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Abstract The last decade has seen a growing interest in
adjuvant treatments that synergistically influence mechanisms
underlying rehabilitation of paretic upper limb in stroke. One
such approach is invasive neurostimulation of spared cortices
at the periphery of a lesion. Studies in animals have shown
that during training of paretic limb, adjuvant stimulation
targeting the peri-infarct circuitry enhances mechanisms of
its reorganization, generating functional advantage. Success
of early animal studies and clinical reports, however, failed to
translate to a phase III clinical trial. As lesions in humans are
diffuse, unlike many animal models, peri-infarct circuitry may
not be a feasible, or consistent target across most. Instead,
alternate mechanisms, such as changing transcallosal inhibi-
tion between hemispheres, or reorganization of other viable
regions in motor control, may hold greater potential. Here, we
review comprehensive mechanisms of clinical recovery and
factors that govern which mechanism(s) become operative
when. We suggest novel approaches that take into account a
patient’s initial clinical–functional state, and findings from
neuroimaging and neurophysiology to guide to their most
suitable mechanism for ideal targeting. Further, we suggest
new localization schemes, and bypass strategies that indirectly
target peri-lesional circuitry, and methods that serve to counter
technical and theoretical challenge in identifying and

stimulating such targets at the periphery of infarcts in humans.
Last, we describe how stimulation may modulate mechanisms
differentially across varying phases of recovery- a temporal
effect that may explain missed advantage in clinical trials and
help plan for the next stage. With information presented here,
future trials would effectively be able to target patient’s spe-
cific mechanism(s) with invasive (or noninvasive)
neurostimulation for the greatest, most consistent benefit.
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Stroke is the leading cause of long-term adult disability [1].
More than 60 % of survivors experience residual deficits of the
paretic upper limb [2], which remains one of themost important
predictors of disability and poor quality of life [3]. Disability
adds to the costs of disease management that total $74 billion/
year [4]. Developing methods to effectively alleviate residual
deficits will reduce health and economic burden of stroke.

Several evidence-based rehabilitative approaches have been
developed with prominent ones, including neuromuscular
electrical stimulation [5], motor learning [6], robotic training
[7] constraint-induced movement therapy [8], and bilateral arm
training [9], etc. In spite of extensive therapy, recovery is
frequently incomplete [10]. There is a critical need for adjuvant
strategies that augment rehabilitative outcomes of paretic hand.

The last decade has seen a growing interest in the promise
of adjuvant treatments that synergistically influence mecha-
nisms associated with rehabilitation. One such approach is
invasive neuromodulation, involving electrical stimulation
applied to cortical or subcortical targets spared by stroke. By
directly stimulating viable targets, it is believed that
potential for plasticity underlying rehabilitation can be
enhanced to further recovery [11–16]. Evidence for such
emerges from pioneering work in animals [11–16] and
clinical trials [17–21].
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State of Evidence in Invasive Neuromodulation in Stroke
Rehabilitation

The general approach involves stimulating the peri-infarct
cortices concurrently with rehabilitative training of the paretic
limb. In animals, first, representations of upper limbwithin the
primary motor cortex (M1) are mapped using intracortical
microstimulation or electrical stimulation-evoked potentials.
Artificial infarcts are created to destroy parts of representation
devoted to distal forelimb, offeringwell-defined, residual peri-
lesional representations for tailored stimulation. Subthreshold
(40–70 % of motor evoked potential threshold), variable fre-
quency (50–250 Hz), and monopolar or bipolar stimulation
has typically been employed. The nature of paired training has
varied from skilled reaching or grasping [12–16] to precise
manipulation of wrist/digits [11]. In training of paretic limb,
paired stimulation of peri-lesional M1 has invariably been
advantageous in animals [11–16].

Animal studies have evidenced that the synergistic benefit of
stimulation in training involves evolutionarily conserved fun-
damental neural mechanisms [15]. Stimulating peri-infarct
areas initiates large-scale reorganization of spared motor repre-
sentations. For instance, representations devoted to paretic dis-
tal forelimb can re-emerge adjacent to the lesion or, at times, at
remote distances [11]. Morphologic and physiologic plasticity
underlies gross reorganization; regions in the vicinity of the
lesion express higher dendritic density [14], and, ultimately,
greater synaptogenesis and enhanced synaptic efficacy [13, 16].
The edge offered by concurrent stimulation in rehabilitation
thus appears to involve re-mapping of function to targeted and
interconnected regions [11, 15], potentially mediated by long-
term potentiation-like synaptic plasticity [16].

Success of animal models translated positively to pre-
liminary clinical [19] and phase I/II clinical trials [17, 18,
20] (see Table 1 for details of all clinical studies). In
prospective, open-label, randomized controlled studies,
patients with chronic stroke were assigned to either an
investigational or a control group. The investigational
group received implanted stimulation of M1 in the stroke/
ipsilesional hemisphere during rehabilitative therapy, while
the control group received rehabilitation alone without
implantation. For the investigational group, electrodes
were implanted with guidance from functional magnetic
resonance imaging (fMRI) [17–21]. The voxel with highest
activation in M1 that was localized with frameless
stereotaxis [22] served as the center for electrode implan-
tation. Stimulation (50 or 100 Hz) was delivered at a
subthreshold level (50 % of movement threshold). For both
groups, rehabilitation included occupational therapy to im-
prove shoulder/forearm and hand function, over 3–6 weeks.
Phase I [20] and II trials [17, 18] witnessed greater benefit for
paretic upper limb in the investigational group than the control
group at both, short- (4 weeks) and long-term (24 weeks)

follow-up. Patients in the investigational group were explanted
a few weeks after the end of rehabilitation protocol.

The advantage of invasive cortical stimulation for rehabil-
itation witnessed in early clinical trials, however, failed to
generalize to a subsequent pivotal phase III clinical trial [21,
23–25] (Table 1). The study failed to meet its primary com-
posite end-point of efficacy at 4-week follow-up [23, 25],
achieving less than the required 20 % difference between
investigational and control groups [21]. Atypical findings of
phase III, compared to phase I/II and animal studies, are now
attributed to numerous factors [23–26], some of which we list
briefly in Table 2 and in detail below.

Theoretical Factors

Lesions in animals are cortical [12], affecting layers I–VI,
unlike in humans where they are diffuse, affecting cortical
and subcortical regions. Thus, the probability of damage to
corticospinal pathways is exaggerated in humans and the
potential of surviving M1 to support recovery alone becomes
inconsistent. Although clinical studies choose fMRI activation
in peri-infarctM1, its activation alone, as we [5, 27] and others
[28] have shown, is not completely predictive of its role in
recovery; other regions could partake in mechanisms instead.

Methodological

Although all clinical studies used fMRI to localize stimula-
tion, only phase I used intra-operative stimulation in conjunc-
tion. Although phase II/III did not discuss intraoperative map-
ping, they noted later that contralateral response was elicited
in 42 % [18] and 15 % [25] during thresholding. If, in fact,
their implantation had been guided by physiologic mapping,
using intraoperative [20] or transcranial stimulation [29] be-
sides fMRI, the probability of localizing to sites of functioning
pathways could have been high, as in phase I.

Indeed, one of the most cited reasons for differential success
between late versus early trials is the variance in distribution of
functioning corticospinal pathways—the most important sub-
strate for recovery (Fig. 1) [29]. Success of invasive stimulation
diminishes almost linearly from phase I to III trials (Fig. 1).
This, we conjecture, is partly attributable to the fact that 83% of
the investigational group in phase I had functioning pathways,
so they noted greatest success—a 10-point gain in Fugl–Meyer
assessment. However, as this proportion reduced in phase II
(42 %) and III (15.3 %), the potency of stimulation also dimin-
ished, with a 5.5- and 4.3-point gain, respectively. In phase III,
when patients with demonstrated functioning pathways (15 %)
in the investigational group alone were examined, gains with
stimulation became remarkable and significant [25].

Another methodological issue is whether we are even
affecting all of the peri-infarct potential in humans. For exam-
ple, although cytoarchitectonic analysis of human precentral
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gyrus suggests its volume is 100 times larger than that of
rodents, the stimulation contact area in humans is only 4–7
times greater [30]. Is the dramatically variable success of
animal versus clinical studies simply a function of a dispro-
portionately smaller percentage volume targeted in humans?
Our speculation aligns with the success of noninvasive corti-
cal stimulation that is less focal. Using transcranial magnetic
stimulation (TMS) [31], or transcranial direct current stimula-
tion (tDCS), as in Bolognini et al. [32], or in our ongoing
study [33], a>5-point gain in Fugl–Meyer assessment is noted
within a few weeks. Thus, it is important to realize the perfect
balance between focality and potency of stimulation, as well
as the drawbacks of the surgical process itself, which can take
a toll on patients’ function, attenuating gains in rehabilitation.

Last, the type of training paired with stimulation is
critical. Effects of cortical stimulation in animals are
driven in a task-specific manner; improvement is specific
to the task that the animal learns during cortical stimu-
lation [12]. By adopting a variety of techniques in reha-
bilitation in pairing with stimulation, are we diluting its
effect? But, then, how else do we generalize benefit?

Measurement

Whereas phase I/II trials adopted an unblinded design across
few centers, the phase III trial was a single-blinded, nationwide
multicenter study. Potential biases in evaluation, compounded
by the inhomogeneity of subject selection and study execution,
could have led to variable success between phase III versus
earlier, smaller trials. Further, clinically meaningful change was
set as an increase of 4.5 on Fugl–Meyer assessment and 0.21 on
armmotor ability in phase III; however, in phase II, success was
defined as gain of 3.5 on Fugl–Meyer assessment. Thus, even
though a change of 4.3 in phase III was not too different from a
change of 5.5 in phase II, the proportion of patients in the
investigational group that reached the clinical criterion of suc-
cess was much less in phase III (30.8 %) than in phase II
(67 %). Success may also have differed owing to varying
baseline characteristics. Patients in the control group in the
phase II trial were seemingly more impaired (baseline Fugl–
Meyer score: 32.4, range 19–49) than those in phase III (base-
line Fugl–Meyer score: 37.6, range 28.5–49.5). This may ex-
plain why, in phase II, the control group achieved a rather small

Table 2 Theoretical-, methodological-, and measurement-related factors implicated in failed phase III trial of invasive stimulation versus early clinical
and animal studies

Factors Description

Theoretical Types of lesions: animals vs humans Well-defined cortical lesions in animals, but diffuse, cortical/subcortical/cortical +
subcortical lesions in humans

Mechanism of reorganization targeted
by stimulation

Residual representations in peri-infarct M1 circumscribed in animals—consistent
potential for reorganization with stimulation. Poorly-defined lesions of M1 and
pathways in humans create inconsistent potential for peri-infarct M1 to reorganize.

Other patient-specific neural mechanisms should instead be stimulated

Stimulation in patients: is it
generalizable?

Best effects achieved only in patients with functioning corticospinal pathways.
Refining patient selection in future studies.

Methodological Localization and its confirmation fMRI activation localized implants in trials, but only phase I confirmed the site
elicited contralateral response—signifying functioning pathways

Functionality of descending pathways 83 % and 42 % of investigational group possessed functioning pathways in
phase I and II, unlike 15 % in phase III

Focality of stimulation 2.7×2.6 cm2 area may be too focal for humans. Animal studies note greater benefit
when stimulation is distributed at periphery of motor targets than in interior of M1.

Less-focal, noninvasive cortical stimulation achieves greater Δ (> 5 points on
Fugl–Meyer) with comparable or shorter paired rehabilitation

% Volume of tissue activated Volume of human precentral gyrus is 100 times than that in animals; however,
stimulation contact area is only 4–7 times larger

Task-specificity in rehabilitation Animal studies note best effects for task paired with stimulation. Analogously, is
stimulation in humans best for laboratory-based tasks or varied types of training
used in clinical rehabilitative practice?

Measurement Study design Blinded raters in phase III vs early trials, which were open-label.
Phase III: large, multicenter set-up vs early trials employed smaller set-up
across fewer centers

Differences in control Control group in phase II apparently more impaired (Fugl–Meyer=30.5 ±7.3;
range=20–44) than in phase III (Fugl–Meyer=37.6, range=29–50). So, more
benefit for controls in phase III vs II (Δ Fugl–Meyer: 4 vs 1.9)

Defining endpoint Stricter criteria of efficacy in phase III vs phase II., so fewer % in investigational
group achieved clinically meaningful Δ in phase III

fMRI functional magnetic resonance imaging; M1 primary motor cortex
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gain with rehabilitation—1.9 points versus the corresponding
group in phase III, which showed almost as prominent a gain (4
points) as the investigational group. In the end, success of
stimulation in early versus pivotal trial may be related to
differences in experimental blinding, study structure, subject
inhomogeneity, and varying endpoint of success. In building
upon these factors, we suggest features in designing future
clinical studies that are critical to consider.

Theoretical: What are the Candidate Mechanism(s) to Target?

Are Peri-infarct Processes Targeted in Animal Studies
Translatable to Humans?

Even though restoration of peri-infarct circuitry may represent
the best basis for stroke motor recovery in animal models with
well-defined lesions [11–16], this prospect is not feasible for
many patients. Motor representations in peri-infarct cortices are
mostly spared in the subset of patients who experience small,
focal infarcts in M1 or sensory cortex [34, 35], similar to exper-
imental models of stroke. Even when large peri-lesional repre-
sentations are spared, they tend to be inconsistent [6, 34, 35] and
bear little relation to motor function [36, 37]. Thus, peri-infarct
activation may not represent the quintessential mechanism to

feasibly target in clinical stroke. Studies in animals even question
its sensitivity. Adkins-Muir and Jones [14] discuss the fact that
both cathodal and anodal stimulation offer behavioral advan-
tages, but only cathodal stimulation is associated with enhanced
neuronal density in peri-infarct M1. As a converse, Kleim et al.
[15] report that peri-infarct representations re-map with both
bipolar and monopolar stimulation, but behavior is accentuated
withmonopolar stimulation. Do peri-infarct movement represen-
tations even linearly relate to recovery?

Is peri-infarct cortical reorganization sufficient to effectuate
recovery? Even though they experience key peri-infarct reor-
ganization, animals with severe impairments do not show ben-
efits of adjunctive stimulation [13]. It may be that their de-
scending pathways are so compromised that stimulation of peri-
infarct mechanisms can still not enhance use of the impaired
limb. A threshold level of functioning pathways may thus be
necessary to realize the benefits of peri-infarct stimulation [13].

Are There Other Processes that can be Effective to Modulate
in Humans?

A more commonly evidenced process in clinical recovery,
which is relatively underinvestigated in animal models, is
the normalization of interhemispheric balance. Following
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Fig. 1 Representation of data from early clinical trials and latest phase III
clinical trial of invasive cortical stimulation in stroke. All trials compared
an investigational group that received stimulation of peri-lesional M1
during rehabilitation to a control group that received rehabilitation alone.
Black bars represent percentage of patients in investigational group who
achieved a clinically meaningful change in upper extremity Fugl–Meyer
score; gray bars show percentage of patients in the control group who
achieved such a meaningful effect. In parentheses below, we list the
percentage of patients in the investigational group in respective trials

who were deemed to possess functioning corticospinal tracts. These
values are derived from Brown et al. [20] (phase I), Levy et al. [18],
Huang et al. [17] (phase II), and Nouri and Cramer [25] (phase III trial).
Asterisk (*) denotes reported statistical significance between investiga-
tional and control groups. One can note a qualitatively inverse relation-
ship between advantage of invasive cortical stimulation and stage of
clinical trials. An important reason for such a relation may be the de-
creasing percentage of patients with functioning corticospinal tracts from
early to late clinical trials
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stroke, an imbalance emerges between ipsilesional and
contralesional activity due to abnormalities of transcallosal
inhibition [8, 38–40]. Stroke reduces inhibition exerted by
ipsilesional upon contralesional M1, leading to unabated ac-
tivation of latter in movement of the paretic hand [41, 42].
Overly-active contralesional M1 exercises greater than typical
inhibition upon ipsilesional M1 [8]. As ipsilesional M1 is
unable to counter exaggerated inhibition prior to and during
movement of paretic hand [38], patients switch to compensat-
ing with the nonparetic hand, reinforcing learned non-use of
the paretic hand [8].

An important strategy to normalize interhemispheric bal-
ance involves neurostimulation, mainly using noninvasive
methods such as repetitive TMS (rTMS) or tDCS. Depending
on the frequency, low or high rTMS can suppress or enhance
excitability of targeted cortices. tDCS, depending on the polar-
ity, can also enhance (anodal) or suppress (cathodal) excitabil-
ity of the targeted cortex [43]. Studies have generally down-
regulated contralesional activity using low-frequency rTMS
[44] or cathodal tDCS [45], or upregulated ipsilesional activity
using high-frequency rTMS [46] or anodal tDCS [47], or
simultaneously applied both [48, 49].

Although its simplicity of application, cost-effectiveness,
and excellent safety profile is appealing, noninvasive
neuromodulation still presents limited (ranging between 8
and 30 %) and transient gains [50]. Its low precision requiring
labor-intensive manipulation to ensure consistent targeting
presents practical hurdles in stimulating chronically over-
repeated outpatient visits [21]. However, as it offers the ad-
vantage of promptly elucidating the effects of stimulation in
safe and outpatient paradigms, it could serve as a precursor to
implanted stimulation, which could strongly restore inter-
hemispheric balance and permanently reverse learned non-
use of the paretic hand.

Alternate Substrates and Their Role in Recovery: Cortical
Surrogates

Besides interhemispheric balance, ipsilesional areas, remote
from the infarct rim such as supplementary motor area and
premotor cortices, may vicariate in recovery, that is, assume
the role of damaged M1 [24]. In a primate model, axons from
the ventral premotor area bypassed the lesioned site [51] to
establish atypical remote cortico-cortical connections [52].
Similarly, in humans, higher motor areas, such as dorsal
premotor, may act vicariously [5, 53]. Their reversible inhibi-
tion, rather than that of ipsilesional M1 [54], can reinstate
deficits in recovered animals [54] and humans [55]. Their
contribution evidently emerges from substantial (~60 %) and
independent projections to corticospinal pathways [56], ex-
tensive reciprocal connections with M1 [57], and dense
transcallosal connections with their homologues [57].
Although we currently explore how stimulating higher motor

areas potentiates vicariation [33], a recent rodent model by
Boychuk et al. [30] may offer some translational insight. They
have discussed that stimulating distributed regions in the
periphery of ipsilesional motor cortices is more efficacious
than focal stimulation in the interior of M1.

Alternate Substrates and Their Role in Recovery:
Contralesional Hemisphere

Although we have emphasized the importance of mitigating
interhemispheric competition as one of the first alternate
mechanisms in recovery, we cannot be dismissive of the
adaptive role of contralesional hemisphere. There is compel-
ling evidence that contralesional motor cortices play an im-
portant role in recovery [42]. Transiently inactivating them
completely abolishes the reaching ability of the affected limb
in animals with large infarcts [58], and slows response times in
patients with severe impairments [59]. Thus, contralesional
activity may not, invariably, be overly competitive. Instead, it
may be partially compensatory, especially in those who have
such extensive damage to corticospinal pathways that stimu-
lation of neither peri-infarct nor alternate motor substrates in
ipsilesional hemisphere may afford any benefit [59]. To re-
solve seeming controversies regarding disparate roles of
contralesional motor cortices, it is important to understand
where the critical tipping point lies: Where is it that the
activity of contralesional motor cortices ceases to be compet-
itive to instead become compensatory?

In summary, it appears that to rectify theoretical factors
implicated in the failure of phase III clinical trial of invasive
stimulation, novel approaches may have to address interhemi-
spheric balance, or target ipsilesional surrogates, in expanding
from the scope offered by peri-infarct M1. In the absence of
any resources on the paretic side, however, where ipsilesional
motor systems are damaged beyond threshold level,
harnessing contralesional activity may be partially adaptive
through formation of atypical connections [60–62].

Methodological: Localizing to Substrates and Determining
Functionality of Corticospinal Pathways in Stroke

In animal models, stimulation is targeted based on detailed
mapping of peri-infarct cortex or based on the expected size of
experimental injury. In humans, fMRI activation in peri-
lesional region is used instead [22]. Although fMRI is one of
the most critical assays of reorganization in stroke [5, 6, 42],
its ability to localize stimulation in the peri-infarct region is
questionable. This is because its perfusion-based contrast is
contorted in areas of vascular compromise in stroke [37].
Thus, sites evoking potentials with intraoperative cortical
stimulation imperfectly align with fMRI [22], which means
that it is now considered less accurate and reliable in
presurgical mapping in functional neurosurgery [63]. Next,
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fMRI activation in stroke is ultimately dictated by functional-
ity of emergent corticospinal pathways [64]. If compromised,
targeting activation with cortical stimulation may be less
effective in modulating mechanisms of recovery.

Thus, the functioning and integrity of corticospinal path-
ways is important to study. To accurately map corticospinal
pathways from peri-lesional cortex, several techniques are
available for humans, including TMS, or epidural or cortical
stimulation [65], and an MRI method called diffusion tensor
imaging (DTI) [66]. TMS is becoming a noninvasive proxy
for invasive cortical stimulation in functional neurosurgery
[63], while DTI is gaining popularity to view cortical termi-
nals of corticospinal tracts [66, 67]. In future studies, TMS and
DTI could complement fMRI in identifying eloquent cortices
that also project most functioning corticospinal pathways, a
feat being explored in our preliminary work [68].

Methodological: Targeting Peri-lesional Substrates
Even While Bypassing Them

Alternate strategies to bypass practical limitations of mapping/
targeting peri-infarct areas in humans would be valuable. One
such method, validated in experimental models in stroke,
involves facilitating peri- and ipsi-lesional excitability by
stimulating an alternate, intact motor pathway that is remote,
yet connected to M1—the dentato-thalamocortical pathway.
By targeting it at its node of origin in the dentate nucleus or the
ascending pathway, the majority of the tract can be activated
with a single implanted multipolar electrode [69]. Invasive,
subthreshold stimulation, delivered chronically at lower fre-
quencies (in the beta range) can generate sustained facilitatory
effects upon excitability of M1 [70] and promote recovery of
the impaired forelimb to a significantly greater degree than in
a control [71, 72].

Targeting the dentato-thalamocortical pathway carries poten-
tial advantages compared with peri-infarct cortical stimulation.
As the pathway projects to cortical areas extending from
premotor to parietal, stimulation via this natural output may
deliver therapeutic effects to a much larger cortical area than
only the cortical arrays. As the effects are mediated by
thalamocortical connections, stimulation can also potentially
activate cortical areas embedded in deep sulci that are likely
to be missed with epidural cortical stimulation [69]. As effects
of epidural cortical stimulation depend upon the orientation of
neurons to the stimulating electrode [73], effects achieved with
deep brain stimulation of the dentato-thalamocortical pathway
will likely be independent of gyral anatomy andmicrostructural
variations. Last, targeting the dentato-thalamocortical pathway
would obviate the need for mapping peri-infarct cortices in
stroke as, by orienting the surgical technique and implant to
an anatomically intact, subcortical target, consistent application
could be achieved across all patients, reducing inhomogeneity
in an already heterogeneous population.

Measurement: Designing for the Future

Invasive neurostimulation trials in stroke have often been per-
formed without sham surgery [21], carrying greater confound
of placebo for the investigational group. The risk is only
compounded when no experimental blinding is introduced,
such as in phase I/II. The ethical dilemma of introducing sham
surgery is intense in neurosurgery, given the risk of interven-
tions to the brain. Nevertheless, the importance of generating
rigorous empirical evidence cannot be undermined. To balance
the ethical–scientific dilemma, a prospect may be to choose
randomized, controlled, crossover designs as in neurosurgical
trials of neurostimulation for movement disorders [74].

Patient inhomogeneity becomes difficult to control across
multiple centers. Although clinical trials set specific criteria
(Fugl–Meyer score between 20 and 50), a minimal score of
20 [17–20] can be achieved if patients only possess proximal
upper limb control without much hand function or vice versa.
Specifying criteria for wrist/hand (as in [29]) or extension (such
as in [75] and in our work [5, 33]) may increase the chances that
patients with viable ipsilesional motor systems would be en-
rolled. This is because finger extension is the most important
predictor of dexterity [76], and is strongly indicative of func-
tioning corticospinal pathways [29]. Still, while emphasizing
the importance of “residual” hand function in predicting suc-
cess of cortical stimulation, we are cautious of the flip, and
unfortunate, side to this argument—that patients with the most
severe deficits are likely to be the ones with the greatest need for
novel, particularly invasive, and riskier therapies.

Prospects for the Future: Revealing Lesser Known Benefits
of Stimulation

Differentiating Between Short- and Long-term Mechanisms
of Cortical Stimulation

The temporal profile of advantage of cortical stimulation varies
with early versus late period of training, which can be
harnessed differentially in rehabilitation. For instance, Teskey
et al. [16] and Adkins-Muir and Jones [14] show dramatic
differences between groups receiving cortical stimulation ver-
sus no stimulation early in training. Similarly, preliminary
clinical studies [17, 18, 20] also show greater separation be-
tween investigational and control groups early on. We show
that adjunctive noninvasive cortical stimulation similarly
primes early recovery [77]. This accelerative effect of cortical
stimulation may relate to the basis of early learning, such as
long-term potentiation or improved synaptic efficacy in super-
ficial layers of M1 [78]. Incorporating serial assessments would
confirm the temporal advantage and create opportunities for the
use of cortical stimulation as catalysts in rehabilitation.

Besides early benefits, cortical stimulation may facilitate
long-term retention of rehabilitative benefit. In phase I and II
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clinical trials, Brown et al. [20] and Huang et al. [17] note that
even after the end of the treatment phase, the investigational
group continues to show greater alleviation of impairments
compared with the control group. An important caveat is that
at delayed follow-up, the group receiving rehabilitation wit-
nesses a regression of function, but this effect is attenuated in
the investigational group [17, 20]. Thus, stimulation may
promote a myriad of mechanisms that are neuro-restorative,
potentially differing from its early accelerative effects. A short
bout of fastigial nucleus stimulation in the cerebellum reduces
the volume of lesion by putatively protecting the vulnerable
penumbra from depolarizing waves [79]. Striatal stimulation
also offers neuroprotection in cerebral ischemia, but via alter-
nate mechanisms involving neural repair. Striatal stimulation
enhances migration of neural progenitor cells towards the
penumbra and their subsequent differentiation into neurons
[80]. In acute models, cortical stimulation may operate by
upregulating neurotrophic and angiogenic factors in tandem
with suppression of apoptotic cell death [81]. The ability of
stimulation to induce neuroprotection may emerge from its
capacity to salvage ischemic tissue, promote neural repair,
and/or lower cell death to help sustain gains from rehabilita-
tion—a promise that remains to be substantiated in future.

Beyond Upper Limb Rehabilitation

Although we started this discussion by focusing on the most
common reason for persistent disability in stroke—upper limb
deficit—the story of invasive neurostimulation will remain
incomplete if we do not outline ongoing investigations in
other domains. For the last 2 years, the promise of epidural
cortical stimulation is being realized for aphasia therapy.
Studies are promising at an early clinical stage, but in learning
carefully from the strengths and shortcomings of trials in
upper limb rehabilitation, groups are already envisioning cus-
tomized stimulation for individual patient profiles [82, 83].
Another new dimension for neurostimulation lies in the field
of executive planning and memory, impaired not only in
stroke, but also in traumatic brain injury, autism, cerebral
palsy, and Alzheimer’s disease [84]. The prospect of
neurostimulation is still only experimental, but ideas of
frequency-contingent learning, where, through a theta rhythm,
hippocampal plasticity can be induced, are now showing
promise in experimental models [85]. Further, inspired by
the vivid percept of memory upon cortical microstimulation
[86], new opportunities now await where memory prostheses
can be created by use of widespread neurostimulation.

Other directions that would improve generalizability in-
clude treatment of neuropathic pain. Pain is an often under-
recognized comorbidity after stroke that can significantly limit
rehabilitative efforts and hamper quality of life, as well as
independent living. In particular, post-stroke central pain syn-
dromes, such as thalamic pain syndrome, can be severely

debilitating and recalcitrant to conventional medical manage-
ment. Traditional cerebral neurostimulation techniques for
pain, such as motor cortex stimulation [65] and deep brain
stimulation [87], have proven to be of limited benefit in this
patient population. To address the needs of this population, we
have recently proposed a departure from targeting the somato-
sensory neural networks to produce analgesia. Instead, we
have proposed targeting the neural networks that mediate the
affective sphere of chronic pain, aiming to reduce the “suffer-
ing” associated with chronic pain, reduce pain-related disabil-
ity, and facilitate multi-domain facilitation [88]. To empirical-
ly test this approach, we are currently conducting a prospec-
tive, controlled, randomized clinical trial of deep brain stimu-
lation of the ventral striatum and ventral capsular area in
patients with central pain syndrome [89].

Conclusions

Here, we have discussed that relying on a singular mechanism
of stroke recovery, that is, peri-infarct reorganization, may have
limited translation of success of invasive motor cortical stimu-
lation to clinical care. Nevertheless, the lack of remarkable
benefits has created numerous opportunities for learning of
various other features influencing stroke recovery. In translating
concepts from noninvasive neuromodulation, for instance, it is
possible that stronger, more consistent benefits may be
achieved with renormalizing interhemispheric balance.
Discovery of the potential of alternate pathways and cortical
targets that help bypass limitations of peri-infarct stimulation
generate promising ideas for translational investigations.
Developing strategic predictive algorithms that include the
clinico-pathologic state of individual, and hierarchically-
arranged logical information from imaging and cortical physi-
ology, would help identify what mechanism best suits an indi-
vidual and why. Regardless, the promise of cortical stimulation
in influencing differing phases of rehabilitation cannot be
overlooked; its early accelerative and lasting neuroprotective
effects need further exploration.
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