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a b s t r a c t

Background: The ubiquitous vascular response to transcranial electrical stimulation (tES) has been
attributed to the secondary effect of neuronal activity forming the classic neurovascular coupling.
However, the current density delivered transcranially concentrates in: A) the cerebrospinal fluid of
subarachnoid space where cerebral vasculature resides after reaching the dural and pial surfaces and B)
across the blood-brain-barrier after reaching the brain parenchyma. Therefore, it is anticipated that tES
has a primary vascular influence.
Objectives: Focused review of studies that demonstrated the direct vascular response to electrical
stimulation and studies demonstrating evidence for tES-induced vascular effect in coupled neurovascular
systems.
Results: tES induces both primary and secondary vascular phenomena originating from four cellular
elements; the first two mediating a primary vascular phenomenon mainly in the form of an immediate
vasodilatory response and the latter two leading to secondary vascular effects and as parts of classic
neurovascular coupling: 1) The perivascular nerves of more superficially located dural and pial arteries
and medium-sized arterioles with multilayered smooth muscle cells; and 2) The endothelial lining of all
vessels including microvasculature of blood-brain barrier; 3) Astrocytes; and 4) Neurons of neuro-
vascular units.
Conclusion: A primary vascular effect of tES is highly suggested based on various preclinical and clinical
studies. We explain how the nature of vascular response can depend on vessel anatomy (size) and
physiology and be controlled by stimulation waveform. Further studies are warranted to investigate the
mechanisms underlying the vascular response and its contribution to neural activity in both healthy
brain and pathological conditions e recognizing many brain diseases are associated with alteration of
cerebral hemodynamics and decoupling of neurovascular units.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The neuronal mechanisms underlying the acute effect and after
effect of Transcranial Electrical Stimulation (tES) have been exten-
sively explored [1e4]. The acute effect of tES has generally been
attributed to up- or down-regulation of spontaneous firing rate,
oscillations, neurotransmitter or neuromodulator activity, synaptic
efficacy or connectivity, or plasticity [5].

In parallel with the exploration of tES modulatory effect on
neuronal elements, understanding of the intricate relationship
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between neurons and adjacent non-neuronal structures particu-
larly glial cells and brain vasculature forming the neurovascular
units (NVU) and their close functional interdependence known as
“Neurovascular Coupling” (NVC) has advanced considerably [6].
Moreover, reliance on NVC is the foundation for functional neuro-
imaging techniques such as fMRI that captures the vascular
response associated with neuronal activation [7]. Following
neuronal activation, a cascade of biochemical and bioelectrical
events result in a secondary vasodilation to increase the cerebral
blood supply, meeting the metabolic demand and clearing
byproducts of neuronal activity. Thus, traditionally the vasodilatory
response is deemed to be secondary to neuronal activity [8].

Various studies have demonstrated fMRI Blood-Oxygen Level
Dependent (BOLD) response changes during and after tES and, as
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typical in imaging studies, attributed the vascular changes to re-
sponses to neuronal stimulation [9e11]. A dose-dependent cerebral
blood flow enhancement has also been observed with tES, which is
not fully explained by a secondary vascular response [12e17]. Inter-
individual variability in neuronal and network-level responses re-
ported across tES studies remains largely unexplained if the pri-
mary electro-neural effect is considered the only relevant effect of
tES [18].

We propose that these tES imaging studies could in fact
demonstrate a direct vascular response to tES, and that tES may
even reverse the neuronal-vascular recruitment order. Demon-
stration of a direct vasodilatory effect of electrical stimulation on
vasculatures such as the middle cerebral artery, dural arteries, and
skin blood vessels span decades [19e21]. Furthermore, according to
the vasculo-neuronal coupling model, the autoregulatory vascular
response to changes of intramural cerebral blood flow (CBF) pres-
sure may proceed and even influence the neuronal response sug-
gesting an intricate interplay between neuronal and vascular
components of NVU [22,23]. Therefore, it is not only conceivable
but also highly likely that in addition to neurons and neuronal
networks, tES affects the nearby non-neuronal structures of the
NVU, particularly vasculature, which then leads to secondary
changes in neuronal activity.

Nonetheless, the order and extent by which electrical stimula-
tion affects the components of the neurovascular unit in both
healthy brains with a functional NVC and also in diseased brains
with impairment of NVC, remain to be elucidated. Which cellular
elements are activated by neuromodulation is critical to under-
standing the mechanism of action, even if final outcomes depends
on inter action across many cell types. This review is concerned
with the direct electrical stimulation of vascular function. We
considered both experiments that demonstrated vascular re-
sponses in a coupled system (with complex bidirectional cascades
between neurons, glial cells, and vasculature) and experiments
where structural/functional changes in vasculature in response to
electrical stimulation were directly assessed or even isolated from
neurons and glia. The former is confounded by any significant direct
effect of stimulation on neurons, inevitably triggering a secondary
coupled vascular response- which, while critical to understand the
mechanisms of tES, is not our primary interest here. The latter
provides unambiguous evidence for direct vascular stimulation
considering that a large portion of electrical current in tES first
reaches the outer surface of meninges consisting of dural and pial
layers and concentrates in the cerebrospinal fluid of the sub-
arachnoid space where pial and penetrating vasculature reside,
hence, providing an opportunity for a primary vasculo-modulatory
effect.

The current flow pattern, and resulting regional electric fields,
have been characterized for tES at a macroscopic (tissue) scale
[24,25]. At a meso/micro-scopic scale, the current density delivered
transcranially concentrates in: A) the cerebrospinal fluid of sub-
arachnoid space where cerebral vasculature resides after reaching
the dural and pial surfaces [26] and B) across the blood-brain-
barrier (BBB) after reaching the brain parenchyma [27]. At the
capillary scale, the electric field across the BBB (endothelial cells)
was predicted to be 400x of the brain parenchyma, meaning BBB
fields >100 V/m during conventional tES [27]. The concentration of
electric field around/across various vascular structures gives
further impetus to study the direct effects of vascular stimulation.

Further knowledge of the non-neuronal effect of tES is of
paramount importance in understanding of the mechanisms un-
derlying the acute effect and after-effects of tES in various brain
conditions. In addition, the knowledge of the tES direct vascular
effect opens an avenue for new therapeutic indications for use of
tES in brain diseases with abnormal neurovascular coupling such as
838
ischemic cerebrovascular diseases or neurodegenerative disorders
with impairments of brain clearance mechanisms, such as in Alz-
heimer's Disease.

Therefore, in this review, we aim to study the existing knowl-
edge and body of evidence demonstrating the direct response of
vascular elements to electrical stimulation and response of coupled
neurovascular units to tES. But first, we will review the anatomical
structures of NVU with functional neurovascular coupling.
Anatomy and function of cerebrovascular tree and
neurovascular unit components

There are four main components of distal cerebrovascular tree
branching off the internal carotid artery and large intracranial Cir-
cle of Willis arteries: pial arteries, penetrating arterioles, intra-
parenchymal arterioles, and the capillaries. Both the pial arteries
and medium-sized penetrating arterioles contain peri-vascular
nerves and multilayered (�3) smooth muscle cells (SMC) with
strong contractile capabilities. In the transition from medium size
penetrating to small intraparenchymal arterioles, the arteriolar
vasculature loses the peri-vascular nerves while keeping 1e2 layers
of SMC with modest contractile activity. Finally, the capillaries at
the most distal segment of the cerebrovascular tree do not contain
peri-vascular nerves and SMC are also replaced with pericytes
(Fig. 1). Given the difficulty of isolating and studying the pericytes
due to the lack of specific marker that is expressed uniquely by true
pericytes, their contractile capability has remained controversial
[28e31]. Small intraparenchymal arterioles and capillaries are the
microvasculature involved in the formation of the blood-brain
barrier (BBB). They are the only vascular components in direct
contact with cerebral neurons of neurovascular units (NVU).

In addition to the microvasculature, the neurons and glial cells
are the other cohabitants of NVU. These three main components of
NVU are in constant interaction to maintain the cerebral tissue
homeostasis. This close intricate relationship, also known as neu-
rovascular coupling (NVC), ensures the maintenance of neuronal
energy supply and clearance of its metabolic by-products during
neuronal activity by increasing cerebral blood flow (CBF) [32].
Neural activity results in a cascade of metabolic and electrical
changes in the vicinity of the NVU, notably the synaptic glutamate
release and an increase in extracellular Kþ. Synaptic glutamate
activates both neurons and astrocytes via N-methyl-D-aspartate
(NMDA) and metabotropic Glutamate receptors (mGlutR) respec-
tively, resulting in increased intracellular Caþ2 and activation of
Caþ2 dependent enzymes, cyclooxygenase 2 (COX2) and nitric ox-
ide synthase (NOS). These neuronal and astrocytic enzymes activity
will result in the production of potent vasodilators, prostaglandin
E2 (PGE2), a byproduct of arachidonic acid metabolism, and nitric
oxide (NO). Simultaneously, the increased extracellular Kþ caused
by neuronal depolarization will be siphoned by astrocytic endfeet
to vascular smooth muscle cells resulting in vasodilation. In addi-
tion, lower oxygen concentrations at NVU results in accelerated
glycolysis and astrocytic lactate production, which also reflexively
dilates blood vessels. Meanwhile, 20-Hydroxyeicosatetraenoic acid
(20-HETE), another byproduct of arachidonic acid metabolism
released from astrocytes, has been shown to constrict the vessels in
NVU resting states with low demand and high oxygen concentra-
tion [6].

In addition to glutamate, the neuronal metabolic byproducts
such as carbon dioxide, adenosine and lactate, vasoactive neuro-
transmitters released from interneurons (GABA, acetylcholine,
vasoactive intestinal peptide), and afferents of central pathways
originating from locus coeruleus, nucleus basalis, and raphe nu-
cleus also play roles in regulating cerebrovascular tone and



Fig. 1. Components of Neurovascular Unit (NVU) and the cellular and biochemical elements involved in neurovascular coupling (NVC) and functional hyperemia. Dilation of up-
stream pial arteries is necessary for the functional hyperemia of NVC. The glutamate released from pre-synaptic neuronal excitation, the vasodilatory metabolic byproducts of post-
synaptic neuronal excitation (CO2, Adenosine, lactate, Kþ), and the vasoactive neurotransmitters of interneurons (VIP, ACH, NO, GABA) result in endothelial hyperpolarization
directly or via astrocytic endfeet (PGE2 and siphoned Kþ). The vasodilatory signal retrogradely propagates from parenchymal capillaries and arterioles to larger penetrating ar-
terioles and pial arteries resulting in a secondary vasodilation. The mechanical forces such as increase in shear stress also participate in the retrograde transmission of vasodilatory
signals to pial arteries resulting in activation of eNOS and release of endothelial NO (flow-mediated vasodilation).
The biochemical elements involved in vasoconstriction and the afferents of central pathways are not shown in this figure for simplification purposes. AA: Arachidonic Acid; ACH:
Acetylcholine; CO2: Carbon Dioxide; COX2: cyclooxygenase-2; eNOS: Endothelial Nitric Oxide Synthase; Glut: Glutamate; K: Potassium; NO: Nitric Oxide; NMDAR: N-methyl-D-
aspartate Receptor; nNOS: Neuronal Nitric Oxide Synthase; PGE2: Prostaglandin E2; VIP: Vasoactive Intestinal Peptide.
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hemodynamic changes related to NVC. Fig. 1 depicts the various
pathways involved in NVC.

The afferents of central pathways abutting on astrocytic endfeet
of NVU and the vascular wall insert their effect on vascular tone
through neighboring neurons, astrocytes, or via a direct effect on
vasculature [33]. For instance, the global vasoconstrictive effect of
norepinephrine released from locus coeruleus has been shown to
mediate the CBF redistribution required for local NVC-induced
functional hyperemia [34]. On the other hand, norepinephrine
contributes to the enhancement of local CBF by activating a broad
network of glutaminergic pyramidal cells, GABAergic interneurons,
and astrocytes, suggesting the complex role of central pathways in
regulating the cerebrovascular hemodynamics [35].

The locations in the cerebrovascular tree that participate in NVC
activity modulating CBF have been a matter of debate. It has been
shown that capillary pericytes and endothelial cells will transmit
the neuronal induced vasodilatory signals to larger penetrating
arterioles and pial arteries with SMC in their vessel walls via a
retrograde propagation of signals [36]. (Fig. 1) This vasomotor ac-
tivity will be conveyed to upstream pial vessels via calcium-
activated Kþ channels and NO. To avoid a flow steal phenomenon
from interconnected vascular territories, the vasodilation of pial
arteries is necessary for increasing the downstream CBF at the
capillary level and fulfilling the cerebral tissue metabolic demand
[37]. However, a vasodilatory response to neuronal activity is in
excess of the metabolic needs of neurons resulting in a functional
hyperemic state [38]. It has been shown that this exaggerated
vascular response influences other members of NVU and has
839
modulatory effects under the vasculo-neural coupling (VNC) model
[22,23]. This neuromodulatory effect, suppressive or excitatory
depending on the involved neural network and its state of activity,
is indicative of the intricate interdependence of NVU components
with multidirectional interactions between hemodynamics, neu-
rons, and glia.

In addition to this vasomotor response from downstream deep
neural activity, the pial arteries with a multilayered SMC also
respond to the activity of their adjoining perivascular nerves. This
rich perivascular innervation originates from peripheral para-
sympathetic and also, to a lesser extent, sympathetic ganglions
[33]. The main vasodilatory neurotransmitters of the perivascular
nerves originating from trigeminal and sphenopalatine ganglions
are calcitonin gene-related peptide (CGRP), vasoactive intestinal
peptide (VIP), and NO [39e41]. CGRP is well-known as a powerful
vasodilator in various tissues, including the cerebral cortex, which
plays a role in pathological conditions such as vasodilatory
response to cortical spreading depression of migraine and cerebral
ischemia [42]. CGRP induces vasodilation via ATP-sensitive Kþ

channels (Kþ
ATP) and NO [43].

CGRP is also the main vasodilatory neurotransmitter of dural
arteries, the most superficially located vasculature feeding the
dural surface of meninges. Dural arteries such as the middle
meningeal artery branching off the extracranial carotid artery also
contain peri-vascular nerves and multilayered SMC like pial ar-
teries. These dural vessels play a role in intracranial cerebral
perfusion only under pathological conditions such as acute or
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chronic intracranial arterial steno-occlusive diseases via dural
arteriolar anastomoses with cortical vessels [44].

In addition to neuronal and metabolic influences on pial ar-
teries, pial vessel diameter also changes according to the local
intraarterial mechanical and electrical forces [45]. The mechanical
forces consist of fluid shear stress and intramural pressure, causing
a myogenic response [46].On one hand, the intravascular fluid
shear stress activates endothelial mechanosensitive calcium chan-
nels and releases endothelial nitric oxide that results in vasodila-
tion. On the other hand, the intramural pressure causes a myogenic
response by stretching the SMC membrane resulting in membrane
depolarization and vasoconstriction, although the release of other
substances such as 20-HETE has been shown to play a role [47].
Interestingly, the endogenous electrical field generated by the
stream of blood flow influences the arterial diameter by increasing
the secretion of NO from endothelial cells [48,49].

In physiological conditions, a balance between these local forces
and neuronal and metabolic influences maintain a basal vascular
tone that meets the cerebral tissue metabolic and oxygenation
demands and, while on the contrary, neurovascular uncoupling
occurs in pathological conditions, particularly cerebral ischemia,
Alzheimer's disease, and traumatic brain injury resulting in
compromise of NVU vascular supply [50e53].
Direct response of vascular compartments to electrical
stimulation

The direct response of different vascular wall elements to elec-
trical current that is dose and frequency-dependent has been
shown by various studies (summarized in Supplemental Table 1).
Direct vascular response to electrical current is shown in two
vasculature sizes: 1) Large arteries and medium-sized arterioles
including circle of Willis, dural, and pial arteries, cerebral pene-
trating arterioles, and skin arterioles with perivascular neural
structures and multilayered SMC; and 2) Microvasculature of BBB
consisting of small parenchymal arterioles and capillaries lacking
perivascular neural structures and multilayered SMC.
Large and medium-sized vascular response to electrical stimulation-
preclinical studies

Direct arterial and medium-sized arteriolar response to elec-
trical current has been assessed in dural arteries, pial arteries and
arterioles. This response has been shown to originate from the
activation of perivascular nerves evoked by electrical current
[43,54,55]. Kurasawa et al. electrically stimulated the exposed dura
matter of anesthetized rats with 30 s of rectangular pulses, ranging
in intensity and frequency of 10e20 V and 5e10 Hz, respectively
[54]. They observed a robust vasodilatory response of the dural
middle meningeal artery in a dose and frequency-dependent
manner. A similar response was also suggested after isolating the
dura from the underneath pial vessels.

In two studies assessing the effect of transcranial electrical
stimulation (tES) on dural and pial arteries in healthy rat models,
tES evoked strong vasodilation of the middle meningeal artery and
pial arteries [43,55]. Peterson and colleagues delivered 10 s of
electrical current with 5 Hz frequency, via a bipolar electrode
placed over a thinned cranial window of rats with 200 mm distance
from dural vessels. The intensity of the tES was gradually increased
until a maximal vascular response was observed. They demon-
strated an increase in the diameter of the middle meningeal artery
and pial arteries by 119.1 ± 6.9% and 96 ± 14%, respectively. This
response was abolished with CGRP- inhibitor indicative of CGRP-
dependent vasodilation [55].
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In a similar study by Gozalov et al. using the same stimulation
protocol, tES evoked an increase in dural and pial arteries diameter
by 81 ± 11% and 20 ± 7%, respectively. The response was abolished
with a Kþ

ATP channel inhibitor, indicating the role of the Kþ
ATP

channel attributed to the vasodilatory response to tES. The Kþ
ATP

channel inhibitor also abolished the vasodilatory response to CGRP
without tES, eliciting the role these channels play in mediating the
CGRP-induced vasodilation [43]. In both studies, the response was
less in pial than dural arteries. In the studies mentioned above, the
CGRP released from electrically stimulated perivascular nerves
relaxing the arterial smooth muscle cells via activation of Kþ

ATP
channels was deemed to be the underlying mechanism for neuro-
genic vasodilation.

Changes in vascular diameter evoked by directly exposing ves-
sels to an electrical current have been elucidated in the large circle
of Willis arteries in preclinical studies [20,56,57].

Harder et al. exposed the middle cerebral artery of cats to
electrical current once transmurally at the adventitia and then
intraluminally at the endothelial surfaces [20]. Electrical current in
the form of anodal direct current (DC) that passed transmurally
through the adventitia caused significant vasodilationwith a strong
positive correlation with intramural pressure. At higher intramural
pressures, the vasodilatory response was greater in magnitude. In
contrast, the intraluminal stimulation of blood vessels through the
endothelial surface resulted in vasoconstriction. The vasodilatory
nature of transmural electrical stimulationwas attributed to release
of VIP from adventitial nerves enhanced by distention of the artery
at higher intramural pressures. An increased release of neuro-
transmitters from perivascular nerves under greater intramural
pressure has been shown in other studies [56]. Although no clear
mechanism of action for the observed depolarizing nature of
intraluminal stimulation was proposed, different responses from
various layers of vessel wall SMC were suggested with the SMC
layers closer to adventitial mediating vasodilation and the SMC
closer to endothelium involved in vasoconstriction. Moreover, the
presence of an intact endothelial surface was necessary only for the
intraluminal vasoconstriction and not for the vasodilation impli-
cating an endothelial independent neural mechanism. On the
contrary, in a study stimulating the endothelial lining of an isolated
hamster's feed artery, intraluminal passage of anodal DC with an
anode directly across the feed artery and cathode positioned in the
adventitia resulted in vasodilation [57]. An intact endothelial lining
was found to be necessary for this endothelium- dependent vaso-
dilation and was attributed to the relaxation of SMC via myoen-
dothelial coupling independent of perivascular nerves.
Nonetheless, given the proximity of the active electrode to the
arterial wall used in these studies, the achieved current density in
the vessel wall is much higher than that seen with tES.

Large-medium sized vascular response to electrical stimulation-
human studies

The dermal arterioles, as part of cutaneous “microcirculation”,
contain perivascular nerves and multilayered SMC enabling them
to dilate or constrict in response to different stimuli such as elec-
trical field or thermal stimulation. Therefore, the skin response to
electrical stimulation is an aggregate response of these medium-
sized arterioles and small-sized capillaries.

The vascular response of dermal arterioles to electrical current
has been investigated in humans. In fact, multiple human studies
have shown a substantial non-polarity dependent vasodilatory
response of skin blood vessels to electrical stimulation in healthy
subjects [21,58e60]. Moreover, the skin vasodilatory response to
tES is observed in practice, and skin irritation and warmth are the
most reported adverse effects of tES in humans [61,62].
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In a study using iontophoresis, Durand et al. tested the vascular
effect of anodal square-wave pulses on healthy volunteers forearm
skin using laser Doppler flowmetry (LDF) [58]. An anodal current of
0.1 mA for 30e120 s resulted in significant vasodilation. The anodal
stimulation was applied either in a single session or two consecu-
tive sessions with a 5 min resting period in between. The
segmented application resulted in an amplified vascular response
compared to a single delivery of comparable total charge suggestive
of increased sensitivity to the electrical current by the first period of
current application. Release of PGE2 from afferent nerve endings
and secondary release of other vasodilatory peptides in response to
PGE2 were deemed responsible for the initial slow vasodilation
after a single stimulation and the abrupt vasodilation of greater
amplitude following a second session, respectively. These cell-
mediated pathways underlying the sensitization mechanism with
repetitive stimulation result in long-lasting cumulative effects of
electrical stimulation on afferent nerve endings. Lastly, in a study
comparing the influences of anodal and cathodal DC on skin blood
flow, a non-polarity dependent vasodilatory response was sug-
gested by showing the vasodilatory effect of both cathodal and
anodal DC and even the cathodal influence was six times larger
than anodal DC [59].

The only human studies of direct cerebrovascular response to
tES have assessed the effect of transcranial direct current stimula-
tion (tDCS) on vasomotor reactivity (VMR) of the middle cerebral
artery, a large basal artery, using transcranial Doppler ultrasound
(TCD) [63,64]. Cerebrovascular VMR reflects the vasodilatory ca-
pacity of cerebral vasculature, mainly at the arteriolar level, in
response to internal molecular signals such as hypercapnia, hyp-
oxia, and increase in pH or external vasodilatory stimuli. VMR can
be estimated by measuring the CBF changes using perfusion im-
aging or measuring the cerebral blood velocity changes of large
basal arteries as a surrogate for CBF [65]. However, the cerebral
blood velocity is greatly influenced not only by changes in CBF, but
also by the diameter of the sonicated blood vessel. Therefore, the
change in the velocity is only equivalent to CBF changes if the
diameter of the assessed vessel remains unchanged [66].

Vernieri et al. showed bihemispheric changes in TCD measured
VMR after 15 min of tDCS with a C3-ipsilateral shoulder montage.
The post-stimulation VMR diminished when the anode was used as
the center electrode and increased when the center electrode was a
cathode compared with pre-stimulation VMR [64]. Involvement of
central sympathetic pathways originating from locus coeruleus in
the pons or cervical sympathetic ganglions influencing the basal
vascular tonewas deemed responsible for the changes in VMR. This
hypothesis was supported by observed changes in bilateral VMRs
and heart rate variability likely related to a greater than usual
electrical field concentration in the brain stem or cervical region
caused by the extracephalic reference electrode. Nonetheless,
considering the complex role the sympathetic nervous system
plays in regulating the tone of the entire cerebrovascular tree and
blood redistribution during neuronal activation [33e35], the direct
effect of extracephalic stimulation montage on vessel diameter and
CBF warrants further investigations via optical and perfusion im-
aging techniques.

In another tDCS study using a conventional bicephalic montage
(M1-SO), no change in VMR or autonomic function was observed
after 15 min of tDCS [63].

Response of microvasculature/blood-brain barrier (BBB) to electrical
stimulation-preclinical studies

A recent set of preclinical studies have investigated the direct
influence of tES on small arterioles and capillaries participating in
the formation of the blood-brain barrier (BBB) [67,68].
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Shin et al. applied 20 min 0.1e1 mA of anodal direct current to
rat brain using epicranial electrodes and showed that tDCS
increased the gaps between endothelial cells resulting in
enhancement of the blood-brain barrier permeability. This direct
effect on endothelium was diminished with NO inhibitors, which
strongly indicated the role of NO mediating the direct current's
vascular effect. Moreover, secretion of other peptides such as
vascular endothelial growth factor (VEGF) from endothelium
influencing its permeability was also suggested [67].

In a similar study by Fu et al. using the same high resolution
multiphoton microscopic technique, 20 min of 1 mA anodal tDCS
transiently increased the substance transport in the extracellular
matrix of brain tissue [68]. This increase in solute diffusivity in rat
brain tissue was associated with decreased density of the extra-
cellular matrix, and, interestingly, was more significant for mac-
romolecules, in-dependent of their charge.

In addition to the increased in endothelial gap junctions space
and modulation of the extracellular matrix, other factors such as
electroosmosis phenomenon and NO-dependent vasodilation
induced by direct current have been shown to be associated and
even mediate the enhanced BBB permeability effect [69].

Response of microvasculature/blood-brain barrier (BBB) to electrical
stimulation- human studies

Limited work has been done on the influence of tES on BBB in
humans, particularly at the microscopic level. We found one safety
study that assessed the effect of tES on BBB integrity in humans
using MRI with gadolinium [16].Nietzsche et al. delivered 1 mA of
cathodal and anodal tDCS to 10 healthy subjects using a C3-SO
montage and current density of 0.03mA/cm2while simultaneously
obtaining MRI with gadolinium. They assessed the safety of tDCS in
terms of new MRI lesions and radiographic evidence of severe BBB
disruption induced by direct current. No MRI lesion or abnormal
contrast extravasation, indicative of a critical disruption of BBB
integrity, was noted after 13 and 9 min of anodal and cathodal
stimulation, respectively.

Coupled neuro-vascular response to transcranial electrical
stimulation

Changes in CBF in response to electrical stimulation have been
mainly attributed to the secondary vascular response following a
primary direct neural stimulation according to the classic neuro-
vascular coupling (NVC). Due to a highly integrated coupled neu-
rovascular system, it is difficult to distinguish a secondary vascular
response from a primary vascular influence; however, it is highly
likely that the immediate changes in CBF are in fact a primary
phenomenon arising from various cellular components of large,
medium, and small sized vessels influenced by the electrical field
first reaching the dural and pial surfaces and then concentrated by
the cerebral vasculature. The next sections review CBF responses to
electrical stimulation, as a marker of NVC, with special focus on
tDCS.

In the studies, testing tDCS specifically, the terms “anodal” and
“cathodal” reflect the hypothesized brain target e namely, if the
nominal brain target is nearer the anode or cathode electrode [70].
This convention is adopted here, noting there is always both an
anode and cathode, and the position of the so-called “return”
electrode will impact activity under the so-called “active” electrode
[71].

Most studies have regarded the tDCS evoked hemodynamic
response as a surrogate for neuronal activity and have argued for
primary neuronal stimulation influencing the local vasculature via
NVC- i.e., anodal-induced neuronal excitation causing secondary
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vasodilation and cathodal-induced neuronal inhibition resulting in
vasoconstriction. However, studies have reported an immediate
transient increase in CBF underneath both cathode and anode
electrodes and some demonstrated a substantial enhancement of
micro- and macro-vascular perfusion immediately following tES
initiation indicative of a direct influence of electrical stimulation on
vascular tone and/or a simultaneous astrocytic-mediated effect on
both neuronal and vascular elements via release of astrocytic po-
tassium into the NVU extracellular space [12e17].

Coupled neurovascular response to transcranial electrical
stimulation-preclinical studies

Bragina et al. studied the effect of anodal tES in rat models of TBI
with two-photon laser microscopy technique. They also assessed
the effect of tES on regional CBF and tissue oxygenation with near
infrared spectroscopy (NIRS) [72]. Anodal tDCS of 0.1 mA intensity
for 15minwas delivered to the contused brain region via active and
reference electrodes placed directly on the craniectomy site and
chest, respectively. The stimulation was repeated daily for four
consecutive days at 3-day intervals spanned over four weeks. A
strong enhancement of microvascular perfusion and tissue
oxygenation in association with an increase in arteriolar vessel
diameter was observed immediately after applying 0.1 mA of A-
tDCS to the contused brain region resulted in neurological
improvement. Interestingly, similar CBF enhancing vasodilatory
response was also evident in their non-TBI models receiving tDCS.
Although not directly tested, release of NO from endothelium or
other vasodilatory neuropeptides from astrocytes was suggested as
contributory factors to this effect. Astrocytic response to electrical
stimulation has been investigated in the past and plays a major role
in the regulation of vascular tone [73,74].

Similarly, Han et al. applied 0.2 mA of anodal tES to rat so-
matosensory cortex for 10minwith simultaneous NIRSmonitoring.
They demonstrated an immediate increase in oxyhemoglobin
concentration that continued to increase towards the end of the
stimulation and gradually decreased and returned to pre-
stimulation levels 20 min post-tDCS [12].

In addition to the studies showing the enhancing effect of
anodal stimulation on cerebral perfusion, cathodal tDCS-induced
changes in cerebral hemodynamics using functional photo-
acoustic microscopy have also been shown. Liu and colleagues
investigated the neuroprotective effect of cathodal tDCS, with and
without peripheral stimulation, on different markers of neural ac-
tivity, hemodynamics, final infarct volume, and behavioral out-
comes in photothrombotic focal ischemia rat models. C-tDCS,
0.4 mA in intensity for 20 min (20.37 A/m2 density), was delivered
immediately following the induction of ischemia via an epicranial
electrode placed over the skull, 5-mm anterior and 3-mm lateral to
the bregma, and reference electrode attached to the animal's belly.
Their results indicated that standalone C-tDCS immediately en-
hances the cerebral blood volume and oxygen saturation, particu-
larly at regions upstream to the ischemic cortical vessel, and
significantly improves the neuronal activity measured via so-
matosensory evoked potential. While C-tDCS alone did not have a
statistically significant effect on final infarct volume or behavioral
recovery, C-tDCS plus peripheral limb stimulation resulted in a
smaller final infarct volume after 48 h and significant long-term
recovery [14].

In contrast to the studies mentioned earlier showing an im-
mediate enhancement of CBF with both cathodal and anodal tDCS,
in two preclinical studies monitoring the effects of tDCS with LDF,
CBF diminished after cathodal tDCS and increased with anodal tDCS
consistent with a secondary vascular phenomenon related to
classic NVC [75,76]. In healthy rat models, Wachter et al. showed a
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polarity specific CBF modulation measured using LDF after deliv-
ering 15 min of tDCS via an epicranial electrode of 3.5 mm2 placed
2 mm behind the coronal suture and 4 mm lateral to sagittal suture
and reference electrode attached to the animal thorax. The tDCS
induced CBF changes were measured via LDF probe starting at the
end of stimulation for 30 min and compared between anodal and
cathodal stimulations across three different intensities of 0.025,
0.05, and 0.1 mA. tDCS resulted in a polarity-dependent, dose-
dependent CBF changes with A-tDCS resulting in CBF enhancement
and cathodal tDCS causing the CBF to decrease, with both changes
being greater at higher intensities [75]. Mielke et al. demonstrated
similar results after testing the CBF effect of a single 15-min session
of cathodal tDCS using similar electrode locations as the previous
study but various intensities delivered via different electrode sizes
in healthy rat models. They observed a long-lasting regional
reduction in CBF underneath the cathode and areas distant from
the stimulated region dependent on the electrode surface size.
These studies did not assess the immediate effect of electrical
stimulation on CBF, and they instead captured the after effect of
tDCS on CBF in a post-tDCS epoch [76].

Neuro-vascular units response to transcranial electrical stimulation-
human studies

The neurovascular coupling-mediated changes in cerebral
perfusion in response to tDCS has been investigated via perfusion
MRI and CT techniques such as arterial spin labeling (ASL) and CT
perfusion [77,78].

In two human studies conducting conventional tDCS of the
primary motor cortex with M1-contralateral SO montage and
simultaneous CBF monitoring using ASL, a polarity and intensity
dependent effect on CBF was observed with anodal stimulation
enhancing and cathodal tDCS decreasing the local CBF of the pri-
mary motor cortex. These CBF changes were mainly attributed to
the primary neuronal effect on local vasculature via NVC with
anodal-induced neuronal excitation causing secondary vasodila-
tion and cathodal-induced neuronal inhibition resulting in vaso-
constriction. However, both studies observed an initial transient
increase in motor cortex CBF with both anodal and cathodal tDCS
before further increasing in the case of anodal and declining in
cathodal tDCS.

Zhang et al. demonstrated an increase of 17% in local CBF after
anodal stimulation and a smaller 6% initial increase after cathodal
stimulation of themotor cortex before decreasing to below baseline
levels using conventional tDCS with an average current intensity of
1.4 mA [78].

Jamil et al., using conventional tDCS with intensities ranging
from 0.5 to 1 mA, demonstrated a dose-dependent increase in CBF
with anodal stimulation and a tendency towards an initial CBF
enhancing effects with cathodal stimulation of the motor cortex
[77].

Both studies observed a subsequent decline in CBF to levels
lower than baseline in case of cathodal and persistent increase in
CBF with anodal tDCS. Although the ultimate polarity dependent
CBF altering effects of tDCS could be attributed to a secondary
vascular response to neural activity, the initial CBF enhancing ef-
fects of both anodal and cathodal stimulation cannot be explained
by this phenomenon. Therefore, a primary vascular response to
electrical stimulation that is eventually modified to match the
stimulated brain network's neuronal activity was suggested as a
candidate explanation.

In another study by Dutta et al., the NVC induced hemodynamic
response to anodal tDCS was captured using simultaneous NIRS
and EEG recordings. Anodal tDCS was delivered to patients with
chronic middle cerebral artery stroke with a Cz-SO montage and a



Fig. 2. Demonstration of four mediators of vascular response to transcranial electrical stimulation: 1) Perivascular neuron-mediated pathway (Gray); 2) Endothelial-mediated
pathway (Green); 3) Astrocytic-mediated pathway (Yellow); and 4) Neurovascular unit neuron-mediated pathway (Orange).
The electrical field concentrates in the cerebrospinal fluid of subarachnoid space where dural and pial vasculature and blood-brain barrier (BBB) reside (in color purple). Pial arteries
and penetrator arterioles with multilayered smooth muscle cells (color brown) and rich perivascular nerves (color black/gray) predominantly contribute to the perivascular neuron-
mediated vascular response. The endothelial lining of all vessels (color green) responds to electrical field via the endothelial-mediated pathway. Astrocytes (color yellow) and
neurons (color orange) of NVU play roles in a secondary vascular phenomenon and as part of classic neurovascular coupling. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

M. Bahr-Hosseini and M. Bikson Brain Stimulation 14 (2021) 837e847
current density of 0.526 A/m2 for 0e30 s. They demonstrated an
immediate hemodynamic response with a transient dip followed
by an increase in oxyhemoglobin with anodal stimulation. Study
authors postulated a simultaneous vascular and neuronal response
to potassium released from glial cells in response to stimulation
[79].

Finally, Trofimov et al. applied anodal tDCS to the left motor
cortex of patients with traumatic brain injury while monitoring
the CBF with CT perfusion [80]. They observed a significant in-
crease in cerebral blood flow and cerebral blood volume and
decreased mean transit time of contrast material through the
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stimulated tissue. An NVC-induced vascular response could not
account for the dramatic changes of cerebral perfusion; therefore,
authros postulated a direct effect of tDCS on vascular tone via NO
release versus astrocytic mediated vasodilation was postulated by
authors.

Discussion

Various preclinical and some clinical evidence suggest both
primary and secondary vascular effects of electrical current. The
vascular response originates from different cellular elements and



Table 1
Contribution of the four mediators of vascular response across large, medium, and small-sized vasculature.
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vascular compartments and may vary depending on the size and
anatomy of the vessel exposed to electrical stimulation and the also
the type, shape, and strength of the electrical field.

Four cellular elements have been identified driving the effects
with endothelium and perivascular nerves mediating a direct pri-
mary response to tES, and astrocytes and neurons of NVU resulting
in a secondary vascular response: 1) Perivascular neuron-mediated
response resulting from stimulation of perivascular nerves
releasing vasoactive peptides; 2) Endothelium-mediated response
involving release of vasoactive peptides, activation of ion channels,
and changes in blood-brain barrier permeability; 3) Astrocyte-
mediated response from stimulated astrocytes releasing vasoac-
tive substances in response to electrical stimulation independent of
primary neural activity of NVC; and 4) Neurons of neurovascular
unit (NVU)-mediated response leading to traditional neurovascular
coupling.

According to most studies assessing the vascular effect of tES, a
primary non-polarity-dependent immediate vasodilatory response
is suggested. The direct vasodilation via perivascular neurons-
mediated pathways likely arises from dural and pial arteries and
penetrating arterioles with multilayered SMC and abundant peri-
vascular nerves that predominantly secrete vasodilatory peptides
of calcitonin gene-related peptide (CGRP) and vasoactive intestinal
peptide (VIP) from their rich parasympathetic innervation that
outnumbers the sympathetic counterpart. In addition, given that
these vessels are more superficially located closer to the meninges
and skull, they receive a much higher current density than the
deeper vasculature and neuronal tissue. Furthermore, due to their
larger innate diameter, higher transmural pressure, and stronger
endogenous electrical field, electrical current is likely to have a
larger enhancing effect on perivascular neurons and the endothelial
lining also rich with predominantly vasodilatory neuropeptides
and ion channels such as NO, PGE2, and Kþ

ATP, compared to smaller
parenchymal arterioles and capillaries [20,56]. However, the
contribution of the endothelial lining of parenchymal microvascu-
lature of the BBB to the primary vascular response is also of great
interest, particularly at higher current densities as shown in
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preclinical studies [67]. The transient non-injurious increase in
solute diffusivity and permeability of BBB in response to concen-
trated direct current in the subarachnoid space changes the
neuronal and glial microenvironment and hence directly influences
NVU neurons. Nonetheless, a human safety study of tDCS has not
shown any BBB disruption due to direct current [16].

Pial vessels also play a significant role in the secondary vascular
response to neurovascular coupling. Given the inherently coupled
and highly interdependent neurovascular system, their initial vas-
odilatory response eventually integrates with the astrocytic and
neurovascular coupling mediated effects after the electrical current
activates or inhibits a brain network. This explains the immediate
CBF enhancing effect of both cathodal and anodal tDCS prior to
their modulation of the motor network's neural activity in humans.
Fig. 2 summarizes the four mediators of vascular response to tES.
Table 1 summarizes the contribution of various cellular compo-
nents to large, medium, and small-sized Vascular Response to tES.

Although the precise order by which these cellular compart-
ments are influenced by electrical current remains unclear, some of
these responses likely occur in parallel due to the highly integrated
neurovascular system in physiological conditions. However, in
pathological conditions where there is decoupling of neurovascular
units, this initial vascular response to tES may be amplified or
sustained due to lack of downstream neuronal feedback, and it may
even have a substantial secondary influence on neural activity via
vasculo-neural mechanisms. This theory also explains the vari-
ability of responses to tDCS seen across studies stimulating
different neural networks and the differences of effects between
healthy individuals and participants with pathological conditions
affecting NVC or cerebrovascular hemodynamics. For example, the
steno-occlusion of large to medium arteries of circle of Willis in
cerebrovascular diseases redirects the blood flow to dural and pial
anastomotic collateral vessels causing increased forced shear stress
[81,82]. These changes in the local mechanical and electrical forces
of pial vessels may amplify the vasodilatory response to electrical
current, increasing perfusion to the ischemic tissue via collateral
enhancement. Alzheimer's disease (AD) is another example of a
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pathological condition with impairment of NVC due to microvas-
cular alterations causing reduced cerebral blood flow
[32,38,83e85]. Cerebral hypoperfusion has been shown to initiate
and or contribute to beta-amyloid aggregation, and attenuated
hemodynamic response to neural activation may diminish the
paravascular drainage system and induce beta-amyloid elimination
failure [86e92]. Therefore, we speculate that the tES-induced
vascular response could potentially have a therapeutic effect in
AD by enhancing the cerebral hemodynamics and/or increasing the
clearance of beta-amyloid and other pathological neuropeptides.

Future perspectives

Many tES studies have used hemodynamic imaging only as a
marker of neuronal activation, but very few have focused on un-
derstanding the precise spatial and temporal properties of vascular
responses. Ultimately, future research may disambiguate the
neuronal versus vascular response to tES and further elucidate their
order of activation and magnitude of contribution to neurovascular
modulation. For instance, by incorporating optical, quantitative
perfusion, and blood-brain barrier imaging techniques, future
studies could investigate depth-specific responses of various
vascular compartments to tES and assess their temporal relation-
ship to neuronal and glial activation [93e96]. Furthermore, pref-
erential activation of different cerebral vascular compartments by
electrical fields of various shapes and depths remains to be
elucidated.

Lastly, studying the effects of neurovascular decoupling and
dampened hemodynamic response due to neurological diseases or
simply aging on these nuances of tES-induced primary vascular
response is also of paramount importance.

Understanding “which cellular elements” are activated by
stimulation, has long underpinned the understanding and optimi-
zation of neuromodulation techniques [97e99], including tES [5].
Measuring “target engagement” during human trials then un-
derpins rational intervention development and validation [1,100].
Neuronal versus vascular targets evidently represent distinct
neuronal targets and associated biomarkers of engagement, with
essential implications for tES outcomes.

In conclusion, a direct vascular effect of transcranial electrical
stimulation is highly suggested based on various preclinical and
clinical studies. This direct vascular effect may influence the
neuronal activity reversing the role of vasculature from secondary
responders to primary modulators of neuronal response to elec-
trical current. However, further studies arewarranted to investigate
the exact mechanisms involved in the vascular response and its
contribution to neural activity in both healthy brains and patho-
logical conditions with decoupling of neurovascular units.

Funding

No relevant funding.

Declaration of competing interest

M Bahr Hosseini (MBH)- University of California at Los Angeles
(UCLA) holds patent on electrical stimulation as an acute stroke
therapy.

MBH is supported by American Heart Association grant for
developing transcranial direct current stimulation as acute stroke
treatment.

M. Bikson (MB)- The City University of New York holds patents
on brain stimulation with MB as inventor. MB has equity in Soterix
Medical Inc. MB consults, received grants, assigned inventions, and/
845
or serves on the SAB of Boston Scientific, GlaxoSmithKline, Mecta,
Halo Neuroscience, X.

MB is supported by grants from the National Institutes of
Health: R01NS101362 (MB), R01NS095123 (MB), R01NS112996
(MB), R01MH111896 (MB), R01MH109289 (MB).

Acknowledgements

We would like to thank Dr. Jeffrey L. Saver for reviewing and
editing the article.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2021.04.015.

References

[1] Giordano J, Bikson M, Kappenman ES, Clark VP, Coslett HB, Hamblin MR, et al.
Mechanisms and effects of transcranial direct current stimulation. Dose
Response 2017;15(1). 1559325816685467.

[2] Pelletier SJ, Cicchetti F. Cellular and molecular mechanisms of action of
transcranial direct current stimulation: evidence from in vitro and in vivo
models. Int J Neuropsychopharmacol 2014;18(2).

[3] Roche N, Geiger M, Bussel B. Mechanisms underlying transcranial direct
current stimulation in rehabilitation. Ann Phys Rehabil Med 2015;58(4):
214e9.

[4] Chase HW, Boudewyn MA, Carter CS, Phillips ML. Transcranial direct current
stimulation: a roadmap for research, from mechanism of action to clinical
implementation. Mol Psychiatr 2020;25(2):397e407.

[5] Jackson MP, Rahman A, Lafon B, Kronberg G, Ling D, Parra LC, et al. Animal
models of transcranial direct current stimulation: methods and mechanisms.
Clin Neurophysiol 2016;127(11):3425e54.

[6] Iadecola C. The neurovascular unit coming of age: a journey through neu-
rovascular coupling in health and disease. Neuron 2017;96(1):17e42.

[7] D'Esposito M, Deouell LY, Gazzaley A. Alterations in the BOLD fMRI signal
with ageing and disease: a challenge for neuroimaging. Nat Rev Neurosci
2003;4(11):863e72.

[8] Phillips AA, Chan FH, Zheng MM, Krassioukov AV, Ainslie PN. Neurovascular
coupling in humans: physiology, methodological advances and clinical im-
plications. J Cerebr Blood Flow Metabol 2016;36(4):647e64.

[9] Weber MJ, Messing SB, Rao H, Detre JA, Thompson-Schill SL. Prefrontal
transcranial direct current stimulation alters activation and connectivity in
cortical and subcortical reward systems: a tDCS-fMRI study. Hum Brain
Mapp 2014;35(8):3673e86.

[10] Antal A, Polania R, Schmidt-Samoa C, Dechent P, Paulus W. Transcranial
direct current stimulation over the primary motor cortex during fMRI.
Neuroimage 2011;55(2):590e6.

[11] Halko MA, Datta A, Plow EB, Scaturro J, Bikson M, Merabet LB. Neuroplastic
changes following rehabilitative training correlate with regional electrical
field induced with tDCS. Neuroimage 2011;57(3):885e91.

[12] Han CH, Song H, Kang YG, Kim BM, Im CH. Hemodynamic responses in rat
brain during transcranial direct current stimulation: a functional near-
infrared spectroscopy study. Biomed Opt Express 2014;5(6):1812e21.

[13] Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA, Paulus W, et al. How does
transcranial DC stimulation of the primary motor cortex alter regional
neuronal activity in the human brain? Eur J Neurosci 2005;22(2):495e504.

[14] Liu YH, Chan SJ, Pan HC, Bandla A, King NKK, Wong PTH, et al. Integrated
treatment modality of cathodal-transcranial direct current stimulation with
peripheral sensory stimulation affords neuroprotection in a rat stroke model.
Neurophotonics 2017;4(4):045002.

[15] Merzagora AC, Foffani G, Panyavin I, Mordillo-Mateos L, Aguilar J, Onaral B,
et al. Prefrontal hemodynamic changes produced by anodal direct current
stimulation. Neuroimage 2010;49(3):2304e10.

[16] Nitsche MA, Niehaus L, Hoffmann KT, Hengst S, Liebetanz D, Paulus W, et al.
MRI study of human brain exposed to weak direct current stimulation of the
frontal cortex. Clin Neurophysiol 2004;115(10):2419e23.

[17] Turner DA, Degan S, Galeffi F, Schmidt S, Peterchev AV. Rapid, dose-
dependent enhancement of cerebral blood flow by transcranial AC stimu-
lation in mouse. Brain Stimul 2021;14(1):80e7.

[18] Jacobson L, Koslowsky M, Lavidor M. tDCS polarity effects in motor and
cognitive domains: a meta-analytical review. Exp Brain Res 2012;216(1):
1e10.

[19] Fox JL, Yasargil MG. The experimental effect of direct electrical current on
intracranial arteries and the blood-brain barrier. J Neurosurg 1974;41(5):
582e9.

[20] Harder DR, Madden JA. Electrical stimulation of the endothelial surface of
pressurized cat middle cerebral artery results in TTX-sensitive vasocon-
striction. Circ Res 1987;60(6):831e6.

https://doi.org/10.1016/j.brs.2021.04.015
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref1
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref1
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref1
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref2
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref2
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref2
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref3
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref3
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref3
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref3
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref4
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref4
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref4
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref4
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref5
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref5
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref5
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref5
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref6
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref6
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref6
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref7
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref7
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref7
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref7
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref8
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref8
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref8
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref8
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref9
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref9
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref9
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref9
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref9
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref10
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref10
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref10
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref10
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref11
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref11
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref11
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref11
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref12
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref12
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref12
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref12
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref13
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref13
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref13
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref13
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref14
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref14
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref14
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref14
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref15
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref15
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref15
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref15
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref16
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref16
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref16
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref16
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref17
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref17
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref17
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref17
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref18
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref18
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref18
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref18
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref19
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref19
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref19
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref19
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref20
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref20
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref20
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref20


M. Bahr-Hosseini and M. Bikson Brain Stimulation 14 (2021) 837e847
[21] Grossmann M, Jamieson MJ, Kellogg Jr DL, Kosiba WA, Pergola PE,
Crandall CG, et al. The effect of iontophoresis on the cutaneous vasculature:
evidence for current-induced hyperemia. Microvasc Res 1995;50(3):444e52.

[22] Moore CI, Cao R. The hemo-neural hypothesis: on the role of blood flow in
information processing. J Neurophysiol 2008;99(5):2035e47.

[23] Kim KJ, Ramiro Diaz J, Iddings JA, Filosa JA. Vasculo-neuronal coupling:
retrograde vascular communication to brain neurons. J Neurosci
2016;36(50):12624e39.

[24] Huang Y, Liu AA, Lafon B, Friedman D, Dayan M, Wang X, et al. Measure-
ments and models of electric fields in the in vivo human brain during
transcranial electric stimulation. Elife 2017;6.

[25] Datta A, Bansal V, Diaz J, Patel J, Reato D, Bikson M. Gyri-precise head model
of transcranial direct current stimulation: improved spatial focality using a
ring electrode versus conventional rectangular pad. Brain Stimul 2009;2(4):
201e7. 7 e1.

[26] Jiang J, Truong DQ, Esmaeilpour Z, Huang Y, Badran BW, Bikson M. Enhanced
tES and tDCS computational models by meninges emulation. J Neural Eng
2020;17(1):016027.

[27] Khadka N, Bikson M. Neurocapillary-modulation. Neuromodulation 2020.
https://doi.org/10.1111/ner.13338. In press, https://pubmed.ncbi.nlm.nih.
gov/33340187/.

[28] Krueger M, Bechmann I. CNS pericytes: concepts, misconceptions, and a way
out. Glia 2010;58(1):1e10.

[29] Hamilton NB, Attwell D, Hall CN. Pericyte-mediated regulation of capillary
diameter: a component of neurovascular coupling in health and disease.
Front Neuroenergetics 2010;2.

[30] Peppiatt CM, Howarth C, Mobbs P, Attwell D. Bidirectional control of CNS
capillary diameter by pericytes. Nature 2006;443(7112):700e4.

[31] Hill RA, Tong L, Yuan P, Murikinati S, Gupta S, Grutzendler J. Regional blood
flow in the normal and ischemic brain is controlled by arteriolar smooth
muscle cell contractility and not by capillary pericytes. Neuron 2015;87(1):
95e110.

[32] Girouard H, Iadecola C. Neurovascular coupling in the normal brain and in
hypertension, stroke, and Alzheimer disease. J Appl Physiol 1985;100(1):
328e35. 2006.

[33] Hamel E. Perivascular nerves and the regulation of cerebrovascular tone.
J Appl Physiol 1985;100(3):1059e64. 2006.

[34] Bekar LK, Wei HS, Nedergaard M. The locus coeruleus-norepinephrine
network optimizes coupling of cerebral blood volume with oxygen de-
mand. J Cerebr Blood Flow Metabol 2012;32(12):2135e45.

[35] Toussay X, Basu K, Lacoste B, Hamel E. Locus coeruleus stimulation recruits a
broad cortical neuronal network and increases cortical perfusion. J Neurosci
2013;33(8):3390e401.

[36] Longden TA, Dabertrand F, Koide M, Gonzales AL, Tykocki NR, Brayden JE,
et al. Capillary K(þ)-sensing initiates retrograde hyperpolarization to in-
crease local cerebral blood flow. Nat Neurosci 2017;20(5):717e26.

[37] Segal SS. Integration and modulation of intercellular signaling underlying
blood flow control. J Vasc Res 2015;52(2):136e57.

[38] Iadecola C. Regulation of the cerebral microcirculation during neural activity:
is nitric oxide the missing link? Trends Neurosci 1993;16(6):206e14.

[39] Goadsby PJ. Autonomic nervous system control of the cerebral circulation.
Handb Clin Neurol 2013;117:193e201.

[40] Goadsby PJ, Uddman R, Edvinsson L. Cerebral vasodilatation in the cat in-
volves nitric oxide from parasympathetic nerves. Brain Res 1996;707(1):
110e8.

[41] Lv X, Wu Z, Li Y. Innervation of the cerebral dura mater. NeuroRadiol J
2014;27(3):293e8.

[42] Louis TM, Meng W, Bari F, Errico RA, Busija DW. Ischemia reduces CGRP-
induced cerebral vascular dilation in piglets. Stroke 1996;27(1):134e8. dis-
cussion 9.

[43] Gozalov A, Jansen-Olesen I, Klaerke D, Olesen J. Role of K ATP channels in
cephalic vasodilatation induced by calcitonin gene-related peptide, nitric
oxide, and transcranial electrical stimulation in the rat. Headache
2008;48(8):1202e13.

[44] Liebeskind DS. Collateral circulation. Stroke 2003;34(9):2279e84.
[45] Spronck B, Martens EG, Gommer ED, van de Vosse FN. A lumped parameter

model of cerebral blood flow control combining cerebral autoregulation and
neurovascular coupling. Am J Physiol Heart Circ Physiol 2012;303(9):
H1143e53.

[46] Sandow SL, Murphy TV. Under pressure - kv channels and myogenic control
of cerebral blood flow. J Physiol 2010;588(Pt 19):3635e6.

[47] Fordsmann JC, Ko RW, Choi HB, Thomsen K, Witgen BM, Mathiesen C, et al.
Increased 20-HETE synthesis explains reduced cerebral blood flow but not
impaired neurovascular coupling after cortical spreading depression in rat
cerebral cortex. J Neurosci 2013;33(6):2562e70.

[48] Bergethon PR. Altered electrophysiologic and pharmacologic response of
smooth muscle cells on exposure to electrical fields generated by blood flow.
Biophys J 1991;60(3):588e95.

[49] Trivedi DP, Hallock KJ, Bergethon PR. Electric fields caused by blood flow
modulate vascular endothelial electrophysiology and nitric oxide produc-
tion. Bioelectromagnetics 2013;34(1):22e30.

[50] Rosengarten B, Dannhardt V, Burr O, Pohler M, Rosengarten S, Oechsner M,
et al. Neurovascular coupling in Parkinson's disease patients: effects of de-
mentia and acetylcholinesterase inhibitor treatment. J Alzheimers Dis
2010;22(2):415e21.
846
[51] Roquet D, Sourty M, Botzung A, Armspach JP, Blanc F. Brain perfusion in
dementia with Lewy bodies and Alzheimer's disease: an arterial spin labeling
MRI study on prodromal and mild dementia stages. Alzheimer's Res Ther
2016;8:29.

[52] Jang H, Huang S, Hammer DX, Wang L, Rafi H, Ye M, et al. Alterations in
neurovascular coupling following acute traumatic brain injury. Neuro-
photonics 2017;4(4):045007.

[53] Mikulis DJ. Chronic neurovascular uncoupling syndrome. Stroke 2013;44(6
Suppl 1):S55e7.

[54] Kurosawa M, Messlinger K, Pawlak M, Schmidt RF. Increase of meningeal
blood flow after electrical stimulation of rat dura mater encephali: mediation
by calcitonin gene-related peptide. Br J Pharmacol 1995;114(7):1397e402.

[55] Petersen KA, Birk S, Doods H, Edvinsson L, Olesen J. Inhibitory effect of
BIBN4096BS on cephalic vasodilatation induced by CGRP or transcranial
electrical stimulation in the rat. Br J Pharmacol 2004;143(6):697e704.

[56] Keef K, Neild TO. Modification of the response to nerve stimulation in small
arteries of Guinea-pig caused by distension of the artery. J Physiol 1982;331:
355e65.

[57] Emerson GG, Segal SS. Electrical activation of endothelium evokes vasodi-
lation and hyperpolarization along hamster feed arteries. Am J Physiol Heart
Circ Physiol 2001;280(1):H160e7.

[58] Durand S, Fromy B, Bouye P, Saumet JL, Abraham P. Vasodilatation in
response to repeated anodal current application in the human skin relies on
aspirin-sensitive mechanisms. J Physiol 2002;540(Pt 1):261e9.

[59] Berliner MN. Skin microcirculation during tapwater iontophoresis in
humans: cathode stimulates more than anode. Microvasc Res 1997;54(1):
74e80.

[60] Asberg A, Holm T, Vassbotn T, Andreassen AK, Hartmann A. Nonspecific
microvascular vasodilation during iontophoresis is attenuated by application
of hyperosmolar saline. Microvasc Res 1999;58(1):41e8.

[61] Bikson M, Grossman P, Thomas C, Zannou AL, Jiang J, Adnan T, et al. Safety of
transcranial direct current stimulation: evidence based update 2016. Brain
Stimul 2016;9(5):641e61.

[62] Guarienti F, Caumo W, Shiozawa P, Cordeiro Q, Boggio PS, Bensenor IM, et al.
Reducing transcranial direct current stimulation-induced erythema with
skin pretreatment: considerations for sham-controlled clinical trials. Neu-
romodulation 2015;18(4):261e5.

[63] List J, Lesemann A, Kubke JC, Kulzow N, Schreiber SJ, Floel A. Impact of tDCS
on cerebral autoregulation in aging and in patients with cerebrovascular
diseases. Neurology 2015;84(6):626e8.

[64] Vernieri F, Assenza G, Maggio P, Tibuzzi F, Zappasodi F, Altamura C, et al.
Cortical neuromodulation modifies cerebral vasomotor reactivity. Stroke
2010;41(9):2087e90.

[65] Ringelstein EB, Van Eyck S, Mertens I. Evaluation of cerebral vasomotor
reactivity by various vasodilating stimuli: comparison of CO2 to acetazol-
amide. J Cerebr Blood Flow Metabol 1992;12(1):162e8.

[66] Coverdale NS, Gati JS, Opalevych O, Perrotta A, Shoemaker JK. Cerebral blood
flow velocity underestimates cerebral blood flow during modest hypercap-
nia and hypocapnia. J Appl Physiol 1985;117(10):1090e6. 2014.

[67] Shin DW, Fan J, Luu E, Khalid W, Xia Y, Khadka N, et al. In vivo modulation of
the blood-brain barrier permeability by transcranial direct current stimula-
tion (tDCS). Ann Biomed Eng 2020;48(4):1256e70.

[68] Fu B, Xia Y, Khalid W, Huang G, Yin Z, Bikson M. Transcranial direct current
stimulation transiently increases solute transport in brain tissue. Faseb J
2020;34:1.

[69] Cancel LM, Arias K, Bikson M, Tarbell JM. Direct current stimulation of
endothelial monolayers induces a transient and reversible increase in
transport due to the electroosmotic effect. Sci Rep 2018;8(1):9265.

[70] Bikson M, Esmaeilpour Z, Adair D, Kronberg G, Tyler WJ, Antal A, et al.
Transcranial electrical stimulation nomenclature. Brain Stimul 2019;12(6):
1349e66.

[71] Bikson M, Datta A, Rahman A, Scaturro J. Electrode montages for tDCS and
weak transcranial electrical stimulation: role of "return" electrode's position
and size. Clin Neurophysiol 2010;121(12):1976e8.

[72] Bragina OA, Lara DA, Nemoto EM, Shuttleworth CW, Semyachkina-
Glushkovskaya OV, Bragin DE. Increases in microvascular perfusion and
tissue oxygenation via vasodilatation after anodal transcranial direct current
stimulation in the healthy and traumatized mouse brain. Adv Exp Med Biol
2018;1072:27e31.

[73] MacVicar BA, Newman EA. Astrocyte regulation of blood flow in the brain.
Cold Spring Harb Perspect Biol 2015;7(5).

[74] Monai H, Ohkura M, Tanaka M, Oe Y, Konno A, Hirai H, et al. Calcium imaging
reveals glial involvement in transcranial direct current stimulation-induced
plasticity in mouse brain. Nat Commun 2016;7:11100.

[75] Wachter D, Wrede A, Schulz-Schaeffer W, Taghizadeh-Waghefi A,
Nitsche MA, Kutschenko A, et al. Transcranial direct current stimulation in-
duces polarity-specific changes of cortical blood perfusion in the rat. Exp
Neurol 2011;227(2):322e7.

[76] Mielke D, Wrede A, Schulz-Schaeffer W, Taghizadeh-Waghefi A, Nitsche MA,
Rohde V, et al. Cathodal transcranial direct current stimulation induces
regional, long-lasting reductions of cortical blood flow in rats. Neurol Res
2013;35(10):1029e37.

[77] Jamil A, Batsikadze G, Kuo HI, Meesen RLJ, Dechent P, Paulus W, et al. Current
intensity- and polarity-specific online and aftereffects of transcranial direct
current stimulation: an fMRI study. Hum Brain Mapp 2020;41(6):1644e66.

http://refhub.elsevier.com/S1935-861X(21)00085-1/sref21
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref21
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref21
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref21
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref22
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref22
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref22
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref23
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref23
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref23
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref23
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref24
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref24
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref24
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref25
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref25
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref25
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref25
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref25
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref26
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref26
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref26
https://doi.org/10.1111/ner.13338
https://pubmed.ncbi.nlm.nih.gov/33340187/
https://pubmed.ncbi.nlm.nih.gov/33340187/
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref28
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref28
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref28
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref29
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref29
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref29
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref30
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref30
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref30
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref31
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref31
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref31
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref31
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref31
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref32
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref32
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref32
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref32
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref33
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref33
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref33
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref34
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref34
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref34
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref34
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref35
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref35
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref35
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref35
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref36
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref36
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref36
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref36
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref36
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref37
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref37
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref37
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref38
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref38
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref38
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref39
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref39
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref39
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref40
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref40
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref40
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref40
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref41
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref41
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref41
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref42
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref42
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref42
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref42
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref43
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref43
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref43
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref43
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref43
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref44
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref44
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref45
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref45
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref45
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref45
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref45
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref46
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref46
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref46
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref47
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref47
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref47
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref47
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref47
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref48
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref48
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref48
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref48
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref49
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref49
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref49
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref49
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref50
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref50
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref50
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref50
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref50
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref51
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref51
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref51
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref51
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref52
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref52
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref52
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref53
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref53
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref53
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref54
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref54
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref54
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref54
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref55
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref55
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref55
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref55
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref56
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref56
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref56
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref56
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref57
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref57
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref57
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref57
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref58
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref58
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref58
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref58
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref59
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref59
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref59
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref59
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref60
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref60
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref60
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref60
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref61
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref61
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref61
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref61
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref62
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref62
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref62
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref62
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref62
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref63
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref63
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref63
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref63
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref64
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref64
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref64
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref64
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref65
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref65
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref65
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref65
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref66
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref66
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref66
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref66
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref67
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref67
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref67
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref67
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref68
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref68
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref68
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref69
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref69
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref69
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref70
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref70
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref70
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref70
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref71
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref71
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref71
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref71
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref72
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref72
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref72
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref72
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref72
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref72
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref73
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref73
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref74
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref74
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref74
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref75
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref75
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref75
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref75
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref75
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref76
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref76
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref76
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref76
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref76
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref77
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref77
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref77
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref77


M. Bahr-Hosseini and M. Bikson Brain Stimulation 14 (2021) 837e847
[78] Zheng X, Alsop DC, Schlaug G. Effects of transcranial direct current stimu-
lation (tDCS) on human regional cerebral blood flow. Neuroimage
2011;58(1):26e33.

[79] Dutta A, Jacob A, Chowdhury SR, Das A, Nitsche MA. EEG-NIRS based
assessment of neurovascular coupling during anodal transcranial direct
current stimulation–a stroke case series. J Med Syst 2015;39(4):205.

[80] Trofimov AO, Kalentiev G, Karelsky M, Ksenofontova C, Ruzavina A, Yuriev M,
et al. Cerebral hemodynamics after transcranial direct current stimulation
(tDCS) in patients with consequences of traumatic brain injury. Adv Exp Med
Biol 2018;1072:59e62.

[81] Schaper W. Collateral circulation: past and present. Basic Res Cardiol
2009;104(1):5e21.

[82] Nishijima Y, Akamatsu Y, Weinstein PR, Liu J. Collaterals: implications in
cerebral ischemic diseases and therapeutic interventions. Brain Res
2015;1623:18e29.

[83] Ruitenberg A, den Heijer T, Bakker SL, van Swieten JC, Koudstaal PJ,
Hofman A, et al. Cerebral hypoperfusion and clinical onset of dementia: the
Rotterdam Study. Ann Neurol 2005;57(6):789e94.

[84] Wang X, Xing A, Xu C, Cai Q, Liu H, Li L. Cerebrovascular hypoperfusion in-
duces spatial memory impairment, synaptic changes, and amyloid-beta
oligomerization in rats. J Alzheimers Dis 2010;21(3):813e22.

[85] Kisler K, Nelson AR, Montagne A, Zlokovic BV. Cerebral blood flow regulation
and neurovascular dysfunction in Alzheimer disease. Nat Rev Neurosci
2017;18(7):419e34.

[86] de la Torre JC. Critically attained threshold of cerebral hypoperfusion: the
CATCH hypothesis of Alzheimer's pathogenesis. Neurobiol Aging 2000;21(2):
331e42.

[87] de la Torre JC. Hemodynamic consequences of deformed microvessels in the
brain in Alzheimer's disease. Ann N Y Acad Sci 1997;826:75e91.

[88] Carare RO, Aldea R, Bulters D, Alzetani A, Birch AA, Richardson G, et al.
Vasomotion drives periarterial drainage of abeta from the brain. Neuron
2020;105(3):400e1.
847
[89] Li H, Guo Q, Inoue T, Polito VA, Tabuchi K, Hammer RE, et al. Vascular and
parenchymal amyloid pathology in an Alzheimer disease knock-in mouse
model: interplay with cerebral blood flow. Mol Neurodegener 2014;9:28.

[90] Kitaguchi H, Tomimoto H, Ihara M, Shibata M, Uemura K, Kalaria RN, et al.
Chronic cerebral hypoperfusion accelerates amyloid beta deposition in
APPSwInd transgenic mice. Brain Res 2009;1294:202e10.

[91] ElAli A, Theriault P, Prefontaine P, Rivest S. Mild chronic cerebral hypo-
perfusion induces neurovascular dysfunction, triggering peripheral beta-
amyloid brain entry and aggregation. Acta Neuropathol Commun 2013;1:75.

[92] Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer's
disease and other disorders. Nat Rev Neurosci 2011;12(12):723e38.

[93] Alsop DC, Detre JA, Golay X, Günther M, Hendrikse J, Hernandez-Garcia L,
et al. Recommended implementation of arterial spin-labeled perfusion MRI
for clinical applications: a consensus of the ISMRM perfusion study group
and the European consortium for ASL in dementia. Magn Reson Med
2015;73(1):102e16.

[94] Chassidim Y, Veksler R, Lublinsky S, Pell GS, Friedman A, Shelef I. Quantita-
tive imaging assessment of blood-brain barrier permeability in humans.
Fluids Barriers CNS 2013;10(1):9.

[95] Wunder A, Schoknecht K, Stanimirovic DB, Prager O, Chassidim Y. Imaging
blood-brain barrier dysfunction in animal disease models. Epilepsia 2012;53:
14e21.

[96] Masamoto K, Vazquez A. Optical imaging and modulation of neurovascular
responses. J Cerebr Blood Flow Metabol 2018;38(12):2057e72.

[97] McIntyre CC, Grill WM. Extracellular stimulation of central neurons: influ-
ence of stimulus waveform and frequency on neuronal output.
J Neurophysiol 2002;88(4):1592e604.

[98] Ranck Jr JB. Which elements are excited in electrical stimulation of
mammalian central nervous system: a review. Brain Res 1975;98(3):417e40.

[99] Holsheimer J. Which neuronal elements are activated directly by spinal cord
stimulation. Neuromodulation 2002;5(1):25e31.

[100] Bikson M, Brunoni AR, Charvet LE, Clark VP, Cohen LG, Deng ZD, et al. Rigor
and reproducibility in research with transcranial electrical stimulation: an
NIMH-sponsored workshop. Brain Stimul 2018;11(3):465e80.

http://refhub.elsevier.com/S1935-861X(21)00085-1/sref78
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref78
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref78
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref78
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref79
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref79
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref79
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref80
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref80
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref80
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref80
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref80
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref81
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref81
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref81
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref82
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref82
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref82
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref82
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref83
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref83
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref83
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref83
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref84
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref84
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref84
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref84
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref85
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref85
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref85
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref85
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref86
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref86
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref86
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref86
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref87
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref87
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref87
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref88
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref88
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref88
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref88
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref89
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref89
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref89
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref90
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref90
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref90
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref90
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref91
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref91
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref91
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref92
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref92
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref92
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref93
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref93
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref93
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref93
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref93
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref93
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref94
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref94
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref94
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref95
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref95
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref95
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref95
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref96
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref96
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref96
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref97
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref97
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref97
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref97
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref98
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref98
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref98
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref99
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref99
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref99
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref100
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref100
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref100
http://refhub.elsevier.com/S1935-861X(21)00085-1/sref100

	Neurovascular-modulation: A review of primary vascular responses to transcranial electrical stimulation as a mechanism of a ...
	Introduction
	Anatomy and function of cerebrovascular tree and neurovascular unit components
	Direct response of vascular compartments to electrical stimulation
	Large and medium-sized vascular response to electrical stimulation-preclinical studies
	Large-medium sized vascular response to electrical stimulation-human studies
	Response of microvasculature/blood-brain barrier (BBB) to electrical stimulation-preclinical studies
	Response of microvasculature/blood-brain barrier (BBB) to electrical stimulation- human studies

	Coupled neuro-vascular response to transcranial electrical stimulation
	Coupled neurovascular response to transcranial electrical stimulation-preclinical studies
	Neuro-vascular units response to transcranial electrical stimulation-human studies

	Discussion
	Future perspectives

	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


