
tissue signal (to improve the signal-to-noise ratio) and it is followed by a
labeling (or control) RF pulse to magnetically label the venous blood. By
performing a subtraction of labeled and control images, only flowing
signal remains in the difference image reflecting pure venous blood. The
T2-relaxation time of the blood is estimated by repeating the label/
control pairs but with increasing T2-weighting. To minimize the effect of
blood outflow on the estimation, a nonselective T2-preparation pulse
train is employed for T2-weighting, the duration of which is denoted
effective echo time (eTE), instead of the typical multispin-echo acqui-
sition. Therefore, a complete TRUST MRI sequence includes both labeled
and control scans acquired at different eTEs for different T2-weightings.
The specific imaging parameters of TRUST were as follows: TA = 87
seconds, TR/TE/TI = 3,000/19/1,200 ms, repetition = 4, FoV = 230
mm x 230 mm, matrix = 64 x 64, single-shot echo planar imaging, slice
thickness = 5 mm, four eTEs: 0, 40, 80, and 160 ms, corresponding to O,
4, 8, and 16 refocusing pulses with an interval (tCPMG) of 10 ms in the
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T2-preparation.

2.3. MRI data analysis

All data were processed offline using in-house-written MATLAB
(Mathworks, Natick, MA, USA) scripts. After the MRI data was acquired,
structural images were analyzed using SPM12 (Wellcome Trust Center
for Neuroimaging, Institute of Neurology, London UK) to extract gray
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) volumes
(mL) needed to calculate the subject’s brain parenchymal volume (BPV).
PC-MRI images, obtained by placing the imaging slices on the TOF
image perpendicular to the blood flow (Fig. 2A), were then used to
quantify each artery’s CBF. This was extracted by manually drawing a
region of interest (ROI) around each individual artery’s cross-section on
the axial magnitude phase contrast image (Fig. 2B). The ROI was then
transposed to the corresponding phase contrast image and the average
pixel intensity was used to calculate the average velocity of blood for the
specific vessel. This allowed for a separate quantification of blood
flowing through the left and right interior carotid artery (LICA and
RICA) as well as left and right vertebral artery (LVA and RVA). For group
comparison, the obtained CBF values were normalized using the
individual-specific BPV (Fig. 2C) using equation 1.

BF
CBF = ————x 100
p X BPV

where CBF is the normalized blood flow; BF is the total blood flow
output from the PC-MRI sequence; p is the brain tissue density (1.06 g/
mL) and BPV is the brain parenchymal volumes obtained from T1
MPARAGE segmentation.

The details of data processing procedures for TRUST MRI and esti-
mation of CMRO, were described previously (Lu and Ge, 2008; Xu et al.,
2009). In short, the TRUST data consist of labeled and control images
acquired at the lower part of the superior sagittal sinus (Fig. 3A). Each
image type is acquired with four different eTEs. The preprocessing in-
cludes pairwise subtraction to ensure that only blood signal draining

Fig. 2. (A) Coronal view time of flight (TOF) image of the four main brain feeding arteries in the neck used to place the phase contrast (PC) imaging slices of each
individual artery (B) Axial phase contrast-MRI magnitude image used to draw regions of interest (ROIs) around cross-sections of the 4 brain feeding arteries: left and
right internal carotid arteries (LICA and RICA); left and right vertebral arteries (LVA and RVA). This allowed for extraction of vessel-specific blood flux and total
blood flux (ml/min). (C) Equation used to calculate the global cerebral blood flow (CBF), using the total blood flow from both ICAs and VAs, measured by PC-MRI
(BF), brain tissue density (p = 1.06 g/mL) and finally the brain parenchymal volume (BPV), represented above.
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Fig. 3. (A) Positioning of imaging and labeling slice for the T2-Relaxation-Under-Spin-Tagging (TRUST) sequence on a representative T1 image. (B) Obtained axial
control and labelled magnitude images (left) using the TRUST sequence and linear subtraction of the two (labelled-control; right) used to draw and ROI (red circle) to
extract corresponding T2 values of the venous blood at the inferior part of the superior sagittal sinus. (C) Calibration correlation curve of T2 signal used to estimate

corresponding venous blood oxygenation (Yv).

into the superior sagittal sinus is shown and quantified (Fig. 3B), thus
excluding the possibility of measuring other tissues in the venous sinus,
such as CSF partial volume, dura matter, or granular tissue. The signals
from different eTEs were fitted to obtain CPMG (Carr-Purcell-Meiboom-
Gill) T2 of the venous blood. Based on a well-established correlation
between blood T2-relaxation time and blood oxygen saturation (Golay
et al., 2001; Wright et al., 1991; Zhao et al., 2007), Yv is then converted
from the venous blood T2 using this calibration correlation (Fig. 3C).
Using the data obtained for Yv and CBF, the index CMRO; was then
calculated. This measure combines the arterial blood supplied to the
brain and the magnitude of unused oxygen drained into the venous
blood to calculate the global neuronal activity. For this study, CMRO> is
an index of the amount of O, molecules consumed per unit mass tissue
per unit time calculated using equation 2, as previously reported by Xu
et al. (2009).

CMRO, = CBF x (Y, — Y,) x C, [2]

where CBF is the normalized cerebral blood flow measured in mL/100
g/min; Y, and Yy, are the arterial and venous blood oxygenation in % and
C, is a constant representing the amount of oxygen-carrying molecules
per unit volume of blood. In males C, = 8.562273 and in females C, =
8.154545(Guyton and Hall, 2006).

2.4. Statistical analysis

A paired t-test was then used to assess the hypothesized differences of
this physiological factors between combinations of pre-, during- and
post-tDCS. An independent t-test was used to investigate sex-related
effects on tDCS efficacy, comparing male and female subjects’ data,
and a linear correlation analysis was utilized to address the potential
effects of age on the results. Level of statistical significance was set at
0.05. Analysis and graphical representation were carried out using
Matlab 2019a (The Mathworks Inc., Natick, Massachusetts USA) and
GraphPad Prism version 9.0.0 for Mac (GraphPad Software, San Diego,
California USA).

3. Results

As observable in Fig. 4A, the global CBF, from four feeding arteries of
the brain, measured during the stimulation (57.10 + 8.33 mL/100g/
min) was significantly greater compared to what measured in pre-tDCS
(53.67 + 7.75 mL/100g/min; p < 0.0001) in these healthy adults.
However, no significant change was observed when comparing during-
and post-tDCS (56.79 + 8.70 mL/100g/min; p = 0.7475), indicating
that CBF remains significantly (p = 0.0009) greater than pre-tDCS even
in post-tDCS. The level of oxygenation measured before applying the
stimulation (60.71 + 4.12 %) did not significantly differ (p > 0.005)

Yv C

CMRO,
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E > E 100
. 20 20 hre
m 50-
o 2
T T T G T T T 5 c L] T T
BEFORE DURING AFTER BEFORE DURING AFTER BEFORE DURING AFTER

Fig. 4. MRI data measured at three timepoints with respect to tDCS application (before, during and after) for cerebral blood flow (CBF; A), venous blood oxygenation
(Yv; B) and calculated cerebral metabolic rate of oxygen (CMRO»; C). Note that the increased oxygen supply through increased CBF due to tDCS does not lead to
increased oxygen output in the venous blood (Yv), which suggests that the excessive oxygen supply is readily compensated by increased neuronal activity (CMRO,)
from stimulation. Also note that the increased neuronal activity persists after tDCS.
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from what measured during-tDCS (60.96 =+ 4.37 %) nor from post-tDCS
(60.39 + 4.66 %), as shown in Fig. 4B. CMRO, represents an index of
how well the neuronal and hemodynamic properties are interlocked. We
observed that the level of oxygen consumption, measured by CMROj,
increased from 165.84 + 25.32 umol/100g/min (pre-tDCS) to 175.68 +
30.78 umol/100g/min during the stimulation (p = 0.0015). As observed
in the global CBF analysis, CMRO;, levels also remain relatively constant
post-tDCS (176.86 + 28.58 umol/100g/min) when compared to during-
tDCS (p > 0.05; Fig. 4C). Measurements at all three timepoints and
corresponding p-values are summarized in Table 1.

Analyses were repeated to test for the contribution of factors such as:
sex, age and brain volumes. A sex-related effect was only observed in
relation to global CBF but consistently in pre- (p = 0.042), during-(p =
0.045) and post-tDCS (p = 0.037). It should be also noted that the
percentage changes recorded from pre- to during-tDCS did not seem to
be different in males compared to the response observed in females for
neither one of the three biophysiological parameters (CBF, Yv, CMRO»).
Despite such results on sex-related effects, it must be noted that the
group size in this study is too small to support a definite conclusion.

Linear regression analysis was also adopted to investigate possible
age-related effects on tDCS response (during-tDCS), expressed as per-
centage change from what measured in pre-tDCS. We observed no sig-
nificant correlations (p > 0.05) between age and percentage change due
to tDCS except for a positive correlation with CBF percentage change as
response to tDCS (during-tDCS). However, this might be due to the
sample size being too small, and the age range too narrow, to truly
appreciate any age-related influences.

4. Discussion

Using a simultaneous tDCS-MRI protocol in healthy adults, we
applied left anodal DLPFC tDCS to measure real-time and persisting
changes of blood flow and neuronal oxygen metabolic response. At the
group level, we found that 15 minutes of tDCS application results in an
immediate increase in neuronal activity, measured by global CMROs,
and supported by a comparable increase in whole brain CBF. More
importantly, these effects were observed to persist immediately after the
stimulation period.

These results elucidate the mechanisms of neuronal responses to
tDCS, specifically oxygen metabolism changes, simultaneously (during-
tDCS) and immediately after (post-tDCS) for lingering effects. Further-
more, our findings provide potential references for future clinical studies
to evaluate and identify patients who will be more likely to show a
response to tDCS treatments.

CMRO;, provides a direct in-vivo measure of neuronal cells’ metabolic
activity and vitality and therefore is an ideal tool to noninvasively assess
neuronal reactivity (NR) to tDCS. NR can be assessed by quantifying the
percent change of CMRO, from baseline and represents the total po-
tential neuronal response which can be used to predict tDCS clinical
outcome (i.e., responders vs non-responders) on which virtually no
research has been done. Developing an in-vivo method to objectively
monitor the tDCS-induced bioeffects is important to guide further tDCS
interventions in patients, particularly in choosing patients who have
higher neuroplastic potential or neuronal response to tDCS and therefore
could benefit more from tDCS treatment. Although tDCS introduces

Table 1
Changes due to tDCS in CBF, Yv and CMRO,.

Brain Research 1796 (2022) 148097

electrical currents in the MRI environment, which might distort the
magnetic field, our imaging measurements were far from the stimulation
site: PC-MRI imaging slice placed at the neck and TRUST imaging slice in
the lower superior sagittal sinus. Furthermore, these sequences are less
susceptible to field inhomogeneities compared to other ones (e.g.
gradient echo).

As a result of the increase in neuronal activity and oxygen con-
sumption during-tDCS, a decrease in venous oxygen saturation, or Yv,
could be expected. However, no change in Yv levels pre- and during-
tDCS were observed in this study, suggesting that the increased oxy-
gen delivery, caused by increased CBF, might be consumed by increased
cortical activation, or oxygen consumption, leading to the reported
balanced Yv. In this study we found that tDCS resulted in an immediate
6.5 % increase in whole brain CBF via the four main neck-feeding ar-
teries and 5.9 % global CMRO; increase compared to pre-tDCS mea-
surements. This contrasts with the 1 ~ 2 % BOLD signal changes seen in
region-specific task-related fMRI studies, suggesting the externally
applied tDCS may cause larger scale neuronal response and may be more
robust to evaluate neuronal activity. Simultaneous CMRO, measure
using tDCS-MRI may therefore provide a good global marker of neuronal
response in patients through the change in oxygen consumed by the
neurons due to tDCS. Fig. 5 summarizes the tDCS-related changes in
CBF, Yv and CMRO; reported in this study. Moreover, our findings are
consistent with previous MRI studies reporting tDCS-related increase in
brain activity (Chib et al., 2013; Liebrand et al., 2020; Meyer et al.,
2019; Sotnikova et al., 2017), recently reviewed in Chang et al. (2021).
However, the bio-physiological mechanisms of tDCS might be more
complex, with different levels of oxygen metabolism change (Yoon et al.,
2014).

As seen in task-based fMRI studies, in which increased neuronal
activity is associated with increased regional CBF due to neurovascular
coupling, we found global increase in CBF observed during-tDCS
compared to pre-tDCS, which is also likely due to the provoked
neuronal activity. Even though the current flow is delivered locally, it
can propagate diffusely to remote cortical regions with diffused global
effects (Bikson and Datta, 2012; Datta et al., 2013). Recent fMRI studies
have also shown that anodal left DLPFC tDCS causes a general increase
in brain perfusion during the stimulation but with greater changes
observed in brain structures that were anatomically and functionally
closer to the stimulation site (Stagg et al., 2013; Zheng et al., 2011). The
persisting CBF increase after the stimulation period suggests that tDCS
not only effectively increases the brain’s vascular supply, but also that
its effects linger after the stimulation is stopped. Similar hemodynamic
changes have been previously reported (Jamil et al., 2020; Merzagora
et al., 2010; Zheng et al.,, 2011), and suggest that the increase in
neuronal activity due to tDCS is strongly linked to neurovascular
coupling. Further investigation is needed to quantitatively describe the
separate contributions of vascular and neuronal oxygen metabolism
changes in response to tDCS.

As with CBF, CMRO; levels increased with tDCS and remained
increased after the stimulation period. These findings support the po-
tential presence of lingering tDCS effects that persist for a period of time
after the stimulation is ended. While the duration of such effect is not
known, both human (Agboada et al., 2019; Fricke et al., 2011; Monte-
Silva et al., 2013; Mosayebi Samani et al., 2019) and preclinical (Liu

Parameter PRE-tDCS (mean =+ SD) DUR-tDCS (mean + SD) POST-tDCS (mean + SD) p-value (paired t-test)

PRE vs DUR DUR vs POST PRE vs POST
Global CBF (mL/100g/min) 53.67 + 7.75 57.10 + 8.33 56.79 + 8.70 <0.0001 **** 0.7475 0.0009%**
Yv (%) 60.71 + 4.12 60.96 + 4.37 60.39 + 4.66 0.6698 0.4887 0.7167
CMRO; (4 mol/100g/min) 165.84 + 25.32 175.68 + 30.78 176.86 + 28.58 0.0015%* 0.7971 0.0150*

Notes: Comprehensive table of measurements for global cerebral blood flow (CBF), venous blood oxygenation (Yv) and calculated cerebral metabolic rate of oxygen
(CMRO,). Interestingly, the elevated levels of CBF and CMRO, due to tDCS persist even after the stimulation (post-tDCS).
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DURING-tDCS
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DURING-tDCS

) Yv

DURING-tDCS

Fig. 5. Schematic diagram shows representative levels of oxygenated (Ya) cerebral blood flow (CBF), venous blood oxygenation (Yv) and calculated cerebral
metabolic rate of oxygen (CMRO;) before and during tDCS. Note that during the stimulation, the increase in oxygen input, as consequence of increase CBF (6.5%),
almost exactly corresponds to the increased neuronal activity or increased CMRO, (5.9%) due to tDCS. Consequently, leaving the similar levels of oxygen output in

the Yv.

et al., 2019; Zhao et al., 2020) studies have suggested that this may
persist for hours after the stimulation is turned off. Furthermore, tDCS
has a known cumulative effect through repeated sessions (e.g. daily for a
period of weeks or months) with the goal of altering the brain’s neuronal
activity and functional connectivity (Ficek et al., 2018; Mondino et al.,
2018; Wu et al., 2019). However, the interval window between
consecutive tDCS sessions has been observed to considerably influence
the stimulation’s effects (Agboada et al., 2020; Monte-Silva et al., 2013)
and an optimal threshold has yet to be completely identified. Therefore,
further definition of its persisting effects may directly inform its future
clinical application.

Although studies have previously reported age-related influences on
tDCS-effects (Alisch et al., 2021; Antonenko et al., 2018; Woods et al.,
2019), in our study no such characteristic was observed. However, this
could be due to the small sample size and narrow age range of our study,
which does not allow for confident age-related effects analysis. Simi-
larly, although the sex-related effects observed in this study are in line
with previous reports of a greater CBF observed in female compared to
male subjects (Aanerud et al., 2017; Alisch et al., 2021), further studies,
with larger group sizes, are warranted to confirm any sex-related effects
on tDCS neuromodulation.

There are some limitations to our study besides the relatively small
sample size and narrow, younger age range of our participants. While we
characterized global tDCS response, it is not known whether the current
findings are specific to the tDCS parameters of intensity (Ammann et al.,
2017; Chew et al., 2015; Dedoncker et al., 2016; Dissanayaka et al.,
2017; Hoy et al., 2013; Iyer et al., 2005; Jamil et al., 2017; Nitsche and
Paulus, 2000; Teo et al., 2011), montage (Penolazzi et al., 2013), or
duration (Hassanzahraee et al., 2020; Nitsche and Paulus, 2000). In
addition, a control or sham-tDCS group could have strengthen the
quality of our results. However, ours is a mechanistic real-time tDCS
study, focusing on the within subject biophysiological changes due to
tDCS and not on the clinical outcomes of tDCS treatment. Therefore, we
do not think that a sham-tDCS control group would have significantly
affected the conclusions presented in this work. A regional CBF analysis

may provide a fuller understanding of the compensating inner mecha-
nisms of the cerebrovascular response. Further research and technology
development providing regional information will contribute to better
understating the individual region-specific response to tDCS.

This study adds to the growing literature supporting tDCS-induced
cortical excitability and increase in CBF that can be quantified with
the proposed CMRO> and phase contrast MRI approaches. These global
real-time effects are often missed, or hard to appreciate, in typical fMRI
paradigms. The characterization of these effects in a sample of healthy
adults can provide a reference for comparison in future patient studies.
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