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Abstract

There still is a need for devices that allow reproducible stimulation of skin areas of the human body. We constructed a stimulation system and
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ested it by using brief pneumatic stimulation to the right thumb of nine healthy volunteers. BOLD-signals in response to tactile stimulation with
requencies of 1, 3 and 5 Hz were measured using a 3 T MRI scanner. The stimulation device consists of synthetic membranes connected to plastic
ubes capable of carrying compressed air, and an electronic component, which controls the on- and off-switching of an electromagnetic valve. The
alve near the MR-scanner did not lower the image quality. Primary somatosensory activation contralateral to the stimulation site was reliably
etected in response to a stimulus magnitude of 3.5 bar in all volunteers. 1 Hz stimulation resulted in higher maximal percentage BOLD-signal
hanges. Our device is an easy-to-construct, low-cost and portable tool suitable for research and clinical environments. It permits passive non-painful
timulation relevant for clinical assessments and is also compatible with magnetoencephalography (MEG) and electroencephalography (EEG). In
asic and clinical research, this device therefore contributes to meaningful comparisons between results obtained with different techniques.
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agnetoencephalography (MEG), electroencephalography
EEG) and functional magnetic resonance imaging (fMRI),
mpose limitations on the applicability of stimulation devices
sed to induce peripheral stimulation. Such limitations include,
or example, the use of electrically driven tools, which in some
ases disturb, degrade or overshadow, partially or totally, the
ignals of interest. Hence, manual stimulation has often been
sed in fMRI experiments, albeit this form of stimulation is
ften accompanied by considerable variance. For example, in
ne assessment of the somatotopy of the finger’s Brodmann
rea 3b using manual tactile stimulation, an intra-examiner
rror of 18% has been reported [19]. Furthermore, high costs, as
ell as long development times to obtain adequate equipments
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contribute to the limited availability of technical solutions. To
better interpret brain dynamics, accurate control of stimulus
conditions is mandatory. This is particularly important in the
somatosensory system because of the fine-tuned functional
properties of the tactile receptors of the human hand [10–12].
One of the main advantages of using electronically driven
devices to carry out research studies, is that stimulation proto-
cols can be computer controlled. Brief pneumatic, non-painful
sensory stimulation to the skin has been already successfully
applied to map the cortical representation of different body parts
in healthy subjects and patients using magnetoencephalography
[3,4,16]. In addition, in fMRI, pneumatic stimulation has
been used in different research protocols but has not been
incorporated as a standard tool in clinical or research settings
so far. In this line of attempts, the somatotopy of the human
arm has been investigated by using a series of air puffs along
the lower arm [15]. Furthermore, vibrotactile pneumatic
stimulation has been used as stimulus for the palm of the hand
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[7] and for finger-tips [5]. Because different stimuli have been
used across laboratories, potentially different impacts on brain
dynamics can be expected. Replication of stimulus type and its
associated effects on BOLD signals appears necessary to allow
for meaningful comparisons between studies. While electrical
stimulation may stimulate different afferent fibers diffusely
[8], it has been shown that the pneumatic stimulation of the
fingertips used in the present study activates the human primary
sensory cortex or SI [2,3]. Only a few successful attempts to
optimize pneumatic stimulation protocols for fMRI, suitable
for research and clinical environments have been published. In
these experiments a pneumatic system producing non-painful
stimuli of 50 ms length, with a frequency of 4 Hz and an air
pressure of 3 bar applied to finger clips with flexible membranes
was used. Several membranes were used to depict the activity
resulting from stimulation of the lips, hands and toes [17,18].
These data deserve special interest, because they offer one
of these few examples of investigation of the somatosensory
system using fMRI techniques under controlled conditions.
Further implementation of such stimulation paradigms may
permit to build bridges between different recording techniques,
like MEG, EEG and fMRI; if identical stimulation tools could
be used in all these brain-imaging methodologies, results would
be comparable in a more conclusive way. Until now, a portable
and low-cost pneumatic stimulation system compatible with
the fMRI-environment has not been reported. Therefore, we
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nels connected by means of standard cables to the corresponding
number of valves. Incoming signals can be visualized by LED’s
located in the front panel of the device aligned with their corre-
sponding buttons for manual activation. The incoming airflow
drives a circular synthetic membrane of approximately 0.8 cm2

(4D Neuroimaging Inc., San Diego, USA) through plastic stan-
dard tubes (PUN-4x0,75-SI; outside diameter 4 mm, inside
diameter 2.6 mm and PUN-3x0,5-SI; outside diameter 3 mm,
inside diameter 2.1 mm; copper and Teflon-free for QS push-
in fittings, Festo®). The membranes then stimulate the desired
skin area whenever the valve is opened. Stimulation was com-
puter driven by means of the commercial software Presentation®

(Neurobehavioral Systems, Inc., Albany, CA, USA) running on
a standard PC (Fig. 1).

We placed the valve at about 4 m distance from the MR-
scanner and attached it to a fixed object within the magnet’s
room. The minimum distance from the valve to the scanner may
vary depending on the MR system’s field strength, and has to
be considered in order to avoid valve disturbances. To minimize
stimulus shape degrading, the length of the tube connecting the
stimulation membrane to the valve was reduced to 5 m, but still
permitted fully free positioning of the subjects in the bore of the
MR-system. Air pressure was delivered using a standard com-
pressed air bottle positioned outside of the magnet room, and
was set at 3500 hPa (= 3.5 bar). The high-pressure air was regu-
lated in two separate steps to control the amount of air pressure
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imed at constructing a device, which has a low-cost and is
asy to reproduce. In doing so, we make use of components
ommercially accessible to a wide range of researchers. A
igh mobility should be guaranteed to allow its use in different
ettings, within and between research laboratories and clinical
nvironments, facilitating cooperative work and clinical assess-
ents. To test for the efficacy and accuracy of the system, we

nduced activity in primary and secondary cortical areas of
he somatosensory system. This activity has been consistently
eported in other studies, using similar stimulation for the finger
ads [13]. Moreover, we wanted to test whether stimulation of
single finger would produce measurable signal changes using

MRI.
All participants gave their written consent before the study,

nd were fully informed about the procedures and aims of the
xperiment according to the guidelines of the Helsinki con-
ention for the treatment of experimental subjects. We mea-
ured nine volunteers, three females and six males (mean age
1.4 ± 6.2 range 26–46). All participants were right handed
ccording to the Edinburgh Handedness Inventory [14]. They
ere healthy volunteers without any history of neurological dis-
rders as stated in self-report.

The stimulus device was developed at the Department of Psy-
hology of the University of Konstanz, Germany. The controller
nit is equipped with two 25 pins SUB-D-interfaces so that it
an be connected to the stimulus computer. TTL-logic integrated
ircuits (74HC245) analyse the incoming signals and generate
TL pulses, which are then amplified from 5 to 24 V and used

o drive a magnetic solenoid valve (525146 MHE3-M1H-3/2G-
/8; Operating pressure −0.9–8 bar, Festo®, Germany). The
evice permits the operation of up to eight independent chan-
eing sent through the tubes to the end membranes. We applied
rief pneumatic stimulation to the right thumb. By using plas-
ers, and in order to counteract possible displacements, we fixed
he membranes to the mid-volar surface of the distal phalanx of
he right thumb, which covered approximately 0.8 cm2 of skin
rea. Parameters regarding shape and intensity of the stimulus
t the delivery site were not tested because the membranes were
dentical to those routinely used in magnetoenchephalographic

easurements under similar conditions. In addition, these mem-
ranes are commercially available by 4D Neuroimaging Inc.
http://www.4dneuroimaging.com/).

During measurements, volunteers were instructed to close
heir eyes. Head movements where mechanically minimized by

eans of foam rubber cushions. Lights in the MR chamber were
immed. Functional imaging was performed in a block design
ith alternating rest and activity conditions, starting with a rest

ondition. Each block consisted of 7 volumes (21 s). In total
8 activity blocks were acquired per experiment. We used three
ifferent stimulus frequencies of 1, 3 and 5 Hz. Each activity
lock contained one out of these three frequencies (stimulus
ength 100 ms), i.e. each frequency condition was randomly
elivered six times during the experiment. The stimulus length
sed might constitute the upper limit for these membranes.
onger stimulus durations might provoke membrane rupture

with no danger for the subjects) at the stimulation magni-
udes we employed (personal experience). All measurements
ere performed on a 3 T MR scanner (Philips Achieva) using
six-channel head coil. Functional images were acquired using
single-shot field echo EPI sequence (TE/TR = 35/3000 ms,

OV = 220 mm × 220 mm, matrix = 128 × 128, slices = 39, slice
hickness = 3 mm, slice gap = 0, FA = 82) with a SENSE factor

http://www.4dneuroimaging.com/
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Fig. 1. Stimulus equipment: In the upper panel, the compressed-air bottle (left), the air pressure regulator (middle: real dimension approximately 20 cm height) and
the magnetic solenoid valve (right) are depicted. In the lower panel, a front view of the 20 cm × 29 cm × 11 cm-control unit is shown on the left connected to a
standard PC (middle) and to the solenoid valve. The circular synthetic membrane is connected to a plastic standard tube, and to the valve (upper right) and attached
to the thumb by means of plasters (lower right). The solid lines represent connections between the constitutive elements of the stimulation system. Note that the air
bottle is the only non-portable element in the system.

of 2. Anatomical images were acquired using a 3D T1W field
echo sequence (TE/TR = 2.3/20 ms, FOV = 220 mm × 220 mm,
matrix = 256 × 256, slices = 180, slice thickness = 0.75 mm).
Before its use, the anatomical images were transformed to iso-
voxel size (1 mm × 1 mm × 1 mm), and to Tailarach space.

Data analysis was performed with BrainVoyager QX 1.4®

software package. In the single subject analysis, we used a
cluster size of at least 100 voxels as a contiguity thresh-
old for those cases not reaching significance after correction
with q(FDR) < 0.05. For data evaluation, a whole brain strat-
egy was used. To remove unwanted signal components, data
pre-processing was done for any subject prior to the com-
putation of group analyses. To diminish arbitrary selection
of pre-processing parameters, the standard parameters imple-
mented in BrainVoyager QX 1.4 were adopted. Images were
3D motion corrected by means of trilinear interpolation. We
did not correct for slice scan-time because a block design was
used. Spatial smoothing was performed with a kernel = 4 mm
voxel size—FWHM, thus, allowing the integration of signals
in an area of less than a centimeter. Within this range, smooth-
ing merely reduces the noise by simultaneously enhancing the
effects of interest in the signal [6]. Temporal smoothing included
the parameters linear trend removal and high pass filter (limited
to three cycles). Image sets still contaminated with strong move-
ment artefacts after 3D movement correction were excluded
from further analysis [17]. This was done by visually inspect-
i
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trarily selected ROI signal time courses of the same subject’s
data. Scans containing sudden slope deflections in parallel with
abrupt signal enhancements were excluded from further anal-
ysis as these signals were considered to be “false positives”.
Before group analysis, all functional and anatomical images
were transformed into the Tailarach standard space. In the group
analysis, no further data pre-processing (e.g. spatial smoothing)
was used. This was done to obtain a reasonably good spatial reso-
lution. Significance level was set at q(FDR) ≤ 0.05. To calculate
the maximal percentage BOLD signal changes for the group,
we first computed a standard General Lineal Model compris-
ing the whole brain using the multi-study option in the analysis
software. Thereafter, the signal time courses of any individual
subject within the region showing significant activations in the
somatosensory cortex, were exported for further external com-
putation. These single contributions were then used to compute
a baseline, which was the average of data points corresponding
to changes below 5% of the reference function. This function
was modified to account for the haemodynamic delay of the
fMRI signal by using the software parameters. Thereafter, the
maximal percentage BOLD-signal change of any single subject
was computed for each frequency averaging those percent signal
changes corresponding to the segment ranging between 95 and
100% of the reference time function. The percent signal change
at point X was defined as: % signal change = ((intensity at point
X − baseline)/baseline) × 100. The group maximal percent sig-
n
s
s

ng sudden slope deflections in the graphical representation of
he previously performed motion correction in any single data
et, and by comparing this with the signal changes in arbi-
al change for a region was the average of all single maximal
ignal changes for a determined frequency in this region. Single-
ubject and group statistical analyses were both computed by
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running a standard General Lineal Model due to the low amount
of cases included in our sample. For those brain areas for which
the assumption of similar organization among subjects is gen-
erally accepted, even short samples allow for generalizations to
the whole population [6]. Differences between conditions were
assessed with contrasts. Differences in maximal percent signal
changes among different cortical regions were calculated using
repeated measurement ANOVAS and Fisher tests. Significance
level was set to p < 0.05. Slopes of the BOLD-signal changes
were examined generating event related plots within BrainVoy-
ager QX, with an epoch based baseline computation using two
data points (e.g. volumes) before stimulus onset.

No image degrading or valve functioning abnormalities due
to proximity of the valve and the scanner were observed. Stim-
uli were all delivered without time disturbances as recorded
in the Presentation’s event protocol. Air pressure set at 3.5 bar
above normal pressure level was high enough to produce mem-
brane stimuli resulting in significant activations in somatosen-
sory areas of the brain cortex at any of the used frequencies of
interest.

After correction for multiple comparisons, within subjects
frequency comparisons with contrasts were not significant.
Therefore, all three frequencies were averaged. Inspection of
the single subject activations revealed activation in the post-
central gyrus corresponding to SI in all nine subjects (see Fig. 2
lower panel for some examples). Six subjects showed addi-
t
s
c
q
c
p

t
f
T
i
a
t
a
m

responding to these two significantly activated regions revealed
conspicuous differences in BOLD-signal slopes (see Fig. 2 mid-
dle panel). The two-way repeated measurements ANOVA with
the factors Area (SI and SII) and Frequency (1 Hz/3 Hz/5 Hz)
for the BOLD percent maximal signal changes was significant
for the main factor Frequency (d.f. = 2,8, F = 5.875, p < 0.05).
Fisher’s PLSD post hoc comparisons revealed that maximal per-
cent signals changes in BOLD-response for the 1 Hz condition
were significantly higher than for the 3 and 5 Hz conditions,
respectively (p < 0.05). The contrast for the signal produced
by 1 Hz was significantly higher when compared to the 3 Hz-
signal q(FDR) ≤ 0.05, resulting in 2 activity clusters within the
secondary somatosensory cortex (SII contralateral [75 voxels,
Center of Gravity in Tailarach coordinates−48−21 21]; SII ipsi-
lateral [327 voxels, Center of Gravity in Tailarach coordinates
55 −28 16] data not shown). No other contrasts were significant.
The two-way repeated measurements ANOVA with the factors
SideOfArea (SII ipsilateral and SII contralateral) and Frequency
(1 Hz/3 Hz) for the BOLD percent maximal signal changes cor-
responding to the areas significantly activated in the contrast
mentioned above was significant for the main factor SideOfArea
(d.f. = 1,8, F = 8.589, p < 0.05) revealing higher maximal percent
signal changes contralateral to the stimulated site. The factor
Frequency was also significant revealing higher maximal per-
cent signal changes for the 1 Hz condition (d.f. = 1,8, F = 43.897,
p < 0.05). The interaction SideOfArea × Frequency was not sig-
n
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ional contralateral, and two subjects ipsilateral activation of
econdary somatosensory cortex, in the posterior part of the sub-
entral gyrus (five subjects corrected for multiple comparisons
(FDR) ≤ 0.05). Among subjects, BOLD-signal clusters were
onfined to similar locations within the hand region of the left
ost-central gyrus.

One cluster within SI, ranging from the anterior to the pos-
erior bank of the post-central gyrus was seen when all three
requencies together where contrasted with the rest condition.
he cluster was located in short distance lateral, anterior and

nferior, to the hand knob [20]. As well, a cluster containing
ctivity in SII ranging to the posterior insula, contralateral to
he stimulated site was also observed (see Fig. 2 upper panel
nd Table 1 for Tailarach coordinates, cluster size and maxi-
al % signal changes). The event related averaging plot cor-

able 1
ctivated brain areas resulting from the three stimulation frequencies used

requency (Hz) Cortical region Center of gravity of clusters in
Tailarach coordinates

X Y Z

SIc. −49 −23 40
SIIc. −45 −25 18
SIIi. 52 −28 17
SIIi. 37 −34 15

SIc. −48 −22 43
SIIc. −41 −26 18

SIc. −47 −22 42
SIIc. −45 −23 18

ontralateral (c)/ipsilateral (i) to the stimulated side.
ificant.
An easy to construct, low-cost and portable device compati-

le with MRI and other research environments was successfully
eveloped. The performed measurements demonstrated that the
evice is able to work free of disturbances within a 3 T environ-
ent. The functional data replicate patterns and locations of acti-

ations within the cerebral cortex corresponding to those areas
ommonly reported after tactile stimulation of the fingers. In
ddition, the data demonstrated that it is possible to induce reli-
ble and repeatable activity patterns using brief stimuli applied
o a single finger with one membrane of the mentioned type,

aking a comparison between BOLD activities of single fin-
ers feasible for future studies. Previously, reports by Stippich et
l. [17,18] demonstrated activation of the contralateral primary
omatosensory cortex by means of similar pneumatic stimu-

Number of voxels in cluster Maximal percent BOLD signal change

1302 0.43
3919 0.36
325 0.30
528 0.31

717 0.30
1087 0.18

556 0.29
555 0.12
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Fig. 2. Upper panel: Activation clusters in the left primary (right) and left secondary (left) somatosensory cortex following pneumatic stimulation of the right thumb
(left is left). BOLD-responses for the stimulus frequencies 1, 3 and 5 Hz together are shown superimposed on the anatomical image of one volunteer in the standard
Tailarach space (see Table 1 for pertaining information). Middle panel: Event related plots with standard error bars for the 1 Hz (left), 3 Hz (middle) and 5 Hz stimuli
(right) within the regions depicted in the upper panel of the figure. Bold lines correspond to primary, thin lines to secondary somatosensory cortex. Low panel:
Activation pattern in four single subjects. Shown is the activation on the left post-central gyrus after stimulation of the right thumb. All images were Tailarach
transformed. Activity maps are corrected for multiple comparisons q(FDR) < 0.05. For simplicity, intensity scales for the single subjects have been omitted.

lation. Nevertheless, while Stippich et al. [17] stimulated two
fingers simultaneously (D1 and D2), we were able to obtain
measurable activations in similar brain areas just by using one
membrane. The differences observed among frequencies may
be indicative of habituation, to the incomplete recovery of the
membranes or to both of them: lower signal changes, as well
as unstable BOLD-signal slopes arose at higher frequencies.

Increasing the total amount of skin area being stimulated may
also compensate for these differences. This issue needs further
investigation. Our results resemble those previously presented
by others. This confirms the effectivity of the stimulus being
used. Our approach is of relevance not for the study of brain
functions in normal volunteers and also for the study of func-
tional changes in the brain of, say the fingers and the lips in such
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neurological pathologies like focal hand and lips dystonia for
which distortions of cortical representation have been associated
with the sensorimotor disorder, and restoration of dysfunctional
cortical representation with illness amelioration [1,2,9]. Further
potential uses are the assessment of cortical functionality after
reconstruction surgery of the hand, but also the assessment of
function recovery after stroke. Other important advantages of
this stimulation tool are that there is no need for subjects’ coop-
eration during measurements, stimulation is painless, and the
full stimulus device can be set up in approximately 15 min.

The idea of pneumatic stimulation is not new, nevertheless,
the development of an easy-to-construct, low-cost and portable
device suitable for research and clinical environments might
open new possibilities for a wider range of investigators and
clinicians interested to study the function of the somatosensory
system. The development of non-invasive brain imaging tech-
niques has placed modern scientists in a privileged position in
their attempts to study the organization of the living human brain.
In particular the somatosensory system has attracted the atten-
tion of a whole generation of researchers. Therefore, devices like
ours can contribute to a better comparison of results obtained by
different techniques like EEG, MEG and fMRI further help-
ing to understand brain functions in the somatosensory sys-
tem.
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