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Traditionally, balance training has been used to rehabilitate ankle injuries 
and postural deficits. Prospective studies have shown preventive effects with 
respect to ankle and knee joint injuries. Presently, balance training is not only 
applied for rehabilitation and prevention but also for improving motor 
performance, especially muscle power. The recent application of non invasive 
electrophysiological and brain imaging techniques revealed insights into the 
central control of posture and the adaptations induced by balance training. 
This information is important for our understanding of the basic control 
and adaptation mechanisms and to conceptualize appropriate training 
programmes for athletes, elderly people and patients. The present review 
presents neurophysiological adaptations induced by balance training and 
their influence on motor behaviour. It emphasizes the plasticity of the 
sensorimotor system, particularly the spinal and supraspinal structures. The 
relevance of balance training is highlighted with respect to athletic 
performance, postural control within elderly people as well as injury 
prevention and rehabilitation. 
Keywords plasticity, posture, sensorimotor training. 

In contrast to all other mammals, humans sustain 
bipedal stance and gait as their normal posture and 
locomotion. As a consequence, humans are required to 
balance multiple segments with a high centre of mass 
over a small base of support. It takes children 7 years 
or more to acquire adult-like balance-control strate
gies. This means that everyone experiences some kind 
of 'balance' or 'postural' training as part of the normal 
development during childhood. Although the greatest 
improvements take place during childhood, the ability 
to adapt postural control is preserved in adults and 
elderly people. In particular, exposure to unstable 
support surfaces proved beneficial in training postural 
control. Unfortunately, there is no consistent term to 
summarize balance exercises that aim at improving 
postural stability. Some authors refer to it as 'balance 
training' (Bernier & Perrin 1998, Heitkamp et al. 
2001), while others call it 'sensorimotor training' 
(Banaschewski et at. 2001, Gruber & Gollhofer 
2004) 'neuromuscular training' (Paterno et at. 2004) 

or 'proprioceptive training' (Wulker & Rudert 1999, 
Chong et at. 2001). The expression proprioceptive 
training is incorrectly limited to the perception of 
afferent input and does not take into account adapta
tions occurring on the motor side (for a review, see 
Ashton-MiIler et at. 2001). Neuromuscular and senso
rimotor training are so wide-ranging, that multiple 
kinds of exercise can be described in terms of a 
neuromuscular or sensorimotor task. Balance training 
seems most appropriate as it refers to balance exercises 
with the primary intention of improving balance. This 
means that the term 'balance training' does not 
comprise specific biological structures, which may 
adapt in response to the training intervention, but 
rather describes the progress in performing a particular 
skill. Potentially, balance training induces adaptations 
in all the sensory systems assisting postural control, 
such as the vestibular, the visual, and the somatosen
sory system as well as in the motor systems controlling 
muscular output. 
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The exercises and tasks incorporated into balance 
training can greatly vary. This review focuses on balance 
interventions in which subjects performed one or two 
legged exercises on unstable support surfaces. In most of 
the studies presented, subjects exercised on a selection of 
different training devices (e.g. wobbling boards, tilt 
boards, spinning tops, half discs, soft mats, cushions, 
etc.). So far, there are no scientific guidelines concerning 
the optimal duration and intensity of these exercises and 
thus, there is large variation in these parameters between 
studies. Figure 1 illustrates an example of a balance 
training procedure that has been used in a number of 
recent studies (Eils & Rosenbaum 2001, Bruhn et at. 
2004,2006, Gruber & Gollhofer 2004, Granacher et al. 
2006, Beck et at. 2007, Gruber et al. 2007a,b, Taube 
et at. 2007a,b, Schubert et al. 2008). 

Instruction "Stand as quiet as possible. Avoid 

falling off the training device." 

Standardized Exercises were 

training performed with 

position the knee slightly 

bent (approx. 30°) 

barefoot, eyes 

opened, and with 

hands akimbo. 

Exercises 

soft mat 

e 

ankle disk 

e 

Each exercise 

(1-4) consisted 

of four sets which 

where performed 

for 20s with a 40s 

rest between 

each set. 

A longer rest of 

3 minutes was 

balance board allowed between 

e different devices 

in order to avoid 

fatigue. 

air cushion 

Figure I An example of a balance training programme. 
Exercises are performed in one-legged stance on different 
training devices. The total duration of each training session is 
60 min, including a 10-min warm-up and a 10-min cool-down 
(modified ftom Gruber et al. 2007a). 
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Contrary to many other training interventions, bal
ance training can be performed by athletes, children, 
elderly people and disabled people. Thus, balance 
training is a beneficial tool that induces adaptations in 
multiple target groups. The review begins with a brief 
account of these functional adaptations, i.e. how motor 
performance is affected by balance training and what 
consequences this might have for injury prevention and 
rehabilitation. The main section describes the underly
ing neural adaptations of balance training and differ
entiates between spinal and supraspinal adaptations. 

Functional adaptations associated with 
balance training 

Motor performance 

Freeman et at. (1965) scientifically showed that balance 
training had a positive effect upon the ability to control 
upright posture in persons with ligamentous injuries of 
the foot and ankle. Long before that Tai Chi was (and 
still is) considered to establish inner (mental) and outer 
balance and was invented in China as early as in the 
14th century. In Europe, artists demonstrated highly 
developed balance skills on tightropes some hundred 
years ago. In recent years, scientific studies confirmed 
that postural control is highly adaptable and can be 
improved through balance training in children, adults, 
elderly people as well as in patients and elite athletes 
(Heitkamp et al. 2001, Granacher et at. 2006, Myer 
et al. 2006, Yaggie & Campbell 2006, Beck et at. 2007, 
Gruber et at. 2007a, Taube et al. 2007a). As postural 
control constitutes a limiting factor for many daily 
activities and a variety of physical exercises, training of 
postural control can directly influence performance in 
those activities. 

The benefit of balance training is however not 
confined to the execution of postural tasks. Recent 
studies demonstrated that balance exercises also 
improved strength and jumping abilities (Heitkamp 
et al. 2001, Bruhn et al. 2004, Gruber & Gollhofer 
2004, Granacher et at. 2006, Kean et at. 2006, Myer 
et al. 2006, Gruber et al. 2007b, Taube et al. 2007b). 
Balance training influenced most efficiently the maxi
mum rate of force development (Gruber & Gollhofer 
2004, Bruhn et al. 2006, Granacher et at. 2006, Gruber 
et al. 2007a). In untrained or impaired subjects balance 
training also enhanced maximal voluntary strength 
(Heitkamp et al. 2001, Hirsch et al. 2003, Bruhn et al. 
2006). Highly relevant from a functional point of view 
is the observation that balance training was capable of 
improving vertical jump performance (Kean et al. 2006, 
Taube et al. 2007b). As balance training stresses the 
tendomuscular system marginally, these training effects 
might be particularly beneficial for pubertal children 



and athletes who face a risk of overload or overuse 
injuries. 

Injury prevention and rehabilitation 

Balance training can be implemented as a prophylactic 
intervention for daily activities and in sports disciplines 
in which loss of postural control is a risk factor. The 
preventive aspect of balance training was shown in a 
variety of prospective studies investigating team sports 
such as handball (Wedderkopp et al. 1999, 2003, 
Myklebust et at. 2003, 2007, Petersen et al. 2005), 
soccer (Caraffa et at. 1996, McGuine & Keene 2006), 
basketball (McGuine & Keene 2006, Emery et al. 2007) 
and volleyball (Bahr & Bahr 1997, Verhagen et at. 
2004). 

Balance training can also prevent injuries in elderly 
people. Age-related impairments in postural control, 
which are accompanied by an enhanced risk of falling 
(Campbell et al. 1989, Lord et al. 1991), have been 
ascribed to deteriorations in both the sensory and motor 
systems (for a review, see Shaffer & Harrison 2007). 
For example, advancing age has been associated with 
muscle weakness (Faulkner et at. 1990, Wolfson et al. 
1995), reduced cutaneous sensation (Whanger & Wang 
1974), decreased nerve conduction velocity (Dorfman 
& Bosley 1979), diminished proprioception (Skinner 
et at. 1984) and reduction in efficient cortico motor 
neurones (Eisen et al. 1996). Training programmes can 
counteract these risk factors and restore balance control 
in elderly people (Rogers et at. 2003, Granacher et al. 
2006). Although many of these studies indicated 
improved postural control after training, it is not 
possible to ascribe these effects to balance training 
alone as most studies iricorporated a combination of 
balance and strength training as well as medical 
treatment (Liu-Ambrose et at. 2004, Nelson et at. 
2004). Similarly, prospective studies did not solely 
focus on the effect of balance training (Close et at. 
1999, Robertson et al. 2002). The positive treatment 
effect (e.g. fall reduction) cannot therefore be exclu
sively attributed to balance exercises. 

Apart from its injury prevention potential, balance 
training improves the regeneration of neuromuscular 
structures following injury (Freeman et al. 1965, 
Gauffin et al. 1988, Rozzi et at. 1999, Eils & 
Rosenbaum 2001, Henriksson et at. 2001) and .effi
ciently prevents injury re-occurrence (Holme et al. 
1999, Verhagen et al. 2004, McGuine & Keene 
2006). In stroke patients and in people with vestibular 
dysfunction, postural stability was improved after 
participating in rehabilitation programmes that incor
porated balance exercises (Herdman et al. 1995, de 
Haart et al. 2004, Rine et at. 2004, Yavuzer et at. 
2006). 

Neural adaptations associated with balance 
training 

The localization and neural mechanisms underlying the 
functional adaptations cited in the preceding text were 
determined using electrophysiological and imaging 
techniques. Recent studies demonstrated that these 
adaptations are located at different sites of the central 
nervous system. 

Spinal adaptations 

The spinal reflex system is considered to play an 
important role in the control of quiet unperturbed 
stance (Bove et al. 2006, Tokuno et at. 2007) as well as 
during the compensatory reaction following postural 
disturbances (Dietz et at. 1988). Below, we first intro
duce techniques for evaluating the spinal contribution 
during balance tasks and then provide evidence for the 
adaptability of spinal structures in response to changes 
in postural demand and postural training. 

Techniques for measuring spinal adaptations. To eval
uate adaptive plasticity at the spinal level, the Hoff
mann- (H-) reflex has been extensively employed (for a 
review, see Schieppati 1987, Zehr 2002). Electrical 
stimulation of the tibial nerve in the popliteal fossa 
evokes an H-reflex of the soleus muscle. As the tibial 
nerve contains both sensory and motor axons, electrical 
stimulation of this nerve elicits a reflexive response 
(H-reflex with a latency of ~35 ms) and a direct muscle 
response (M-wave with a latency of ~1O ms). The 
H-reflex is mediated via action potentials from the 
la-afferents to the IX-motor neurone and finally, to 
the neuromuscular junction. The M-wave travels from 
the point of stimulation directly via motor axons to the 
neuromuscular junction. Low stimulation intensity 
results in a small H-reflex without any M-wave because 
the larger diameter la-afferents are recruited before the 
smaller motor axons. When the stimulation intensity is 
successively increased from low levels sufficient to elicit 
a small H-reflex, up to Hmax and then Mmax, an H-reflex 
recruitment curve can be obtained (Schieppati 1987, see 
also Fig. 2A). Expressing the maximal H-reflex relative 
to Mma" (HmaJMmax-ratio) counteracts the potential 
problem of ensuring identical EMG recording condi-

. tions in pre- and post-training measurements (Aagaard 
et at. 2002). As long as the peripheral inputs, i.e. same 
posture and comparable activation of other muscles, are 
kept constant, changes in the HmaJMl11ax-ratio follow
ing training indicate altered susceptibility of the 
IX-motor neurone pool in response to la-afferent signals 
(Zehr 2002). Enhanced Hl11aJMmax-ratios point 
towards enhanced motor neurone excitability and/or 
reduced presynaptic inhibition of la-afferent terminals 
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Figure 2 Adaptation of the H-reflex associated with 4 weeks of balance training (16 training sessions in total). H-reflex recruit
ment curves and resulting HmaxfMmax-ratios were recorded during support surface perturbations. In (a) H-reflex recruitment 
curves (. H-reflexes, 6 M-waves) from one subject before (pre) and after balance training (post) illustrate the reduction in 
Hmax/Mmax-ratio cOJ. (b) HmaxfMmax-ratios from each single subject (.) as well as the mean of all subjects (0) are displayed 
(P < 0.05*) (modified from Taube et at. 2007b.) 

(Aagaard et al. 2002). Both mechanisms increase 
IX-motor neurone output and consequently, the neural 
drive to the muscle. This may be beneficial for gener
ating high muscular forces (Aagaard et al. 2002, Lag
erquist et al. 2006, Taube et at. 2007b). On the 
contrary, reduced HmaxlMmax-ratios after training indi
cate inhibition of the la afferent pathway resulting in 
less contribution from the muscle spindles in generating 
excitation to muscular activation. Functionally, this 
may prevent reflex-mediated (destabilizing) movements 
(L1eweIlyn et at. 1990) and consequently enhance 
movement control of supraspinal centres (Solopova 
et at. 2003). 

Instantaneous reflex modulation. The human central 
nervous system responds instantaneously to changes in 
the support surface or alterations in the peripheral 
feedback. For example, balancing on a narrow beam 
reduces the H-reflex amplitude compared to normal 
walking (L1ewellyn et al. 1990). Similarly, H-reflexes 
are diminished during stance as soon as the eyes are 
closed (Hoffman & Koceja 1995, Ear/es et at. 2000). 
Both examples indicate that the la afferent transmission 
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is reduced in the more demanding task. Conversely, 
H-reflexes are facilitated as soon as the postural 
demands are lowered, for instance with the help of 
additional mechanical support (Katz et at. 1988, 
Trimble 1998). These observations demonstrate that 
the human spinal reflex system is highly adaptable and 
responds rapidly to environmental changes (for a 
review, see Wolpaw & Tennissen 2001). The functional 
significance of such a task and posture-specific reflex 
modulation might be deduced from people who cannot 
alter their reflex behaviour. Patients with cerebellar 
ataxia who were unable to suppress their H-reflexes 
stood more unstable than healthy subjects (Tokuda 
et al. 1991). Similarly, unbalanced stance in patients 
with Parkinson's disease was accompanied by the 
inability to alter the H-reflex amplitude in a task
specific manner (Hayashi et al. 1997). The advantage of 
reduced spinal reflexes in balancing tasks was assumed 
to rely on the prevention of reflex-mediated joint 
oscillations and on a shift in movement control to 
higher centres (Llewellyn et al. 1990, Koceja & Mynark 
2000, Solopova et al. 2003). The diminished spinal 
reflexes might therefore indicate both re-weighting of 



sensory information (Maurer et al. 2006) as well as 
altered contributions of motor centres (Solopova et al. 
2003, Taube et al. 2007a). 

Effects of short- and long-term training on spinal reflex 
circuits. Apart from the instantaneous reflex modula
tions resulting from changes in the postural task 
complexity, humans can learn to adjust their spinal 
reflexes in response to a specific standing condition. 
For instance, when subjects are exposed to an 
unstable support surface and the H-reflex is used as 
a destabilizing stimulus, subjects learn to suppress 
their H-reflexes .within 2 h (Trimble & Koceja 1994,. 
2001). This ability to down-train the H-reflex is 
preserved in elderly people (>65 years) and is accom
panied by an enhanced stance stability (Mynark & 
Koceja 2002). One might speculate that the subjects 
simply reduced the H-reflex to minimize the disturb
ing stimulus. However, recent studies have demon
strated that training on unstable ground without the 
disturbing influence of the electrical nerve stimulation 
also induces a suppression of the H-reflex (Figure 2; 
Taube et at. 2007a, Gruber et al. 2007b, Taube et al. 
2007b). In contrast to the relatively short training 
procedures presented by Trimble, Koceja and Myn
ark, balance training in the latter three studies 
(Gruber et at. 2007b, Taube et al. 2007a,b) proceeded 
4 weeks or longer (16-18 training sessions). In one of 
these studies, a training induced H-reflex adaptation 
was measured at rest (Gruber et al. 2007b). This 
implies that balance training modifies spinal reflex 
circuits in general and leads to persistently reduced 
H-reflexes in subjects who face high postural demands 
over a long time. The reduced H-reflex excitability of 
ballet dancers might be explained in this way (Nielsen 
et al. 1993a). However, task specific reflex adapta
tions reported in other balance training studies 
suggest that the spinal reflex behaviour is primarily 
modified in the trained task. 

Task-specific reflex adaptation. In a cross-sectional 
study, H-reflex gain was inhibited in well-trained 
dancers compared to physically active control subjects 
only when measurements took place during stance 
(postural task). No differences were observed in a prone 
position (Mynark & Koceja 1997). Similarly, 6 weeks 
of balance training reduced H-reflexes exclusively dur
ing a postural task on the treadmill but not during 
unperturbed stance (Taube et al. 2007b). In a recent 
study, evidence was provided that not only the task 
itself might be crucial for the training related H-reflex 
modulation but also the phase of the movement (Taube 
et al. 2007a). After 4 weeks of balance training, sub
jects were tested while compensating for a rapid 
posterior displacement of the support surface. 

H-reflexes were elicited to coincide with either the peak 
of the short-latency response (SLR) occurring after 
approximately 50 ms or with the peak of the long
latency response (LLR) around 120 ms. No adaptations 
were seen at the time of the spinally generated SLR 
whereas HIM-ratios were significantly reduced at the 
LLR. 

Task-specific reflex adaptations were not only 
observed following balance training but also after 
strength and jumping training. Both interventions 
induced facilitation of spinal reflexes in the trained 
task, i.e. during isometric contractions and during 
hopping, respectively, but not at rest (Voigt et at. 
1998, Aagaard et al. 2002). The task-specific reflex 
adaptations cited in the preceding text indicate that 
congruence of training and testing task is essential to 
assess training-related reflex adaptations. 

Reflex adaptation in elderly people. In elderly people, 
changes in motor control strategy occur concurrently 
with constraints in the ability to modulate spinal reflex 
circuitries. In contrast to young adults, elderly subjects 
show less differentiated reflex modulations in response 
to changes in body posture (Koceja et al. 1995, Koceja 
& Mynark 2000, Mynark & Koceja 2002). It was 
assumed that an altered regulation of presynaptic 
inhibition onto la afferents contributed to the changes 
in the reflex characteristics (Koceja & Mynark 2000, 
Tsuruike et al. 2003). However, this does not mean that 
elderly adults completely lose their ability to adjust 
reflex responses. During more demanding balance tasks 
like tandem stance, they showed similar depression of 
the H-reflex than young subjects (Chalmers & Knutzen 
2002). Furthermore, elderly subjects who underwent 
postural training were able to adapt their H-reflexes by 
a similar amount as young subjects. After 2 days of 
exposure to 'spinally induced perturbations' (i.e. per
turbations induced by electrical stimulation of the tibial 
nerve), elderly people reduced their H-reflex amplitude 
by 21% and their area of sway by 10% (Mynark & 
Koceja 2002). Nevertheless, in contrast to young 
subjects, they did not modify reflex behaviour when 
switching from supine to upright stance positions. This 
might point towards an altered neural control strategy 
with ageing rather than a total inability to functionally 
adapt reflex responses. This assumption is supported by 
the study of Granacher et al. (2006) who reported 
alterations in the reflex behaviour of elderly people, 
which were accompanied by an improved stance and 
gait performance. The effects of 13 weeks of balance 
training were compared with the adaptations induced 
through strength training. Only the balance training 
group improved postural stability. Compared with the 
strength-trained group, balance-trained subjects dem
onstrated greater functional reflex responses in the 
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prime movers, shorter onset latencies and smaller 
maximal angular velocities of the ankle joint while 
compensating perturbations during gait on a treadmill. 

In conclusion, although the sensorimotor system of 
elderly people seems to be more restricted in modulating 
reflex responses, it is still capable of adapting in 
response to balance training. This might indicate that 
neural control of balance can be retrained and rehabil
itated in subjects with impaired reflex function. 

Neural mechanisms influencing reflex behaviour. Mod
ulation of presynaptic inhibition onto la afferents was 
suggested to be the most likely mechanism of altering 
reflex behaviour in balance training studies (Trimble & 
Koceja 1994, 2001, Gruber et al. 2007b, Taube et al. 
2007a,b) and in studies investigating the relationship 
between reflex excitability and postural task complexity 
(Katz et at. 1988, Dietz et al. 1991, Mynark et al. 1997, 
Trimble 1998, Koceja & Mynark 2000). In general, the 
level of presynaptic inhibition is believed to increase as 
the degree of postural instability increases (Capaday & 
Stein 1987, Katz et at. 1988). 

The observation of an enhanced level of co-contrac
tion during postural demanding tasks (L1ewellyn et al. 
1990, Nielsen & Kagamihara 1992) might support such 
kind of reflex inhibition, as presynaptic inhibition of 
the soleus muscle was shown to increase during 
co-contraction (Nielsen & Kagamihara 1993). One 
might argue that enhanced antagonistic activity might 
additionally alter reflex excitability by means of 
reciprocal inhibition. In this respect, reciprocal inhibi
tion was demonstrated to increase with increasing 
postural demands (Lavoie et al. 1997, Kasai et al. 
1998). However, it should be noted that the latter two 
studies measured the inhibitory influence of antagonistic 
activity upon the agonist without reference to the 
specific pathways that might have been involved. 
'Reciprocal inhibition' in this broad sense comprises 
presynaptic inhibition and therefore has to be differen
tiated from 'disynaptic reciprocal inhibition' which 
describes a disynaptic circuit in the spinal cord. With 
this in mind, the results of Nielsen & Kagamihara 
(1992) are not contradictory to the observations cited 
above (Nielsen & Kagamihara 1993, Lavoie et al. 
1997, Kasai et al. 1998) when they report diminished 
disynaptic reciprocal inhibition during unstable stance 
(standing on one leg, leaning backwards or standing on 
an unstable platform) compared to normal stance or 
sitting. Altogether, it is unlikely that reciprocal inhibi
tion is the main driving force behind changes in the 
reflex excitability following balance training. Convin
cing support comes from training studies which have 
reported H-reflex modulation without any changes in 
the background EMG activity and the level of 
co-contraction respectively (Trimble & Koceja 1994, 

106 

Gruber et al. 2007b, Taube et al. 2007a,b). Thus, 
postsynaptic mechanisms are unlikely to be responsible 
for reflex alterations in these studies. 

The observations cited in the preceding text point 
towards an important function of presynaptic mecha
nisms. Supraspinal centres are thought to control the 
amount of afferent input depending on the functional 
role of a respective target muscle by adjusting the 
amount of presynaptic inhibition. For example, Nielsen 
& Kagamihara (1993) observed reduced presynaptic 
inhibition when the muscles surrounding the ankle joint 
were synchronously activated (co-contracted) during 
postural tasks. This reduction was however apparent 
50 ms before the joint stabilizing co-contraction. The 
authors emphasized that the peripheral feedback cannot 
manifest itself before the onset of contraction. Based on 
this and the observation that presynaptic inhibition was 
independently controlled for the medial gastrocnemius 
compared with the tibialis anterior and soleus, Nielsen 
& Kagamihara (1993) supposed a central control of 
interneurones conveying the inhibition. With respect to 
balance training, it was assumed that supraspinal
induced presynaptic inhibition of la afferents is inten
sified by such an intervention (Gruber et al. 2007b, 
Taube et al. 2007a). This assumption is mainly based 
on the fact that H-reflexes were solely reduced at the 
time of the perturbation induced LLR (~120 ms) 
whereas they remained unchanged at the SLR 
(~50 ms) (Taube et at. 2007a). A previous study 
showed that time constraints prevent supraspinal influ
ence at the SLR but not at the LLR (Taube et al. 2006). 
As a consequence, supraspinal control of presynaptic 
inhibition fails to influence SLR and may not be 
modulated until the occurrence of the LLR. 

Supraspinal adaptations 

Apart from the spinal system, multiple supraspinal 
structures are essential to control upright posture in 
humans. The basal ganglia, the cerebellum and the 
brainstem have important functions in the organization 
of posture (for a review, see Visser & Bloem 2005, 
Lalonde & Strazielle 2007). Furthermore, recent appli
cations of electrophysiological and imaging techniques 
indicated that the cerebral cortex contributes to balance 
control (for a review, see Jacobs & Horak 2007). Due 
to the easier accessibility of cortical compared with 
subcortical structures, adaptations following balance 
training are best known for the motor cortex. 

Techniques for measuring supraspinal adaptations. 
Noninvasive electrophysiological and brain imaging 
techniques have provided an insight into the supraspinal 
control of human posture. With these techniques it was 
possible to identify some of the cortical adaptations 



associated with balance trammg. The corticospinal 
excitability during postural tasks can be assessed by 
means of transcranial magnetic stimulation (TMS) 
(Lavoie et al. 1995). However, it must be noted that 
the rise time of the magnetically evoked 'motor evoked 
potential' (MEP) is long enough to allow several 
pathways to contribute to its facilitation. Thus, changes 
in the excitability of cortical, subcortical and/or spinal 
neurones might influence the size of the MEP (Maertens 
de Noordhout et al. 1992, Ugawa et al. 1995). Conse
quently, excitability changes assessed by TMS alone 
cannot be attributed to specific structures of the central 
nervous system (Nielsen & Petersen 1995). 

To counteract this limitation, several approaches 
have been undertaken. One method is to measure the 
corticospinal excitability by means of TMS and addi
tionally apply electrical stimulation of the tibial nerve in 
order to assess the 'spinal excitability' (Solopova et al. 
2003). Differential modulation of the MEP and H-reflex 
may point towards changes in the excitability of corti co 
motor neurones. A limitation of this technique however 
is that the H-reflex is not solely dependent on the 
excitability level of the motor neurone pool but is also 
influenced by presynaptic inhibition. Furthermore, 
comparison of MEP and H-reflex cannot exclude 
excitability changes on the interneurone level (Burke 
et al. 1984, Nielsen & Petersen 1995). Apart from these 
limitations, responses after peripheral nerve stimulation 
might not always activate the same population of motor 
neurones and might be differently affected by changes 
of the motor neurone excitability than responses med
iated via the corticospinal tract (Morita et al. 1999). 

More reliable methods of inferring changes in the 
cortical excitability are conditioning of the H-reflex by 
TMS (Nielsen et al. 1993b), the comparison of mag
netically and electrically evoked MEPs (Hess et al. 
1987) and paired focal TMS (Kujirai et al. 1993). For 
the H-reflex conditioning method, an H-reflex of 
constant size [based on the results of Crone et al. 
(1990), around 20% of Mmaxl is evoked almost 
simultaneously with an MEP so that both volleys 
coincide at the motor neuronal level. Depending on 
the time interval between TMS and peripheral nerve 
stimulation, activity in specific pathways of the corti
cospinal tract can be evaluated. The latency of the TMS 
volley arriving at the ot-motor neurone is some millisec
onds shorter than the latency of the peripheral volley. 
Accordingly, the earliest effect of the descending cort
icospinal pulse on the H-reflex can be found when the 
H-reflex is released approximately 2-4 ms before the 
TMS. This earliest observable H-reflex facilitation can 
(at least within the first 0.5-1 ms after its onset) most 
likely be attributed to the influence of direct monosyn
aptic projections from the motor cortex synapsing to 
spinal motor neurones (Nielsen et al. 1993b, Petersen 

et al. 1998b). As these projections are considered to be 
free from presynaptic inhibition (Nielsen & Petersen 
1994, Jackson et al. 2006), changes in the conditioned 
H-reflex are in all likelihood caused by alterations in the 
excitability of cortical interneurones and/or of the 
cortico motor neurones themselves (see Fig. 3). 

Another method of assessing changes in the cortical 
excitability is the comparison of MEPs evoked by TMS 
and transcranial electrical stimulation (TES). Although 
both TMS and TES elicit descending corticospinal 
volleys, the mechanisms of activation differ. TMS 
depolarizes cortico motor neurones trans-synaptically 
and causes predominantly 'indirect' corticospinal vol
leys ('I-waves') (Di Lazzaro et al. 1998). On the other 
hand, TES activates the corticospinal neurones more 
directly at an axonal site, resulting in a so-called 
'D-wave' (Di Lazzaro et al. 1999). The electrically 
evoked responses are therefore less strongly influenced 
by the excitability of the motor cortex than those to 
TMS. 

Paired focal TMS can be applied to assess the amount 
of intracortical inhibition and intracortical facilitation. 
Depending on the interstimulus interval (ISI), the 
influence of a subthreshold stimulus on the response 
of a subsequent suprathreshold stimulus reveals the 
level of intracortical inhibition (IS1s between 1 and 
5 ms) or intracortical facilitation (IS1s between 8 and 
15 ms) (Kujirai et al. 1993). The latter method is easier 
to accomplish than H-reflex conditioning or the com
bined application of TMS and TES. However, it is very 
susceptible to excitability changes within the motor 
neurone pool and is therefore difficult to use during 
dynamic contractions. 

Neuroimaging techniques such as positron emission 
tomography (PET) allow the measuring of regional 
cerebral blood flow duriJ)g the performance of different 
tasks (see Fig. 4). The advantage of PET compared to 
TMS is the greater accessibility of different brain areas 
(for example the cerebellum or the basal ganglia). 
However, the temporal resolution of this technique is 
not sufficiently high to detect changes during fast, and 
in particular, corrective movements. This temporal 
resolution is not defined by technological restrictions 
but rather limited by the velocity of the intracortical 
metabolic processes. Thus, it seems unlikely that tech
nical development can resolve this problem in future. 

Cortical contribution to the control of balance. Based 
on the early work of Sherrington (1910), it has 
commonly been accepted that the motor cortex has a 
minor role in controlling human posture. Instead, 
subcortical structures are considered essential to main
tain equilibrium (Prentice & Drew 2001). However, 
recent observations indicate an important role of the 
cortex in maintaining postural control in both animals 
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Figure 3 Training-induced changes in the contribution of direct corticospinal pathways during the compensation of postural 
disturbances. (A) Onset of the treadmill displacement with the corresponding vertical ground reaction force and the beginning 
of ankle movement during perturbed stance on the treadmill. Time zero corresponds to the onset of ankle movement. Soleus 
(SOL) background EMG (black line) of one subject is illustrated. SOL H-reflexes (grey lines) were timed to coincide with the peaks 
of SLR and LLR to create comparable motoneural activation at each stimulation point. (B) Effect of subthreshold transcranial 
magnetic stimulation (TMS) onto the H-reflexes (Hcond) at SLR and LLR before (b, c) and after balance training (d, e). This 
so-called H-reflex conditioning allows the evaluation of specific corticospinal pathways. (c, e) Influence of the fastest, direct 
corticospinal projections. Compared to the unconditioned H-reflexes (b, d), TMS solely facilitated the responses at the LLR (c, e). 
However, this facilitation was reduced after balance training indicating reduced excitability of direct corticospinal pathways (a; D. 

group mean, ... individual values; P < 0.05*) (modified from Taube et al. 2007a). 

and humans. Direct electrophysiological recordings 
from cortico motor neurones in rabbits and cats 
demonstrated that the neural output from these cells 
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was strongly related to the postural compensatory 
reaction, which took place in response to sinusoidal 
rotations of the support surface (Beloozerova et al. 



Figure 4 Changes in brain activation in 
two different standing positions. Illus
trated are significant increases in the 
regional cerebral blood flow (rCBF) from 
standing upright to standing in a tandem 
position. Enhanced rCBF was observed in 
the anterior and posterior vermis and the 
midbrain corresponding to the red nu
cleus. The numeral denotes z-directional 
distance from the anterior-posterior 
commissural line on Talairach's stan
dardized brain atlas. The coloured bar 
indicates Z-values from 0 to 5 (figure 
from Ouchi et al. 1999, with kind 
permission of Oxford University Press). 

2003,2005). In humans, noninvasive electrophysiolog
ical techniques like TMS, PET or electroencephalogra
phy also indicated that cortical control is involved in a 
variety of postural tasks (Ouchi et al. 1999, Jacobs & 
Horak 2007, for a review). For example, during 
walking, the central nervous system is confronted to 
dynamically balance multiple body segments with a 
high centre of mass over a small base of support. 
Although this task is highly automated, it still relies on 
cortical input (for a review, see Nielsen 2003). The 
cortical influence is further increased when precise 
stepping is required or the gait pattern is disturbed 
(Schubert et al. 1999, Christensen et al. 2001). 

Interestingly, phylogenetically newly developed struc
tures contribute to the organization of walking. In 
primates and humans, a direct monosynaptic corticosp
inal pathway descending from the motor cortex to the 
spinal motor neurones has emerged. In monkeys, such 
corticomotoneural projections were shown to be impor
tant for the initiation and execution of voluntary 
dynamic contractions of the forelimb (Fetz et al. 1989, 
Lemon & Mantel 1989). In humans, the direct path
ways are thought to enable the great manual dexterity 
of the upper extremity (Porter & Lemon 1993). 
However, when Nielsen et at. (1993b) conditioned the 
soleus H-reflex with TMS, they found that direct 
pathways in humans are also important for voluntary 
muscular activity of the leg. In this context, monosyn
aptic pathways were shown to contribute to the 
performance of gait (Petersen et al. 1998b). In a recent 
study, conditioning of the H-reflex with subthreshold 
TMS indicated that direct corticospinal projections to 
the lower extremity are important for the neuromuscu
lar control of perturbed stance (Taube et at. 2006). In 
contrast to walking, the initial compensatory response 
following rapid postural disturbances is organized at the 
spinal level as time constraints prevent influence of 

cortical and subcortical structures. The time of cortical 
involvement is then dependent on the minimum sum of 
afferent and efferent conduction time as well as on the 
time for central processing. For the soleus and the 
tibialis anterior, initiallatencies for such a transcortical 
loop were assumed to be around 85-100 ms (Petersen 
et al. 1998a, Christensen et al. 2001, Taube et al. 
2006). 

The corticospinal excitability increases during unsta
ble stance conditions (e.g. standing tiptoe, leaning 
forwards, standing on a free-swinging platform) (Lavoie 
et al. 1995, Solopova et al. 2003). Recent observations 
indicate that cortical excitability might also be altered 
during normal stance (unperturbed and with a stable 
support surface) (Soto et al. 2006). In the latter study, 
intra cortical inhibition and intracortical facilitation 
were assessed during standing, sitting at rest and 
voluntary plantarflexion by means of paired focal 
TMS. During normal stance, intracortical inhibition of 
the soleus muscle was decreased compared with rest but 
did not differ with respect to voluntary tonic plantar
flexion (Soto et at. 2006). Thus, the authors assumed a 
similar cortical involvement between standing and 
voluntary plantarflexion. However, they could not 
exclude that this effect was partially caused by changes 
in the spinal excitability. The observation of a differ
ential modulation of MEPs evoked by TMS and TES 
during supported and natural stance further emphasize 
the role of the motor cortex in the standing position 
(Tokuno, Taube and Cress well, unpublished results). 
Magnetically evoked MEPs increased from supported to 
natural stance whereas MEPs in response to TES did not 
change. As the electrically evoked responses are less 
strongly influenced by the excitability of the motor 
cortex than those to TMS, these results indicate 
an enhanced cortical excitability during natural 
standing. 
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Cortical adaptations following balance training. Corti
cal plasticity in response to short- and long-term 
training was shown for both the upper and lower 
extremities (Pascual-Leone et al. 1995, Liepert et al. 
1999, Perez et at. 2004, Jensen et al. 2005). However, it 
was assumed that adaptations resulting from balance 
training mainly took place at the spinal level due to the 
high intermuscular activation frequencies observed 
during stabilization tasks on an unstable platform 
(Gollhofer 2003). This assumption did not consider 
behavioural changes during balance training, which 
suggest that central modifications also play a role in 
learning and modifying postural responses (Horak & 
Nashner 1986, Diener et al. 1988). For example, Horak 
et al. (1989) demonstrated that prior experience as well 
as knowledge about the magnitude of the postural 
disturbance affected the compensatory response. When 
subjects expected a larger perturbation than what 
actually took place, they over-responded. The opposite 
was true when a smaller perturbation was expected. 
Therefore, it was argued that both peripheral and 
central mechanisms modulate actual and anticipated 
perturbation characteristics. Roughly two decades later, 
improved balance performance was actually shown to 
be associated with cortical plasticity (Beck et at. 2007, 
Taube et al. 2007a, Schubert et al. 2008). Taube et al. 
(2007a) investigated cortical contribution to the LLR of 
the soleus muscle during perturbed stance before and 
after 4 weeks of balance training. H-reflexes, which 
were timed to coincide with the LLR around 120 ms, 
were conditioned by subthreshold TMS. The time 
between electrical stimulation of the tibial nerve 
(H-reflex) and TMS (MEP) was chosen to reflect 
excitability in direct monosynaptic corticospinal pro
jections. The facilitation of these direct pathways was 
reduced after balance training (Fig. 3). As these projec
tions are considered to be free from presynaptic 
inhibition, this indicates reduced cortical excitability 
following postural training at the time of the LLR. 
These cortical adaptations were negatively correlated 
with changes in stance stability, i.e. subjects who 
reduced their cortical excitability to a greater extent 
showed greater improvements in stance stability. As 
there was no such correlation between changes in stance 
stability and changes in the H-reflex, the improvement 
in balance performance was argued to rely mostly on 
supraspinal adaptations. 

Task-specific supraspinal adaptation. Other studies 
have extended the observation of cortical plasticity 
following balance training by showing that this sup
raspinal plasticity was highly task specific (Beck et al. 
2007, Schubert et al. 2008). In both studies, adapta
tions after balance training were compared with adap
tations induced by ballistic strength training. Training 
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effects were assessed at rest, during postural disturbance 
and during voluntary ankle movement. Beck et at. 
(2007) found that training effects were only apparent 
during the performance of the trained task: corticosp
inal excitability was reduced during compensatory 
reactions to translational disturbances in balance
trained subjects whereas MEP recruitment increased in 
the voluntary plantar-/dorsiflexion task after ballistic 
strength training. No changes were observed in the non
trained condition and at rest. These results indicate that 
not only spinal but also corticospinal adaptations are 
highly task specific. It therefore seems important that 
independent of the site of adaptation, the congruence of 
the (postural) task during training and electrophysio
logical assessment must be given in order to detect 
(balance) training-specific effects. This assumption is 
further strengthened by the results of Schubert et al. 
(2008), who assessed alterations in the excitability of 
direct corticospinal pathways by means of H-reflex 
conditioning with TMS. Following balance training, 
cortical excit~bility was reduced during the execution of 
the postural task in accordance with the studies men
tioned above. However, when balance-trained subjects 
were measured in the voluntary task, enhanced cortical 
excitability was evident. The improved explosive force 
production following balance training might therefore 
be caused by an enhanced cortical drive to the agonistic 
muscles. It can be speculated that (synaptic) efficiency of 
direct corticospinal projections to the muscles encom
passing the ankle joint had been increased by balance 
training and could be utilized in the voluntary contrac
tion. The question remains as to how the reduced 
corticospinal excitability following balance training 
during the execution of balance tasks can be explained. 

Indication for subcortical plasticity. All studies focusing 
on supraspinal adaptations in response to balance 
training reported reduced corticospinal and cortical 
excitability when measuring during postural tasks. As 
the H-reflex amplitudes either remained the same (Beck 
et at. 2007, Schubert et at. 2008) or were reduced 
(Taube et al. 2007a) while the background EMG 
activity was unaltered, the authors assumed that 
subcortical mechanisms had become more relevant in 
the generation of muscular output. This assumption was 
based on previous skill acquisition studies using TMS 
and functional magnetic resonance imaging. These 
studies have shown that motor cortical activity was 
large during the initial training phase (i.e. during skill 
acquisition) but decreases with progressive training (i.e. 
automatization) (Pascual-Leone et al. 1994, Muellb
acher et al. 2001, Floyer-Lea & Matthews 2004, 
Puttemans et at. 2005, Doyon & Benali 2005, for 
a review). Conversely, activity in subcortical regions 
like the basal ganglia and the cerebellum increased with 
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Figure 5 Simplified illustration of balance training-induced adaptations assessed during postural tasks. (a) Structures of the nervous 
system, which are considered to play an important role in the maintenance and recovery of balance. Sensory information from 
visual, vestibular, cutaneous and proprioceptive sources is integrated into postural control. With respect to the somatosensory 
system, changes in muscle length after perturbation are signalled by la and II (not illustrated) afferents originating from the muscle 
spindle. This information is transmitted to the spinal cord and to supraspinal centres (the latter connection is not displayed). The 
early part of the compensatory response (the short and the medium-latency response) is processed at the spinal level. After 
approximately 90-100 ms there is sufficient time for supraspinal sources to control muscular output (the LLR), e.g. via the 
corticospinal tract (eST) emanating from the motor cortex. (b) Neither the spinal nor the supraspinal structures generate stereo
typical compensatory reactions after postural disturbances. Prior experience (e.g. balance training) or anticipation of the destabi
lizing stimulus as well as the context-specific intention can lead to changes in the postural response. Balance training is thought to 
reduce spinal reflex excitability by increasing the supraspinal-induced presynaptic inhibition (PSI). This reduction (1)) is schemat
ically illustrated in the bottom line. Another well documented adaptation after balance training is the reduction in cortical 
involvement (first line). It is therefore assumed that training of balance skills and improved postural control after balance training 
strongly relies on subcortical structures [indicated as a grey dotted triangle «) in the middle line]. 

increasing task automatization (Floyer-Lea & Mat
thews 2004, Puttemans et al. 2005). The importance of 
subcortical structures for automatic (overlearned) mo
tor tasks as well as for postural control was highlighted 
in several studies (for a review, see Doyon 1997). For 
example, activity in subcortical regions increased when 
the postural demands were enhanced, i.e. when a 
transition was made from a normal standing position 
into a tandem stance (Ouchi et al. 1999, Fig. 4). 

Regarding the learning of postural strategies, it was 
shown that patients with cerebellar deficits showed 
inability to functionally adapt their long-latency reflex 
gain in response to changes in a perturbation task 
(Nashner 1976). Patients as well as healthy subjects 
demonstrated LLR at 120 ms following translational or 
rotational perturbations. Healthy subjects were able to 
avoid inappropriate compensatory responses following 
three to five trials, whereas the patients were either 
significantly slower or completely unable to adapt their 
responses. The importance of cerebellar structures for 
the acquisition of balance skills makes it reasonable to 
assume that balance training induces a 'shift in move-

ment control' from cortical to more subcortical and 
cerebellar structures (Fig. 5). However, due to the 
difficulty in accessing of subcortical structures using 
current measuring techniques, there is no direct evi
dence as to how these structures adapt in response to 
balance training. 

Conclusions and prospects 

Balance training is beneficial for prevention and reha
bilitation as well as for improving motor performance 
with respect to posture, strength and jumping. This is 
not only relevant for patients and elderly adults but also 
for athletes. The underlying neural adaptations were 
shown to occur at different sites of the central nervous 
system and the plasticity of the spinal, corticospinal and 
cortical pathways proved to be highly task specific. So 
far, little is known about the plasticity of cerebellar and 
subcortical areas with regard to balance training. The 
difficulty in accessing these structures during postural 
tasks might be overcome by advancing existing electro
physiological and imaging techniques. 
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