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Abstract
Foot sole somatosensory feedback is critical to motor control and declines with aging and disease.
To enable study of cortical networks underlying foot sole somatosensation we developed a
pneumatic tactile stimulator capable of producing 1-DOF oscillations with preset waveform,
frequency (≤10 Hz), force magnitude (5-500 N), duty cycle (20%-100%) and contacted surface
area over which pressures are applied to the foot sole. Image tests (anatomical/functional/field
map) of a phantom demonstrated that the device is compatible with 3T MRI. GRE-EPI images of
seven healthy young adults using a typical block-designed 1Hz sinusoidal stimulation protocol
revealed significant activation contralaterally within the primary somatosensory cortex and
paracentral gyrus, and bilaterally within the secondary somatosensory cortex. The stimulation
system may therefore serve as a research tool to study functional brain networks involved in the
perception and modulation of foot sole somatosensation and its relationship to motor control.
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INTRODUCTION
Foot sole somatosensation plays a critical role among the active feedback loops that
contribute to the control of standing and walking. Aging and disease often impair foot sole
somatosensation, and consequently, decrease balance and increase the risk of falling. Still,
behavioral research indicates that some older adults with foot sole somatosensory
impairment can maintain balance to a similar degree as their healthy counterparts (1).
Furthermore, both perceptible and imperceptible foot sole vibratory stimulation during
standing (2) and walking (3) reduces movement variability in older adults both with and
without movement disorders.

Address for correspondence: Jue Zhang: Academy for Advanced Interdisciplinary Studies, Peking University, Beijing, China.
100871 Tel: +86 1062755036; fax: +86 1062753562.. Ying Hao:haoying@pku.edu.cnBrad Manor:bmanor@bidmc.harvard.eduJing
Liu:liujing83512@gmail.comKai Zhang:zhangkai926@163.comLewis Lipsitz:llipsitz@bidmc.harvard.eduChung-Kang
Peng:cpeng@bidmc.harvard.eduVera Novak:vnovak@bidmc.harvard.eduXiaoying Wang:cjr.wangxiaoying@vip.163.comYufeng
Chai:chaiyufeng@263.netJue Zhang:zhangjue@pku.edu.cnJing Fang:jfang@pku.edu.cn.

NIH Public Access
Author Manuscript
Magn Reson Med. Author manuscript; available in PMC 2014 April 01.

Published in final edited form as:
Magn Reson Med. 2013 April ; 69(4): 1194–1199. doi:10.1002/mrm.24330.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In order to determine the neural mechanisms underlying these adaptive capacities, we aimed
to develop and evaluate an MRI-compatible tactile stimulator capable of applying controlled
patterns of pressure to the foot sole. Numerous devices have been developed to study the
brain's response to somatosensory stimuli. These devices have focused primarily on the
application of low amplitude, high-frequency vibratory stimuli (4-7). With respect to the
foot sole, Gallasch et al (8) successfully mapped somatosensory cortical activation in
response to mechanical vibrations (i.e., 20-100 Hz oscillations with an maximum contact
force of 20 N) produced by an electrically-driven magnetic actuator.

The pressures experienced beneath the foot during weight-bearing activities, however, often
meet or exceed one's body weight and may vary considerably in frequency and amplitude.
As a critical first step to enable study of the brain's response to this type of stimuli, we have
developed an air-driven stimulation system capable of applying relatively high pressure
stimuli to the foot sole with a programmable waveform and adjustable surface area over
which the pressure is applied. Combination of this new tool with functional MRI (fMRI)
will afford insight into the functional brain networks underlying this source of afferent
feedback under different experimental conditions. This experimental paradigm will enable
study of the neural circuits underlying foot sole somatosensation and the mechanisms of
neural adaptation that optimize behavior in the presence of both acute and chronic
alterations to this source of afferent feedback.

METHODS
Basic Design of Tactile Stimulation System

The foot sole stimulation system consists of an air compressor, a control unit (i.e., a
microprocessor, proportional valve, 5-port air-operated valve and user-interface) and an
aluminum pneumatic actuator attached to a non-ferromagnetic support platform (Fig. 1).

Foot sole pressure stimulation is produced by a linear pneumatic actuator consisting of a
single-acting, single-rod air cylinder (CG1BN32-40-XC6, SMC, Tokyo, Japan). This
actuator was chosen for several reasons. First, it is comprised of aluminum and driven by air
and therefore non-ferromagnetic. Second, it is capable of producing linear output force
ranging from 5N to 500N, and thus suitable for applications requiring the generation of
relatively large pressure stimuli. Third, stroke movement speed is 40-1000mm/s and thus
enables rapidly-generated pressures to the foot sole.

The control unit affords independent control of the magnitude and frequency of force
application to the foot sole. Specifically, the microprocessor (MSP 430 F168, Texas
Instruments, USA) controls air flow to the pneumatic actuator by regulating voltage input to
two electronic air valves. First, a proportional electro-pneumatic valve connected to an air
compressor enables stepless control of the amount of air flow to the actuator. The
relationship between voltage input to the proportional valve and air flow to the actuator is
linear (see following section), thus enabling precise control of the magnitude of force
application to the foot sole. Second, a 5-port air-operated valve enables movement direction
control of the actuator's cylinder and thus, the waveform (i.e., the frequency and duty cycle)
of force application. Movement direction of the cylinder can be fully reversed in 100ms,
thus enabling a maximal oscillatory frequency of 10 Hz. The microprocessor also produces a
trigger in/out (TTL level) signal to synchronize the system with the MR scanner.

We developed a user interface using C programming, which allows the investigator to
program the characteristics of foot stimulation. It consists of a 16-character LCD display and
four control buttons: one for selection of pre-defined waveforms (sine/square/triangle),
waveform parameters (frequency/duty cycle/magnitude) and MRI-trigger options; two for
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up/down regulation of parameters; one for downloading and applying self-programmed
stimulation waveforms. Self-programming allows the investigator to set the force output for
each 0.02s increment of one cycle, which can be repeated during stimulation protocols.
During stimulation, the magnitude, duty cycle and frequency of force (as determined by
voltage input) are displayed on the LCD screen. All components of the control unit are
located outside the scanner room and connected with the actuator inside via plastic air tubes.

A support platform was utilized to secure the actuator in place during the application of
pressure stimulation. A plastic medical boot was modified and attached to a support surface
comprised of non-ferromagnetic plastic and nylon materials. The support platform was
designed to fix the ankle joint at 90 deg of dorsiflexion yet enable adjustment of knee and
hip joint angle. Visual inspection during pilot studies indicated that applying pressure to the
foot sole with the knee joint flexed, as opposed to fully extended, reduced translational
movements of the head. The actuator was attached to the support platform perpendicularly
to the foot sole using a multi-joint lever system that enabled anterior-posterior and medial-
lateral adjustments relative to the foot. A series of Velcro straps secured the support
platform to the scanner table, as well as the subject's foot, shank and thigh to the support
platform.

Implementation, Calibration and Performance Testing
In order to determine the relationship between voltage input to the proportional electro-
pneumatic valve on the air compressor and force output of the actuator, an instrumented foot
pressure insole (RSscan Lab LTD, United Kingdom) was first calibrated inside the magnet
room and then placed between the foot sole and the cylinder cover of the actuator. The
voltage input-force output relationship, which was tested on five young adult subjects using
square waveform inside the magnet room, was highly linear (Fig. 2). At each voltage, the
standard deviation about the recorded mean force value was less than 0.47 N. As such, we
subsequently used a linear-fit function (y = 63.833x-10.164) to transform voltage into force
on the LCD display.

Performance of the stimulation system was then tested with the instrumented pressure insole
to measure the actual force produced on the foot sole in response to pre-programmed
patterns of stimulation in a single subject inside of the scanner room (Fig. 3). To
demonstrate the system's versatility, tested stimulation waveforms included a 1Hz sine curve
with a duty cycle of 80%, a 2Hz sine curve with a duty cycle of 20%, a square waveform
(80% duty cycle), and a biphasic waveform mimicking the typical ground reaction force
experienced when walking.

fMRI Compatibility
All of the imaging tests were performed on a 3T scanner (Signa Excite HD; GE Medical
Systems, Milwaukee, WI, USA) with an eight-channel head coil. With the stimulator located
90cm away from the phantom center (closer than the distance from foot to head), a phantom
was imaged under the following conditions: 1) stimulation system powered on; 2)
stimulation system powered off; 3) control (i.e., no stimulation system present). Anatomical,
functional and magnetic field map images were acquired under each condition. Acquisition
parameters were as follows; 1) Anatomical: 3D fast Spoiled Gradient Echo (SPGR)
sequence, TR/TE=7.8/3.0ms, flip angle=20°, IR=450ms, FOV=23×23 cm2, slice
thick=2.0mm with 1mm overlap, resolution=1×1 mm2, 2 measurements. 2) Functional:
GRE-EPI sequence, TR=2000ms, TE=30ms, flip angle=90°, matrix=64×64, thickness/
spacing=4mm/1mm, FOV=23×23 cm2, 28 interleaved axial slices, 30 measurements. 3)
Magnetic field map: 2D SPGR sequence, TR=488ms, TE1=5.19 ms, TE2=7.65 ms, flip
angle=60°, FOV=23×23 cm2, 64 ×64 matrix, 3.0 mm thickness, 1 mm gap, 15 slices.
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In addition to a visual inspection of all images for artifacts, ROI image quality parameters
were calculated for each image type in each condition using SPM8 software (the Wellcome
Trust Centre for Neuroimaging, London, UK) and custom MATLAB (The MathWorks, Inc.
Natick, MA) programming. All tests were calculated from a central 30-mm radius circular
ROI in the center of the phantom. The signal-to-noise ratio (SNR) of anatomical images was
calculated following the methods delivered by National Electrical Manufacturers
Association (9). The signal-to-fluctuation-noise ratio (SFNR) of functional images was
calculated by creating a “signal image” from the voxel-wise time-series mean without the
first ten measurements. Then a fluctuation noise image was formed by detrending the voxel-
wise time series with a second-order Legendre polynomial and computing the voxel-wise
time-series standard deviation. The signal image was divided by the noise image, and the
ROI mean (and standard deviation) of the resulting SFNR image was recorded as the SFNR
(10). For the magnetic field maps, the ROI mean and standard deviation were recorded to
check for subtle magnetic field perturbations potentially arising from the presence of the
device.

The Brain Response to Foot Sole Stimulation
Participants—Seven healthy adults (4M/3F) aged 23-27 years were recruited and signed
written informed consent as approved by the local ethical committee. Inclusion criteria were
right-foot dominance and the ability to perceive 10g of pressure at five weight-bearing sites
on the right foot sole as determined with a 5.07 gauge Semmes-Weinstein monofilament and
standard testing procedures. Exclusion criteria included any acute illness, self-reported
history of cardiovascular, metabolic, or neurological disease, musculoskeletal disorders and
previous surgery on the back or lower-extremities.

Protocol—A block-design fMRI protocol was completed using gradient-recalled echo
planar imaging (GRE-EPI) sequences with alternating blocks of foot sole stimulation and
rest (i.e., no stimulation). Each block was 30s in duration and repeated three times. With the
subject barefoot, foot sole pressure stimulation was applied to a circular area four
centimeters in diameter over the head of the first metatarsal of the right foot. Maximum
force output of the actuator was set to 10% of the subject's body mass and was applied in a
1Hz sinusoidal waveform with a duty cycle of 80% (i.e., Fig. 3a).

In order to determine if larger pressure stimuli would induce motion artifact due to head
movement, a subsample (n=3) completed a block-design protocol in which stimulation was
applied in a square waveform (80% duty cycles) with maximum force output set to 40%
body mass (i.e., Fig. 3c).

Functional imaging parameters were similar to the phantom test previously described. We
acquired 90 volumes with 28 interleaved axial slices covering the entire cerebrum and
cerebellum. Following the fMRI protocol, high-resolution structural images of the brain
were acquired using the 3D SPGR sequence above.

Imaging and Statistical Analysis—First, in order to quantify the extent of head motion
induced by high-frequency foot stimulation, SFNR was calculated from white matter
(segmented by SPM8) on raw EPI images with/without foot stimulation on all 7 subjects.
Then, functional images were processed by SPM8. Images were first realigned to the first
scan to correct for potential head movement between scans and then time-corrected to
compensate for delays associated with acquisition time differences. Six-parameter head
motion curves were generated. All images were normalized to a 2*2*2mm3 Montreal
Neurological Institute (MNI) template. Functional images were spatially smoothed using a
Gaussian filter with the full-width/half-maximum parameter (FWHM) set to 8mm and
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temporally filtered using a cutoff of 128s. General linear modeling (GLM) was applied to
detect activation patterns for each individual. One sample t tests were then applied to
generate a group result on the t-map of each individual (FDR p<0.05, at least 10 contiguous
voxels).

RESULTS
Compatibility of the Foot Sole Stimulation System with 3T MRI

FMRI compatibility tests using the phantom revealed that the foot sole stimulation system
did not affect image quality. Within the tested ROI, the SNR of anatomic images, the SFNR
of functional images, and the mean and standard deviation of the magnetic field maps were
virtually identical with the stimulation system present (whether powered on or off) as
compared to the stimulation system absent (Table 1).

Cortical Response to Foot Sole Stimulation
Foot sole stimulation did not induce significant motion artifact due to head movement.
Average three-dimensional head translation and rotation relative to the first image were less
than 1mm and 1deg in all subjects for both sinusoidal stimuli (magnitude=10% body mass)
and square-wave stimuli (magnitude=40% body mass). The average SFNR value calculated
from white matter on the raw EPI images was not significantly different (p = 0.46) between
conditions of no stimulation (135.6 ± 9.4) and stimulation (136.8 ± 7.2). Furthermore, we
did not visually detect remarkable motion artifacts or unthresholded statistical parameter
maps during data processing.

1 Hz sinusoidal foot sole pressure stimulation resulted in significant cortical activation
contralaterally within the primary somatosensory cortex (postcentral gyrus, Brodmann areas
(BA) 1 and 2) and primary motor cortex (paracentral gyrus, BA 4). Bilateral activation was
observed within the secondary somatosensory cortex (inferior parietal lobule, BA 40) (FDR
P<0.05, k≥10) (Fig. 4). Cerebellar activation was observed in 3 of 7 subjects (uncorrected
p<0.001, k≥10); however, this activation did not reach significance in the group map.

DISCUSSION
The foot sole stimulation system accurately produces customized pressure waveforms, can
be easily adjusted to stimulate different foot sole areas, and does not interfere with image
quality. Oscillatory pressure stimulation applied to a portion of the foot sole was associated
with a characteristic network of brain activation in healthy young adults. Furthermore, the
oscillatory force stimuli of up to 40% of subject body mass did not cause motion artifact due
to head movement. This novel system is therefore feasible for fMRI studies conducted at 3
Tesla and can serve as a valuable research tool to study the functional brain networks
involved in the perception and modulation of foot sole somatosensation.

As compared to previous MRI-compatible systems designed to apply low-force vibrotactile
stimuli, this air-driven device is capable of greater force output, as well as independent
control of the force waveform and surface area over which pressure stimulation is applied.
As all control elements and ferromagnetic components are located outside of the scanner
room, this versatile system will enable researchers to utilize high-field MRI to study the
brain response to an array of customizable foot pressure stimuli.

Our proof-of-concept imaging study demonstrated that 1Hz sinusoidal-wave pressure
stimulation to a relatively small portion of one foot sole produced significant brain
activation within regions linked to both somatosensory and motor function. Activation
within the left primary somatosensory cortex (BA 1 and 2) in response to stimulation of the
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right foot sole was expected as these regions receive input from both slowly and rapidly
adapting cutaneous mechanoreceptors (11,12). Bilateral activation within the secondary
somatosensory cortex likely stemmed from a combination of feed-forward projections from
the primary somatosensory cortex (13) and transcollosal projections to the ipsilateral
hemisphere (14). Significant activation within the contralateral primary motor cortex, which
has also been reported in response to vibratory foot sole stimulation(15,16), may have been
caused by direct thalamo-cortical proprioceptive projections to the primary motor cortex in
response to repetitive stretching of the short muscles within the plantar region of the foot
sole (17).

Initial calibration experiments indicated that the voltage-input/force-output relationship of
the stimulation system was linear at a constant frequency. Yet, under conditions of varying
stimulation frequency, eddy currents created by movement of the aluminum actuator
cylinder within the magnetic field may interfere with the force output (18). To test this
potential effect, separate experiments were conducted inside and outside the scanner. In each
setting, a sinusoidal pressure waveform with a peak force of 200N was applied to the foot
sole with an increasing frequency from 1 to 10 Hz. As measured by an instrumented
pressure insole, increasing the frequency of oscillation did not affect peak forces outside the
magnet room, yet resulted in a small but significant reduction (1.58 N) in peak force
production inside the magnet room. This result is consistent with previous research (18) and
should therefore be considered when designing protocols. Furthermore, in applications
within higher magnetic fields (e.g. 7T), an actuator constructed of glass and graphite
materials may be needed to ensure accuracy of foot stimulation.

In conclusion, the foot sole stimulation system does not interfere with image quality, does
not produce motion artifact with applied load, and elicits a reliable pattern of brain
activation. Future studies that utilize multiple, independently-controlled pneumatic actuators
over larger surface areas to stimulate the soles of both feet may more accurately simulate the
pressures experienced when standing and walking and enable study of the functional brain
networks involved in this critical source of afferent feedback. Experimental paradigms that
combine fMRI imaging of the brain during foot sole stimulation under different conditions
with behavioral studies of walking will afford first-of-its-kind insight into the cortical
networks underlying the control of this fundamental human behavior in both health and
disease.
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Fig. 1.
Foot sole pressure stimulation is applied to the foot by an aluminum pneumatic actuator
attached to a support platform (a). The actuator can be adjusted to any location of the foot
sole (b). Force generation is regulated by a control unit located outside of the magnet room
(c, lower panel) attached to the non-ferromagnetic actuator and platform (c, upper panel) via
4m plastic air tubes.
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Fig. 2.
The relationship between voltage input to the proportional electro-pneumatic valve on the
air compressor and the force output of the actuator on the foot sole.
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Fig. 3.
Foot sole stimulation system performance. We compared four different patterns of pre-
programmed foot stimulation (green line) to the actual stimulation applied to the foot sole
(red line). Stimulation patterns included (a) a 1Hz sine curve with an 80% duty cycle, (b) a
2Hz sine curve with a 20% duty cycle, (c) a square waveform with an 80% duty cycle, (d) a
biphasic waveform similar to that experienced by the foot when walking.
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Fig. 4.
Group activation clusters overlaid on a standard T1 template for the contrasts of the images
acquired during foot sole stimulation as compared to rest. Stimulation elicited well-
pronounced brain activation contralaterally within the primary somatosensory cortex and the
primary motor cortex, and bilaterally within the secondary somatosensory cortex. FMRI
maps are in standard neurological convention with left=left and right=right.
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Table 1

MRI compatibility test on phantom center ROI

Foot Stimulator Condition Anatomic SNR (mean ± SD) Functional SFNR (mean ± SD) Field map mean (mean ± SD)

Powered on 80 ± 2 768 ± 71 2013 ±15

Powered off 81 ± 1 771 ± 66 2018 ± 15

Absent from room 79 ± 1 764 ± 65 2011 ± 15

SNR = Signal-to-Noise Ratio; SFNR = Signal-to-Fluctuation-Noise Ratio
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