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Modulation of the human sensorimotor system by afferent somatosensory 
input: evidence from experimental pressure stimulation and physiotherapy

Pavel Hok, Petr Hlustik

Peripheral afferent input is critical for human motor control and motor learning. Both skin and deep muscle mechanore-
ceptors can affect motor behaviour when stimulated. Whereas some modalities such as vibration have been employed 
for decades to alter cutaneous and proprioceptive input, both experimentally and therapeutically, the central effects 
of mechanical pressure stimulation have been studied less frequently. This discrepancy is especially striking when 
considering the limited knowledge of the neurobiological principles of frequently used physiotherapeutic techniques 
that utilise peripheral stimulation, such as reflex locomotion therapy. Our review of the available literature pertaining 
to pressure stimulation focused on transcranial magnetic stimulation (TMS) and neuroimaging studies, including both 
experimental studies in healthy subjects and clinical trials. Our search revealed a limited number of neuroimaging pa-
pers related to peripheral pressure stimulation and no evidence of effects on cortical excitability. In general, the majority 
of imaging studies agreed on the significant involvement of cortical motor areas during the processing of pressure 
stimulation. Recent data also point to the specific role of subcortical structures, such as putamen or brainstem reticu-
lar formation. A thorough comparison of the published results often demonstrated, however, major inconsistencies 
which are thought to be due to variable stimulation protocols and statistical power. In conclusion, localised peripheral 
sustained pressure is a potent stimulus inducing changes in cortical activation within sensory and motor areas. Despite 
historical evidence for modulation of motor behaviour, no direct link can be established based on available fMRI and 
electrophysiological data. We highlight the limited amount of research devoted to this stimulus modality, emphasise 
current knowledge gaps, present recent developments in the field and accentuate evidence awaiting replication or 
confirmation in future neuroimaging and electrophysiological studies.
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INTRODUCTION

Peripheral afferent input provides a critical drive for 
primate motor control and its complete removal (deaf-
ferentation) leads to paralysis1. Deafferentation in the 
absence of specific intervention also suppresses motor 
plasticity and learning2. Conversely, long term potentia-
tion-like facilitation of primary motor cortex (M1) neu-
ronal discharge can be demonstrated following direct 
stimulation of the primary somatosensory cortex (S1) in 
the mammalian brain3. Peripheral afferent stimulation has 
therefore been used to induce experimental plasticity of 
the human motor system4 and has become an important 
component of techniques aimed at improving or restoring 
the motor function5. Beyond short-term facilitation of mo-
tor responses known since Sherrington6, longer duration 
of peripheral stimulation can induce facilitatory changes 
that last for minutes and hours7. Most frequently studied 
peripheral stimulation modalities include electrical nerve 
stimulation or vibration, which are simple to control and 
administer7–10. Natural modalities of peripheral stimula-
tion, such as tactile, pressure or proprioceptive, have been 

studied less extensively11,12, although they represent essen-
tial elements of some clinical rehabilitation techniques 
and procedures13-15. Whereas noxious mechanical pressure 
stimulation has been employed in research of central pain 
processing16, the effects of sustained innocuous pressure 
have been explored to a lower extent. Even less attention 
has been paid to the interaction of central somatosensory 
processing of pressure with the “classical” motor system, 
but see ref.11,12,17.

In this review, we provide an overview of how the sen
sorimotor system is affected by pressure stimulation mo-
tivated by its clinical applications. Since a full overview 
would be beyond the scope of a single review article, we 
focus on the central effects of prolonged stimulation. For 
the same reasons, primarily the evidence from studies us-
ing transcranial magnetic stimulation (TMS), functional 
magnetic resonance imaging (fMRI), and positron emis-
sion tomography (PET) is considered. Other selected ap-
proaches are discussed where there is a requirement to 
provide a sufficient background. Finally, we attempt to 
delineate where the future research interests may lie and 
suggest directions for follow-up studies.
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SENSORY STRUCTURES RESPONDING  
TO INNOCUOUS PRESSURE

The perception of innocuous mechanical skin stimu-
lation, which we focus on in this review, is mediated by 
the so-called low-threshold mechanoreceptors18. These 
include four types of afferents defined based on their 
receptive fields and discharge pattern: slow-adapting 
type I afferents (SA-I, Merkel endings or disks) for static 
stimuli; slow-adapting type II for skin stretching; fast-
adapting type I (Meissner endings) detecting flutter up to 
40-50 Hz; and fast-adapting type II (Pacinian corpuscles) 
responding to high-frequency vibratory stimuli up to 400 
Hz. Mechanical pressure stimulation primarily excites 
SA-I afferents which respond to static pressure, as well 
as low frequency mechanical stimulation (usually below 
5 Hz) and skin deformation19. In microneurographic stud-
ies, SA-I endings were also shown to participate in coding 
joint positions20,21, which illustrates their ability to trans-
mit proprioceptive information concerning relative limb 
positions9. Before reaching the cortex, information from 
cutaneous afferents is already combined with motor effer-
ent signals at multiple levels of the central nervous system, 
including the spinal cord grey matter, brainstem nuclei 
and thalamus. For detailed reviews of central projecting 
pathways and the physiological background of sensorimo-
tor integration at the cortical level see9,18,22,23.

BEHAVIOURAL EFFECTS OF PERIPHERAL  
PRESSURE STIMULATION

The central effects of peripheral pressure stimula-
tion on motor control are best demonstrated by taking a 
closer look at the phenomena that alter motor behaviour 
and performance. A rather thorough physiological back-
ground is introduced here, as it is crucial for describing 
the observed behavioural effects as well as for understand-
ing the rationale and correct interpretation of the electro-
physiology and imaging studies.

Peripheral mechanical stimulation modalities, such 
as vibration, have long been known to elicit muscle con-
traction, overt involuntary tonic and phasic movements, 
postural sways, and modification of voluntary motor ac-
tions during and after the stimulation9,10. Similar modu-
lation of motor behaviour, including involuntary motor 
responses and outlasting motor after-effects, has also been 
demonstrated after mechanical pressure stimulation24-26. 
It is therefore not surprising that pressure stimulation has 
been incorporated into a number of physiotherapeutic 
techniques, such as clinical massage, acupressure13, re-
flexology, or myofascial trigger point therapy14. Another 
example of mechanical pressure stimulation in clinical 
use is stimulation according to Vojta, i.e., a component 
of the physiotherapeutic technique also known as reflex 
locomotion therapy (RLT) or Vojta method15,25-30, which 
is clinically employed in several European31-38 and Asian 
countries39,40. Given the lack of comprehensive literature 
on RLT and its relevance to some published imaging re-

search, we provide here a broader historical perspective 
on this topic.

INVOLUNTARY MOTOR RESPONSES TO 
PRESSURE STIMULATION

Inspired by published neurophysiological and clinical 
studies24,41-46 and his own clinical observations26,47, Vojta 
noted that, in several body configurations, sustained man-
ual pressure stimulation of specific points on the skin 
surface (“stimulus points” or “stimulation/reflex/trigger 
zones”) gradually evokes a widespread motor response 
(asymmetrical muscle contraction on both sides of the 
neck, trunk, and limbs). This evoked motor response has 
been called “reflex locomotion” and involves two basic 
patterns, “reflex creeping” (also called crawling) – first 
observed by Bauer24,26 – and “reflex turning” (also called 
rotation or rolling) (ref.25,26,29,30). These tonic motor re-
sponses share certain similarities with other automatisms 
described in neonates, pre-term infants, human fetuses, 
and under certain conditions also in healthy adults29,30,48-51. 
Similarly, ref lex locomotion is easiest to observe in 
healthy newborns up to 6 weeks of age29, but can also 
be elicited in children with cerebral palsy, adults with a 
nervous system injury, as well as in healthy humans upon 
longer sustained peripheral stimulation of multiple trigger 
zones (temporal and spatial summation) (ref.15,29,52).

Apart from evoked involuntary muscle contraction, 
the further effects of reflex locomotion have been de-
scribed as well: voluntary movement facilitation, im-
provement of neurological abnormalities, and autonomic 
changes15,29,33,34,50,53-56. The effects have been observed to 
last for at least 30 minutes15. It was originally specu-
lated that these sequelae of stimulation are mediated 
by massive, mainly proprioceptive afferentation which 
accompanies reflex locomotion15,29,50. Supported by the 
published works57–59 and his own observations47,60, Vojta 
also emphasized the central role of proprioception in the 
development of spasticity, as opposed to the mere loss of 
inhibitory control from higher-order motor centres30,47,50.

Despite the decades of clinical use of RLT, there has 
been limited knowledge of its neurobiological basis, as the 
available evidence mostly consisted of kinesiology and 
observation studies15. Originally, proprioception has been 
suggested to dominate the sensory afferentation triggering 
the motor response15,29. Indeed, pressure sensation from 
the foot soles contributes to maintenance of an upright 
stance61,62. It was further emphasized that, in certain cases, 
the starting body position is essential to elicit the com-
plete motor response29. Such posture-dependent involun-
tary responses were also demonstrated using cutaneous 
and muscle vibration63,64. The efferent pathways mediat-
ing reflex locomotion have been speculated to involve an 
extrapyramidal or parapyramidal system (i.e., bypassing 
the corticospinal tract), since reflex locomotion is best ob-
served in neonates whose motor cortex is not yet mature29. 
Due to its complex nature involving all the extremities and 
truncal muscles at the same time, a common coordination 
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centre has been suggested29. The horizontal gaze devia-
tion, observed during the motor response, indicates that 
its neural substrate involves a supraspinal, at least upper 
brainstem structure, including the midbrain reticular for-
mation15,26,29,47,65. In fact, the evidence for central pattern 
generators from animal experimental research suggests 
the existence of similar structures also in humans, possi-
bly located to the midbrain or neighbouring structures66–68. 
Nevertheless, the frequent observation of partial motor 
responses limited to one or more extremities additionally 
suggests the existence of multiple lower-level independent 
sources of the motor responses15. This is again in line with 
the animal research evidence demonstrating that lower-
order generators of simple locomotion patterns indepen-
dent for each extremity reside on the spinal level and are 
under top-down control of higher-order areas68. Reflex 
locomotion has also been contrasted with other primi-
tive reflexes, e.g., “tonic neck reflexes”25,26,29,45. Since they 
can be suppressed by reflex locomotion29, the structures 
responsible for the tonic neck reflexes have therefore been 
suggested to lie hierarchically lower than those implicated 
in reflex locomotion, namely in the lower brainstem29. At 
the time of the methodological development of RLT, how-
ever, there were no non-invasive human methods available 
to test these hypotheses.

EVIDENCE FROM ELECTROPHYSIOLOGY  
STUDIES

Several studies using electromyographic (EMG) re-
cordings in both animals and humans evaluated the re-
flex muscle activity during pressure stimulation. In cats, 
complex tonic reflexes were elicited by short as well as 
longer maintained pressure applied at the pads69, whereas 
pressure stimulation of the chest modulated posture-de-
pendent muscle activity70. In humans, EMG studies dem-
onstrated a gradual and rhythmical motor response during 
RLT (ref.52) and confirmed the spatial and temporal sum-
mation of these responses71. Despite slight inter-individual 
differences, the order of muscle engagement seems to be 
relatively constant across subjects31,72. Gajewska et al. 
(ref.31) suggested that the stereotypic and crossed nature 
of the observed muscle activations reflected excitation via 
long propriospinal pathways, but the influence of supra-
spinal motor centres could not be ruled out.

Currently, there are no non-invasive methods available 
to directly investigate electrophysiological activity in the 
brainstem sensorimotor nuclei. Non-invasive assessment 
of cortical excitability may still provide, however, some 
indications of changes occurring in cortico-subcortical 
loops, beyond the cortex itself. Studies employing paired-
pulse TMS (ref.73) have evaluated corticomotor excitabil-
ity changes due to extended peripheral electrical7 and 
mechanical stimulation74 and revealed that longer periods 
of sustained or repetitive stimulation (up to 2 hours7) lead 
to an increase in motor cortical excitability outlasting the 
stimulation period on the order of several hours. It is 
likely that sustained pressure stimulation, involving the 
same cutaneous afferents, would evoke similar changes in 

cortical excitability. The underlying mechanisms within 
intracortical circuits potentially involve changes in in-
tracortical inhibition and/or intracortical facilitation as 
seen in a number of studies using different modalities of 
peripheral stimulation74–78. However, to our knowledge, 
there are currently no published studies regarding such 
changes following mechanical pressure.

EVIDENCE FROM FMRI AND PET STUDIES

The lack of neurophysiological evidence for the central 
motor effects of peripheral pressure stimulation has been 
compensated for by an increasing body of neuroimaging 
research. However, in most of these studies, the relation-
ship between sensory stimulation and motor control 
has not been purposefully investigated. In this section, 
we therefore present mostly indirect evidence for senso-
rimotor integration based on the reported motor cortex 
co-activations.

A pioneering PET study assessed activation during the 
discrimination task of the slow-onset yet short pressure 
stimuli applied to the distal phalanx of the right index fin-
ger79. Compared to the rest condition, the subjects activat-
ed not only primary and association somatosensory and 
multimodal cortices (the contralateral S1 – Brodmann 
areas [BA] 3b, 1 and 2, posterior insula and secondary 
somatosensory cortex [S2], and ipsilateral supramarginal 
gyrus) but also primary and association motor areas (M1 
[BA 4a] and dorsal premotor cortex). The study thus dem-
onstrated the immediate involvement of motor cortices 
during steady pressure stimulation.

Two fMRI studies evaluated static pressure stimulation 
applied over the right index fingertip using an air-cuff80,81. 
Stimulation evoked an extensive activation pattern, over-
lapping but not identical to that described in the above 
quoted (ref.79). Somatosensory or multimodal areas in-
cluded bilateral postcentral gyrus (S1), S2, and insulae, 
whereas motor areas included the ipsilateral dorsolateral 
precentral gyrus (M1), and contralateral midcingulate gy-
rus81. Subsequent dynamic causal modelling revealed that 
the intrahemispheric processing of the pressure stimuli 
employed both serial (from S1 to S2) and parallel process-
ing in the S1 and S2 (ref.81). In the follow-up study, Chung 
et al.80 evaluated the temporal evolution of the cortical ac-
tivation during static sustained pressure stimulation of the 
index finger tip applied over 3 to 15 s. Overall, they found 
the most consistent activations again in somatosensory 
(the contralateral postcentral gyrus [S1], bilateral S2, and 
insulae) and motor (ipsilateral precentral gyrus [M1] and 
cingulate cortices) areas as well as the thalami and cer-
ebellum. Notably, they observed that activations differed 
substantially depending on the duration of the stimulus 
and the time-window chosen and provided evidence for 
gradual adaptation of the activated areas to stimulation.

Several studies of sustained pressure finger stimula-
tion reported, however, much less extensive activations 
restricted to somatosensory areas. Contralateral S1 and 
supramarginal gyrus activations were observed in a small 
group of 8 subjects in response to air-cuff sustained 30-s 
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pressure applied to one of the four fingers: index, middle, 
ring, and little finger. Here, the small number of subjects 
may have resulted in low power to detect motor cortical 
activation. A multivariate analysis then found that activa-
tion in the contralateral supramarginal gyrus encoded the 
stimulated finger locations (proximal vs. distal) (ref.82). 
Another study evaluated the effect of sustained pressure 
applied via a plastic piston to a thumb in 24 subjects 
during a working memory n-back task (i.e., during serial 
presentation of a stimulus spaced several seconds apart 
requiring maintaining n stimuli in the working memory). 
No effect on task performance was observed and imag-
ing data revealed pressure-related activation (contrast 
n-back with pressure vs. n-back without pressure) again 
only in the contralateral S1 and S2, although motor ac-
tivations could have been masked by the required button 
responses83.

Several studies also evaluated pressure stimulation ap-
plied to the lower limbs. In the first yet still preliminary 
fMRI study, only limited activation in the primary sen-
sorimotor cortex and bilateral S2 was observed during 
sustained 1 Hz sinusoidal pressure stimulation applied for 
30 s to the sole of the foot84. In a follow-up fMRI study 
with twice as many participants (16), sustained right foot 
sole stimulation evoked more widespread activations in 
somatosensory (the bilateral postcentral gyrus, bilateral 
inferior parietal lobules, contralateral insula and superior 
parietal lobule) as well as motor (bilateral precentral, mid-
dle and superior frontal cortices, bilateral cingulate gyrus) 
areas and in the contralateral temporal cortex85. In an 
even larger sample (30 subjects), Miura et al.86 reported 
more circumscribed activation in the contralateral S1, S2, 
M1, supplementary motor area, and ipsilateral cerebellum 
in response to considerably shorter 5-s manual pressure 
stimuli applied over the base of the toes of either foot.

Further fMRI studies87,88 investigated the central corre-
lates of manual pressure applied over the lumbar vertebrae 
in the prone position. Apart from bilateral activation in 
the medial S1 and S2, insular and cingulate cortices as 
well as cerebellum were significantly activated88. The roles 
of cutaneous afferents from the limbs and trunk in motor 
control, however, may be essentially different.

In summary, non-therapeutic pressure stimulation of 
the fingers, foot sole, or lower back were mostly associ-
ated with somatosensory cortical activity in the S1 and 
S2, and in sufficiently powered studies, also with wide-
spread sensorimotor activations including M1, the supple-
mentary motor area, posterior parietal cortices, insulae, 
and cerebellum. The differences among studies may be 
related not only to various sample sizes, but also to differ-
ent stimulus intensities, duration, tactile stimulus proper-
ties, attention level, or differences in statistical analysis. 

The analytic approach seems to be especially impor-
tant since Chung et al.80 demonstrated that the canoni-
cal haemodynamic response function may be insensitive 
to adapting cortical activations. An intriguing picture 
emerges when we contrast these results with different 
stimulation modalities, such as mechanical vibration. The 
widespread activation pattern, observed in sufficiently 
powered focal pressure stimulation studies, is consistent 

with studies using rather broad-area vibrotactile stimula-
tion89,90 or muscle stimulation91,92 and far exceeds the cor-
tical maps of relatively circumscribed finger vibrotactile 
stimulation in other studies93-95. Although qualitatively 
different stimuli are not directly comparable, this illus-
trates that pressure stimulation can be associated with 
robust motor activations that provide the neuroanatomical 
substrate for sensorimotor interactions and motor after-
effects of stimulation.

As shown in vibration studies, however, sensorimotor 
activations are sensitive to modulation by higher-order 
processes, such as attention and cognitive task demands96. 
This necessitates an adequate control condition, e.g., a 
comparison between similar kinds of stimulation with 
or without known motor consequences. Therefore, sev-
eral functional imaging studies contrasted the effects 
of therapeutic stimulation according to Vojta25,26 with a 
sham stimulation11,12,17. Sanz-Esteban et al.17 applied pres-
sure stimulus to an active site at the anterior thorax25 and 
reported the main effect of the stimulation site (active 
versus control) in the ipsilateral putamen17. Due to unbal-
anced group sizes, a control stimulation site in a distant 
body part, and uncorrected statistical thresholds, how-
ever, the conclusions that can be drawn are substantially 
limited.

In our fMRI study of sustained manual pressure stimu-
lation12, we compared an active lateral heel site at the right 
foot26 to a nearby control lateral ankle site in 30 healthy 
volunteers who underwent two fMRI sessions according 
to a cross-over single-blinded randomised study design. To 
more closely match the characteristic postural conditions 
and prolonged manual stimulation during RLT (ref.25,26), 
pressure was applied manually by an experienced thera-
pist while the subjects were lying in prone position. As 
we expected considerable adaptation of the blood oxy-
genation level-dependent (BOLD) response80, we have 
delivered the stimulation in irregularly spaced (jittered) 
30‑s blocks and utilized a flexible modelling approach 
using finite impulse response basis functions to capture 
the dynamics of the BOLD signal during a 45-s time win-
dow. Subsequently, a clustering algorithm was employed 
to classify the individual clusters of the significant signal 
change based on the shape of the BOLD response and to 
identify both activations and deactivations associated with 
the stimulation. Our results demonstrated that stimulation 
at both sites evoked widespread responses throughout the 
sensorimotor system. Despite sustained though gradually 
somewhat decreasing pressure, most of the clusters were 
characterized only by transient onset and offset responses 
that could be classified into two anti-correlated sets of 
areas. Task-positive areas were found in the bilateral S1, 
S2, contralateral M1, premotor cortex (dorsomedial part), 
bilateral thalami, and left prefrontal cortex. Task-negative 
areas were detected in the bilateral sensorimotor cortices 
(outside of the task-positive areas), premotor cortex (dor-
solateral part), medial occipital cortex (visual cortex), 
and superior parietal lobule. In fact, some of the transient 
deactivations in motor representations of non-stimulated 
limbs could explain apparent motor activations observed 
in previous studies80,81. If stimulated for a sufficiently 
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long time, the BOLD response rises again even above the 
baseline producing a “false” net activation increase. The 
mechanisms behind deactivations are not yet completely 
understood. Nevertheless, they should still be considered 
when interpreting data involving prolonged stimulation12.

Our study also demonstrated some specific effects 
of stimulation according to RLT (ref.12). The “active” 
stimulation site was additionally associated with a more 
sustained task-positive activation in another set of brain 
areas. These included the bilateral insulo-opercular cor-
tices and contralateral pons. Quantitative differences be-
tween the two stimulation types (sites) were also assessed 
and detected in the contralateral (left) inferior parietal 
lobule and M1. 

Importantly, these differences in the contralateral 
(left) inferior parietal lobule and M1 were independent 
of the pain/unpleasantness reported by some subjects. 
Despite the overall low pain/unpleasantness ratings, they 
correlated with activation difference in a different cor-
tical area, namely in the contralateral superior parietal 
lobule12. Additionally, our parallel study established that 
the autonomic nervous system responses do not differ 
between the two stimulation types97. Our imaging data 
thus demonstrated that manual pressure stimulation af-
fects multiple brain structures involved in motor control 
and that the choice of stimulation site impacts the shape 
(insulo-opercular cortices and pons) and amplitude (con-
tralateral M1 and inferior parietal lobule) of the BOLD 
response in the sensory (insula, inferior parietal lobule) 
and proper motor areas (M1) (ref.12).

In our second study11, we evaluated the motor sequelae 
of sustained manual pressure stimulation. Using the same 
cross-over design, we investigated the changes in brain 
activation during a complex hand motor task, namely 
sequential finger opposition. The subjects performed 
auditory-paced finger opposition with their right hand 
before and after 20 min of intermittent manual pressure 
(in total 12 min on stimulation) applied either to the heel 
(active site) or ankle (control site). A simple repetition 
of the motor task, regardless of the intervention site, 
resulted in a widespread sensorimotor and cross-modal 
activation decrease, possibly due to motor learning. An 
analysis of two-way interaction between the stimulation 
site and repetition revealed an effect in the contralateral 
pontomedullary reticular formation (PMRF) and bilateral 
posterior cerebellum. While activation in the PMRF/cer-
ebellum increased after the heel stimulation, it decreased 
following sham stimulation at the ankle11. PMRF is known 
to modulate postural control98, locomotion99, possibly by 
exerting anticipatory postural control100, and even tar-
geted limb movements101 or finger movements102. It has 
also been shown to mediate complex asymmetrical motor 
patterns in mammalian preparations99,102 bearing some 
resemblance to involuntary motor behaviour elicited dur-
ing RLT (ref.25,26). As we have also seen involvement of 
nearby pontine areas during the heel (active) stimulation 
in the first study12, we have speculated that the PMRF 
may play a role in mediating (some of) the therapeutic 
effects of RLT (ref.11,12).

SUMMARY AND FUTURE DIRECTIONS

The research on the central effects of peripheral pres-
sure stimulation is not as rich and elaborate as, for ex-
ample, in the case of vibratory stimulation. Nevertheless, 
available historical, behavioural and clinical studies have 
indicated similarly complex effects on motor behaviour 
as in the case of a vibration. In a first attempt to assemble 
studies potentially shedding some light on the central ef-
fects of pressure stimulation, we have reviewed neuro-
physiological and neuroimaging studies involving pure 
experimental stimulation and those specifically evaluat-
ing stimulation similar to reflex locomotion therapy. The 
available data, including our own work, clearly demon-
strate that stimulation of peripheral pressure-sensitive af-
ferents activates the motor cortical representations and 
facilitates their short-term neuroplastic changes in the ex-
perimental setting. Despite our recent successful efforts to 
localise some of the central structures potentially involved 
in motor effects of pressure stimulation, just as many new 
questions arose as have been answered. The following text 
lists several outstanding questions and provides sugges-
tions how to approach them in future studies:

Question 1: What is the dynamic evolution of the 
cortico-subcortical activation patterns during continu-
ous application of specific forms of pressure stimulation, 
such as RLT?

Suggestion: Given the known slow development of 
responses26,52,71, a time-resolved analysis of the so-called 
dynamic connectivity103 might prove useful for detection 
of slowly evolving states of brain function and their cor-
relation with behaviour. To make this possible, detailed be-
havioural and electrophysiological data (EMG), acquired 
simultaneously with fMRI, are necessary prerequisites 
since the time-courses of the individual responses may 
vary significantly across subjects.

Significance: This might help us detect further brain 
structures which participate in these processes only tran-
siently or whose activity gradually builds up. Such ac-
tivations might be missed by classical approaches that 
effectively average the signal change across the entire 
imaging run103.

Question 2: Can we identify the brain structures that 
mediate the motor improvement?

Suggestion: Follow-up studies with well-defined out-
come measures of motor performance, both in healthy 
controls and patients with motor system disorders, are 
warranted. Only then may improved performance or al-
leviated symptoms be directly linked to the involved brain 
structure.

Significance: This is of paramount importance be-
cause such studies could finally draw clinically relevant 
conclusions, such as predictions of outcomes according 
to baseline fMRI data. Additionally, by knowing the struc-
tures that are related to improvement, we may identify 
candidates for potential interventions that either enhance 
the effect of peripheral stimulation or interfere with it, 
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such as repetitive TMS or transcranial direct current 
stimulation, eventually providing real-life causal data.

Question 3: What are the pathways connecting the in-
dividual nodes, either those identified as potential sources 
of involuntary motor behaviour or those associated with 
motor after-effects (e.g., PMRF in case of RLT)?

Suggestion: By acquiring and evaluating diffusion-
weighted imaging data, one can identify the connecting 
pathways between these nodes to establish a task-specific 
connectome.

Significance: Knowing the cortical area or nuclei 
engaged by stimulation might not be enough to fully 
appreciate the brain network(s) underlying the motor 
after-effects and understand the interactions among the 
network nodes. With added knowledge of the network 
topology, modelling of causal relationships (i.e., effective 
connectivity) would be possible. Accurate network models 
might then serve as predictors of behavioural and clinical 
outcomes of various interventions.

Question 4: How should the neuroimaging evidence 
be interpreted and how can it be linked to the peripheral 
effects of stimulation?

Suggestion: Effects of pressure stimulation on cortico-
motor excitability should also be studied using transcrani-
al magnetic stimulation or similar methods evaluating the 
function of the corticospinal tract. Knowing that muscle 
vibration research has demonstrated divergent results in 
different muscle groups10,78 and study populations104, mul-
tiple stimulation sites and patient cohorts with evidence 
of abnormal sensorimotor processing, such as dystonia104, 
should be considered. In addition, patient populations, 
where RLT is routinely applied to alleviate neurological 
abnormalities (e.g., spasticity after stroke or in multiple 
sclerosis36), would be candidates for studies correlating 
possible clinical improvement with cortical excitability 
changes.

Significance: Although electrophysiological tech-
niques lack the spatial resolution of current imaging 
methods, they provide an important link between the 
processes occurring in the central nervous system and 
their peripheral manifestations.

CONCLUSION

In summary, pressure stimulation is a viable and wide-
ly used modality of peripheral stimulation in the clinical 
setting. Whereas other stimulation modalities, such as vi-
bration, have already attracted a high amount of research 
interest and much evidence has been now gathered using 
state-of-the-art imaging techniques, allowing researchers 
to postulate fairly concrete hypotheses, similar research 
on pressure stimulation has barely entered the initial 
exploratory stage. We have highlighted recent evidence 
demonstrating the involvement of brainstem and cortical 
structures that potentially mediate some of the peculiar ef-
fects observed during sustained mechanical pressure stim-

ulation. Inspired by the latest development, we propose 
future directions to shed more light on these phenomena.

Search strategy and selection criteria
Our review of the available literature pertaining to in-

nocuous pressure stimulation focused on TMS and neu-
roimaging studies including both human experimental 
studies in healthy subjects and clinical trials as well as 
secondary sources. Scientific articles from 1950 to 2020 
were searched using the PubMed and Web of Science 
databases, the results were up to date as of March 2020. 
The main search terms used included ‘(PET OR fMRI) 
AND (skin OR cutaneous OR peripheral OR manual OR 
tactile) AND (“pressure stimulation” OR (“tactile stimu-
lation” AND pressure))’; ‘TMS AND (skin OR cutaneous 
OR peripheral OR manual OR tactile) AND (“pressure 
stimulation” OR (“tactile stimulation” AND pressure))’; 
‘(“Vojta therapy” OR “Vojta physiotherapy” OR “reflex 
locomotion” OR “Vojta method” OR “Vojta”) AND (PET 
OR fMRI)’; and ‘(“Vojta therapy” OR “Vojta physiother-
apy” OR “reflex locomotion” OR “Vojta method” OR 
“Vojta”) AND TMS’. Both full terms and abbreviations 
were searched. After the search, abstracts were screened 
for inclusion criteria, following a thorough full-text screen-
ing of matching papers for exclusion criteria. Inclusion 
criteria: all original and review papers involving somato-
sensory skin stimulation of human subjects evaluated us-
ing PET, fMRI or TMS written in English and matching 
search criteria. Exclusion criteria: insufficient reporting 
of the results, i.e., fMRI studies not reporting activation 
maps, and non-relevance, i.e., studies not involving deep 
pressure stimulation, i.e., investigating only non-pressure 
(superficial) tactile or noxious pressure stimulation. To 
provide a historical perspective, non-English literature 
on reflex locomotion therapy was included, whereas the 
database search only considered English language original 
research papers and reviews. Relevant secondary cited 
sources were included as well.

The database search yielded 14 unique results for the 
fMRI/PET studies (PubMed and Web of Science com-
bined), but returned no papers using TMS matching the 
search criteria. Out of the 14 identified papers, 10 were 
included for a detailed methodological screening, whereas 
the remaining 4 papers either did not involve any fMRI/
PET assessment (2) or involved no skin stimulation (2). 
After the detailed assessment, 3 studies were excluded, 2 
for not reporting any fMRI/PET activation map, 1 for not 
involving any innocuous stimulation. None of the imag-
ing studies involved PET imaging. Thus, the final sample 
consisted of 7 fMRI studies. The remaining studies were 
identified as secondary sources.

ABBREVIATIONS

BA, Brodmann area; BOLD, Blood oxygenation level-
dependent; EMG, Electromyography; fMRI, Functional 
magnetic resonance imaging; M1, Primary motor 
cortex; PET, Positron emission tomography; PMRF, 
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Pontomedullary reticular formation; RLT, Reflex loco-
motion therapy; S1, Primary somatosensory cortex; S2, 
Secondary somatosensory cortex; SA-I, Slow-adapting 
type I afferents; TMS, Transcranial magnetic stimulation.
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