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Abstract

The human brain possesses a remarkable ability to adapt in response to changing anatomical (e.g.,
aging) or environmental modifications. This form of neuroplasticity is important at all stages of
life but is critical in neurological disorders such as amblyopia and stroke. This review focuses
upon our new understanding of possible mechanisms underlying functional deficits evidenced
after adult-onset stroke. We review the functional interactions between different brain regions that
may contribute to motor disability after stroke and, based on this information, possible
interventional approaches to motor stroke disability. New information now points to the
involvement of non-primary motor areas and their interaction with the primary motor cortex as
areas of interest. The emergence of this new information is likely to impact new efforts to develop
more effective neurorehabilitative interventions using transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS) that may be relevant to other neurological
disorders such as amblyopia.
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INTRODUCTION

The human brain continues to adjust throughout life and this form of neuroplasticity is
particularly important in neurological disorders such as stroke. In addition to producing a
significant socio-economic burden, stroke is still the leading cause of long-term motor
disability among adults in the world (Cumberland Consensus Working Group, 2009; Feigin,
Lawes, Bennett, Barker-Collo, & Parag, 2010). Even years after the initial stroke the human
brain still retains the capacity to reorganize in response to interventions that can influence
recovery of motor function (Cramer, 2008; Hodics, Cohen, & Cramer, 2006; Johansen-Berg
etal., 2002a; Liepert, Bauder, Miltner, Taub, & Weiller, 2000; Taub, Uswatte, & Elbert,
2002; Ward & Cohen, 2004). Understanding and influencing this form of neuroplasticity is
critical to finding towards better therapies for patients (Cramer, 2008; Fregni & Pascual-
Leone, 2006; Hodics et al., 2006; Hummel & Cohen, 2006). This review focuses upon recent
developments in clinical and system-level neuroscience that contributed to the understanding
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of the mechanisms of recovery of motor function after stroke and possible strategies to
influence it.

Since the emergence of techniques able to probe the human brain in vivo, it has become
clear that practice of a particular task is associated with dynamic changes in the neural
networks as the subjects learn (Karni et al., 1998). After brain lesions like stroke, cortical
areas that are remote from the structural damage, such as the primary motor cortex, can
reorganize to facilitate motor performance as well as motor learning (Calautti & Baron,
2003; Cramer, 2008; Cramer et al., 1997; Grefkes et al., 2008; Loubinoux et al., 2007;
Talelli, Greenwood, & Rothwell, 2006; Ward, Brown, Thompson, & Frackowiak, 2003a;
Ward & Cohen, 2004). The available evidence suggests that cortical reorganization
accompanies recovery of motor function after stroke. One form of cortical reorganization
involves the modulation of interactions between the primary motor cortices in the
ipsilesional hemisphere (same as the stroke), and the contralesional hemisphere (opposite to
the stroke; Calautti et al., 2007; Duque et al., 2005; Grefkes et al., 2008; Murase, Duque,
Mazzocchio, & Cohen, 2004; Talelli et al., 2006; Tecchio et al., 2007; Ward et al., 2003a;
Ward, Brown, Thompson, & Frackowiak, 2003b). The influence of abnormal
interhemispheric interactions on normal and abnormal cognitive functions after brain lesions
has been reported in the fields of language and spatial orientation (Kinsbourne, 1980; Koch
et al., 2008; Oliveri et al., 2000).

In healthy subjects, performance of unilateral hand movements is associated with activation
of predominantly contralateral motor areas, including the primary motor cortex (Blinkenberg
et al., 1996). Performance of complex motor tasks when acquiring a novel motor skill
entrains bihemispheric activity to a larger extent (Horenstein, Lowe, Koenig, & Phillips,
2008; Karni et al., 1998). In stroke patients, performance of simple hand movements using
the weak hand leads to activation of a widespread bilateral motor network that includes both
primary motor cortices (Calautti et al., 2007; Grefkes et al., 2008; Tecchio et al., 2007; Ward
et al., 2003a,b), that is, both the ipsilesional and the contralesional hemisphere show active
changes in BOLD signal (see Corbetta, this issue). However, direct comparison between
neuroimaging studies involving healthy subjects and stroke patients are often
methodologically difficult and certain caveats must be considered when interpreting the data.
For instance, the magnitude of BOLD changes in cortical activity associated with
performance of a task depends on the force, number of muscles activated and even attention
paid to the particular movements—all factors that differ between stroke patients and healthy
subjects performing the same task. Therefore, it is important to monitor these factors
carefully and make sure that they are comparable when assessing differences in functional
activation studies. For example, the extent to which subjects in both groups activated similar
or different muscles (EMG monitoring) or moved different body parts in the same or
homologous body parts (accelerometer monitoring) has largely been overlooked but may
partly explain the difference between the cortical activation patterns of stroke patients
compared to control subjects (see, Sehm, Perez, Xu, Hidler, & Cohen, 2009 for discussion).

Despite these issues, performance of longitudinal studies has started to provide new
information on the functional neuroanatomy of recovery of function after stroke. Different
authors reported that better functional recovery is associated with increased fMRI activity in
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the ipsilesional primary motor cortex (Calautti et al., 2007; Gerloff et al., 2006; Ward et al.,
2003a; Ward & Cohen, 2004), a finding consistent with transcranial magnetic stimulation
(TMS) studies (Turton, Wroe, Trepte, Fraser, & Lemon, 1996; Werhahn, Mortensen, Kaelin-
Lang, Boroojerdi, & Cohen, 2002). In other words, the general picture that emerged from
these early studies is that the greater the activity in the ipsilesional primary motor cortex
with movements of the paretic hand, the better the recovery of motor performance (Calautti
etal., 2007; Grefkes et al., 2008; Johansen-Berg et al., 2002a; Tecchio et al., 2007; Ward et
al., 2003a,b).

It is not clear why involvement of the contralesional primary motor cortex during
movements of the paretic hand should be associated with poor recovery. Using different
techniques, it has been demonstrated that the contralesional primary motor cortex exerts a
persistent inhibitory drive over the ipsilesional primary motor cortex in the process of
generation of voluntary movements by the paretic hand. Importantly, the magnitude of this
inhibition correlates with motor impairment after stroke (Duque et al., 2005; Grefkes et al.,
2008; Harris-Love, Perez, Chen, & Cohen, 2007; Murase et al., 2004). It remains to be
determined if this effect occurs through direct interactions between interhemispheric
inhibition across the primary motor cortices or via intracortical inhibitory circuits
(GABAergic) within the ipsilesional primary motor cortex (Hummel et al., 2009; Perez &
Cohen, 2008). It also remains to be determined the extent to which this abnormality applies
to a wide range of tasks.

It stands to reason that interventions capable of normalizing this activity-dependent
hemispheric imbalance between the motor cortices could improve motor function. In other
words, promoting cortical reorganization that leads to activation and interhemispheric
inhibitory interactions that resembles those observed in healthy subjects may contribute to
the process of recovery of motor function. It is on this foundation that a simple model of
post-stroke interactions between the primary motor cortices was proposed years ago (Ward
& Cohen, 2004). It was suggested that facilitating activity in the ipsilesional primary motor
cortex or down regulating activity in the contralesional primary motor cortex in association
with motor training could facilitate functional recovery after stroke (Hummel & Cohen,
2006). Various technigues have been proposed to accomplish these goals (Tab. 1).

By in large this early model of recovery of motor function was supported by the evidence
(see also Corbetta, this issue). Methods capable of increasing cortical excitability or activity
within the ipsilesional primary motor cortex, including transcranial magnetic (TMS) and
direct current (tDCS) stimulation (Di Lazzaro et al., 2008; Khedr, Ahmed, Fathy, &
Rothwell, 2005; Talelli, Greenwood, & Rothwell, 2007; Hummel et al., 2005, 2006;
Hummel & Cohen, 2006) and somatosensory stimulation (Celnik, Hummel, Harris-Love,
Wolk, & Cohen, 2007; Conforto, Cohen, Santos, Scaff, & Marie, 2007; Cramer, 2008; Floel
et al., 2008; Wu, Seo, & Cohen, 2006) have been tested in both healthy subjects and patients
with stroke. In stroke patients, the overall purpose as stated above was to document the
ability of these techniques to facilitate excitability within the ipsilesional or decrease
excitability in the contralesional primary motor cortices to modify motor function when
applied alone or in combination with motor training after stroke. Proof of principle studies
have been implemented in various laboratories at this point and several reviews are available

Dev Psychobiol. Author manuscript; available in PMC 2016 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma and Cohen

Page 4

proving that both approaches lead to some level of improvement in motor function after
stroke in small clinical trials. It should be kept in mind that results of multicenter well-
controlled clinical trials are not available yet (see Fregni & Pascual-Leone, 2006 for review
and Tab. 1). Of interest is that application of tDCS montages that engage both motor cortices
have been proposed: placement of anodal tDCS electrodes over the one primary motor
cortex (M1) and cathodal tDCS over the opposite M1 provides beneficial effects that may go
beyond those elicited by only anodal or cathodal tDCS alone (Vines, Cerruti, & Schlaug,
2008).

An additional strategy utilized to facilitate activity in ipsilesional M1 or downregulate it in
contralesional M1 has been modulation of somatosensory input originated in the paretic or
healthy hands. For example, it has been shown that either anesthesizing the non-affected
hand of patients with chronic stroke (e.g., by a peripheral nerve block) or application of
somatosensory stimulation to the paretic hand results in performance improvements in the
paretic limb (Floel et al., 2004; Voller et al., 2006). Normalization of activity-dependent
modulation of interhemispheric inhibitory interactions accompanies these functional
improvements (Floel et al., 2008). Caveats similar to those described above apply to these
investigations since most of them engaged small number of patients and well-controlled
multicenter clinical trials are required.

As stated above, a further development in cortical manipulation was to combine strategies.
For example, it appears that up-regulating excitability in the ipsilesional motor cortex while
down regulating the contralesional motor cortex is capable of improving motor performance
to a greater extent than either intervention alone (Vines et al., 2008). Another combination
tested recently has been facilitating training effects by up regulating excitability in the
ipsilesional primary motor cortex while stimulating the paretic hand with peripheral nerve
stimulation (Celnik, Paik, Vandermeeren, Dimyan, & Cohen, 2009). One important piece of
information emerging from these investigations is that in general none of these forms of
stimulation (central or peripheral) can by themselves induce profound facilitatory effects on
motor performance. In order to accomplish optimal effects, they require synchronous
application, along Hebbian rules, with motor training protocols (Reis et al., 2009). These
promising results have raised many questions, including the influence of specific genetic
polimorphisms on the ability to learn a new skill or recover motor function in response to
training protocols or to cortical stimulation (Fritsch et al., 2010).

Research in the last few years has made clear though that despite these exciting results,
activity in the primary motor cortex and its relationship to functional recovery is amenable
to modulation from many other cortical regions and is influenced by activity changes in
more widespread bilateral motor networks (Gerloff et al., 2006; Lotze et al., 2006; Sharma,
Baron, & Rowe, 2009a). Further more functionally important changes in cortical activity
may be overlooked unless movement is broken down into separate cognitive processes
(Sharma et al., 2009a,b; see Corbetta, this issue). For the remainder of the review we will
discuss the additional areas that may impact recovery of motor function and its influences on
motor output after stroke. Better understanding of the specific aspects of movement function
to be modulated by either training or interventional protocols is important. In Figure 1, we
divide movement into three broad categories and hence cortical networks; motor processes
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that precede movement (Figure 1A), movement itself (Figure 1B), and sensory feedback
(Figure 1C). It is likely that a better understanding of how these different interventional
approaches influence each of these stages will lead in the future to better designed
rehabilitative interventions. For instance, it is plausible that multiple cortical areas need to be
stimulated but at different stages of the motor process to optimally facilitate the recovery of
motor performance after stroke.

Although the primary motor cortex is largely considered a single node, it actually consists of
two distinct regions, an anterior and posterior component (labeled BA 4a and BA 4p
respectively in humans (Geyer et al., 1996)). BA4a and BA4p have discrete characteristics
including different cytoarchitecture and receptor density (Geyer et al., 1996) that suggest
different but not exclusive functions. Of the two regions BA 4a is thought to be the
phylogentically older of the two regions (Rathelot & Strick, 2009) and more “executive” in
nature, that is, the output from BA4a is conducted via the corticospinal tract and spinal
interneurons to produce physical movement. BA4p, the “new” motor cortex, contains
cortico-motoneuronal cells that synapse directly onto the spinal motoneurons (Rathelot &
Strick, 2009). These monosynaptic connections bypass the spinal interneurons and appear to
be involved in sculpting highly skilled movements. In other words, BA4p is likely involved
in “non-executive” functions required by complex movement (“non-executive” in this
context refers to the notion that it is not involved in generating the actual physical movement
shown in Figure 1A). This issue is presently under investigation and is relevant to the
process of recovery of motor function after stroke because it may impact both specific
cortical location, as well as timing of application of brain stimulation techniques. After
stroke, the magnitude of fMRI activity in BA4p has been shown to correlate with the
magnitude of recovery (Sharma et al., 2009a; Ward et al., 2003b). Indeed the degree of
BA4p activity after sub-cortical stroke appears to predict the ability of patients to perform
motor tasks 1 year later (Loubinoux et al., 2007). How does this relate to our understanding
of recovery processes after stroke? Interestingly, somatosensory stimulation applied to the
upper limb accesses area BA4p in healthy volunteers (Geyer et al., 1996). It is conceivable
but as yet unconfirmed, that activity in BA4p and normal sensory feedback during
movement (Figure 1C) may contribute to the improvements in motor function reported with
somatosensory stimulation of the paretic hand (Conforto et al., 2007; Floel et al., 2008; Wu
et al., 2006). If this were the case, it would be desirable to combine manipulation of
somatosensory input from the paretic hand with cognitive training geared to facilitate
activity in this area BA4p (i.e., to focus on Figure 1A,C)—an issue for future investigation.

In healthy volunteers thinking about movement, motor imagery, predominantly engages area
BA4p relative to BA4a (Sharma, Jones, Carpenter, & Baron, 2008). There is already
considerable interest in using motor imagery to access motor system in stroke patients and
as an adjuvant form of rehabilitation (Celnik, Webster, Glasser, & Cohen, 2008; Sharma,
Pomeroy, & Baron, 2006). The attraction of motor imagery is that it is not limited by the
patient’s ability to execute motions required during physical training and so it can be utilized
in patients that are unable to carry out customary motor training rehabilitative protocols.
Furthermore, as it does not require physical movements motor imagery allows evaluation of
neuroimaging changes in the motor system that may be confounded during motor execution
(Sharma et al., 2009a,b; Figure 1A). An interesting example is that while fMRI activity
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appears normal in well-recovered subcortical stroke patients performing physical
movements, motor imagery highlights abnormal hemispheric imbalances within area BA4p,
the degree of which correlates with motor impairment (Sharma et al., 2009a). An important
conclusion from these previous investigations is that future work should focus more on the
different roles of different subregions of M1 on skill acquisition and functional recovery.
Thus, motor imagery represents an exciting means to access the motor processes that
precede physical movement (Figure 1A). Could area BA4p be targeted using tDCS and
TMS? As shown in Table 1, tDCS alters neuronal activity in a wide cortical region and so is
unlikely to be able to selectively stimulate BA4p. In principle, TMS could provide focal
stimulation to BA4a and BA4p by use of a frameless sterotactic tools but as the precentral
gyrus is extremely heterogeneous in humans (Rademacher et al., 2001) a method of
identifying BA4p and BA4a in vivo is needed.

The dorsal premotor cortex is involved in action selection (O’Shea, Johansen-Berg, Trief,
Gobel, & Rushworth, 2007; Figure 1A). After stroke, previous work identified increased
fMRI activation in the contralesional dorsal premotor cortex (Gerloff et al., 2006; Johansen-
Berg et al., 2002b), which appeared more prominent in patients with less recovery
(Johansen-Berg et al., 2002b; Ward et al., 2006). In poorly recovered stroke patients,
disruption of the contralesional dorsal premotor cortex by TMS impairs motor performance
(Johansen-Berg et al., 2002b; Lotze et al., 2006), pointing to a cause—effect link between this
fMRI activation and performance. In contrast, it is disruption of the ipsilesional dorsal
premotor cortex in subjects that have made good recovery after stroke that impairs motor
performance (Fridman et al., 2004). Perhaps, this suggests a differential role for ipsi and
contralesional homologous regions in the process of functional recovery that is dependent
upon the magnitude of remaining impairment. Unlike the primary motor cortex, however,
the hemispheric balance of influences of the dorsal premotor cortex on the opposite primary
motor cortex does not relate to recovery of motor function when measured with fMRI
(Calautti et al., 2007). Importantly, the dorsal premotor cortex has the capacity to rapidly
adapt to disruption, at least when tested with virtual lesion approaches in healthy subjects
(O’Shea et al., 2007). It also has bilateral corticospinal projections although evidence from
primates suggest that these are in areas that are less relevant for performance of distal hand
movements (Kuypers & Brinkman, 1970).

Another important anatomical finding reported in both primates (Marconi, Genovesio,
Giannetti, Molinari, & Caminiti, 2003) and humans (Boorman, O’Shea, Sebastian,
Rushworth, & Johansen-Berg, 2007; Koch et al., 2007) is that there are distinct transcallosal
connection between dorsal premotor cortex and the primary motor cortex (which is shown in
Figure 1). Indeed acting via these transcallosal pathways the primary motor cortex can be
modulated by applying TMS stimulation to the opposite dorsal premotor cortex (Baumer et
al., 2006; Mochizuki, Huang, & Rothwell, 2004). The interaction between these regions
appears to contribute more to the process of action selection than to the process of execution
per se (O’Shea et al., 2007), supporting the idea that cognitive processes up stream from
execution operate in parallel or serial manner with those described above that connect both
primary motor cortices. This area of research has so far developed intensively in healthy
subjects and it is possible that future interventional approaches involving TMS or tDCS will
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target this region in combination with training protocols in an attempt to ameliorate recovery
of function after stroke.

In addition to the dorsal premotor cortex, and subregions of the primary motor cortex
including BA4a and BA4p, there are other regions that may prove to be important in the
process of functional recovery after stroke. They include parietal, temporal, and non-primary
frontal areas that interact directly or indirectly with primary motor cortex (Reis et al., 2008).
The contribution of activity in these areas and their connections with primary motor cortex
after stroke have not been explored yet but early studies suggest they are important (Sharma
et al., 2009a). Studies evaluating the effects of stimulation of nonprimary motor areas on
motor function in stroke patients are under way.

SUMMARY AND IMPLICATION FOR AMBLYOPIA

We have reviewed information on various interventional tools available to modulate motor
function and their possible impact as adjuvant strategies to facilitate recovery of function
after adult stroke. Additionally, we discussed the possible neurophysiological mechanisms
and brain regions involved in contributing to various aspects of motor performance.
Understanding these interactions and how they can be modulated after stroke will allow
more focused rehabilitation. It should be kept in mind that these approaches have so far been
tested in small number of patients, mostly adults and that they do not represent the standard
of care, awaiting results from multicenter well-controlled clinical trials.

Clearly more studies are needed in the field of stroke taking place at earlier stages in life.
Data is available, for example, from children who underwent hemispherectomy to control
intractable seizures, but this differs substantially from stroke. These children are mostly able
to recover limb function but often have difficulties in recovering individuated finger
movements. However, there is an expectation for windows of opportunity for cortical
reorganization. This has been explored very well in the field of language, for example
(Vargha-Khadem et al., 1997). What is the impact of the development in mechanistic
understanding of functional recovery and development of interventional tools in adult stroke
studies for the field of amblyopia? While speculative, two considerations may be of interest.
First, it would be interesting to consider the combination of modulation of sensory input as
implemented during customary treatment for amblyopia with cortical stimulation to
facilitate selective activity in target cortical areas and improve cortical reorganization.
Second, it is possible that purposeful modulation of interhemispheric inhibitory interactions
between parietal and occipital areas of both hemispheres could be utilized in combination
with customary treatments, as mechanistic understanding of changes in network
organization after amblyopia increases.
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FIGURE 1.

Movement has been divided into three broad cortical networks that reflect each stage of
movement. It is likely that stroke has a differential effect on each of the networks and by
understanding the interaction between and within these networks we can devise novel
methods to improve motor function after stroke. The affected hemisphere is shaded in gray
while the non-affected hemisphere is white. (A) Motor processes that precede movement
such as motor planning. For example, this network can be accessed using motor imagery and
action observation. (B) Discharge via the corticospinal tract to produce movement. Although
all of these networks are present during physical movement this cortical network is dominant
when combined with the other 2. (C) Sensory feedback or input. For example, this can be
accessed using peripheral nerve stimulation.
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Table 1

Overview of Transcranial Magnetic Stimulation (TMS), Transcranial Direct Current Stimulation (TDCS) and
Somatosensory Stimulation

TMS
TMS was first used in humans in 1986
A high voltage capacitor is discharged through insulated wires to produce a rapidly changing magnetic field
The magnetic field passes through the skull unchanged and when it collapses it induces an electrical current in underlying brain tissue
A number of different coil shapes exist that influence the magnetic field and therefore the characteristic of the stimulation
The activated neurons include excitatory and inhibitory neurons
Depending upon the coil used, the area stimulated can be relatively focal (mm)
The frequency and intensity of the stimulation govern whether the overall effect is inhibitory or excitatory
Sham TMS coils exist though it is currently impossible to blind the experimenter
Current TMS equipment is not designed to be portable
For further details see Dimyan and Cohen (2010) and Hummel and Cohen (2006)
tDCS
tDCS was first used in humans in the 1960°s
Two electrodes (cathode and anode) are placed over the scalp. A number of different configurations or montages have been developed
A weak electrical current (1-2 mA) is applied to the electrodes that alter the excitability of the underlying neurons
The Cathode and Anode have different effects on the underlying neurons
Although different electrodes exist the area stimulated is generally diffuse (cm)

The subject only feels “tingling” under the electrodes while the electric current is increased which then disappears once the electrical current
is stable (30 s)—this characteristic means that unlike TMS, TDCS can be easily double blinded

tDCS equipment is small and portable
For further details see Schlaug, Renga, & Nair (2008)
Somatosensory stimulation
Peripheral nerve stimulation was first used in humans in the late 1960’s

Electrodes are placed over the peripheral nerve. A number of different protocols exist but essentially trains of electrical pulses are delivered
along the nerve

The effects of somatosensory stimulation are thought to be modulated cortically

It is difficult to double blind the intervention

The equipment is small and portable

For further details see Celnik et al. (2007), Conforto et al. (2007), Cramer (2008), Floel et al. (2008), Wu et al. (2006)
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