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INTRODUCTION
GENERAL CONTEXT

Cross education is the process whereby training of one limb gives rise to enhancements
in the performance of the opposite, untrained limb. Despite interest in this phenomenon
having been sustained for more than a century, a comprehensive explanation of
the mediating neural mechanisms remains elusive. With new evidence emerging
that cross education may have therapeutic utility, the need to provide a principled
evidential basis upon which to design interventions becomes ever more pressing.
Generally, mechanistic accounts of cross education align with one of two explanatory
frameworks. Models of the “cross activation” variety encapsulate the observation that
unilateral execution of a movement task gives rise to bilateral increases in corticospinal
excitability. The related conjecture is that such distributed activity, when present during
unilateral practice, leads to simultaneous adaptations in neural circuits that project
to the muscles of the untrained limb, thus facilitating subsequent performance of
the task. Alternatively, “bilateral access” models entail that motor engrams formed
during unilateral practice, may subsequently be utilized bilaterally—that is, by the
neural circuitry that constitutes the control centers for movements of both limbs. At
present there is a paucity of direct evidence that allows the corresponding neural
processes to be delineated, or their relative contributions in different task contexts to be
ascertained. In the current review we seek to synthesize and assimilate the fragmentary
information that is available, including consideration of knowledge that has emerged
as a result of technological advances in structural and functional brain imaging. An
emphasis upon task dependency is maintained throughout, the conviction being that
the neural mechanisms that mediate cross education may only be understood in this
context.
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immobilization leads to declines of strength in the order of 50%
of initial capacity (Hortobagyi et al., 2000). If, however, the oppo-

The capacity for activity of one limb to influence the subsequent
performance of its opposite counterpart has been documented for
more than a century. As early as 1894, Scripture and colleagues
employed a simple manometer to demonstrate that unilateral
strength training gives rise to enhanced performance of the same
task by the untrained opposite limb. This effect—for which the
term “cross education” was coined, has been reproduced in a
plethora of research investigations, encompassing both the trans-
fer of strength and motor skill (Laszlo et al., 1970; Parlow and
Kinsbourne, 1989; Imamizu and Shimojo, 1995). Despite long-
standing interest in the phenomenon, there is, however, little
consensus concerning the mediating neural mechanisms.

Why is this knowledge deficit of more general significance? As
a case in point, a significant risk associated with the fractures that
arise from falls by older adults, is that the loss of specific muscle
strength or general capacity resulting from limb immobilization
will leave the person below the level of capability necessary to per-
form everyday tasks, and thus maintain independent living. Even
in younger persons with extensive functional reserves, 3 weeks of

site limb is trained during the period of immobilization, the loss
of functional capacity is attenuated (Farthing et al., 2009; Magnus
et al., 2010; Pearce et al., 2012). Given this therapeutic potential,
there is an obvious need to provide a principled basis upon which
to design interventions and tailor these appropriately to address
individual requirements.

SCOPE OF THE REVIEW

While originally cross education was deemed to encompass the
transfer of muscle strength following a period of unilateral resis-
tance training, and the transfer of skill following unilateral skill
training (Scripture et al., 1894), the majority of contemporary
empirical studies have treated strength transfer and skill trans-
fer as separate entities (Farthing, 2009). The conviction that the
two facets of cross-education are intimately related underpins the
present review. Specifically, the transfer of strength or vigor fol-
lowing a period of unilateral resistance or ballistic training, and
the transfer of skill following a period of unilateral skill training
appear to be mediated by shared mechanisms. That which is at
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issue is the precise nature of these mechanisms, and the degree
to which their respective contributions vary in accordance with
specific task demands.

With regard to the extant literature, two principal theoret-
ical models can be delineated (Figure1). The first is derived
from observations that the execution of many unilateral tasks is
associated with increased excitability of both contralateral and
ipsilateral cortical motor areas. The principal tenet of the “cross-
activation” model is that bilateral cortical activity generated
during unilateral training drives concurrent neural adaptations
in both cerebral hemispheres. Accordingly, unilateral training
induces task specific changes in the configuration of cortical
motor networks that normally control the muscles of the oppo-
site (quiescent) limb (Hellebrandt, 1951). Since the magnitude
of cross-activation is contingent on the intensity of the unilat-
eral contraction (Perez and Cohen, 2008), the degree of transfer
is predicted to scale with the level of neural drive required to per-
form the training task. The “bilateral access” model (Laszlo et al.,
1970; Taylor and Heilman, 1980; Imamizu and Shimojo, 1995)
holds that motor “engrams” elaborated during unilateral train-
ing are not specific to the control of trained limb. Rather they are
encoded in a more abstract fashion, at a locus that is also accessi-
ble for the control of the opposite untrained limb (Anguera et al.,
2007). In this scheme, the degree of transfer is predicted to vary
with the complexity of the training task (Farthing, 2009).

The primary goal of the present review is to elucidate the neu-
ral pathways that mediate cross education of motor function.
In principle, one might also aim to assess the degree to which
the structural and functional properties of the brain networks
thus identified are commensurate with the respective theoretical
models. To do so, however, it is first necessary to identify grounds
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upon which the models can be considered distinct. By Reductio
ad Absurdum, transfer via cross-activation would be restricted
to homologues of the effectors engaged during training (Davis,
1898). Conversely, transfer via bilateral access would be effector
independent (Latash, 1999). We argue that the mechanisms that
mediate the cross education of motor function are most prof-
itably considered in relation to such factors as the characteristics
of the training task (e.g., Sosnik, 2010). While the terms “Cross
Activation” (section) and “Bilateral Access” (section) are retained
for presentation purposes, we consider the empirical findings not
only in relation to the eponymous models, but also ask whether
it is possible to achieve a deeper appreciation of the mediating
neural pathways through means other than their contrast. By and
large our analysis is focused upon upper limb movements.

CROSS ACTIVATION

THEORETICAL FRAMEWORK AND EMPIRICAL EVIDENCE

In proposing that “some grooving of the neuronal pattern
thought to be essential to motor learning must take place on the
ipsilateral side, while the main stream of descending impulses
flows to the contralateral limb,” Hellebrandt (1951) was mak-
ing appeal to two lines of evidence. The first was derived from
observations that in a large cohort of school children, the devel-
opmental increase in strength, rate, and precision of movement
exhibited by the preferred right hand was not markedly larger
than that of the non-preferred hand—in spite of the much greater
use presumed of the former (Bryan, 1892). The original author
was led to conclude “the effects of use on the right side have been
shared by the corresponding joints on the left side” (page 201).
The second was the report by Welch (1898) that when a maximum
intensity grip was generated by one hand, there was activation of
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FIGURE 1 | Traditional theoretical models of cross education. In each
instance the "X" represents the putative locus of training related
adaptations. White circles indicate lateralized motor networks in their
entirety. In Panel (A), solid arrows represent processes that occur during
unilateral training. Dashed arrows represent processes that are specific to
the subsequent transfer phase during which movements are generated by
the untrained limb. (Ai) illustrates the hypothesis that engrams elaborated
during unilateral motor training are established in brain centers that are
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accessible to the motor networks of both the trained and untrained limbs.
(Aii) exemplifies the “callosal access” hypothesis, whereby training related
adaptations are lateralized to motor networks projecting to the trained limb,
and are accessible also to motor networks projecting to the untrained limb
via callosal transfer. Panel (B) represents the “cross activation” hypothesis
that during unilateral training, activation of the homologous motor network
gives rise to bilateral adaptations that facilitate subsequent performance by
the untrained limb. Adapted from Lee et al. (2010).
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the muscles of the opposite hand, and indeed muscles in other
parts of the body. This is the phenomenon of motor irradiation.
When considered specifically in relation to effectors or muscles
(i.e., of the opposite limb) that are homologues of those engaged
in focal contractions, such terms as associated movements (Todor
and Lazarus, 1986), mirror movements (Mayston et al., 1999)
and contralateral irradiation (Cernacek, 1961) have been applied.
Hellebrandt was perhaps the first to draw an explicit link between
the presence of this phenomenon and the cross education (or
bilateral transfer) of motor function. It was, however, presaged
by Davis (1898) more than a century ago. While the potential
origins of cross education may appear obvious in circumstances
in which training movements of one limb give rise to associated
movements of the other limb, cross activation may be latent and
yet still have functional consequences in relation to the transfer of
strength or skill.

As a result of technological advances in recent years, it has
become possible to probe the nature of such latent interactions.
Bilateral variations in the excitability of corticospinal projections
during movements that are by intention unilateral, have been
demonstrated using transcranial magnetic stimulation (TMS).
Motor evoked potentials (MEPs) induced by TMS are increased in
amplitude by isometric contractions of the homologous muscles
in the opposite forearm (Hortobagyi et al., 2003). The amount
of potentiation, or “crossed-facilitation,” is positively correlated
with the amount of force that is generated by the contractions of
the opposite limb (Perez and Cohen, 2008). In the case of rhyth-
mic movements, MEPs evoked in the quiescent muscles of a static
limb vary in accordance with the phase of motion of the opposite
(moving) limb (Carson et al., 1999, 2004). The MEP is maximally
potentiated during the phase in which the homologous mus-
cle in the opposite (moving) limb is maximally activated. Since
corresponding changes in response amplitude are not obtained
when potentials are evoked by stimulating the corticospinal path-
way at the level of the cervico-medullary junction (Hortobagyi
et al., 2003; Carson et al., 2004), it has been concluded that the
phenomenon of crossed-facilitation has inter-hemispheric inter-
actions between cortical motor areas as its primary physiological
basis.

While it is evident that these interactions find expression via
corticospinal output from M1, it cannot be assumed that direct
interactions between the primary motor cortices represent the
source of crossed facilitation. In monkey, mirror movements are
abolished by the temporary inactivation (through injection of
muscimol) of M1 ipsilateral to the actively moving limb, whereas
they are largely preserved, or indeed enhanced, in circumstances
in which the opposite M1 (i.e., contralateral to the moving limb)
is injected (Tsuboi et al., 2010). This pattern of outcomes sug-
gests that crossed facilitation arises from common drive to both
primary motor cortices from other centers in the motor network.
In a related vein, it has been noted (Cisek et al., 2003) that in
non-human primates, there is a strong correlation between the
directional tuning of cells in dorsal premotor cortex (PMd) dur-
ing reaching movements made by the ipsilateral and contralateral
limb, whereas for primary motor cortex the degree of associa-
tion is markedly lower. During rhythmic contractions of a finger
muscle performed by humans, connectivity from the contralateral
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(to movement) PMd to ipsilateral M1- as assessed by paired-
pulse TMS techniques, is modulated by variations in contraction
frequency (Uehara et al., 2013).

Human neuroimaging provides complementary evidence.
Although activity in ipsilateral M1 is elevated during unilateral
movements (Singh et al., 1998b; Dai et al., 2001; Kobayashi et al.,
2003; van Duinen et al., 2008), greater increases are typically
registered in areas anterior, lateral and ventral to the primary
motor cortex, in a region on the precentral gyrus that most
likely corresponds to premotor cortex (Kawashima et al., 1997;
Singh et al., 1998a; Cramer et al., 1999; Kobayashi et al., 2003;
Stancak et al., 2003; Koeneke et al., 2004; Hanakawa et al., 2005;
Verstynen et al., 2005; Horenstein et al., 2009; Verstynen and Ivry,
2011; Diedrichsen et al., 2013). The firing rate of neurons in
this region, when recorded directly in primate models, relates to
movement parameters such as acceleration and velocity (Kubota
and Hamada, 1978), extent of movement, direction and ampli-
tude (Fu et al., 1993; Kurata, 1993). Similarly in humans, activity
in ipsilateral premotor cortex is modulated by task parame-
ters that dictate the level of neural drive that must be directed
to the muscles of the active limb. Elevations in cerebral blood
flow related to movement velocity have been reported for ipsi-
lateral premotor cortex, anterior cerebellum, superior parietal
lobule and basal ganglia (Turner et al., 1998), and correspond-
ing to movement frequency in ipsilateral premotor cortex and
cerebellum (Jenkins et al., 1997). During repetitive key tapping
movements, as the level of force necessary to depress the key is
increased from 5 to 60% maximal voluntary contraction (MVC),
there is a pronounced increase in regional cerebral blood flow
(rCBF) in primary motor cortex ipsilateral to the active hand
(Dettmers et al., 1996). Similarly, BOLD signal intensity regis-
tered in ipsilateral M1 scales with the applied level of force (Dai
et al., 2001; van Duinen et al., 2008). In this regard, it is notable
that when comparisons are made within individual studies (e.g.,
Walters, 1955), or across studies (Zhou, 2000), the degree of cross
education appears to be contingent upon the level of voluntary
drive generated during training.

In seeking to establish whether activity generated during uni-
lateral training drives concurrent adaptations in both cerebral
hemispheres that are sufficient to increase the functional capac-
ity of the untrained limb, it is thus necessary to assess the totality
of neural pathways and mechanisms that may play a causal role.
Recognizing that in all natural tasks control is achieved through
the balanced modulation of inhibitory and facilitatory processes,
it is also important to consider whether specific variations in this
balance may arise through training, be subject to chronic adapta-
tion over varying time courses, and exert a functional effect upon
movements of the opposite limb.

THE CONCEPT OF CROSSED SURROUND INHIBITION

Studies in cat indicate there are facilitatory connections with the
homotopic area of the opposite motor cortex that are surrounded
by a more extensive zone in which inhibitory responses to tran-
scallosal stimulation may be obtained (Asanuma and Okuda,
1962). Single unit studies further reveal that there is wider dis-
persion of inter-spike intervals in the peripheral (inhibitory)
zone, suggesting a greater number of interceding synaptic relays
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(Kogan and Kuraev, 1976). This is consistent with the conjec-
ture that callosal neurons are glutamatergic (Werhahn et al., 1999)
and facilitatory to their immediate targets (Houzel and Milleret,
1999). Thus, the extent to which the output of primary motor
cortex invokes crossed inhibition is contingent on neural interac-
tions that converge upon circuits local to the opposite hemisphere
(Bianki and Shrammapril, 1985; Berlucchi et al., 1990; Daskalakis
et al., 2002; Carson, 2005).

It has been proposed that this mode of organization provides
a means of focusing activity in thalamocortical relays—via sur-
round inhibition (Beck and Hallett, 2011), an effect that is atten-
uated markedly by callosal section (Bianki, 1981). Importantly in
the present context, the narrowing of the excitatory focus that
occurs through this means is thought to be reciprocal in nature
(Bianki and Makarova, 1980). Increases in surround inhibition
in one hemisphere give rise to a reverse (i.e., symmetrical and
selective) influence on the contralateral hemisphere (Bianki and
Shrammapril, 1985). If the modulation of intracortical inhibition
by means of callosal projections (Figure 2) is indeed reciprocal
(e.g., Pal, 2005), the changes that occur in the organization of
the homologous representation of the muscles engaged in train-
ing can be conceived of as being functional and adaptive, rather
than simply incidental. From a broader phylogenetic perspective,
it would appear likely that the mechanisms underlying cross edu-
cation have bestowed fitness beyond the range of circumstances
that are the subject of contemporary interest.

It has long been supposed that inhibition in general (Welch,
1898), and surround inhibition in particular (e.g., Denny-Brown,
1967), plays a crucial role in the selective recruitment of the focal
muscles engaged in a task, and (i.e., with training) the disengage-
ment of muscles with actions that might otherwise interfere with
the desired movement outcome (Carson, 2006). Nonetheless, it
remains to be determined whether surround inhibition arises

A During unilateral training B After unilateral training
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FIGURE 2 | Crossed reciprocal surround inhibition. The black filled
circles represent excitatory nodes within intracortical circuits (i.e., in both
hemispheres) that project to the focal muscles engaged by the training
task. These are surrounded by a more extensive inhibitory zone. Following
Bianki (e.g., Bianki and Makarova, 1980; Bianki and Shrammapril, 1985),
Panel (A) represents interactions that occur during unilateral training. Panel
(B) illustrates the altered state that results from unilateral training: the
excitatory foci are enlarged, and surround inhibition is reduced.
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from interactions local to cortex, or is mediated by inputs from
other nodes of the motor network (Beck and Hallett, 2011).
Duque et al. (2008) have previously raised the possibility that
changes in surround inhibition may be one factor mediating
the bilateral neuroplastic adaptation that results from unimanual
training. The empirical literature concerning changes in sur-
round inhibition that may occur as a consequence of training is,
however, somewhat sparse. It is not even clear that surround inhi-
bition can be revealed in all individuals using current TMS-based
measures (e.g., Kang et al., 2012). Repetitive movements requiring
the selective engagement of a single effector lead to diminution
of MEPs and increased intracortical inhibition (inferred using
paired-pulse TMS techniques) in other hand muscles (Liepert
et al., 1998; Biitefisch et al., 2005). Conversely, following tasks
that require synchronized movements of two fingers the opposite
effect is obtained (Kanget al., 2012). We are not aware of any stud-
ies that have directly examined variations in surround inhibition
in the context of cross education.

EXPERIMENTAL INDICES OF INTERHEMISPHERIC INHIBITION AND
FACILITATION

The possibility has been raised elsewhere that unilateral practice
exerts its chronic effects on the functional capacity of the oppo-
site limb through modification of the focal excitatory relationship
between the primary motor cortices and/or the characteristics of
the inhibition engendered by intracortical circuits (Hortobagyi,
2005). Task- and practice-dependent variations in these processes,
and their balance, are however, challenging to resolve using the
tools currently available in human electrophysiology.

It is well-documented that if an initial magnetic (condition-
ing) stimulus is applied to one primary motor cortex shortly
(6-15 ms) before a second (test) stimulus is directed to the other
M1, the magnitude of the response to the test stimulus is reduced
(Ferbert et al., 1992). If however, the test response is evoked by
transcranial electrical stimulation (TES), magnetic conditioning
stimuli applied to the opposite hemisphere have no such effects
(Ferbert et al., 1992; Hanajima et al., 2001), thus corroborating
the assumption that inhibitory effects of M1 inter-hemispheric
projections are mediated by local interneurons. While such inter-
hemispheric inhibition (IHI) is more readily elicited in the lab-
oratory, facilitation may also be obtained (Ugawa et al., 1993;
Salerno and Georgesco, 1996; Hanajima et al., 2001; Baumer,
2006). The interval between the conditioning stimulus and the
test stimulus is typically shorter than that required for IHI
(Salerno and Georgesco, 1996), and the effect is most readily
precipitated when the conditioning is either by TES or medially
directed magnetic stimulation (Hanajima et al., 2001).

In seeking to use these techniques as a means of elucidating
the neural basis of cross education, it is necessary to consider
whether they are capable of discriminating changes in the exci-
tatory balance between the primary motor cortices caused by
unilateral training, from alterations in excitatory-inhibitory inter-
actions within local interneuron circuits in the hemisphere ipsi-
lateral to the training limb. It would also be advantageous to first
demonstrate that they are capable of resolving the basis of acute
variations in corticospinal excitability, such as those obtained
during contractions of muscles in the ipsilateral limb. In this

Frontiers in Human Neuroscience

www.frontiersin.org

July 2013 | Volume 7 | Article 397 | 4


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Ruddy and Carson

regard, tonic or pulsed isometric contractions are typically used
as experimental paradigms (for a review see Perez, 2012).

In a condition in which the sizes of the conditioned and test
MEP were matched across torque levels, Perez and Cohen (2008)
reported that IHI measured in the resting flexor carpis radialis
muscle (FCR) during isometric flexion of the opposite wrist was
lower when torque was generated at 30% and 70% maximum vol-
untary contraction (MVC) than at 10% MVC (see also Chiou
et al., 2013). In contrast, when the MEPs generated by the con-
ditioning stimulus (CS) were not matched across conditions, an
increase in IHI was obtained. This accords with the outcomes
of other studies in which matching of the conditioning stimu-
lus intensity was not performed (Ferbert et al., 1992; Vercauteren
et al., 2008; Talelli et al., 2008a). Hinder et al. (2010b) reported a
similar upwards scaling of IHI during pulsed applications of force
(5% to 30% MVC).

A small number of studies concern changes in IHI arising as a
result of short-term practice. Bologna et al. (2012) required that
individuals maximize the initial acceleration of ballistic abduc-
tion movements of the (right—dominant) index finger, while
attempting to maintain constant the level of activity (at 5-10%
MVC) recorded from the homologous [first dorsal interosseus
(FDI)] muscle of the opposite limb. Practice consisted of 100
repetitions of the movement at a rate of ~ 0.2 Hz. Prior to and
following these movements IHI (adjusted CS and TS intensities)
was assessed at rest using interstimulus intervals of 12 ms (pro-
totypical short-latency) and 30 ms (long-latency). Although the
practice-related improvements in performance were accompa-
nied by an increase in the excitability of corticospinal projections
from the contralateral M1 (i.e., to the training limb), there were
no corresponding changes in IHI (ie., from the “trained” to
“non-trained” hemisphere). In contrast, in the context of a task
that required modulation of precision pinch (index finger and
thumb) grip to acquire a sequence of five force targets, improve-
ments in the speed and accuracy of performance of the (non-
dominant) left hand were observed following 180 training trials
performed by the right hand (over 30 min). This positive trans-
fer of learning was accompanied by a decrease in IHI (“trained”
to “non-trained” hemisphere)—estimated using adjusted CS and
TS intensities (Camus et al., 2009).

In one of the only studies conducted thus far in which poten-
tial variations in IHI have been assessed in the context of chronic
training protocols, Hortobagyi et al. (2011) engaged volunteers
to participate in 20 training sessions, conducted over 8 weeks,
during which 1000 submaximal (80% MVC) applications of
(abduction) force by the right index finger were undertaken. The
maximum force applied by the trained finger was elevated by
49.9% as a consequence of the intervention, and the untrained
finger exhibited an increase of 28.1%. Measures of IHI (“trained”
to “non-trained” M1) were obtained at rest prior to the interven-
tion and after every fifth session, using CS intensities that were
fixed, and TS intensities that were adjusted (within and across ses-
sions) for each participant. Similar estimates were also recorded
at the beginning and end of these specific training sessions. It
was reported that IHI decreased by 30.9% over the course of
the entire intervention, and acutely by 8.9% on average during
single sessions. In addition when the degree of cross education

Cross education of motor function

was correlated (across participants) with changes in IHI, the level
of covariation was observed to increase over the course of the
intervention.

The findings of Hortobagyi et al. (2011) provide a strong
indication that the chronic effects of unilateral training upon
movements of the opposite limb are mediated, at least in part,
by processes manifested via TMS derived IHI (assessed at rest).
This interpretation is not without some caveats. The conclusions
that are drawn on the basis of the IHI technique can depend
profoundly on the control of conditioning stimulus intensities.
For example, in circumstances in which both the CS and TS are
fixed, an increase in IHI is obtained with elevations in contraction
(ipsilateral to TS) intensity (e.g., Ferbert et al., 1992; Perez and
Cohen, 2008; Talelli et al., 2008b; Vercauteren et al., 2008). If how-
ever, the stimulation intensity is adjusted to maintain constant
the amplitude of the conditioning MEP, experimentally elicited
(short-latency) IHI is attenuated with increases in the level of
contraction (Perez and Cohen, 2008; Chiou et al., 2013).

A more general challenge is thereby illustrated—that of relat-
ing measures of interhemispheric interaction obtained from
conscious humans using non-invasive (e.g., magnetic) brain stim-
ulation to those derived from reduced animal preparations. The
ipsilateral silent period (iSP) provides another index of inter-
hemispheric inhibition. It is obtained when TMS is delivered
at high intensity to the M1 ipsilateral to contracting muscles
(Wassermann et al., 1991). The spread of activation at these inten-
sities appears to mask any excitatory effects, thus giving rise to
net inhibition of the opposite motor cortex. As with IHI, the ini-
tial portion of the iSP appears to be mediated, at least in part,
by the fibers of the corpus callosum (Meyer et al., 1995, 1998).
Nonetheless, short-latency (e.g., 8 ms interval) IHI and iSP do
not vary equivalently in response to a number of experimental
manipulations (Chen et al., 2003; Giovannelli et al., 2009). The
greater covariation observed for the iSP and long-latency (e.g.,
40 ms interval) THI suggests that these respective effects may be
subserved by overlapping subpopulations of neurons (Chen et al.,
2003).

If considered in relation to the variations that are manifested
at different levels of isometric contraction, the area of the iSP (i.e.,
the degree of inhibition of EMG activity ipsilateral to the stimu-
lation) is greater during both minimal (5% MVC) and maximum
engagement of the homologous (FDI) muscle (i.e., opposite limb)
than when it is quiescent (Giovannelli et al., 2009). These out-
comes are thus consistent with those obtained for short-latency
IHI, when fixed CS and TS intensities are employed, since both
measures of inhibition scale with the intensity of the contrac-
tion performed by the homologous muscle. Notably in respect of
Giovannelli et al. (2009), increases of iSP area were also obtained
during (maximal) contraction of the opposite extensor indicis
proprius (EIP), but not with contraction of more proximal upper
limb muscles or lower limb muscles, suggesting that the effect is
topographic but not entirely focal (see also Hinder et al., 2010b).
To the best of our knowledge, the iSP technique has not yet been
used to investigate interlimb transfer of training.

How is the ostensible elevation in inter-hemispheric inhibition
(i.e., fixed CS intensity IHI; iSP) that occurs during the course
of unilateral ballistic (e.g., Duque et al., 2007) and isometric
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contractions (Vercauteren et al., 2008), and rises with the inten-
sity of contraction (e.g., Perez and Cohen, 2008; Giovannelli et al.,
2009), to be reconciled with the decreases that are measured
acutely (at rest) during the course of a unimanual training session
(e.g., Camus et al., 2009; Hortobagyi et al., 2011) and chroni-
cally over multiple sessions (Hortobagyi et al., 2011), and which
may be related to the cross education of motor function that is
observed in such circumstances? One possibility is that during
voluntary contractions, the excitability of transcallosal projec-
tions is modulated in parallel with that of corticospinal neurons
(Avanzino et al., 2007). While this will give rise to increases in
both inter-hemispheric facilitation and inhibition, it may simply
be the case that the experimental techniques that are typically
employed (e.g., IHI and iSP) do not provide an adequate rep-
resentation of variations in the local balance between excitation
and inhibition that occur in the ipsilateral M1 during voluntary
movement. We are, for example, unaware of any attempts to apply
paired-pulse TMS techniques to examine levels of inter-cortical
facilitation in these contexts. Alternatively, the decreases in IHI
that are registered when the CS intensity is adjusted (downwards)
during unilateral contractions may be gauged more representative
of processes that are implicated in cross education of function.
It is also noteworthy that experimentally elicited (short-latency)
IHI is abolished when forces greater than 50% MVC are gen-
erated by the muscle in which the test MEP is recorded (Chen
et al., 2003). It seems likely that the decreases in IHI observed
as a result of training—in contexts in which cross education is
obtained, express alterations in the excitatory-inhibitory balance
within interneuron circuits local to the hemisphere ipsilateral to
the training limb, rather than changes in the characteristics of the
projections between the primary motor cortices that are recruited
at rest by magnetic stimulation. Such acute (i.e., within a sin-
gle training session) and chronic (i.e., across multiple training
sessions) alterations may arise in association with, for exam-
ple, increases in surround inhibition induced during training
by reciprocal interactions between the hemispheres (Bianki and
Shrammapril, 1985). In summary, experimental indices of inter-
hemispheric inhibition (and facilitation) provide only a partial
indication of the relationship between the physiological pro-
cesses that are operative during the execution of the training
movements, and thus of the neural pathways that mediate their
cumulative functional consequences.

THE NATURE AND ROLE OF CROSSED FACILITATION

The evidence that voluntary contractions of one limb—at the
intensities employed in training regimes, give rise to increases
in the excitability of descending projections to the homologous
muscles of the opposite limb is incontrovertible. Furthermore,
many of the factors that modulate this crossed facilitation are also
those that, when manipulated, alter the level of cross education
that is brought about by unilateral training. Perhaps the strongest
indication that the two phenomena are functionally related is
provided by the recent report that crossed facilitation registered
during background contractions (20% and 80% MVC) of the
trained (homologous) muscle of the opposite limb, increased over
the course of 20 training sessions. These changes were correlated
highly with the level of cross education (Hortobagyi et al., 2011).

Cross education of motor function

When repetitive movements are performed using a distal effec-
tor of one limb, the frequency with which clearly distinguishable
EMG activity is registered in the homologous muscles of the
opposite limb increases when the focal movements are subject to
external resistance (Cernacek, 1961), or performed with greater
effort (Hopf et al., 1974). Similarly, if the muscles of the active
limb are progressively fatigued, there is a corresponding increase
in the EMG activity recorded from the opposite limb (Aranyi
and Rosler, 2002). These data are consistent with the proposal
that the extent of irradiation to the opposite limb is contingent
upon the level of neural drive directed to the muscles engaged in
the focal movement (Todor and Lazarus, 1986). In the absence
of voluntary drive, when a limb is moved passively, functional
neuroimaging techniques generally fail to reveal signal change in
ipsilateral cortex, despite the registration of activity in the hemi-
sphere contralateral to movement (Francis et al., 2009; Yu et al.,
2011; Szameitat et al., 2012). There is also at least one proposal
that, at low levels of force, unilateral contractions suppress ipsi-
lateral motor cortical activity (Liepert et al., 2001). In this regard,
it has been suggested that lower levels of crossed facilitation dur-
ing low force tasks, particularly when these are bimanual, may
serve to prevent interference between the limbs. Conversely, the
presence of motor irradiation during high force movements is
ostensibly advantageous in carrying heavy loads when bilateral
cooperation is desirable (e.g., Liepert et al., 2001). This con-
jecture is, however, inconsistent with the widely noted bilateral
force deficits expressed in circumstances in which maximal levels
of motor output are demanded simultaneously (Ohtsuki, 1983;
Archontides and Fazey, 1993).

It has long been recognized that cross facilitation effects persist
beyond the period of training. The phenomenon, which was first
dubbed the “aftercontraction effect” (Craske and Craske, 1986),
may also be detected on the basis of changes in corticospinal
output in response to TMS (e.g., Carson et al., 2008). In the
context of tasks in which short-term unilateral practice engen-
ders bilateral improvements in performance, sustained increases
in the excitability of corticospinal projections to the muscles
of the untrained limb (recorded at rest) have been reported in
acute (Carroll et al., 2008; Lee et al., 2010; Hinder et al., 2011;
Poh et al., 2013) and chronic (Koeneke et al., 2006) ballistic
training protocols. Corresponding outcomes have been obtained
during (acute) practice of precision grip force modulation (Liang
et al., 2007). It cannot be assumed, however, that such changes
are of adaptive functional significance, since they are obtained
not only for homologues of the muscles engaged in the train-
ing task, but also for homologues of muscles that do not make
a direct mechanical contribution to the action that is trained
(Carroll et al., 2008). In addition, there is evidently no relation-
ship across participants between the degree of cross education
and increases in the excitability of corticospinal projections to
the homologues of muscles engaged in training, when these are
assessed at rest in the context of either acute (Carroll et al., 2008;
Hinder et al., 2011) or chronic (Hortobagyi et al., 2011) training
protocols. On these grounds, it would appear reasonable to con-
sider whether the functional adaptations that underpin interlimb
transfer of gains in performance either occur in areas upstream of
the primary motor cortex, or via changes in the effectiveness of
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synaptic transmission through projections from these areas onto
M1 targets.

It has been reported that short- interval intracortical inhibi-
tion (SICI) increases during isometric contractions of the ipsi-
lateral limb (Perez and Cohen, 2008) and the modulation of
precision pinch grip force (Camus et al., 2009), whereas corre-
sponding effects have not been obtained for ballistic movements
(Hinder et al., 2010a). The observation that the effect of IHI
conditioning on SICI invoked within the M1 ipsilateral to con-
tractions is stronger during efforts at 70% MVC than at rest,
suggests either that at least some of the modulation of intra-
cortical circuits mediating SICI occurs via direct input from
the opposite hemisphere (Perez and Cohen, 2008) or that these
circuits are interposed with interneurons (i.e., in the target hemi-
sphere) that are engaged in the expression of IHI. Nonetheless,
neither of these putative mechanisms provide a direct account of
the influence of factors such as vision on levels of cross facilita-
tion (Carson et al., 2005; Garry et al., 2005; Carson and Ruddy,
2012) in circumstances in which the descending output from the
active M1 does not vary across conditions (see also Avanzino
et al., 2007). Furthermore, measures of intracortical inhibition
(SICI) and facilitation (ICF) do not change systematically within
(McCombe Waller et al., 2008) or across training sessions, and
thus these measures do not correlate with the induced levels of
transfer (Hortobagyi et al., 2011). This lack of association sug-
gests that the processes that mediate the expression of SICI and
ICF (when assessed at rest) are incidental to those that underlie
cross education. While it remains to be resolved whether a local
recasting of the inhibitory-excitatory balance as characterized by
variations in ICF or SICI, is promoted directly by variations in
the state of transcallosal neurons projecting from the homolo-
gous “active” M1 during unilateral contractions, the alterations
in intracortical excitability thus expressed do not appear func-
tionally related to changes that are instrumental in relation to
the interlimb transfer of gains in performance realized through
repeated training.

As far as we are aware, only a single study has used a per-
turbation approach to gain insight in relation to the locus of
adaptations that underlie cross education. As the results of this
study are amenable to a number of alternative interpretations, it
is worth considering in some detail. Lee et al. (2010) asked their
participants to perform 300 ballistic movements with a view to
maximizing acceleration of the right index finger. The peak accel-
eration of the trained finger increased by 93%, and that of the
untrained (left) finger increased by 62%. When rTMS (15 min at
1 Hz) was applied subsequently to the right M1—contralateral to
the untrained limb, the peak acceleration of the left index fin-
ger was attenuated by 15.5% (i.e., relative to the value obtained
immediately following the cessation of training). In contrast, the
performance of the trained right finger was unchanged. In the
complementary condition, in which rTMS was administered to
the (left) M1 contralateral to the training limb, the peak accelera-
tion of the right index finger was attenuated by 13.1%. There was
no corresponding diminution of performance for the left index
finger. For the groups that performed active training movements,
there was marked elevation of MEPs evoked in the target muscle
of the trained and untrained limbs following the 300 movements

Cross education of motor function

(prior to rTMS), suggesting increases in the excitability of the
output circuits from both primary motor cortices. As noted pre-
viously, such changes do not appear instrumentally related to
levels of transfer (Carroll et al., 2008; Hinder et al., 2011). It
seems unlikely therefore that the disruptive impact of the rTMS
upon performance was realized through the M1 circuits that are
recruited in generating a corticospinal volley in response to sin-
gle pulse TMS. It has been highlighted recently that the state of
the cortex at the time of stimulation (e.g., rTMS) both deter-
mines the overall neuronal response of the stimulated cortex, and
shapes the responsiveness of distinct subpopulations of cortical
neurons (Siebner et al., 2009). The functional consequences of
rTMS on the output of M1 are therefore likely to be quite different
if delivered at rest (or in control conditions in which no preced-
ing movements are performed), or in circumstances in which the
stimulated neurons have been preconditioned by movements of
the contralateral or ipsilateral limb (as in the key experimental
conditions of the Lee et al. study). Thus, it is possible that the
performance decrements observed by Lee and colleagues follow-
ing rTMS reflected disturbance of interneuronal networks other
than those directly engaged in generating corticospinal output.
Conceivably these networks include the intracortical circuitry
that is engaged in IHI protocols, and which exhibits adaptation
related in extent to the level of cross education (Camus et al.,
2009; Hortobagyi et al., 2011). Alternatively, the effects of the
rTMS on task performance may simply reflect attenuation of
the net M1 response to synaptic input from other brain areas,
rather than disruption of mechanisms acting within M1 that are
specifically related to cross education.

The interpretation that the output circuits of the primary
motor cortex ipsilateral to the training limb are the conduit
rather than the wellspring of cross-limb transfer is likewise con-
sistent with reports that unilateral strength training increased the
capacity of the motor cortex to drive the homologous untrained
muscles (Lee et al., 2009). These observations serve to illustrate
the more general point that, at least with respect to resistance
training and other “maximal output” paradigms, chronic adap-
tations are often only revealed in circumstances in which output
circuits of the primary motor cortex receive synaptic drive (i.e.,
during voluntary contractions). This appears to be the case both
for the untrained (Hortobagyi et al., 2011) and the trained limb
(Griffin and Cafarelli, 2007; Carroll et al., 2009). Indeed, since it is
by no means established that resistance training engenders adap-
tations in M1 output circuitry contralateral to the limb that is
directly engaged (Carroll et al., 2002; Jensen et al., 2005), even
in circumstances in which transmission via this area necessar-
ily approaches maximum levels during training, it would appear
counterintuitive if the crossed effects were to be mediated by this
means.

SOURCES OF FUNCTIONAL CONNECTIVITY

It is necessary to consider whether there are other sources of
bilateral functional connectivity within the motor network that
have the potential to mediate cross activation, and provide a
mechanism for cross education of function (Farthing et al,
2007). During unilateral movement, ipsilateral activation has
been reported not only for M1 and premotor cortex, but also in
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regions including supplementary motor cortex (SMA) (Dai et al.,
2001; Diedrichsen et al., 2013), primary sensory cortex (S1) (Dai
et al., 2001; Kobayashi et al., 2003), cerebellum (Dai et al., 2001;
van Duinen et al., 2008; Horenstein et al., 2009), parietal lobe
(Dai et al., 2001; Hanakawa et al., 2005; van Duinen et al., 2008;
Horenstein et al., 2009), and cingulate cortex (Dai et al., 2001).
For example, activity in the cingulate motor area (CMA)—
which forms part of the anterior cingulate cortex and is thought
to be a strategic entry point for limbic influence on the vol-
untary motor system, is closely associated with the amount of
effort demanded by a motor task (Winterer et al., 2002). The
observation that a high proportion of CMA neurons exhibit
activity that is modulated when the ipsilateral hand is engaged
(Kermadi et al., 2000), is consistent with the widespread find-
ing that crossed facilitation is accentuated with increased effort
or volition (Hopf et al., 1974). In primates, the cingulate motor
area (CMA) is very densely connected with its homologue in
the other hemisphere via fibers of the corpus callosum (Rouiller
et al., 1994). In addition, functional connectivity between the
caudal ACC and the primary and supplementary motor areas
in humans is now clearly established (Koski and Paus, 2000).
Thus, it is conceivable that the bilateral activity registered in
elements of the motor network during unilateral movement,
arises first in the cingulate cortex of the contralateral hemi-
sphere, extends through callosal fibers to the ipsilateral CMA,
and subsequently to other (ipsilateral) motor areas before influ-
encing M1 output (Carson et al., 2005) (Figure 3). This con-
jecture is supported by the observation that in neurologically
healthy human subjects, the activity registered in cingulate cor-
tical areas during unimanual movements is correlated positively
with the size of the posterior truncus of the corpus callosum
(Stancak et al., 2003). Taken together, these findings suggest
that the level of input from regions such as anterior cingulate

A "Trained" limb “Untrained" limb B "Trained" limb “Untrained" limb

‘Trained' hemisphere

‘Untrained' hemisphere

'Untrained' hemisphere
‘Trained' hemisphere

FIGURE 3 | Putative sources of transfer. Panel (A) illustrates the
possibility that as a consequence of (transcallosal) interactions between
cingulate motor areas (CMA) during unilateral training, bilateral adaptations
occur in circuits projecting from CMA, including those to targets within M1.
Panel (B) illustrates the possibility that as a consequence of (transcallosal)
interactions between dorsal premotor cortices (PMd) during unilateral
training, bilateral adaptations occur in circuits projecting from PMd,
including those to targets within M1.

Cross education of motor function

cortex that appear to act as neural mediators of the central com-
mand (e.g., Chefer et al., 1997) may also determine the bilateral
distribution of activity across elements of the cortical motor
network that arises during the effortful engagement of a single
limb.

THE STRUCTURAL BASIS OF CROSS ACTIVATION

What are the possible grounds for evaluating the proposal that
cross education of motor function is mediated by mechanisms
acting via neural pathways projecting from areas upstream of the
primary motor cortices? A necessary but not sufficient step is to
assess bilateral structural connectivity with a view to delineating
the routes by which such functional interactions might occur.

In non-human primates, the density of callosal connections
exhibits a rostrocaudal gradient for the M1, SMA-proper, and
pre-SMA (Liu et al., 2002), whereby the hand representation in
primary motor cortex is relatively sparsely connected with its con-
tralateral counterpart (Jenny, 1979; Rouiller et al., 1998). The
pre-SMA, which is believed to be involved in early phases of
motor preparation and planning, exhibits much denser callosal
connectivity than the SMA-proper or primary motor cortex. The
scope for direct inter-hemispheric interactions via callosal path-
ways thus decreases progressively along a functional gradient that
culminates in those regions that have the most prominent role in
generating motor output. In the context of bimanual movement,
it has been proposed previously that this organization is consis-
tent with the requirement that inter-hemispheric interference at
the level of execution is minimized, while mutual “cross-talk” in
relation to movement planning is promoted (Liu et al., 2002). The
endeavor of extending this approach to humans has been facili-
tated in recent years through new technologies that complement
and extend anatomical studies undertaken using classical post-
mortem techniques and animal models. A key advantage of these
new approaches is the facility to obtain measurements of struc-
tural connectivity in-vivo, and relate these both to indices of brain
activity and to behavior.

Positioned directly below the gray matter cortex, cerebral white
matter forms a dense network of communication cables that
connect distant brain regions, and composes half of the human
brain, a percentage much greater than in any other animal (Fields,
2008). The integrity, density and structural connectivity of the
white matter pathways can be measured and imaged using dif-
fuse tensor imaging (DTI), which allows the tracking of water
diffusion in tissues in the brain, using output measures such as
fractional anisotropy (FA). This quantifies the diffusion of water
molecules, the movement of which are constrained by cellular
structures such as the walls of the axons. Molecular motion is lim-
ited further by layers of lipidic cover that constitutes the myelin
sheath. The measure thus derived is largest in regions that are
assumed to be heavily myelinated or that have densely packed
axons, although the precise nature of the link between FA (i.e.,
derived in vivo) and human histology (i.e., myelination) remains
elusive (see Alba-Ferrara and de Erausquin, 2013, for a review).
Whether the measure expresses constrained diffusion caused pri-
marily by the structure of the axon itself, or the ultrastructure
of myelin sheaths, the assumption nonetheless is that higher FA
reflects greater structural connectivity.
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While recent DTI derived evidence suggests that interhemi-
spheric callosal projections are largely homotopic (Fling et al.,
2011), within the corpus callosum there are marked differences
in the quantity and strength of fibers projecting from the dif-
ferent components of the motor network that are involved in
voluntary movement (Figure 4). In terms of quantity, there are
significantly more fibers connecting homologous SMA regions
than connecting M1, primary sensory cortices (S1), pre-SMA or
dorsal premotor cortices (PMd) (Fling et al., 2011). In contrast
to the conclusions drawn on the basis of retrograde tracing in
primates, it appears that in human there are fewer interhemi-
spheric fibers from Pre-SMA than from SMA, but more than for
M1, S1 or PMd. In relation to number of fibers, there are more
homotopic projections for M1 than for S1 or PMd.

[ PMd = PMd |
M1 S M1
s1 =—'E

FIGURE 4 | A graphic depiction of the findings of Fling et al. (2011).
Panel (A) represents fractional anisotropy (FA) of transcallosal fibers
connecting homologous motor regions. Thicker tubes indicate higher FA
values. SMA fibers exhibit greater FA values than pre-SMA, M1 and S1.
Transcallosal PMd fiber FA values are greater than those connecting
pre-SMA, M1 and S1. Fibers connecting homologous M1 and homologous
pre-SMA exhibit higher FA values than S1 fibers. Panel (B) represents the
quantity of interhemispheric fiber tracts connecting homologous motor
regions. There are more fiber tracts connecting homologous SMA regions
than M1, PMd and pre-SMA. There are more fibers connecting pre-SMA
than M1, S1 or PMd. Transcallosal M1 fibers are more numerous than
those connecting S1 or PMd. (See text for details).

Cross education of motor function

It is important to note, however, that this metric is not nec-
essarily paramount in relation to the functional implications
of white matter connectivity. PMd-PMd interhemispheric con-
nections, along with SMA-SMA fiber tracts, display the highest
microstructural integrity (FA) values (Figure 3). Lower FA values
are obtained for homotopic projections from S1, M1 and pre-
SMA, whereas in relation to PMy, direct interhemispheric con-
nections have not been identified using DTI (Fling et al., 2011).

Two critical considerations are thereby highlighted. In the first
instance, summary measures of connectivity calculated for the
entire bundle of fibers passing across the corpus callosum are
unlikely to be revealing with respect to the mediation of cross
education, when these are considered in relation to variations in
behavioral outcomes exhibited within or between groups of indi-
viduals. Furthermore, specific metrics of fiber orientation and
strength—such as FA values (derived for projections between
clearly delineated nodes in the motor network), will probably
bear a more direct relation to functional interactions between the
limbs than global or local estimates of fiber number.

As case in point, Bonzano et al. (2011a) reported that in a
group of patients with corpus callosum pathology due to multiple
sclerosis (MS), levels of interlimb transfer in a reaction time
task were not associated with FA values derived for the entire
callosal body. A positive relationship was, however, obtained
when FA values were calculated for a subregion (CC3), following
de Lacoste et al. (1985), presumed to encompass fibers projecting
to primary motor and sensory areas (but not for a subregion
(CC2) deemed to contain fibres projecting to premotor and
supplementary motor areas).

Structural connectivity between the primary motor areas

It has been demonstrated that the microstructural integrity of
the white matter in transcallosal pathways projecting into the
M1 hand area correlates positively with levels of interhemispheric
inhibition, measured both using paired pulse techniques (Wahl
et al., 2007), and the ipsilateral silent period (Koerte et al., 2009;
Fling et al., 2011). Given that greater microstructural integrity—
as indexed by FA, may be reflective of either the dense packing of
many fibers, or their myelination quality (expressed as lower sig-
nal degradation), the finding of elevated interhemispheric inhibi-
tion between motor cortices in individuals with higher FA values
may be indicative of an excitatory signal transmitted via the cor-
pus callosum that results in proportionately greater activation of
the inhibitory interneuron network in the target hemisphere. As
emphasized previously, however, the net balance between inhi-
bition and facilitation that results from transcallosal input (i.e.,
from the opposite M1) is also subject to task-dependent modu-
lation by areas upstream of M1, such as premotor cortex, which
assume a focusing role by regulating the activity of interneurons
in primary motor cortex (Miinchau et al., 2002).

The relevance of this general point in relation to the inter-
pretations that might be drawn concerning the structural path-
ways that mediate interhemispheric inhibition on the one hand,
and cross education of motor function on the other, cannot
be overstated. While performing index finger to thumb oppo-
sition movements, individuals with MS exhibit higher levels
of BOLD response in ipsilateral M1, and decreased levels of
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interhemispheric inhibition (registered using iSP). These vari-
ables correlated (negatively and positively, respectively) with FA
values calculated for the body of the corpus callosum (Lenzi et al.,
2007). Nonetheless, the capacity for intermanual transfer appears
largely unaffected in this population (Bonzano et al., 2011a).

In a related vein, there is an age-related dissociation in the
relationship between IHI and M1 callosal tract microstructural
integrity. Young adults with relatively larger FA values also exhibit
greater (iSP derived) interhemispheric inhibition, whereas for
older adults the opposite relationship is obtained (Fling and
Seidler, 2012). There is mounting evidence to suggest that both
the quantity and quality of cerebral white matter diminishes with
age (e.g., Seidler et al., 2010; Sullivan et al., 2010). It is also
well-established that experimentally derived measures of inter-
hemispheric inhibition diminish overall with advancing age, and
that these changes are related to the level of ipsilateral activ-
ity that is present during the performance of single limb tasks
(Talelli et al., 2008a,b). Furthermore, commensurate elevations
of crossed facilitation (e.g., Fling and Seidler, 2012) and con-
tralateral irradiation of motor output throughout the lifespan
have been thoroughly documented (see Addamo et al., 2007 for
a review). At first glance it might therefore appear paradoxi-
cal that levels of cross education are diminished in older adults
in comparison to younger counterparts (Bemben and Murphy,
2001) in some cases markedly so (Hinder et al., 2011). Taken as
a whole however, these lines of evidence serve to emphasize that
the structural factors that directly influence levels of interhemi-
spheric inhibition between the primary motor cortices may not
to be those that assume a principal role in mediating the crossed
transfer of functional capacity.

BILATERAL ACCESS APPROACH

THEORETICAL CONTEXT AND SCOPE OF THE PRESENT ANALYSIS

In seeking to account for the mechanisms that give rise to
cross education of motor function, there have been numerous
advocates of the view that neuroplastic changes occurring in
conjunction with unilateral training are amenable to utilization
(subsequently) when the untrained limb is engaged. A point of
contrast with cross activation models is that task and effector spe-
cific changes in the state of neural circuits projecting to the mus-
cles of the quiescent limb are not necessarily anticipated for the
period of training. The integrity of any such distinction necessar-
ily depends on the facility to demarcate brain regions that assume
a functional role in relation to movements performed on one side
of the body, but not on the other. As highlighted previously, it
is not even clear that primary motor cortex can be categorized
in this manner (Bianki and Shrammapril, 1985). Although some
proponents of the bilateral access approach have emphasized the
role of the corpus callosum as a means for information transfer
from a single hemisphere in which the “motor engram” has been
elaborated (e.g., Taylor and Heilman, 1980), it is not necessarily
apparent that such lateralization is a logical necessity. On a
priori grounds alone, bilateral representation (e.g., Parlow and
Kinsbourne, 1989) of a capability acquired unilaterally cannot
be excluded. The possibility has also been highlighted (Nadel
and Buresova, 1968) that transcallosal “read-out” of a lateralized
memory trace may initiate an active process in the “trained”

Cross education of motor function

hemisphere which precipitates transcallosal information flow in
the opposite direction that is to say—from the trained to the
untrained hemisphere (Figure5). Through active “write in,”
which may occur over the course of just a few trials or on even a
single trial (Fenton and Bures, 1994), a duplicate “motor engram”
is formed in the untrained hemisphere—a mode of transfer that
has been termed imperative. Direct “read-out” of a lateralized
engram that does not require an equivalent active process has
been designated facultative transfer (Bures et al., 1988).

Necessarily therefore, the patterns of neural activity that are
instrumental in enhancing execution during training, and their
relationship to those present during the ensuing performance of
the opposite untrained limb, are an empirical matter. It is our
argument that when considered on this basis, there emerge few
grounds for distinction between the cross activation and bilateral
access models. Rather, we contend that the degree to which there
is bilateral engagement of various elements of the motor network,
and the extent of cross education that accrues from unilateral
training, is contingent upon specific task parameters. In seeking
to illustrate this point in the sections that follow, we restrict our
attention to a relatively small subset of exemplars. Consideration
is not, for example, extended to interlimb transfer in the context
of prism (e.g., Martin et al., 1996), visuomotor (e.g., Sainburg and
Wang, 2002) or force-field adaptation (Criscimagna-Hemminger
et al., 2003). In addition, factors that might influence asymme-
tries of transfer between the dominant and non-dominant limb
are not considered at length.

Rather, we focus our attention upon variants of sequential
motor tasks. Typically these require that buttons or keys be
pressed by the fingers of one hand—often by means of isometric

"Read-out' phase

A "Trained” limb

"Write-in' phase

B "Trained" limb
il
%ﬁlﬁ?ﬂ

T/

*Untrained” limb "Untrained" limb

'Untrained' hemisphere
"Trained' hemisphere
‘Untrained' hemisphere
'Trained' hemisphere

FIGURE 5 | Two phases of transfer. In each instance the “X" represents
the putative locus of training related adaptations. White circles indicate
lateralized motor networks in their entirety. Following Nadel and Buresova
(1968), Panel (A) represents the ‘read-out’ phase (solid arrow) whereby
training related adaptations in motor networks projecting to the training
limb are accessible during movements made subsequently by the untrained
limb. Panel (B) depicts the possibility that, during the course of such access
(i.e., “read out”), a “write-in" phase (dashed arrow) occurs, whereby a
parallel duplicate motor engram is formed.
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contractions, in accordance with a memorized or perceptually
cued sequence. In some variants (e.g., Hicks et al., 1982), the
participant is instructed to repeat the sequence as many times
as possible within a fixed interval. In others, such as the serial
reaction time task (SRTT), (Nissen and Bullemer, 1987), partic-
ipants respond repeatedly to a fixed sequence of stimuli, which
is not typically made explicit. Learning is inferred on the basis
of decreases in reaction time that accord with the probabilities
governing transitions between successive stimuli in the sequence.
The demands associated with actuation nominally remain fixed.
That is, there is no overt stipulation for the keys or buttons to
be depressed with increasing force or rapidity. Thus, since it is
generally assumed that such tasks place minimal requirements
on motor execution, progressive changes in their performance
are typically interpreted as evidence of motor sequence learning
(Hardwick et al., 2013).

TASK PARAMETERS: A CASE IN POINT

In a study that engaged a large cohort of young adults in a
five-key sequential tapping task performed with either the left or
the right hand, Parlow and Dewey (1991) required that a subset
of participants undertake the training phase (ten 15 s trials) while
simultaneously engaging the opposite (“untrained”) limb in the
production of sustained (i.e., 15s) sub-maximal (Experiment 1)
or maximal (Experiment 2) isometric grip force. It was noted
that these groups exhibited positive transfer of performance
from the trained to the untrained limb that was comparable to
that obtained for (control) groups that did not engage in the
secondary task. On the basis of the assumption that the gener-
ation of maximum grip force by the “untrained” limb during
practice of the sequential tapping task (i.e., by the opposite limb)
prevented training task-specific “motor overflow” from engaging
brain circuits that might in principle become adapted, these
findings are commonly considered support for bilateral access
models of cross education. Rather than it being the case that
homologous circuits were engaged by this manipulation, the
markedly different demands imposed by the sequence generation
and isometric grip force tasks, coupled with the observation that
dual task deficits were not necessarily present during acquisition,
suggest an alternative interpretation—that the engagement of
somewhat distinct brain circuits was required in each instance.
In this light, the fact that the (secondary) task did not impede
the transfer of acquired competence on all variants of the
primary task reflects a lack of interference between the patterns
of motor network activity associated with each form of action.
The more general point is thereby illustrated. The specific neural
pathways that mediate cross education of motor function are
likely to be strongly contingent upon the dimensions of the task.
These dimensions might include, for example, the degree to
which maximal motor output is demanded, the extent to which
the action goals can be represented in an internal or external
coordinate scheme (e.g., Hikosaka et al., 1999), or the relevance
of procedural knowledge (Obayashi, 2004).

NEURAL CORRELATES OF SEQUENCE LEARNING
Empirical evidence derived from functional neuroimaging has
reinforced the appreciation that distributed brain networks
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necessarily function in concert during the learning of motor
sequences. Nonetheless, it does not inevitably follow that all of
the constituent regions within these networks assume an equiva-
lent role in the mediation of cross education. In the following sub
sections, we adopt a pragmatic approach, whereby the individual
brain regions that may be implicated are discussed individually.
This should not be taken to imply that they function in an isolated
fashion. Rather, there is unquestionably an integrated dynamic
interplay between these regions, with their relative contributions
to cross education having more or less emphasis depending upon
factors such as task type, stage of learning, and task complexity.

Dorsal premotor cortex

In primates, stimulation of both dorsal and ventral premotor cor-
tices results in observable twitch responses, suggesting that they
may play an instrumental role in the generation and control of
movement (Dum and Strick, 2005). Furthermore, in addition to
direct descending spinal projections, PMd has reciprocal connec-
tions with ipsilateral M1 (Dum and Strick, 1991, 2002; He et al.,
1993, 1995), rendering it well-placed to provide neuromodula-
tory control of M1 output. Within PMd, there appears to be a
rostrocaudal continuum of activity, with rostral (anterior) loca-
tions implicated in sensory and working memory style tasks, and
caudal (posterior) aspects of PMd more prominently engaged
in motor learning. More generally, given the direct projections
that exist between rostral PM and prefrontal areas, and between
caudal PM and M1 (and spinal cord) respectively, it has been pro-
posed that rostral PM fields may represent a functional node of
a prefrontal network, whereas caudal PM may be regarded as a
true motor area engaged primarily during movement execution
(Schubotz and von Cramon, 2003).

In a recent meta-analysis, Hardwick et al. (2013) reported
that the degree to which dorsal premotor cortex (PMd) activ-
ity was lateralized depends critically upon the characteristics of
the task. It was noted that variants of the SRTT elicited bilat-
eral PMd activity, whereas tasks that required the learning of
novel movement kinematics and dynamics gave rise primarily
to left PMd activity (i.e., independently of the side of execu-
tion). This finding may be interpreted in light of the conjec-
ture that the left PM is engaged during the acquisition of new
motor patterns —whether performed with the dominant or non-
dominant hand, whereas the right PM is involved to a greater
degree in the storage of sequences (e.g., Schubotz and von
Cramon, 2003). The latter supposition is supported by the obser-
vation that levels of right PM activation co-vary with length of
motor sequence (Sadato et al., 1996). In a perceptual counter-
part of the SRTT, the requirement for serial prediction per se
was associated with elevated activity in right PM. Increases in
the number of elements in the sequence resulted in prominent
increases in the levels of activation registered in PMd within
both hemispheres (Schubotz and von Cramon, 2002). Thus,
while the task-specific factors that determine the lateralization
of PMd activity remain to be resolved, there is consensus that
this brain region is a pivotal structure for motor learning in gen-
eral, and for motor sequence learning in particular. Additionally,
given that interhemispheric PMd-PMd connections are among
the strongest of all motor regions (Fling et al., 2011), it may
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also be implicated in the cross education of performance in this
context.

Supplementary motor area

The finding of activity in the supplementary motor area (SMA)
is common to all neuroimaging studies that have investigated
SRTT learning (Hardwick et al., 2013). This is unsurprising given
that which is known about the role of SMA and its interactions
with adjacent cingulate motor cortical regions, both of which
contribute to the initiation of voluntary movement (Deecke and
Kornhuber, 1978; Hoffstaedter et al., 2012). There is also evi-
dence that the SMA plays distinct functional roles at different
times during the performance and acquisition of a new move-
ment sequence. In the gaps between the generation of individual
elements, SMA serves the function of encoding and planning the
next movement in the sequence (Tanji and Shima, 1994; Gerloff
et al., 1997; Shima and Tanji, 1998), whereas during the exe-
cution of these elements, SMA assumes an additional role in
relation to online monitoring and control (Seitz and Roland,
1992; Tanji and Shima, 1994; Shima and Tanji, 2000; Padoa-
Schioppa et al., 2002; Lee and Quessy, 2003). A task specific
distinction may, however, be drawn between the two composite
regions of SMA: pre-SMA and SMA proper. It has been revealed
that only SMA proper is activated during tasks requiring novel
movement kinematics or dynamics, whereas during variants of
the SRTT, both SMA proper and pre-SMA are involved (Hardwick
et al.,, 2013). Human neuroimaging data indicating a specific
functional role for pre-SMA during variants of the SRTT are
also consistent with evidence derived from single cell record-
ings in non-human primates (Tanji and Shima, 1994; Clower and
Alexander, 1998; Shima and Tanji, 2000). Aside from sequence
learning, the pre-SMA appears to have functions that are pre-
dominantly cognitive in nature, serving a minimal role in other
forms of motor learning. Stimulation of SMA proper appears
to enhance motor learning in a task with a sequential learn-
ing component, whereas pre-SMA stimulation has no such effect
(Vollmann et al., 2012). Analogous to the rostrocaudal contin-
uum of cognitive-motor function within the PMd, the SMA,
which shares with PMd a cytoarchitecturally defined location on
Broadman’s area 6, is similarly subdivided, with the more ros-
tral region (pre-SMA) assuming a role in cognitive functions,
and the caudal SMA proper having undisputed motor properties
(Hardwick et al., 2013).

Primary motor cortex

While there is widespread evidence that M1 is integral to a
network of brain regions involved in the learning and reten-
tion of motor skills, the extent of its contribution varies in a
task and time-dependent fashion. In the initial stages of acquir-
ing skills for which a significant degree of cognitive involve-
ment is required, there are relatively high levels of activity
in prefrontal, bilateral sensorimotor, and parietal cortices. It
has been proposed that for tasks of this nature, the initial
phases of skill acquisition are mediated via regions of a cor-
tical network specialized for executive function, motor plan-
ning/execution and the processing of somatosensory feedback,
and that sub-cortical circuits in the cerebellum and basal ganglia
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assume a commensurately greater role as automaticity of per-
formance is achieved (Floyer-Lea and Matthews, 2004). It is
also the case that during early learning of a “fast-as-possible”
ballistic motor task—for which few cognitive demands might
be assumed (Rosenkranz et al., 2007; Carroll et al., 2008;
Hinder et al., 2011), and in visuomotor adaptation tasks—
following a perceptible state transition (Riek et al., 2012), there
are increases in the excitability of corticospinal projections
from MI.

The relative contribution of M1 to the most rapid phase of
performance adaptation, as opposed a slow repetition-dependent
component, in tasks requiring modified movement kinematics or
dynamics, and the significance of this demarcation with respect
to acquisition and retention, remains a matter of considerable
debate (e.g., Richardson et al., 2006; Galea et al., 2011; Orban
de Xivry et al., 2011; Riek et al., 2012). During unilateral motor
sequence learning, elevated activity is registered in M1 ipsilat-
eral to the training limb (Daselaar et al., 2003; Bischoff-Grethe
et al., 2004; Verstynen et al., 2005). This is thought more likely
to be reflective of excitatory rather than inhibitory neural activity
(Waldvogel et al., 2000). There is also some evidence to suggest
that left M1 is activated regardless of the limb that is the focus
of training. In contrast, right M1 is not engaged prominently
during right hand execution (Hardwick et al., 2013). While this
pattern suggests that the left primary motor cortex performs a
specialized function in this form of task (Jueptner et al., 1997b;
Seidler et al., 2005; Bapi et al., 2006), it appears likely that the
activity is more closely related to effector aspects than to serial
prediction per se (Sanes and Donoghue, 2000; Hardwick et al.,
2013).

Superior parietal lobule

The parietal cortex has traditionally been considered as the
bridge between vision and movement (Critchley, 1953; Milner
and Goodale, 1993), with the superior parietal lobule (SPL) in
particular assuming a significant role in relation to actions involv-
ing the hands (Mountcastle et al., 1975; Rizzolatti et al., 1998;
Connolly et al., 2003; Glover et al., 2005; Battaglia-Mayer et al.,
2007). This area is activated consistently during all motor vari-
ants of the SRTT, but not necessarily in tasks that require the
acquisition of novel limb kinematics or dynamics. As most often
the SRTT includes the requirement to respond to visual stim-
uli, and given the centrality of its relationship with PMd in
visuomotor integration and control (Wise et al., 1997), it is per-
haps unsurprising that the SPL is engaged during this type of
motor sequence learning. In a learning task in which an auditory
metronome was used to pace movements, and visual feedback
was not provided, significant levels of SPL activation were not
obtained (Jantzen et al., 2002). In the context of a network in
which PMd represents the “hub” of sequence learning, the SPL
thus appears to perform a relatively specific role in the transfor-
mation of sensory input into motor output (e.g., Hardwick et al.
(2013).

Thalamus, striatum, and cerebellum
The role of the striatum has been emphasized as a critical
component for the planning, acquisition and execution of new
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motor skills (Doyon et al., 2009). It receives major afferent
inputs from cortical areas, from the midbrain, and from the
thalamus (Delong and Wichmann, 2007). Its principal role is
thought to lie in encoding motor programs, and it is acti-
vated consistently during both implicit and explicit sequence
learning (see Doyon et al., 2009 for a review). Neuroimaging
data suggests that there exists a dynamic functional interplay
between the striatum and cerebellum while subjects are acquiring
a motor skill—up to the point of asymptotic levels of perfor-
mance. Once the behavior is extremely well-learned, activity in
the cerebellum becomes barely detectable (Friston et al., 1992;
Grafton et al., 1994; Seitz et al., 1994; Jueptner et al., 1997a;
Doyon et al.,, 2002), whereas activation in the striatum per-
sists (Grafton et al., 1994; Doyon et al., 1996; Jueptner et al.,
1997b). This has led to the view that striatal activity is associ-
ated with the long-term retention of motor skill. Similarly the
thalamus: a multi-nucleus “relay station,” receiving inputs from
an array of brain sub-systems, and conducting them onwards
to their appropriate destinations, also shows “sustained” activa-
tion after asymptotic levels of performance have been achieved
(Duff et al., 2007). In the SRTT studies assessed by Hardwick
et al. (2013) in their recent meta-analysis, the (left) thalamus was
prominently engaged, an effect that was most apparent when in
contrast with tasks that require the acquisition of novel dynamics
or kinematics.

One of the key roles ascribed to the cerebellum in motor
learning is that of “state estimation,” whereby the actual sensory
consequences of actions are compared to the predicted sensory
consequences. It is upon the basis of the prediction errors thus
derived that improvements of performance, in relation to param-
eters such as speed and accuracy, are thought to develop (Manto
et al., 1994; Miall et al., 2007; Tseng et al., 2007; Miall and King,
2008). As SRTT variants have actuation demands that nominally
remain fixed, it is perhaps not surprising that this form of task
acquisition is associated with lower levels of cerebellar activity
than other forms of motor learning. With respect to regional vari-
ation, engagement of the right lateral cerebellum in the SRTT
appears to be a consistent finding (Hardwick et al., 2013).

BILATERAL TRANSFER OF SEQUENCE LEARNING—FUNCTIONAL

BRAIN IMAGING

Very few empirical studies have used neuroimaging techniques
to investigate bilateral transfer of sequence learning. Perez et al.
(2007a) reported that following right limb SRTT training, areas
of (fMRI registered) activation during left hand task execution
included bilateral SMA, PMd, striatum, extrastriate visual cor-
tex, cerebellum, thalamus, and also the right M1. It should be
noted in this context that as projections to the cerebellum are
double-crossed, activation registered in this region is generally
associated with movements of the ipsilateral limb. Additionally,
activity in some regions was correlated with behavioral mea-
sures of intermanual transfer of performance. Pre-training activ-
ity in the right ventrolateral posterior (VLp) thalamic nucleus
was predictive of the amount of interlimb transfer that would
be observed following training, and post-training activity in
the (bilateral) ventrolateral anterior (VLa) thalamic nucleus and
SMA correlated positively with the amount of interlimb transfer
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that had occurred. Importantly, activity in these areas was not
correlated with performance changes in a control movement
sequence.

The areas of activation detected in sequence learning tasks
depend, at least in part, upon whether the transfer task requires
that the sequence is executed in the original spatial format (i.e.,
defined with respect to an external coordinate scheme) or in a
mirrored layout (that preserves the internal (anatomical) coor-
dinate mapping). Instances of the latter type would require the
use of the corresponding effectors on the opposite (untrained)
hand, and generation for the homologous muscles of the same
motor output patterns as those that required during training. In
the case of handwriting, similar patterns of brain activation are
noted in right-handed subjects when the right hand is writing
normally, and the left hand is required to write in a mirrored for-
mat. Many additional brain regions are, however, engaged when
the left hand is required to write such that the “normal,” (with
respect to the right hand) spatial pattern is preserved, presumably
as additional transformations are required to generate the novel
muscle synergies (Halsband and Lange, 2006). In this task con-
text at least, the paucity of additional brain activity suggests that
mirrored performance by the untrained limb is subserved by the
same engram that is utilized by the trained limb (Grafton et al,,
2002).

BILATERAL TRANSFER OF SEQUENCE
LEARNING—ELECTROPHYSIOLOGICAL INDICES

Although neuroimaging techniques are invaluable for localiz-
ing variations in cerebrovascular demand, they cannot be used
easily to assess inhibitory neural processes (Waldvogel et al.,
2000). We have highlighted previously that for tasks that require
maximum levels of motor output, these processes may assume
a functional role in relation to cross education. Is there evi-
dence that they are implicated in bilateral transfer of sequence
learning? Perez et al. (2007b) reported that following unilateral
SRTT training, there was a decrease in IHI from the M1 con-
tralateral to the training limb, to the M1 contralateral to the
transfer limb. The extent of this decrease was correlated with the
amount of non-specific performance transfer to the untrained
limb. In the SRTT, this is typically expressed as decreased reac-
tion times in all aspects of the task, including random blocks
that have no sequential component (Robertson, 2007). The level
of sequence-specific transfer of learning was not, however, cor-
related with THI measures. This pattern of outcomes accords
with that reported by Hortobagyi et al. (2011), and suggests
that the non-specific transfer observed for the SRTT may be
similar in nature to the cross education observed for maxi-
mal output training tasks. The results of Perez et al. (2007b)
further imply that experimentally derived measures of inter-
hemispheric inhibition between the primary motor cortices are
insensitive to the neural adaptations that mediate the interlimb
transfer of elements specific to sequence learning. Following
SRTT training, SICI is reduced in both the trained and untrained
M1, a finding that is consistent with the proposal (Bianki and
Makarova, 1980) that a narrowing of excitatory focus in the pri-
mary motor cortex contralateral to the training limb emerges
from reciprocal interhemispheric interactions. Furthermore, the
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observation that elevations in the net excitability of corti-
cospinal projections from M1 were present only for the hemi-
sphere contralateral to the training limb (Perez et al., 2007b),
is consistent with the conclusion highlighted previously that
the functional adaptations that underpin cross education are
either mediated by interneuronal networks within primary motor
cortex- other than those directly engaged in generating corti-
cospinal output, or via changes in the effectiveness of synap-
tic transmission through projections from other areas of the
motor network onto M1 targets. These two possibilities are not
exclusive.

Various forms of non-invasive brain stimulation, including
TMS, have been used to disrupt processing in a region of inter-
est during classical motor learning tasks. In noting any associated
behavioral effects, the usual intent is to draw causal inferences.
An important caveat holds, however, when M1, or indeed any
other area having descending projections to the spinal cord, is
the region of interest. The motor system may accommodate this
challenge by altering the activity in other brain areas involved in
movement planning and execution in a manner that preserves
motor output (e.g., Touge et al., 2001; Shemmell et al., 2007;
Ortu et al., 2009). Thus, it may not be possible to determine
whether the effect of M1 stimulation upon motor learning is
attributable to an altered contribution of the target region, or
due to compensatory changes occurring elsewhere. The prob-
lem is particularly acute when a limited range of measures is
employed to assess the impact of the intervention. For example,
in a recent investigation, Riek et al. (2012) demonstrated that fol-
lowing the administration of theta burst rTMS prior to initial
learning in a visuomotor adaptation task, the overt characteris-
tics of performance (as assessed by trajectory error and move-
ment time) were maintained. There was, however, a profound
impact upon the latency of response preparation—a measure
not obtained typically in adaptation paradigms. There are more
general implications. The brain region that is of critical func-
tional importance in relation to the behavior under consideration
may be one that receives (excitatory or inhibitory) inputs from
the stimulation target. Thus, the effects of such interventions
upon learning can rarely be considered profitably without addi-
tional controls, and corroborating evidence derived from other
investigative techniques.

With these qualifications in mind, we turn to one of the
few studies in which this general approach has been applied to
investigate the contribution of a specific region—in this case
SMA, to intermanual transfer. As aforementioned, (see sec-
tion Supplementary Motor Area), the contribution of SMA to
sequence learning is thought to be phase dependent. It is engaged
in encoding and planning the next movement in a sequence,
and in controlling and monitoring movements once they are
initiated. Perez et al. (2008) reported that in a SRTT vari-
ant, applying 1 Hz rTMS to SMA along the sagittal midline in
the intervals between successive movements reduced levels of
intermanual transfer. Conversely, applying rTMS to SMA dur-
ing movement execution had no such effect. On this basis, the
authors concluded that the contribution of SMA to the interlimb
transfer of sequence learning occurs primarily in the intervals
between movements (Perez et al., 2008). Given the poor temporal
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resolution of fMRI and PET, which hampers the use of corre-
sponding experimental (i.e., imaging) designs, it is difficult to
determine the degree to which a mediating role of SMA, as
opposed to pre-SMA is implied by these data. In light of the con-
siderations noted above, it may be noted that the midline SMA
stimulation had no impact upon the rate at which performance
improved for the training limb. It has been suggested that this
may indicate that distinct mechanisms mediate the increases in
performance manifested by the training limb, and the concurrent
increase in capability exhibited by the opposite limb (Perez et al.,
2008).

BILATERAL TRANSFER OF SEQUENCE LEARNING—STRUCTURAL
CORRELATES

White matter structural integrity is thought to impinge directly
upon motor performance, as the quality of myelin and axon
diameter impact upon the propagation speed of neural impulses
(Fields, 2011). These in turn contribute to the larger scale syn-
chronization of signals across distributed components of the
functional networks that are required for skilled task execution
and learning (Fields, 2008). In the present context, interhemi-
spheric callosal pathways and intrahemispheric association fibers
are of particular interest.

Neuroimaging studies have demonstrated that a distributed
network of frontal, parietal and motor regions, are acti-
vated intrahemispherically during explicit (visuomotor) sequence
learning (Jenkins et al., 1994; Schlaug et al., 1994; Honda et al.,
1998; Sakai et al., 1998). The superior longitudinal fasciculous
(SLF) is a pair of fiber bundles that connects these regions
intrahemispherically (Makris et al., 2005; Koch et al., 2010), and
provides the structural basis for their interaction. Even when
training is unilateral, there appears to be bilateral engagement of
this network (Honda et al., 1998; Miiller et al., 2002), thus sug-
gesting that the fibers of the corpus callosum are also essential
for this type of motor learning to proceed. In accordance with
this view, Bonzano et al. (2011b) reported that the integrity of
transcallosal fibers had a much greater bearing on an individ-
ual’s capacity for unilateral (explicit) sequence specific learning,
than similar indices derived for the fibers of the SLE. No such
association was found for non-specific sequence learning (i.e., a
decrease in reaction time obtained when stimuli are presented
randomly). These outcomes imply that the involvement of tran-
scallosal pathways is crucial, at least for this form of sequence
learning.

It is almost certainly the case that distinct sub-portions of
the corpus callosum subserve different functions. The degree
to which there is interlimb transfer of non-specific learning in
a SRTT context, correlates positively with fractional anisotropy
(FA) values for the posterior midbody of the corpus callo-
sum (Bonzano et al., 2011a). This may accord with the find-
ing of Perez et al. (2007b) that variations in IHI are related
specifically to disparities in the transfer of non-specific motor
sequence learning. The differentiated roles of the corpus cal-
losum in relation to cross education in this class of tasks is
further emphasized by findings that anterior callosotomy pro-
duces deficits in intermanual transfer in circumstances in which
sequence-specific learning is exhibited by the training limb
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FIGURE 6 | Callosal pathways mediating the transfer of sequence
specific and sequence non-specific learning in the Serial Reaction
Time Task. “aCC"” and “pCC" define the anteriorposterior axis of the
corpus callosum. Panel (A) illustrates that the transfer of sequence-specific
aspects of the SRTT occurs primarily via interhemispheric fibers in the
anterior midbody of the corpus callosum. Panel (B) indicates that the
transfer of non sequence-specific learning is predominantly via fibers in the
posterior midbody of the corpus callosum.

(de Guise et al.,, 1999; Peltier et al., 2012). In suggesting that
the anterior body of the corpus callosum is essential for the
effective transfer of sequence specific motor learning, the out-
comes are complementary to those showing that microstructural
characteristics of the posterior midbody of the corpus callosum
determine levels of transfer of non sequence-specific learning
(Bonzano et al., 2011a) (Figure 6). They are also consistent with
the more general assumption that these facets of SRTT learning
are processed by different brain networks (Hikosaka et al., 1999;
Bischoff-Grethe et al., 2004). Fibers passing through the poste-
rior midbody of the corpus callosum may mediate transfer of non
sequence-specific learning, whereas, interhemispheric projections
between homologous regions of SMA appear a more likely way-
point for transfer of sequence specific learning. Transcallosal
SMA-SMA connections are more plentiful and have greater struc-
tural integrity than those connecting any other motor region
(Fling et al., 2011), however, we are not aware of any direct
investigation of the relationship between the structural charac-
teristics of transcallosal SMA projections and expressions of cross
education.

CONCLUSIONS

The credo motivating the present review is that the transfer of
strength or vigor accruing from a bout of unilateral resistance
or ballistic training, and the transfer of skill following a period
of unilateral skill training are mediated by common mecha-
nisms. In seeking to illustrate the origins of this conviction, we
elected to present empirical findings principally in the context
of the experimental paradigms in which they were derived. This
approach was driven by a number of key considerations. The rel-
evant research literature is fragmented. There are remarkably few
instances in which the engagement of specific neural pathways has
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been studied by applying the same analytic approach to multi-
ple paradigms that bring forth the expression of cross education.
Similarly, it has seldom been the case that the dimensions of sin-
gle tasks have been manipulated systematically with a view to
altering the level of cross education. By and large therefore, the
necessary inferences cannot be drawn directly. The intercession of
common mechanisms can, however, be deduced through synthe-
sis and assimilation. In the preceding sections we have sought to
highlight the findings that are critical in relation to this integra-
tion. In these closing sections, we provide an explicit summary
of that which can reasonably be concluded as a consequence,
and present a number of conjectures—for which resolution may
await experimental designs beyond those that have thus far been
customary in the study of cross education.

SUMMARY

During the course of unilateral training, both in tasks that
demand maximal levels of motor output, and in those that require
the learning of action sequences, there is augmentation of activ-
ity (registered by neuroimaging) in the primary motor cortex
ipsilateral to the training limb (e.g., Dai et al., 2001), and an
accompanying elevation in the excitability of corticospinal output
projections, as revealed by increases in the amplitude of motor
potentials evoked by TMS. The latter changes persist beyond
the cessation of training, and extend beyond homologues of the
muscles engaged in the training task (Carroll et al., 2008). With
respect to both indices, the extent of the induced variation is
contingent upon the level of efferent drive required to perform
the training movements. This factor is also a determining influ-
ence on the level of cross education exhibited by the opposite
(“untrained”) limb. Nonetheless, there is no apparent association
between the excitability of corticospinal output pathways project-
ing to the untrained limb—when these are assessed at rest, and the
level of contemporaneous (i.e., acute) or deferred (i.e., chronic)
transfer of performance (e.g., Hinder et al., 2011; Hortobagyi
et al., 2011). At least two possibilities are thus admitted. Cross
education of motor function may be mediated by mechanisms
acting via neural pathways projecting from areas upstream of
the primary motor cortices. If this is the case, the elevations in
the excitability of corticospinal projections observed during and
immediately following training of the opposite limb, may sim-
ply reflect crossed facilitation that is not instrumentally related to
transfer of performance. An alternative and not exclusive possi-
bility is that cross education effects are mediated, at least in part,
by adaptations in interneuronal networks within M1 other than
those directly engaged in generating corticospinal output. In this
conception, changes in the state of these interneuronal networks,
which may play a role in narrowing of the excitatory focus of
motor output, will be expressed in circumstances in which they
receive synaptic drive, but not necessarily when the output cir-
cuits of the primary motor cortex are activated by low intensity
single pulse TMS. In this regard, synaptic drive to these net-
works may occur not only during voluntary contractions, but
also in non-physiological contexts, including paired pulse TMS
paradigms, such as those employed to obtain measures of inter-
hemispheric inhibition. It is therefore notable that decreases in
IHI (“trained” to “untrained” hemisphere) are expressed acutely
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during the course of a single unimanual training session and
chronically over multiple sessions, and that these changes can
be related to the degree of cross education (Hortobagyi et al.,
2011). It is likely that such decreases in THI express alterations
in the excitatory-inhibitory balance within interneuron circuits
local to the hemisphere ipsilateral to the training limb, rather than
adaptive changes in the characteristics of the transcallosal volley.

These considerations in relation to M1 notwithstanding, evi-
dence derived from the functional and structural neuroimaging
literature suggests that there is greater scope for inter-hemispheric
interactions between other elements of the motor network dur-
ing the production of unilateral movements. On an a priori basis
alone, it would appear likely that both in the context of tasks that
require maximal levels of motor output, and in those emphasiz-
ing the learning of action sequences, there are demands imposed
upon the functional capacities of specific brain regions that will
be subject to adaptive pressure during training that brings about
marked improvements in performance. For example, the cingu-
late motor area (CMA), which is strategic entry point for limbic
influence on the voluntary motor system, is closely associated
with the amount of effort demanded by a motor task (Winterer
et al., 2002), and exhibits activity that is modulated when the
ipsilateral hand is engaged (Kermadi et al., 2000). Involvement
of the SMA would be anticipated in tasks that impose require-
ments for movement planning, both in relation to the totality
of an action sequence, and with respect to the individual ele-
ments of that sequence. Similarly, the dorsal premotor cortex
(PMd) is a pivotal structure for motor learning in general, and for
motor sequence learning in particular. The relative contributions
of these regions will vary not only in accordance with specific task
parameters, but also over time as the adaptations that form the
basis of cross education are initiated and consolidated. In so much
as activity in the striatum (e.g., Doyon et al., 1996) and thalamus
(e.g., Dulff et al., 2007) exhibit sustained activation after asymp-
totic levels of performance have been achieved, it is probable that
these regions are associated with the long-term persistence of the
transfer effects.

CONJECTURES

Following Bianki (e.g., Bianki and Makarova, 1980; Bianki and
Shrammapril, 1985), we propose that reciprocal interactions
between the primary motor cortices are an obligatory facet of
unilateral training, and that these serve to narrow the excitatory
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